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ABSTRACT

Spinal cord injuries cost the United States $20 billion per yeitln,an existing
patient population of 256,000 growing by an estimated 12,000 each year. Current clinical
therapies for spinal cord injury are limited to spinal immahiion and realignment via
traction, surgery, administration of methylprednisolone sodium sucdiM&ES) within
eight hours post-injury, and rehabilitation exercises. While ttiesapies are important
and may minimize damage and restore limited function, therealiie alinical need for
treatments to address the growing population of chronically-injured patients.

Varying degrees of axonal regeneration and functional recoeoying spinal
cord injury have been achieved in animal models by transplantation of giairoet the
peripheral nervous system and olfactory region. The recent idatitificof bioactive
soluble and adhesive molecules produced by glial cells provides the oppgottunit
deliver these stimuli through biomaterial-mediated approaches, asiclontrolled
release, gene therapy, and recombinant protein immobilizationlomtd¢erm objective
of this project is a biomimetic, multi-factorial approach utigzgrooved fibers to restore
structure and provide guidance for regenerating axons coupled witttibéoadhesive
molecule delivery via immobilization to a hydrogel within the filkgmooves and
controlled release of neurotrophic factors from the hydrogel. ifipéant design can
serve as a platform for both vitro andin vivo analysis of combination therapies for
different injured nerve populations.

The first part of this research focused on cloning and expressiarbmfactive

140kDa fragment of L1 neural cell adhesion molecule. L1 is acpkatly attractive



candidate for neural regeneration because it is critical pfoper nervous system
development ana vitro studies have demonstrated selectivity of neuron adhesion to L1
in the presence of astrocytes, which play a major role in nerystsns inflammation.
The second part of this research focused on the synthesis and pomnifafaacrylated
Tetronic macromers, and the development of Michael addition methodsydoogel
crosslinking and protein immobilization. In order to establish thelkidigs of these
hydrogels for neural regeneration, initial testing was conductedg ubilH 3T3
fibroblasts and fibronectin because of the well-known RGD-dependentadtits.
Results demonstrated that fibronectin encapsulation and surface-iizatan through
acrylation of fibronectin positively influenced fibroblast spreading proliferation. The
last part of this research focused on evaluating neuronal wellalhd primary neuron
response to L1, evaluating cytocompatibility of T904-acrylate hydsogvith neural
cells, and developing immobilization methods for L1. Results indidzé gurface-
immobilization of L1 to hydrogels may be the most promising metifdaloactive cell

adhesion molecule delivery for neural regeneration.
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CHAPTER ONE

INTRODUCTION

Spinal cord injury requires continuous medical care as a resuile afdvastating
physical and psychological consequences to the affected individdaklimg paralysis,
respiratory deficiency, bladder and bowel dysfunction, loss of repigduanhd sexual
function, and ultimately, loss of personal independence. According toatiienil Spinal
Cord Injury Statistical Center (NSCISC, Facts and Figutes @lance, January 2008),
approximately 12,000 new spinal cord injuries occur in the UnitateSteach year, in
addition to an existing patient population of approximately 256,000. Thegaveatient
age at injury is 39.5 years, with life expectancies and lifetiradical costs ranging from
approximately 20-40 years and $494,000 to $3,000,000, respectively. Spidal cor
injuries typically occur during an individual’s most productive yeaesulting in a
substantial economic burden to society, not only because of medgtal lut also the
ongoing disability support and lost productivity due to unemployment or edduc
employment. A 1998 analysis estimated that spinal cord injuriedle®nited States
over $14.5 billion per year in direct medical costs and disability stpp®mwell as an
additional $5.5 billion per year in lost productivity, for an estimabeal $20 billion per
year. [1]

Current clinical therapies for spinal cord injury are limited s$pinal
immobilization and realignment via traction, surgery, adminisimat of
methylprednisolone sodium succinate (MPSS) within eight hours mposyi and

rehabilitation exercises. MPSS is thought to attenuate the segonplsy cascade and



improve functional recovery, and has been adopted as the standard sshcar£990 in
most of North America. [2] Other experimental methods for ineat of acute injuries
include decompression surgery and moderate hypothermia. [3] Whikethezapies are
important and may minimize damage and restore limited functiore ther dire clinical
need for treatments to address the growing population of chronically-injuredtpatie
Spinal cord injury and paralysis have been considered severe awersible
conditions throughout much of scientific history, beginning with an acctvant an
Egyptian papyrus roll manuscripts early as 1700 B.C. describing spinal cord injury
accompanied by paralysis &n ailment not to be treated.” [4] Evidence of the first
nerve graft in dogs resulting in limited degree of functionalorabn was reported in
France in the 1860s [5]; however, pioneering work by Spanish netwo@st and
histologist Ramin y Cajal in the early 1900’s provided evidence that nerve celis fine
peripheral nervous system (PNS) have the capacity to repairdlvesisbut nerve cells
from the adult central nervous system (CNS) display only anieda@prouting attempt
in response to injury. [6, 7] Cajal hypothesized that the diffeeemteegenerative
capacity were likely a result of the cellular environment sugiports the nerve cells, and
stated, “From this it may be inferred that if experimentarolegy is some day to supply
artificially the deficiencies in question it must accomplisése two objects: First, it must
give to the sprouts by means of adequate alimentation a vigoroustgdpa growth,
and second, place in front of the disoriented nerve cones and in the thicknekite

matter tracks, specific orienting substances.” [8] Cajalebedl the regenerative



capacity of the adult central nervous system could be enhancedhhomengineering
efforts.

A number of mechanisms have been implicated in regenerative failtire adult
CNS following injury and are broadly classified into two categgorintrinsic barriers, or
an inherent decline in growth capacity that occurs with neuromlameguration; and
extrinsic barriers, or the non-permissive regenerative envinonimmethe adult CNS
following injury as compared to the permissive PNS and developing&Mionments.
Proposed mechanisms of intrinsic regenerative failure includeraade in the rate of
retrograde transport of injury signals with increasing digdretween axotomy site and
cell body, delayed synthesis and diminished anterograde transport of cstalgkedteins
required for growth cone and axon formation, a developmentally-regulateglade in
endogenous levels of neuronal cyclic adenosine monophosphate (CAMP) in mature
neurons, and variable ability of different neuronal cell types ttaisugxpression of
regeneration-associated genes. [9-12] Surviving neurons in theg@Nsally do sprout
axons in an attempt at regeneration; however, this attempt aklywaborted upon
encountering the hostile external environment. [13] Proposed mechasfisriinsic
regenerative failure include delayed and incomplete cleardreoeon and myelin debris;
exposure to myelin-associated inhibitory glycoproteins that ar@nesent during early
stages of development; exposure to inhibitory chondroitin sulfateggigtans (CSPGSs)
present in reactive astrocytic glial scar tissue; the foomaf cystic cavities; the loss of

the structural organization of the mature CNS; and a lack of supporéarotrophic



factors and growth-promoting adhesion ligands that are present duvielpmliaent. [9,
11, 12, 14]

Varying degrees of axonal regeneration and functional recowoying spinal
cord injury have been achieved in animal models by transplantation of giafiroat the
peripheral nervous system and olfactory region; however, majotationis of cell
transplantation approaches include the time required to isolate, ,pggfetically
modify, and expand suitable autologous cells for transplantation and immune
complications inherent to allographic or xenographic cell transpianteCell therapies
for spinal cord repair do not necessarily address the disorganimetuist of the injured
CNS, and are plagued with additional challenges including limitedscebival and
migration out of the lesion area following transplantation. Curapproaches seek to
address these challenges by incorporating cells within biolabessed scaffolds with
channels to improve cell survival, limit migration, and also provide guelafor
regenerating axons [15-17]; however, the recent identification otteasoluble and
adhesive molecules produced by glial cells provides the opportunitieliver these
stimuli through biomaterial-mediated approaches, such as contraledse, gene
therapy, and recombinant protein immobilization.

Synthetic degradable acellular biomaterial bridges with custit@zproperties
and combinations of adhesive stimuli and growth factors offer tlgi@ropportunity to
tailor implants to the desired nerve populations that are to bmneemgied, and also
potentially open the door to readily available, large-scale praguct “off-the-shelf”

implants for patients with both CNS and PNS nerve injuries. [12, 18] Idrgeterm



objective of this project is a biomimetic, multi-factorial apptoatlizing grooved fibers
to restore structure and provide guidance for regenerating axons cauitidaioactive

adhesive molecule delivery via immobilization to a hydrogel withefiber grooves and
controlled release of neurotrophic factors from the hydrogel (Eigut). The implant
design can serve as a platform for bothvitro andin vivo analysis of combination

therapies for different injured nerve populations.

Degradable %

Hydrogel -

Coating ) \

Capillary
Channel
Fiber

Neurotrophin
Release

Recombinant CAM
Immobilization

Figure 1.1 Proposed Implant Design

Neurotrophic factors are excellent promoters of neurite outgrowiteonissive
substrates, but they are not sufficient for growth cone or cellsamthéo a biologically
inert material; therefore, this research is focused on enwammobilization of cell

adhesion proteins to acrylated TetrShisydrogels with future plans of neurotrophin



incorporation to further enhance neural regeneration rates. The ajadlis research
were: (1) cloning and expression of a bioactive 140kDa fragment ofelutal cell
adhesion molecule, chosen for its critical role in proper nervousisyldeelopment and
because it has demonstrated selectivity of neuron adhesion in teaqared astrocytes,
which play a major role in nervous system inflammation, (2) syrglzesl purification of
acrylated Tetronic macromers and the development of Miclatien methods for
hydrogel crosslinking and protein immobilization, (3) evaluation of hy&rog
cytocompatibility, immobilized protein bioactivity, and immobilizati efficiency in
terms of cell spreading and proliferation using NIH 3T3 fibroblasts fdordnectin
because of the well-known RGD-dependent interaction, to demonstreeasiality of
this system for neural repair, and (4) assessment of neurohiaie@nd primary neuron
response to L1, evaluation of the cytocompatibility of T904-atgyleydrogels with

neural cells, and development of immobilization methods for L1.



CHAPTER TWO

LITERATURE REVIEW

INTRODUCTION

This chapter begins by studying the mechanisms of regenefativee in the
adult CNS and investigating the differences in CNS and PNS anaphysiology, and
response to injury in order to gain an understanding of the cuesgdregeneration as
well as factors contributing to the inhibition of regeneratiom uikderstanding of these
cues and factors is of crucial importance in developing therapiefrictional neural
regeneration (axonal regeneration with restoration of function).rre@u reported
experimental approaches to regeneration and those that have nmadwiiban clinical

trials will also be discussed.

THE NERVOUS SYSTEM

General Anatomy/Physiology of Nervous Tissue

The human nervous system is classified into two main categohiescentral
nervous system (CNS), consisting of the brain and spinal cord; and the peripheral nervous
system (PNS), consisting of twelve pairs of cranial nertiaisty-one pairs of spinal
nerves; and dorsal root ganglia, which are bundles of sensory rehigodies with
processes that branch into both the CNS and PNS. Both branches fuscioe a
actively conducting axon, which transmits information from the penpteithe CNS.

Spinal nerves are connected to the spinal cord by two short roottorsa root (toward

the back), where sensory signals from dorsal root ganglia #@egrey matter of the



CNS; and the ventral root (toward the abdomen), where motor sigreatsansmitted
from motor neuron cell bodies in the grey matter of the CNS tpehphery. The two
roots join to form the spinal nerve just before the nerve leavegettebral column. [19]
Figure 2.1 depicts a cross-section of the spinal cord and théopasitthe dorsal and

ventral roots as they join to form a spinal nerve.

Spinal Cord - Neuron Relationships
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Figure 2.1 Cross-Section of the Spinal Cord
(http://webanatomy.net/anatomy/spinal_neurons.jpg)
Permission granted by Dr. Jim Swan, University of New Mexico

Cells of the Nervous System

The two main cell types in the human nervous system are neurons aadliaeur
Neurons are the main functional conducting units of the nervous systkrar@ post-
mitotic cells. They typically consist of a cell body, one axamj ane to several

dendrites; however, dorsal root ganglia generally do not exhibit demdditie to



bifurcation of their axon. Dendrites appear as branches of aitregikes and receive
messages for the cell body. Axons may be long, short, siagletanched, and they
transmit messages from the cell body to other neurons ot taiige Dendrites are most
commonly observed in grey matter, where neural cell bodiesacetrated. The three
classes of neurons include sensory (afferent) neurons, which transmit seftsamgtion

to the brain; motor (efferent) neurons, which have long axons and ttanfmnation to
the muscles and glands of the body; and interneurons, which provide commect
between sensory and motor neurons, have short axons, only communibatethveair
immediate region, and are prevalent in grey matter of the spinal cord.

Neuroglia are nonconductive, mitotic cells and serve to support, noundh, a
protect neurons by providing physical structure and insulation, supplyingmstand
oxygen, and destroying pathogens and removing necrotic neural tissueogh in the
CNS consist of oligodendrocytes, which myelinate axons [20]; asémcwhich are
fibroblast-like cells that secrete neurotrophic factors anthaodved insignaling, energy
metabolism, extracellular ion homeostasis, volume regulation, and net@cion [21]
and microglia, which are phagocytic, specialized macrophages @MNBethat normally
maintain a resting phenotype. The brain and spinal cord are consiil@radne
privileged” because they are separated from the blood circulatiom Ilsgries of
endothelial cells known as the blood-brain barrier (BBB). The BBBgmts blood-borne
immune cells such as lymphocytes, monocytes and neutrophils, asswaitibodies,

from entering the CNS; therefore, microglia are thought to endlel CNS to mount a



prompt immune response to infectious or inflammatory stimuli desipienability of
blood-borne immune cells to cross the blood-brain barrier. [22]

Oligodendrocyte precursor cells (OPCs) are a newly recadygizael cell type of
unknown function in the normal adult CNS; however, these cells havesbeam to
rapidly proliferate following injury in localized areas clogethe site of damage, and
their distribution in the developing CNS may point to a function onakguidance. [23]
In addition, these cells appear to possess similar characteastneuronal and glial stem
cells.

Schwann cells function as neuroglia in the PNS and may be dividedounto
classes in the mature nervous system: myelinating Schwanis ¢BISCs),
nonmyelinating Schwann cells (NMSCs), perisynaptic Schwann ¢BI&Cs), and
satellite cells of peripheral dorsal root ganglia (DRG). [245Cs are the most well-
characterized category and function similarly to oligodendrocgtdse CNS in that they
wrap around large-diameter PNS axons to form the myelin sheatk. fuhistion of
NMSCs is not as well-characterized but they wrap around sesgenall-diameter
unmyelinated sensory axons to form a Remak bundle, keeping individual seqmarated
by thin extensions of the Schwann cell body. The interaction of NM®4Zh
unmyelinated axons may play a key role in sensitivity to paincéimer sensory stimuli.
PSCs express similar proteins to MSCs and are important inlogevent and
maintenance of the neuromuscular junction. Little is known about uhetién of

satellite cells except that they surround DRG cell bodiesnm fa discrete anatomical
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unit. [25] Schwann cells appear to be able to switch their funbifoa change in gene

expression. [26]

Peripheral Nerve Structure

Figure 2.2 depicts a cross-section of a peripheral nerve. Individyelinated
axons are surrounded by spirally-wrapped myelinating Schwann cells. The sigath
is called the neurilemma. [27] Myelinated nerves and Remak buofdlesmyelinated
axons are individually-encased by endoneurium. The perineurium then bindeshahdl
endoneurium-encased axons together to form fascicles. Epineuriomseadonnective
tissue layer, is the collagen-rich outer nerve covering forming a sheath arbundia of
fascicles. Fibroblasts secrete the type | collagen fibers ardlocated in the
endoneurium. [28] Each peripheral nerve typically contains twiceasy unmyelinated

axons as myelinated axons. [19]
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Figure 2.2 Peripheral Nerve Structure
(Reprinted from Schmidt and Leach 2003 [28])

The blood supply of peripheral nerves is composed of an intrinsicnsysite
capillaries ensheathed along with axons within the perineuriunrjodete ensheathed
within the epineurium [9], and an extrinsic system made up of wets#l penetrate the
nerve from surrounding arteries and veins. [28] Figure 2.3 depitéggeam of potential

patterns of blood supply to the peripheral nerves. [29]
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PATTERN (I) PATTERN (I) PATTERN (III) PATTERN (IV) PATTERN (IV)
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No dominant One dominant One dominant Multiple dominant The regional arteries (R) give the
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d i 2 branches forming a continuous
escending (2) artery (m) along the external

branches. surface of the nerve.

Figure 2.3 Peripheral Nerve Blood Supply Patterns
(Reprinted from el-Barrany et al. 1999 [29])

Spinal Cord Structure

The human spinal cord is highly organized and is divided into a ceatnal,
remaining from embryonic development and containing cerebrospinal(@3&); grey
matter, the inner region consisting of unmyelinated cell bodies andfifieos; and white
matter, the outer region consisting of myelinated long fibers in bsicdléed tracts. The
grey-brown color of the grey matter results from the capilbtdood vessels and neuronal
cell bodies. The white matter appears white because of the high conoarufdifpids in
the myelin sheath surrounding the axons. Reflexes are also medidkexispinal cord
without going to the higher brain centers.

White matter axon tracts provide a route for signals to be transmitted up and down
the spinal cord between the brain and spinal nerves. Knowtddtpe functions of the
different spinal cord tracts aids a neurologist in determirfiragn iinjury is complete or

incomplete based on what type of sensory, motor, and reflex informtte injured
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patient has lost, as damage to white matter affects functial d&vels below the
neurological injury site. Complete lesions result in loss ofsalhsory and motor
functions below the level of injury. Incomplete lesions resultrétention of some
sensory and motor functions, which can be used to diagnose which #heespinal cord
the injury has occurred. For example, the dorsal column medialidens system
transmits ipsilateral fine touch, proprioception, and vibration infaonato the brain.
The lateral spinothalamic tract transmits contralateral pach temperature sensations.
The corticospinal tract is primarily responsible for skilledton movements and injury
results in ipsilateral paralysis. [19] One important consideratid take into account
when developing therapies for spinal cord injury is that differeomh @aacts may respond
differently to injury and therapeutic measures, and may havefispggjuirements for
regeneration. [12]

Blood supply to the spinal cord is complex. [30] Briefly, artesigbply of the
spinal cord is from the vertebral arteries and radicular estesriginating from the
thoracic and abdominal aortae. Vertebral arteries supply uppicatdevels and branch
into two posterior spinal arteries, which are located along thsadooots; and two
anterior spinal arteries which fuse to form a single midlinerantspinal artery that runs
the length of the spinal cord. Lower cervical levels are supphedéstebral and
radicular arteries but are generally dependent upon radicudaiearfor survival. Figure
2.4 depicts the horizontal view of blood distribution from the posterior djoesd

anterior (ventral) arteries.
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Blood supply to the spinal cord: horizontal distribution
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Posterior
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The central area supplied only by the anterior spinal artery is
predominantly a motor area

Figure 2.4 Horizontal View of Spinal Cord Blood Supply

(http://www.anaesthesiauk.com/images/spinal-cord4.jpg)
Reprinted with permission

The PNS-CNS Transitional Zone

The transitional zone consists of the thin dorsal and ventral rodt€dhaect
spinal nerves to the spinal cord. It is the location where @$¢8e is separated from
PNS tissue by the glia limitans and the basal lamina of bloskMeg31] On the CNS
side of the glia limitans, nerves are surrounded mainly by gtitgrocesses along with
a small population of oligodendrocytes and microglia. On the PN& afi the glia
limitans, nerves are ensheathed by endoneurial connective tissugtiognsi Schwann
cells, fibroblasts, and collagen. Lesioned dorsal root ganglia [D&®ns that

successfully regenerate the peripheral segment have been shawp tgpaen reaching
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the transitional zone [9], thus demonstrating the inhibitory nature of QNS

environment to regeneration.

PATHOPHYSIOLOGY OF CENTRAL NERVOUS SYSTEM INJURY

Spinal cord injuries are classified clinically according tarteegmental level, as
depicted in Figure 2.5; as complete or incomplete depending upon whiarysansl
motor functions are spared; and according to the mechanism l¢adimjgry. [11] The
human spinal cord is approximately 45 cm (1.5 ft) with 30 levels, artdsganal level in
the spinal cord is around 1-2 cm. [14] Regeneration over even jusirdm® spinal

levels can possibly result in significant improvements in function.
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FUNCTIONS AFFECTED

Breathing (C1-4)
Head/ neck movement

Hearl rate (C4-8)
Shouider movement
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Trunk stability (T2-12)
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THORACIC DIVISION
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Foot motion (L.4-51)
Knee flexion (L5)

SACRAL DIVISION 4
)” Penile erection (52-4)

. } Bowel/ bladder activity (52-3)

Figure 2.5 Spinal Levels and Effects of Injury
(Reprinted from Verma and Fawcett 2005 [14])

Because of clinical confusion as to the terminology associatédspinal cord
injury levels, severity, and classification, the American Sdimaly Association (ASIA)
Impairment Scalewww.asia-spinalinjury.orgjvas developed with further classifications
of complete and incomplete injuries, resulting in more consistemiriology being used

to describe the findings in spinal cord injury around the world, depicted in Figure 2.6.
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"Bost 1 | The ASLA Impairment Scale

Clasgfication of spinal cord injury (5Ch severity using the Americ an Spinal Injury
Assoclation (A51%) Impalment Scale. The main categones of the lmpalrment 5cale are as

fallows:

¥ Ajcomplete: Mo motor or cﬂ,ﬁ'""{ )
sensory funcion Is preserved  @UsArIplagial
in the sacral segments S4-55.

# B incompletel: Sensory bur
not mator funcrion is

presarved below the
neurclogical level and includes
the sacral segments 5455,
¢ C incompletel: Motor Cain
funcrion ::; preserved balow iq“"dr":g“g'“'
the neuralogical Level, and
miare than a halfof key
miusiles below the
neurological level have a
muscle grade af<3,

# [ {incomplate: Motar
function is preserved balow

Te Injury -
the neuralogical level, and at iparaplegia)
least a half of key muscles
below the neurolagical level

have a muscle grade of 23,

¢ Einormal: Movor and
sensory funcrions are
normal.

Extent of injury afrer damage o L1 Injury Fo
specfic spinal segmernts 15 paraplegiay
illustrated in the figura isea | i
American Spinal Injury J |
Assoclationin Online Uinks box '
farthe complete standard

nauralogical classific ation of
SCH.

Figure 2.6 ASIA Impairment Scale
(Reprinted from Thuret et al. 2006 [32])
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The ASIA Scale also includes other classifications of incomplete spinalrgorigs:

« Central cord syndrome often is associated with a cervicardagjury leading to
greater weakness in the upper limbs than in the lower limbs saithal sensory
sparing.

e Brown-Séquard syndrome often is associated with a hemisecsiom lef the cord,
causing a relatively greater ipsilateral proprioceptive and motor lossantralateral
loss of sensitivity to pain and temperature.

e Anterior cord syndrome often is associated with a lesion cawsingble loss of
motor function and sensitivity to pain and temperature, while propriaceps
preserved.

e Conus medullaris syndrome is associated with injury to the semréland lumbar
nerve roots leading to areflexic bladder, bowel, and lower limbs, whdesacral
segments occasionally may show preserved reflexes (e.g., bulbuzsywe and
micturition reflexes).

e Cauda equina syndrome is due to injury to the lumbosacral nerve rdbts spinal

canal leading to areflexic bladder, bowel, and lower limbs.

The spinal column normally experiences four forces: flexion, extensotation,
and compression, and any combination of forces may lead to injuryimggalfractured
vertebral bodies or dislocated vertebrae. These injuries restdincussion, contusion,

or laceration of the spinal cord. Concussion produces no anatataialge resulting in
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transient loss of function. Both contusion and laceration injuriesviavahatomical
damage resulting in permanent deficits, [11].

This primary, mechanical disruption of tissue is quickly followgdalsecondary
injury cascade. Schwab and Bartholdi completed an extensive reviepinal cord
injury and have described three main phases of the secondarydagggde: the acute
phase, the subacute phase, and the late phase. [11] The acutenpiediately follows
injury and is characterized by hemorrhage, local ischemia, andaefldlowed by
necrosis and inflammation. Hemorrhage begins in the highly vagadagray matter
adjacent to the central canal or anterior horns and spreaddyré&alitde posterior horns
and into white matter in a rostral and caudal direction. [33] fiFeesigns of necrotic
endothelial, neuronal and glial cells appear within the first hour following iajndypeak
within 6-12 hours of injury, along with necrosis of white matter axdnscal ischemia
may result from posttraumatic hypotension or loss of autoregulatnoh results in
predominantly anaerobic metabolism for the first 4 hours followingyrfpllowed by an
increase in metabolic rate between 4 and 24 hours. Injury resutiscumferential
spreading of vasogenic edema into white matter caused byuattha of the blood-brain
barrier; this disruption results in increased vascular pertitgakihich allows an
abnormal accumulation of fluid in intercellular spaces of the smioed, which may
result in compression and an abnormal electrolyte environment considtiagcess
calcium and potassium followed by a chronic loss of potassiunsudidamage may be
exacerbated by compression of the swollen spinal cord tissue tafansertebrae

causing an increase in ischemia. The altered electrotjtgoament coupled with
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oxygen free radical and lipid peroxidation reactions catalyzetidmyorrhage and the
resultant ischemia, as well as release of the excitatorypocaacids glutamate and
aspartate, ultimately lead to necrotic cell death. Oxygen lalcdse deprivation followed

by reoxygenation may also induce apoptosis of neurons. [33] The inflangymesponse

begins within hours of injury and peaks within several days.

The subacute phase follows necrosis and is characterized bgngwoing
inflammatory response resulting from reactive gliosis by mi@agid astrocytes, as well
as disruption of the blood-brain barrier which allows blood-borne immeiltefoom the
periphery to infiltrate the spinal cord. Neuronal degeneration Isigméroglia to
upregulate cell surface proteins such as major histocompatatmhtylex Il (MHC II)
leading to transformation into macrophages, with markers being protriige3 days
following injury; however, these markers decline sharply after 3 day are not evident
again until 18-20 days following dorsal root axotomy. [34] Reactiv@@gss begin
proliferating within 2 days following injury and begin to accumulate atdsi®en margins
within 1 week, peaking at 14 days and still present at 28 days.rogkils infiltrate the
lesion first, within 6-12 hours following injury with maximum infdtion occurring
within 24 hours; however, neutrophils disappear from the lesion site at 3 days post-injury.
Macrophage infiltration from the periphery follows neutrophil infilaga, and
macrophages persist in the lesion site for weeks. Schwars melhingeal cells, and
fibroblasts from the periphery also infiltrate the injured spiratdc Meningeal cells
proliferate following injury and migrate into the lesion to aitt@sy/tes in reestablishing

the blood-brain barrier. [35] Demyelination begins within 24 hours andaseseover
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several days as Wallerian degeneration of distal axons progresstgsestingly, an
accurate neurological examination requires patients to be a7Zl2&®urs post-injury, or
in the subacute phase of injury. [2]

The late phase, also termed chronic injury, occurs weeks to monkbwirgj
injury and is characterized by well-defined cyst formatignviro weeks, with some cysts
containing fluid, followed by resolution of the inflammatory responseh wa
disappearance of macrophages. In post-traumatic cystic cavithgosize and severity
of a CNS injury progress from a small area of direct traton@ greatly enlarged
secondary injury due to persistent inflammation. [36] Reactive@ses that migrate to
the margin of the lesion site form the glial scar, which rma#sp include reactive
microglial cells. The glial scar serves to repair the bllo@dn barrier and encapsulate
the injury site in order to limit the inflammatory response aadulting cellular
degeneration. [37] Ablation of reactive astrocytes adjacent toeréon stab injury in
adult transgenic mice resulted in a failure of blood-brain rareair and a sustained
increase in infiltration of immune cells from the periphery. [38he BBB remains
disrupted for up to 14 days following injury, with areas of ggatglial scarring
corresponding to areas with the most extensive BBB disruption. [38}lIyl. late phase
demyelination may continue to increase for a period of two wiedlksving injury, even
in spared axon tracts. [11]

In summary, spinal cord injury results in cell death, both of neurceils and
their supporting glial cell populations; destruction of the physitatsire of axons and

myelin resulting from Wallerian degeneration; progressive cysévitation and the
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formation of glial scar tissue; and continued destruction of myelative to secondary

injury or lack of remyelination resulting in a loss of conduction in spared axons.

REGENERATIVE FAILURE OF THE ADULT CENTRAL NERVOUS SYSTEM

A number of mechanisms have been implicated in regenerative failtire adult
CNS following injury and are broadly classified into two categgorintrinsic barriers, or
an inherent decline in growth capacity that occurs with neuromlameguration; and
extrinsic barriers, or the non-permissive regenerative envinonmmethe adult CNS
following injury as compared to the permissive PNS and developing&Mi&onments.
Proposed mechanisms of intrinsic regenerative failure includeraade in the rate of
retrograde transport of injury signals with increasing digdretween axotomy site and
cell body, delayed synthesis and diminished anterograde transport of cstalsiedteins
required for growth cone and axon formation, a developmentally-regudatzdase in
endogenous levels of neuronal cyclic adenosine monophosphate (CAMP) in mature
neurons, and variable ability of different neuronal cell types ttaisugxpression of
regeneration-associated genes. [9-12] Surviving neurons in theg@NSally do sprout
axons in an attempt at regeneration; however, this attempt aklyywaborted upon
encountering the hostile external environment. [13] Proposed mechanisesringic
regenerative failure include delayed and incomplete cleardreoeon and myelin debris;
exposure to myelin-associated inhibitory glycoproteins that ar@nesent during early
stages of development; exposure to inhibitory chondroitin sulfateggigtans (CSPGSs)

present in reactive astrocytic glial scar tissue; araba of the structural organization of
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the mature CNS, the formation of cystic cavities, and a lackigbating neurotrophic

factors and growth-promoting adhesion ligands that are present during dev&lopme

Intrinsic Regenerative Failure

Embryonic neurons will grow axons when transplanted into the same environment
that blocks adult axon regeneration, but adult neurons do not regem¢oagenbryonic
environments [40, 41], suggesting intrinsic mechanisms for regareefailure of mature
neurons.

Failure of Upregulated Gene Expression and Transport

Injury signals are transported retrogradely from the sit@jafy to the cell body
in the grey matter, and successful regeneration occurs only Wwherlt body is able to
increase the rate of transport. Axotomy at more distal stdts in a marked decrease
in retrograde transport, thus delaying changes in gene expresgiored for initiation of
regeneration. [42] This also corresponds to observations that PNSreggeniates are
slower when lesions are far from the cell body. [27] The syistteesd anterograde
transport of cytoskeletal proteins, such as actin, tubulin, and neurafilgne essential
for the formation of growth cones and axons during development and raty@mer
These cytoskeletal proteins are transported from the celltodthe growth cone by slow
axonal transport, and successful regeneration occurs only when lthedelis able to
increase the rate of transport. CNS neurons do not successfullgulapee gene
expression and transport rates following injury [43, 44] as comparde topregulation

in gene expression demonstrated in the PNS following injury. [45]
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In addition to mRNA translation and protein synthesis by the cely,b@tent
studies have shown that mMRNAs are also transported from thsodgllfor local protein
synthesis in developing and mature axons [46, 47], although it is unfckult CNS
axons contain ribosomes. [48] Protein synthesis in developing axons may allowahe dist
axon to autonomously respond to guidance cues by rapidly changingedsiodir of
outgrowth. Injury of mature axons triggers formation of a growth ¢breugh locally
synthesized proteins and proteolysis in the proximal axon, and losatithesized
proteins provide the retrogradely transported signaling complex itfigates the
regenerative response. Neurotrophins may have the potential to enhenlocalized
protein synthesis of axons.

Reduced cAMP Levels

Myelin has been shown to inhibit regeneration from mature neurangeVer,
embryonic or neonatal neurons are capable of growth on myelin inhilbnolgcules.
Neuronal cyclic adenosine monophosphate (CAMP) is a cyclic nucleeilizse
endogenous levels are dramatically higher in young neurons, suggeéstiritge switch
from permissive to non-permissive growth on myelin during developnsedue to a
developmentally regulated decrease in CAMP levels. [10] Lesmdtels of dorsal root
ganglion neurons that project axons in both the PNS and CNS have shatva
conditioning lesion of the peripheral segment one to two weeks tpriarlesion of the
central segment enables central processes to regenethtenavimodification of the
external environment. One theory regarding the conditioning lesitvatist tallows CNS

axons to overcome inhibition by myelin via a transient increaseAMP, and that
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elevation of cAMP is not only necessary but sufficient to promegeneration. [49, 50]
Spencer et al. “primed” postnatal CNS neurons overnight with neuratophid found
that they were able to regenerate on inhibitory myelin substrates an increase in
CAMP levels was able to mimic the effect of this neurotroplpnming”; in fact, an
increase in endogenous cAMP levels followed neurotrophin treatment. [B0}ivo
injection, prior to injury, of cyclic AMP (cCAMP) into DRG neuronesulted in
regenerative sprouting of sensory axons following CNS lesion, widlomgated pattern
of neurite outgrowth. [51] Protein kinase A (PKA) is a downstretigtt®r of CAMP,
and activation of PKA may phosphorylate Rho thus rendering it ina¢fi2e53] Figure

2.7 depicts a summary of signaling pathways related to myelin inhibitory medecul
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Figure 2.7 Signaling Pathways in Myelin-Related Growth Cone Collapse
(Reprinted from He et al. 2004 [52])

A conditioning lesion of DRG peripheral segments one to two weeks tpriar
lesion of the central segment enables central processe®teratg, suggesting that PNS
injury activates a “growth program” that improves the inherent dr@apacity of mature
CNS neurons. [54] Growth-associated protein 43kDa (GAP-43) and atortic
cytoskeleton-associated protein 23kDa (CAP-23) are proteinsZedato the growth
cone that influence axonal growth and synaptic plastidity. vivo concomitant
overexpression of both GAP-43 and CAP-23 has been shown to promote significa

regeneration of central DRG axons into peripheral nerve implantsamsgenic mice,
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although not as extensive as the regeneration produced by a conditesiong Also,
overexpression of either protein alone failed to promote regeneratimondgating that
each proteins is necessary, but not sufficient for regeneration. [bB¢ transient
elevation in cAMP levels following a conditioning lesion may, in partdsponsible for
the improvement in the mature CNS growth capacity, possiblyiaking that of
embryonic or newborn neurons whose endogenous cAMP levels are higher. @baous
conditioning lesion made prior to spinal cord injury is useless aligichowever,
Neumann et al. have demonstrated that conditioning lesions madetahehef spinal
cord injury and again one week later promoted regeneration within godd#he lesion
site, perhaps by elevating cAMP levels or by accelerattigpgrade and anterograde
transport rates, thus enhancing and sustaining intrinsic growth capacity. [56]

Axonal type also affects regeneration as different axons héfesedit intrinsic
regeneration capabilities. Cerebellar Purkinje cells of then bappear to have no
regenerative response to axotomy; however, spinal motor neurons mount & robus
regenerative response. [14] Dorsal root ganglia sensory axomgeratgevigorously into
permissive environments. [48] Deumens et al. presented a detaNezvrof the
sprouting responses of descending axon tracts in response to injudgsamethding axon

tract-specific regenerative therapies. [12]

28



Extrinsic Regenerative Failure

Delayed and Incomplete Clearance of Axon and Myelin Debris

One drawback to the “immune-privilege” of the CNS is a delaphagocytic
clearance of degenerating axon and myelin debris, in part dhe ttetay in infiltration
of blood-borne immune cells from the periphery and in fewer numberssdeamin the
PNS; macrophages are rapidly recruited in large numbers fhpeal injury sites. [9] In
addition, resident reactive microglia that transform into maciggdhan the CNS abort
their phagocytic response at 3 days post-injury. [34] Sensory axon sl ikebris are
almost completely cleared from peripheral nerve roots by 30 mtastsinjury; however,
axon and myelin debris in sensory axons of the spinal cord areisble 90 days after
injury. [34] Another factor contributing to differences in clearaiscthat Schwann cells
in the PNS exhibit the unique ability to aid in phagocytosis falgwnjury, being the
primary contributors in the first two days. Myelinating Schwanitsaalthe distal nerve
are induced to dedifferentiate into non-myelinating Schwann cellsxby and myelin
debris and proliferate extensively. In the CNS, however, adult oligodemesowill
either undergo apoptosis or enter a state of rest following injar}. Unlike Schwann
cells in the PNS, oligodendrocytes do not participate in phagosybsixon and myelin
debris in the CNS.

Inhibitory Molecules in the CNS

Interaction of regenerating CNS axons with inhibitory molecuéssilts in two

forms of stalled growth: growth cone collapse and formation ofralyisic endbulbs.

Growth cone collapse occurs when mature regenerating axons emaoyeta debris
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and oligodendrocytes following injury. Myelin inhibitors are only exploatter damage;
adult sensory neurons implanted into degenerating white mattée aidult rat spinal
cord extended long axons on the outer surface of undamaged myelin. [88h My
inhibitory molecules arrest normal growth cone progression, causltapse and often
retraction into a shrunken, quiescent growth cone. Growth cones fortrophys
endbulbs upon encountering the glial scar and it is thought that thegnamberrant
growth cone that adult neurons form in order to survive in a hostileoemvent. These
endbulbs have been shown to be highly active structures capable ofngetiar active
growth states after extended periods of time with the appropiedeli. [39] Myelin
inhibitors are early impediments to regeneration immediatelgviatlg injury, before the
formation of the glial scar.
Inhibitory myelin-associated proteins

Regeneration of injured axons recapitulates development to ancexttent;
however, the regenerating axons are exposed to molecules not sagreddy stages of
development. Spinal cord lesions in embryos and newborns of higher vimsebra
capable of robust regeneration following injury; however, axonsharonger able to
regenerate post-injury in embryonic chicken following myelin foromain the spinal
cord, suggesting that oligodendrocytes and myelin play an importannnoleibition of
CNS regeneration. [59] These myelin inhibitory molecules are thotaglgrevent
aberrant sprouting of mature CNS neurons in order to prevent axon conntection
inappropriate targets; however, following CNS injury, incompltdearance of myelin

debris results in growth cone collapse of regenerating axons. Sodiesssuggest that
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myelin inhibitory molecules serve to orient neurite outgrowth in allehdirection [60,
61] and in vitro studies demonstrated that disruption of axon tract geometry in
relationship to myelin is sufficient to inhibit neurite outgrowth. [61]

The inhibitory molecules in myelin debris of the adult CNS includgdNA, -B,
and -C; Nogo-66, a 66 amino acid sequence found in the extracellulaindafnadl three
Nogo isoforms thought to be responsible for their inhibitory function;limgssociated
glycoprotein (MAG); and oligodendrocyte-myelin glycoprotein (OMdp3}, 48, 62-64]
Additional myelin inhibitory molecules include Semaphorin4dD and vargica
chondroitin sulfate proteoglycan. [48] Nogo, MAG, and OMgp have been found to
compete for binding to the same Nogo receptor, NgR, suggesting redyndatheir
action. [65] The Nogo receptor NgR lacks an intracellulanadigg domain and partners
with the p75 neurotrophin receptor, the TROY receptor, and possibly athently
unknown receptors to activate Rho and its downstream target ROCK, Wwhih
demonstrated inhibitory influences on axon growth. [66, 67] Another inusel
component of Nogo signaling involves calcium-dependent cytoplasmic irprote
phosphorylation mechanisms; however, the role of calcium in myelibiiigm is not
completely understood. [52, 68, 69]

Many groups of CNS axons are capable of regenerating into petipiesie
grafts, suggesting that there are differences in CNS and PHIhragd that CNS myelin
is selectively inhibitory. For example, Nogo has been shown to beyheghtessed by

CNS oligodendrocytes but not by PNS Schwann cells. [70] Inrfagtlated transgenic
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expression of Nogo-A by PNS Schwann cells impaired axonalneeggon and
functional recovery after sciatic nerve crush. [71]
Inhibition by the glial scar

An unfortunate complication of CNS injury occurs due to the secondary inj
cascade when a small area of trauma progresses to a angehdystic cavity that may
be fluid-filed and is surrounded by glial scar tissue. In Cha@eonf “CNS
Regeneration”, Fitch and Silver provide a review of the mecharbymghich glial cells
contribute to CNS failure to regenerate. For many yeargdttihought that the glial scar
was simply a mechanical barrier to regeneration because axbnst traverse a purely
fluid environment [72]; however, regeneration does not occur even in thecabska
fluid-filled cyst at the lesion site, suggesting that thereadditional causes of inhibition
by the glial scar. [9]

The glial scar is comprised of a lesion core populated by mealifigeoblasts,
vascular endothelial cells, and oligodendrocyte precursor cellsQ&@ a surrounding
area comprised of reactive astrocytes, OPCs, and micrdgl&. It has been
demonstrated that neonatal astrocytes are supportive of axon growitho, whereas
mature reactive astrocytes are nonpermissive substratesxdor growth; typically
dendrites but not axons form on reactive astrocyte substratesn [@sponse to injury,
mature reactive astrocytes produce extracellular matrix comgormé the glial scar,
including proteoglycans and tenascin, which may inhibit neurite outgrohhe ECM of
the glial scar also consists of hyaluronic acid, the most abufd@kit protein in the

CNS.
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Proteoglycans consist of a protein core with covalently agthgolysaccharide
chains termed glycosaminoglycans (GAGs) and are charactebye their GAG
compositions as chondroitin sulfate, heparin sulfate, keratin sulfateleamatan sulfate.
[9] Chondroitin sulfate proteoglycans (CSPGs) have been shown to egulated
following injury; they persist in the extracellular matrix thfe glial scar and inhibit
neurite outgrowth. The hyalectan family of CSPGs includes nenyoaggrecan,
versican, brevican and these molecules share a common structunechhdés an N-
terminal hyaluronic acid binding site and a C-terminal with epidé growth factor
(EGF). [73] Other CSPGs include NG2, versican, [73] and biglycan,efisaw other
inhibitory molecules including ephs/ephrins and semaphorins. [48] Ephnds
semaphorins are primary axon guidance molecules that demarcafgemussive
regions of the developing CNS for certain classes of neurons. [23]

Neurocan is expressed by astrocytes and OPCs. Versican sappeanly be
expressed by immature oligodendrocytes (OPCSs) in the adult @¥&:ican is one of
the most abundant CSPGs in the adult CNS and is expresseddoytastrand mature
oligodendrocytes and is present in myelin debris contained in tHesgha NG2 is
expressed by OPCs and may be expressed by reactive asrdolfowing injury.
Phosphacan expression is limited to neuronal tissues and is expredsati astrocytes
and OPCs. Deletion of ephs/ephrins in animals almost compldielistzed reactive
gliosis by astrocytes thus improving regeneration, and meningel#&d produce

semaphorins as well as NG2. [48]
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CSPGs may inhibit neuronal outgrowth through several mechanisms.oddeur
and phosphacan have high affinity for L1 and NCAM via the chondroitin sulfat
sidechains, and binding may potentially inhibit homophilic interactionshese cell
adhesion molecules, thus inhibiting regeneration. [73] CSPGs are also capablengf bindi
to laminin, potentially masking its growth-promoting properties. iltaresting feature
of CSPGs in the glial scar is that they signal through theRRDGK pathway, the same
signaling pathway used by myelin inhibitory molecules. [74]

Loss of Organized Structure and Lack of Growth-Promoting
Neurotrophic Factors and Adhesion Ligands

In humans, peripheral axons regenerate at a rate of approxir@ebetpm/day
following crush injury that leaves the endoneurial tube structure intact [2hd&gver,
transection injury without surgical intervention typically resutsslower regeneration
rates and lack of functional recovery, suggesting that PNS regjeneia highly
dependent on the ensheathed nerve anatomy for guidance. Following degeoétae
PNS distal axons, Schwann cells remaining in the phagocytosed endbriabes
proliferate and align along the basement membrane of the endorigbgainto linear
arrays known as Bands of Blingner, providing a spatial scaffold éor @generation. In
addition to their phagocytic activities following injury, Schwannselso increase their
synthesis of surface cell adhesion molecules (CAMs), such adviNB§CAM, and L1;
they secrete extracellular matrix (ECM) molecules suatoliagen, laminin, fibronectin,
and tenascin; and they produce and spatially present neurotrophic faatbras nerve
growth factor (NGF), neurotrophin 4/5 (NT-4/5), brain-derived neurotoogactor

(BDNF), and glial-cell derived neurotrophic factor (GDNF). [26]
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Although the CNS does not exhibit the ensheathed nerve anatomy liRdNge
there is evidence of temporal and spatial alignment of immatuaé @glls during
development that provides a bridge-like structure along with ECM milekec
predominantly laminin; cell adhesion molecules, such as NCAM and antt
neurotrophic factors. [28, 76, 77] Several studies highlight the impert@narganized
expression of growth-promoting molecules by glial cells during ldpweent.
Temporospatial expression of neural cell adhesion molecule (NCa#uced by
neuroepithelial cells aligned to form tunnel-like structures is inebiweguidance of
optic and olfactory axons, and lack of NCAM functions as an axoretefsabarrier.
[78-80] During development of the corpus callosum, there is eviderare afgned glial
bridge-like structure to guide axons across the midline that disgppeanatally. [81]
Immature astrocytes oriented perpendicular to corticospinadl (€&T) axons align in
longitudinal tiers and participate in axon guidance during rat @&€lopment. [82, 83]
Additionally, laminin produced by aligned immature astrocyteseseto guide optic
nerve and corpus callosum axons. [76] Mechanically lesioned neurony&stmouse
cortical cocultures treated to prevent glial scarring demdesdtnaeuron migration and
neurite outgrowth with increased astroglial laminin production [84], taugorcing the
idea that “unreactive” astrocytes generate an environment pamniesgrowth. Aligned
glial/biomatrix bridges developed by culturing neonatal astrscygea PLA and
PLA/PLA-b-PEO matrices directesh vitro neonatal cerebral cortex neurite outgrowth
over the aligned glial cells, thus highlighting importance or tentpara spatial

alignment in directing neurite outgrowth. [85]. The glial struesuihat guide developing
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axons in the CNS disappear upon maturation and are not reformedtimg meactive
astrocytes following spinal cord injury. Non-native fibroblastd eneningeal cells that
migrate in from the periphery following injury may deposit collagaut, no organized
deposition of ECM occurs. [9] Finally, incomplete phagocytosis of axahnayelin
debris and fluid-filled cystic cavities that form at injurytesi severely disrupt the
organized structure of the uninjured mature CNS.

Schwann cells are the one-stop-shop for PNS neurons providing them with
guidance, ECM molecules, CAMs, and growth factors required tarcessful
regeneration following injury; however, glial cells of the mature CN$ @lenajor role in
mediating the secondary injury cascade following injury, and aswaty mature CNS
neurons lose the glial support that is evident during CNS developnteig seequired for

successful regeneration.

REPORTED EXPERIMENTAL APPROACHES TO REGENERATION

Experimental approaches to regeneration includes pre-cliniegtto and animal
models and focus on modification of the non-permissive external envinbrohehe
CNS and limited studies into modifying the intrinsic regenenattapability of CNS
neurons.

Improvement of Clearance

Clearance of axon and myelin debris occurs rapidly and effigziemtthe PNS
following injury, in part, because of the rapid infiltration ofipleral macrophages into

the lesion site; therefore, several groups have studied transmlantsacrophages
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activated by exposure to PNS or skin tissue in the injured spandlof animal models
and have demonstrated partial functional recovery. [86-89] Althoughapimsoach is
controversial because macrophages are believed to contribute smingref damage by
the inflammatory cascade [90], clinical trials of autologoussipéants are being pursued
by two groups: Schwartz and Yoles [91, 92] and Knoderal. in conjunction with

Proneuron Biotechnologies (Procord). [93])

Neutralization of the Inhibitory Environment

Neutralization of the inhibitory molecules in myelin and the ghiedr for CNS
regeneration involves many different approaches. [14, 48, 62, 94]

A monoclonal murine IgM antibody (mAB IN-1) has been shown to block the
myelin inhibitory molecule Nogo-Ain vivo application in the adult rat CNS resulted in
substantial axon sprouting and some long-distance corticospinal rat@mdollowing
complete transection of the corticospinal tract, which is sigmfi@s no spontaneous
regeneration of corticospinal fibers is typically observed. [26tecombinant, partially
humanized IgG version of the IN-1 antibody (rIN-1 Fab) has demoedtlang-distance
regeneration of corticospinal axons in adult rats [96], also obsenvédte marmoset
monkey following thoracic lesions treated with mAB IN-1. [97] Clinical sriasing anti-
Nogo antibodies are in the planning stages in association with Novartis. [98]

Intrathecal administration of NEP1-40 derived from Nogo-66, a catiyeet
antagonist of the Nogo receptor common to all myelin inhibitors, imgrogeicospinal

axon growth and functional recovery following mid-thoracic spinal ¢ahisection in
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adult rats. [99] An anti-Nogo receptor monoclonal antibody has beemdioopvomote

neurite outgrowth of P3 rat DRG neurons culture on CNS myelin raidst [100]

Biogen Idec Inc. has licensed Nogo receptor-related therapanticsay pursue clinical
trials. [94]

Semaphorins are inhibitory molecules produced at sites of CNS iaaythey
signal through plexin and neuropilin receptors expressed in neurong \Wro model
of the astrocyte/meningeal cell interface found that meningelld expressed NGZ2,
versican, and semaphorins 3A and 3C, and antibody blocking of NG2 and nau2opili
but not neuropilin 1 promoted DRG axon growth from astrocytes to meihingks
[101] Ephrins expressed on astrocytes have been shown to inhibit eggemend adult
mice lacking EphA4 exhibited reduced gliosis and regeneration ¢it@spinal and
rubrospinal tracts across the lesion site following spinal congideetion, as evidenced
by anterograde and retrograde tracing. [102] Astrocyte Eph/Astalso blocked by
monomeric EphrinA5-Fc to produce longer neurite outgrowth in this study.

Chondroitin sulfate proteoglycans (CSPGs) exist in large quantitiethe
damaged CNS, particularly the glial scar. [48] ChondroitinaB€ ACh-ABC) is a
bacterial enzyme that catalyzes hydrolysis of chondroitinaulfSAG chains into
dissacharides that diffuse away, thus reducing the inhibitorycteffef CSPGs.
Administration of Ch-ABC has been shown to induce axonal growth andidoalt
recovery in adult rats [103, 104], as well as promote autonomic motor recovery. [105]

Blocking Rho has the unique potential to overcome inhibition by bothimged

glial scar inhibitory molecules, since their signaling pathwagysear to converge on this
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downstream effector. Blocking RhoA with C3 transferase (botulinaxm) enabled
regeneration following over-hemisection of the adult mouse spinal. ¢@06] In
addition to enhancement of regeneration, inactivation of Rho is alsvdxlto offer
neuroprotection by protecting cells from apoptosis, and inactivation ofkRiase may
alleviate pain following injury. [107] Cethffn(BioAxone Therapeutic, Inc.) is a Rho
antagonist currently undergoing clinical trials. [98, 108]

Neuronal cyclic adenosine monophosphate (CAMP) is a key playee inttinsic
inability of the CNS to regenerate, perhaps by influencingaligity to overcome
inhibition by myelin and glial scar molecules. The pharmacdutidigram, originally
developed as an anti-depressant, is a phosphodiesterase inhibitorvtbatspingdrolysis
of CAMP, and it has been shown to prevent the reduction in endogenbli lesels in
adult rats following spinal cord contusion, and combined with Schwanngcagiis
improved axon sparing and myelination. [109] Rolipram delivery in conpmetith
implantation of embryonic spinal tissue improved axon growth into nipgant and
attenuated reactive gliosis. [110]

The application of treatments to block inhibition by the CNS external
environment must be approached with great care and designed to @dly iajffired
neurons, as they not only enhance regeneration but also promote significant sprouting and
plasticity, which may account for functional recovery. Maladaptive sproatdgyrowth
of non-injured neurons may be an undesirable side effect of these diypeatments.
Hyperalgesia is one side effect that has resulted froenraat sprouting of uninjured

small pain fibers in nerve growth factor-treated animal models. [111]
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Delivery of Neurotrophic Factors

Neurotrophic factors are key nervous system regulatory proteihsnibdulate
neuronal survival, axonal growth, synaptic plasticity, and neurotrasiemis They have
also been shown to promote and direct growth cone motility [112]; tkkipie a
chemotactic effect for axon guidance, and they aid in sensory gesweh across the
PNS-CNS transition zone. As a result, their role in axon development andregigenis
being studied extensively for application in spinal cord repair [28, 94, 113-115].

The family of neurotrophic factors includes nerve growth factor K\N®rain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophini54/5),
ciliary neurotrophic factor (CNTF), glial cell line-derivedogith factor (GDNF), and
acidic and basic fibroblast growth factor (aFGF, bFGF). @cmwcells produce
neurotrophic factors following PNS injury; however, levels followinghapicord injury
are almost undetectable. The neural responses promoted by neucotfempbrs are

summarized in Table 2.1. [28]

NEURAL RESPONSES PROMOTED NEUROTROPHIC FACTORS

Motor neuron survival BDNF, NT-3, NT-4/5, CNTF, GDNF

Motor neuron outgrowth BDNF, NT-3, NT-4/5, CNTF, GDNF

Sensory neuron survival NGF, NT-4/5, GDNF

Sensory neuron outgrowth NGF, BDNF, NT-3

Spinal cord regeneration NGF, NT-3, CNTF, FGFs

Peripheral nerve regeneration NGF, NT-3, NT-4/5, CNTF, GDNF,
FGFs

Sensory nerve growth across PNS-CNSNGF, NT-3, GDNF, FGFs

transitional zone

Table 2.1 Neural Responses Promoted by Neurotrophic Factors [28]

40



There is a significant amount of overlap in the responses promoted by
neurotrophic factors, and this must be taken into account when consittezingse in
therapeutic applications. For example, NGF was the first and widgly studied
neurotrophic factor and is best known for its essential role duringehelopment of
peripheral sensory and sympathetic neurons [116]; however, it has been tehban
clinically useless for regeneration of peripheral nerves becffects pain-sensitive
neurons, resulting in hyperalgesia, or increased sensitivpggito [117] NT-3 is useful
for regenerating corticospinal axons [77]; however, NT-3 can triggmstasis of BDNF-
dependent neurons. [118]

Neurotrophins have a very short half-life, are digested in the gaststnal tract,
and do not pass the blood-brain barrier; as a result, oral or systeitiiery will not
promote regeneration of CNS neurons and may result in unwanted fdes efue to
nonspecific delivery. In addition, there is rapid clearance of dnjgsted directly into
the spinal cord due to the constant exchange of cerebrospinal fluid. (@S a result,
delivery methods must be tailored to provide biologically relevant arsairibng-term,
localized neurotrophins at the site of injury in order to avoid unwantil effects.
Reviews of reported methods of delivery include direct injection, moots infusionin
situ gene therapy, and transplantationeaf vivogenetically engineered cells. [28, 113,
114]

Direct injection to the cerebrospinal flud (CSF) by means of
intracerebroventricular, intraparenchymal, or intrathecal infusios doé provide long-

term delivery of growth factors because there is rapid clearaue to the constant
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exchange of CSF and does not provide localized delivery. [114] Continuounnfus
using an implanted osmotic minipump may be used as a temporamentten strategy
following spinal cord injury or to study the effects of neurotrophins;dvaw it is not a
solution for extended delivery because depleted pumps have to be reglacageks,
and it also does not provide localized delivery. [119, 120]

In situ gene therapy via vector-mediated expression of neurotrophic facttrs
spinal cord has advantages over local or systemic admirostratVVectors can be
delivered to the spinal cord by single injection, expression caarbetéd to lesioned
neurons, and vector expression of a neurotrophic factor mimics thgsiofdyical
production. [114] Two types of vector systems exist: viral ve@agsnonviral vectors.
Viral vectors include: (1) herpes viral vectors (HSV), (2)rexgral vectors, (3) adeno-
associated viral vectors (AAV), and (4) lentiviral vector®/XL Nonviral vectors are
typically not used for this application due to their inefficiency. Table 2.Zuwsranary of
research groups studying the viral-mediated vector expressioruadtrogphins. AAV
and LV vectors do not display detectable inflammatory or cytoteedponses and may
be a good choice for future gene therapy; however, HSV and adenagtals are not

suitable because they require immunosuppression and are cytotoxic.

GROUP VECTOR GROWTH FACTOR
1. | Geschwind et al., 1994 [121] HSV vector NGF
2. | Zhang et al., 1998 [122] Adenoviral vectddT-3
3. | Ruitenberg et al., 1998 [123] AAV vector BDNF
4. | Hottinger et al., 2000 [124] LV vector GDNF

Table 2.2 Groups Researchingn Situ Gene Therapy
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Ex vivo gene therapy is a combination therapy involvimg vitro genetic
modification of autologous cells to deliver a specific growth digcfollowed by
transplantation of the cells back into the host. This approachnabesi the risk of
immunological rejection and may provide a high concentration of lang-tecalized
growth factor delivery to a site of injury [113]. Table 2.3 isuammmary of research

groups studying this method of neurotrophic factor delivery.

GROUP CELLS GROWTH FACTOR
1. | Grill et al., 1997 [125] Fibroblasts NT-3
2. | Tuszynski et al., 2002 [126] Fibroblasts NGF
3. | Luetal., 2003 [127] Neural stem cells NT-3
4. | Tuszynski et al., 2003 [128] Fibroblasts NT-3
5. | Blesch et al., 2004 [129] Fibroblasts NT-4/5
6. | Luetal., 2005 [130] Marrow stromal cells BDNF

Table 2.3 Groups Researchingx Vivo Genetically Engineered Cells

Groups 1, 3, and 5 reported partial amelioration of functional defigitshe
Basso, Beattie, and Bresnahan (BBB) locomotor rating scalat®or other functional
test methods. Groups 2, 4, and 6 reported extensive axonal growth folloeling
transplantation. Additional examples of genetically-modified aedbd for neurotrophic
factor delivery have been reported by Schmidt and Leach. [28] Norfee ajroups
reported axon growth beyond the graft, thus demonstrating the need faioraeddi

strategies.
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Bridging Strateqgies

The idea of bridging strategies in the CNS arose from the: toeeestore structure
and provide necessary adhesion molecules and growth factors in orgeontote
regeneration of axons, much in the same way immature CN@rgltae these elements
for developing axons and PNS Schwann cells provide these elemedevéboping and
injured PNS neurons. Several approaches are currently under investigacluding
transplantation of fetal and embryonic tissue, mechanically-engimhegervous tissue
constructs, peripheral nerves, and cells.

Nervous Tissue Transplantation

Neural tissue transplants from human embryos and fetuses have slownwsegn
promoting CNS regeneration in animal models. Transplants of $gi@al cord
following resection lesions of adult rat spinal cord and contused r@dwdhd cat spinal
cord demonstrated short-distance regeneration into the graftstt@ndation of scar
tissue but limited regeneration across the host/graft interfa84-133] These neural
tissue transplants have the potential to not only replace cells but maya@lste sources
of growth factors, improvement of conduction by remyelination, or neurapiarte
Despite the inherent issues in scale-up as well as the etalbénges, human fetal
spinal cord tissue has been grafted into human patients with syringgnmyelinical
trials. [134, 135]

Mechanically-Engineered Nervous Tissue Constructs
Another unique approach involves the development of transplantable tissue

constructs comprised of DRG axons induced to grow by application of mechamtal str
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to the central portion of the axon, thus mimicking the growth of intedraérves and
axon tracts that do not have growth cones and are under mecharagal dstring
development. [136] Pfister et al. created 5 cm long axon tracts in 8 dayseetioam in
an 80% collagen hydrogel, and inserted them into a poly(glycoll&A] conduit
(Neurotub&). Nervous tissue constructs could be grown at the rate 1 cm/day up to 10 cm
in length using this stretch-growth system. Collagen hydroggled 10 mm long
constructs were implanted into rats 10 days following modifieddbkemisection injury
and were found to survive 4 weeks following implantation and to extend axonthe
host spinal cord tissue. [137] This approach not only serves to bnegdejury site but
may also circumvent the issue of long-distance regeneration innkigitory CNS
environment by potentially allowing the creation of new intraspinal connections.
Peripheral Nerve Grafts

In the 1980’s, Richardson et al. established that regeneration ofa®&dfs into
autologous peripheral nerve grafts in rats could be accomplished @dened by
retrograde tracing, although functional recovery was lackivggakons did not leave the
graft, and corticospinal axons did not grow into the graft. [138, 139] Téteskes
reinforced the idea of the permissive regeneration environmghed®NS, and in fact,
peripheral nerve contains Schwann cells that aid in phagocytosis, fiondoicECM and
cell adhesion molecules as well as neurotrophic factors, and Ineati following
peripheral nerve injury.

Autologous peripheral nerve grafts are typically derived from eaas nerves,

such as the sural or saphenous nerve, with up to 40 cm available lengkh3acmh
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diameter. [28] It is interesting to note that the sural andesapls nerves are two of the
most vascularized peripheral nerves and are therefore consicéreahady suitable for
vascularized grafting. [29] Autologous grafts are advantageoasibedthey reduce the
risk of immune rejection; however, donor site morbidity is a majowllaak, and non-
critical sensory nerves must be chosen thus limiting avathabiliPeripheral nerve
allografts are an alternative and have the advantages of laoge/ @and no donor site
morbidity; however, there is a risk of disease transmission anmummsuppression is
required during the time it takes cells in the allograft todmaced with host cells. Even
so, allografts have been wused clinically and may not require tény-
immunosuppression. [140]

Autologous intercostal nerves with fibrin glue and acidic fibroldaswith factor
(aFGF) were implanted into monkeys after lateral spinal hetmoseand demonstrated
regeneration of myelinated CNS axons into the graft but not beyonesiba site. [141]
Cheng et al. demonstrated regeneration of corticospinal axons intoosité nerve
implants with fibrin glue, aFGF, and compressive wiring in adulapagic rats [142],
and extended their studies to one case of peripheral nerve transpéarst human
paraplegia patient with a 4-year old ASIA-C injury. [143] The sttbjeceived a sural
nerve graft with fibrin glue and aFGF. Two and one-half yeareviitig the surgery his
functional status improved from wheelchair-bound to ambulatory and ASIA-D
classification. Although this case included no control subjects andnisadictory, it
does suggest that combination therapies may be of real benefitdntgpaeven those

with chronic spinal cord injury.
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Cell Transplantation

Several cell types are under investigation for use in bridgfiragegies, including

Schwann cells, olfactory ensheathing cells (OECSs), and stem cells. [28, 94, 144, 145]
Schwann Cells

Schwann cells are key players in the success of peripheval regeneration and
in the success of CNS regeneration into peripheral nerve graftsissoo surprise that
grafts of these cells are being pursued as a spinal cord yhe®pghardson et al.
documented one of the earliest attempts at bridging a spirdlimgary in the 1980’s
where regeneration of CNS axons into autologous peripheral nerve grafits was
accomplished as evidenced by retrograde tracing. [138, 139] Schwelhn
transplantation for CNS repair was a logical next step and hasnd¢rated varying
degrees of axonal regeneration and partial functional recovery nmaanmodels. [94,
145, 146]

These cells also migrate into the injured spinal cord, pos&inty the dorsal and
ventral roots, upon disruption of the blood-brain barrier and have been found in long-term
human spinal cord injuries, indicating that they are able tosiimi the human CNS
environment as abnormally-organized tumors termed Schwannomas, bugtimeedtal
manner causing compression of CNS axons. [147] Schwann cells BRNtBeorovide
spatial alignment via linear arrays known as Bands of Blndioerever, Schwann cells
do not migrate along CNS white matter tracts, suggestingtiiegt may not provide
spatial alignment for CNS axons. [148] Schwann cells may alg® tha unique ability

to aid CNS axons in remyelination following regeneration; howevelhag been
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demonstrated that the cues for myelination in the CNS and RN8ifeerent, and that
nerve growth factor (NGF) promotes myelination by Schwann dalis reduces
myelination by oligodendrocytes [149], a factor that warrants durttivestigation and
should be taken into account when designing combination therapies \mittaist cell
grafts. Genetic engineering of Schwann cells to alter ictierss with migration and
myelination cues is a potential way to account for these differences. [146]
Challenges facing Schwann cell grafts include failure tonegee axons out of
the graft, lack of remyelination of axons beyond the injury, sited unfavorable
interactions with astrocytes leading to increased inhibitory C@®@uction. [146] As a
result, several groups are studymgvivogenetic modification of Schwann cells in order
to overcome these challenges. Schwann cells geneticallyiatbtifsecrete upregulated
concentrations of NGF were grafted into the midthoracic regioneofiminjured adult rat
spinal cord and were found to survive for up to one year and to indogst igrowth and
myelination of neurotrophin-receptive sensory axons; however, it wasd nibiat
Schwann cell grafts may enlarge over time, possibly attributable to imlipation of the
cells after multiple passageésvitro. [150] Expression of neural cell adhesion molecule
L1 on Schwann cells and axons correlated with axon-Schwann cellagmsiesit, and
transduction of Schwann cells to overexpress NGF robustly increasetl growth,
following implantation into adult rat spinal cord injury. [151] Schwanlis ggenetically
modified to secrete upregulated concentrations of BDNF enabled suataspion

regeneration across and beyond the transection site in an adutideit [A52] Genetic

48



modification may be a viable method of overcoming the inherent chalengSchwann
cell transplantation strategies.
Olfactory Ensheathing Cells

One of the major issues impacting all bridging techniques isrdgenerating
axons do not want to leave the permissive substrate and reentghithieory CNS
environment to reconnect with their target synapses. Olfactohgatisng cells (OECSs)
are glial cells of the olfactory system, and the olfactoystesn has the distinctive
capacity to support neurogenesis throughout life [153]. OECs have tipgeuntrinsic
ability to guide and ensheath, but not myelinate, new olfactory recaptms into the
CNS across the normally inhibitory PNS-CNS transition zone [154, 155grarttiought
to have the potential to aid regenerating axons in navigating inhibitoryoements.
Another theory is that OECs aid in preventing an astrocytic respahss limiting
expression of inhibitory CSPGs. [28, 145] OECs are thought to béleapfamigrating
through glial scar regions, as studies utilizing suspension tratsmé OECs enabled
regenerating corticospinal axons to cross the lesion site ihratk[156, 157]; however,
a combination of Schwann cells and OECs plus administration of chondseithiaC
following complete spinal cord transection in adult rats produced impevsmin
functional scores but no evidence of regeneration of corticospinai@rospinal tracts.
[158] Major concerns with studies of this cell type include thehou= of preparation.
[153] Animal studies conducted have used neonatal and adult cellsllesswdifferent
purification methods, such that the impact of other cell types ontsesahnot be

elucidated. [154] There is also recent controversy as to whethse ta#ls actually
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enable axons to regenerate past the lesion site, or if thediuaictecovery seen is a
result of plasticity and neuroprotection, as there is little exideo support that OEC
grafts are able to reestablish functional connections as ofl$6{,[and migration of
injected OECs does not appear to be different than migration otedjéone marrow
stromal cells or fibroblasts. [160]

Another caveat of this approach is that centrally-derived autologdusotirces
from the olfactory bulb have been used in most animal studies; howemarsthaf these
cells compromises the host’s sense of smell, so peripheralixedédECs from olfactory
endothelium are being explored as a viable alternative. [28] Tdegeherally-derived
cells may not behave the same as the centrally-derived cellsvél require further
testing. Even with the discrepancies in reported results frormaanimodels,
transplantation of human fetal and adult OECs is currently one olatgest human
clinical trials, being pursued in China. [161-164]

Embryonic and Adult Stem Cells

Significant loss of neurons and glial cells occurs following spawad injury.
Pluripotent stem cells are sources for new cells in embrybstbaapable of indefinite
self-renewal and differentiation into any cell type. In aguttultipotent progenitor cells,
also called adult stem cells, are sources for new cellsatkacapable of differentiation
into a limited number of cell types. [94, 165] These cells have teaftto not only
bridge the injury site, but may also be able to replace cells that have beennpstto i

Embryonic stem (ES) cells have the advantage of being a potedeéhite cell

source and are being studied extensively for their potential use in spithahjcoy. [140,
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166] ES cells from mice were committed to the nervous systerage by exposure to
retinoic acid and transplanted into rats more than 9 days followingyjnthe
transplanted cells differentiated into neurons, astrocytes, and aldjadytes and
promoted some functional recovery and remyelination, although retjenehas not
been demonstrated yet. [167] Major concerns with embryonic stesiigellide the
ethical debate regarding their use and the long-term immunosspprehat is required
following the transplant of foreign cells. Spinal cord injured patiemé vulnerable to
infection, and long-term immunosuppression in these patients is contededli One
method that is being developed to avoid the use of foreign cells @stisezell nuclear
transfer, which allows the generation of “autologous” embryonic stdls by replacing
the nucleus of a human egg with the nucleus from a somatic ctegbatient, then
allowing the embryo to develop to the blastocyst stage from whBhcells can be
harvested and grown in culture. [140]

Another source of new cells is the endogenous stem cells in theen@IS that
are capable of differentiating into neurons and glial cellsmyedrneural progenitor cells
(NPCs) [168], but typically only produce oligodendrocytes and as&sawt the spinal
cord. [14, 140, 169] These cells reside around the central canal sitiad cord. [140]
Mouse NPC grafts were found to constitutively secrete severalotnephins and
promoted extensive axon growth in adult rats following dorsal columankes[127]
Glial cell progenitors are multipotent cells with restrictaes, and include cells capable
of differentiating into myelinating Schwann cells in the PN®Ilgodendrocytes in the

CNS. Transplantation of these cells has been shown to remgedirahs but has not
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demonstrated axonal regeneration. [170] Disadvantages of thesgpesllid that their
populations may also be significantly reduced upon injury to the spind) biopsy is
required to obtain this cell source, and it does take time to gnowgé cells in the
laboratory for transplantation; however, their advantages lie inttegt are a true
autologous cell source in comparison to ES cells and it may béleosstimulate their
responseén vivo, thus avoiding transplantation altogether. [94]
The ability of embryonic and endogenous stem cells to proliferateéhair multi-

potentiality make them ideal candidates for CNS regeneration; Veowpreventing
proliferation of undesirable cell and tissue masses through contdiffecentiation is of

utmost importance and is a significant factor in designing implantationgsésit¢l 71]

CLINICAL THERAPIES AND TRIALS

Current Clinical Therapies for Spinal Cord Injury

Methylprednisolone sodium succinate (MPSS) was the first andriently the
only treatment for the management of acute spinal cord injuryhasideen adopted as
the standard of care since 1990 in most of North America [2]; howewertficial FDA
review of the drug for this indication has been sought and the analyslse data
supporting its use for SCI has been criticized. [172] This stedoudy, when
administered within 8 hours of injury, is thought to attenuate the sagomdary
cascade and improve functional recovery; however, the National Apiteal Cord
Injury Studies (NASCIS) Il and Il only showed modest improvementpatients

receiving MPSS, with extensive complications including sepsis, pneumonia, and potentia
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steroid myopathy. [2, 14, 98]) Although controversy regarding the e#eetss and
safety of MPSS remains, establishment of the 8 hour “therapeutidow” by the
NASCIS clinical trials led to evaluation of other neuroprotectplearmacological
therapies, including GM-1 ganglioside (Maryland and Sygen) and numerbes ot
candidates. [173] Researchers are also investigating the neurapeoédfects of mild
hypothermia (about 92°F) for several hours immediately following kpard injury. [3]

One major issue confounding results from pharmaceutical clitriadd for acute SCI is
inconsistency in the use of methylprednisolone in conjunction with the new
pharmaceutical agents being tested and lack of control for thaf nsethylprednisolone

in the studies. [2]

The ultimate goal for a spinal cord injured patient is regoeérfunction, which
may result from axonal regeneration, nervous system plastigtgraéion of conduction
by remyelination of spared axons, or any combination of these $ad@habilitation
following spinal cord injury is a clinical therapy that mawgprove motor recovery of
postural and locomotor tasks, such as standing and stepping, by tdkrgage of
peripheral sensory information that can be used by the spinal cioutvinvolving the
brain, thus demonstrating the remarkable plasticity of spinal muaral circuits to
“learn” tasks. [174] Although rehabilitation is not a useful sggtin and of itself to
promote axonal regeneration, it has the capacity to improve pgtiahty of life now,
depending upon the type of injury sustained [175], and its potential tb rioscle
atrophy may ultimately improve functional recovery from reinngowneof muscle targets

by regenerated motor axon tracts.
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Standardization of Animal Studies and Clinical Trials

Common animal spinal cord injury models include contusion, transection,
compression, ischemic, and combinations of these four. [94] Contusioesnjepresent
the largest sect of human spinal cord injuries. One major probl&mmast animal
contusion models is that they are applied to the dorsal surfacsvifudl laminectomy
resulting in a posterior compression injury, which standardizes thédocand severity
of injury; however, most human injuries are the result of ventrphahassociated with
anterior compression of the vertebrae. [33] Another issue is the contusion deeitésspe
much slower and results in less impact than what is typicahést human injuries. In
addition, the compressive force in contusion models is typically rednmamediately
after injury whereas it may be hours or days before a humary iigutecompressed.
[108] The Basso, Beattie, and Bresnahan (BBB) locomotor ratithg Isaa been widely
accepted as a method to assess locomotor function in rats follgeivad) cord contusion
injury [176]; however, there is no correlation of the BBB scale tABEA scale used for
human injuries, and differences in innate immune and inflammatgopmess to injury
compromise the predictive value of findings in rats. [108] Primabelels are being
explored but their expense is a significant limiting factor. True reg@emeia difficult to
ascertain in contusion models. Complete transection models allow ablgeni
determination of regeneration, but these models are not represenfatieemajority of
human injuries nor do they generate the cystic cavitation more colpreeen with

contusion injuries. [94]
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It has been demonstrated repeatedly that functional improvemest rdue
necessarily correlate to axonal regeneration, and axonal ragenaloes not necessarily
produce functional improvement. Demonstration of functional regeneratiamala
regeneration with functional recovery) must be validated by deggtaria, including
anatomical tracing, specific behavioral tests correspondinghéorégenerated axon
phenotype, electrophysiology to confirm connectivity, and ultimatslypsequent
reinjury of the regenerated axons to demonstrate their requirefoenfunctional
recovery. [13]

There is a great need for standardization of human clinieds tior spinal cord
injury, as is evidenced by several reviews dedicated to discussings with past and
current human clinical trials. [2, 98, 108, 177] In response to the lastiamdardization,
the International Campaign for Cures of Spinal Cord Injury Pasa{(y{SGCP) supported
an international panel charged with reviewing the methodologpifocal trials in spinal

cord injury, and they have established guidelines for future clinical trials-18¥B

Worldwide Clinical Trials

As discussed previously, clinical trials investigating implaatatof activated
autologous macrophages (ProCyréroneuron Biotechnologies) and the Rho pathway
antagonist, Cethrfh(BioAxone Therapeutic, Inc.) in patients with thoracic and cervical
SCI are currently underway. [98, 173AIso, a large-scale clinical trial investigating

transplantation of human fetal and adult OECs is currently beinggulia China. [98,
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the world. [98]

161, 163, 164] Figure 2.8 represents a summary of recent human clilalsabtound

TABLE 5. Recent regeneration trials in spinal cord injury

Strategy Series (ref. no.) Countries pl:z.e::s Neurological results Other results and comments
Fetal porcine stem cells: Diacrin study United States 8 No further recruitment
into cord
Autologous activated Procord study, Knoller Israel 6 Improvement in some Phase |l trial in progress in
macrophages: into cord et al., 2005 (93) 2006
Schwartz and Yoles, Israel, Belgium 14 Improvement in 5 patients
2005 {(138)
Neurotrophic factors: CNTF for ALS, Penn United States and 4 No improvement Complications
intrathecally by pump etal., 1997 (119) Canada
BDNF for ALS, Kalra United States Final results not yet reported Phase 1!l study by Amgen
etal,, 2003 (87)
Peripheral nerve grafts:  Cheng et al., 2004 (33) Taiwan 1 Continuing to recruit
cord to cord
Peripheral nerve grafts:  Barros et al., 2003 (8) Brazil 8 No improvement
cord to cord
Peripheral nerve grafts:  von Wild and Brunelli, Italy 1 Improvement
cord to nerve 2003 (173)
Awulsed root inserted Carlstedt et al., 2000 Sweden 10 Improvement
into cord: brachial (26)
plexus injury
Human olfactory Huang et al., 2003 (79) China 171 Improvement Continuing to recruit
ensheathing glia (fetal  Feron et al., 2005 (58) Australia 3
and adult): into cord Rabinovich et al., Russia 15 Improvement Continuing to recruit
2003 (123)
Bleod-derived stem Janson et al., 2001 Portugal, United
cells: ALS|, intrathecal;  (84) States, Brazil,
$Ql, intrathecal Russia
Schwann cells Zhu et al. China 47 Improvement Continuing to recruit
Feng et al. China 9 Improvement Continuing to recruit
Human fetal spinal Falcietal,, 1997 (53) Sweden 1 Syrinx smaller
coed: syringomyelia Wirth et al,, 2001 (176) United States 8 No further deterioration Syrinx smaller
Rho antagonist Cethrin study/Bio-Axone United States, In progress
Canada
Anti-Nogo-A antibody Novartis study Europe Planning stage
Human bone marrow Park et al., 2005 (117) South Korea 5 Improvement
stem cells Zhang et al. China 90
Bryukhovetskiy Russia
Czech Republic,
Neuronyx United States
Human embryonic Keirstead, Wirth United States Planning stage
stem cells with oligo
differentiation
Polyethylene glyco! United States Planning stage
Electrical stimulation Shapiro et al., 2005 United States 10 Some improvement Continuing to recruit
{140)
Xu, Liu China >100 Some improvement Continuing to recruit

*CNTF, ciliary neurotrophic factor; ALS, amyotrophic lateral sclerosis; BDNF, brain-derived neurotrophic factor; SCI, spinal cord injury. All are Phase | studies and

are not reported unless indicated.

Figure 2.8 Worldwide Clinical Trials

(Reprinted from Tator 2006 [98])
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CONCLUSION

Most of the current approaches in human clinical trials involve reggaapheral
nerve grafts or cell transplantation. Peripheral nerve grafts ¢hallenges of limited
availability and donor site morbidity associated with autografts, @ed immune
complications inherent to allographic or xenographic transplantatmng aith potential
complications arising from cell types within peripheral nehag aire foreign to the CNS.
Inflammation within the CNS is particularly detrimental andynmexacerbate existing
injury. Cells are an excellent source of the myriad of faategsiired for regeneration;
however, a major limitation of all cell transplantation approachese time required to
isolate, purify, genetically modify, and expand suitable autologous delis
transplantation, or the immune complications inherent to allographiemographic
transplantation. Cells may produce undesirable side effects and dibomofor specific
delivery of molecules without genetic modification. Cell transigaion strategies also
face the unique challenges of cell survival and migration and do ness@edy address
the disorganized structure of the injured CNS; however, currenbappes seek to
address these challenges by incorporating cells within biollabessed scaffolds with
channels to improve cell survival, limit migration, and provide guwdaior extending
axons. [15-17] The next chapter will discuss biomaterial-baseldjibg strategies in

further detail.
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CHAPTER THREE

BIOMATERIAL-BASED BRIDGING STRATEGIES

INTRODUCTION

Most of the current approaches in human clinical trials involve reggaapheral
nerve grafts or cell transplantation; however, biomaterial-basddigi strategies are an
alternative approach with a wide range of applications for neural repas.ciapter will
briefly review the incorporation of biomaterial scaffolds intol celnsplantation
approaches in order to improve cell survival, limit migration, and progiddance to
regenerating axons, but will ultimately focus on acellular btemel-based bridging

strategies with combination therapy for synergistic improvement of neagaheration.

BIOMATERIALS FOR NEURAL APPLICATIONS

Biomaterials used for bridging strategies may be classiinto two main
categories: natural materials, including ECM components and othaalhpblymers;
and synthetic polymers . [28, 171].

Natural Materials

Table 3.1 is a summary of natural scaffold materials being ige¢sd for neural

applications.
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MATERIAL

MOLECULES/SOURCE

ECM proteins

Collagen, fibronectin, laminin,

Proteoglycans

Permissive heparin sulfate proteoglycans (HSPGSs) [1

B2]

Glycosaminoglycans

Hyaluronic acid

Fibrinogen/fibrin gels

Blood clotting

Self-assembling
peptide scaffolds

Various peptides [183]

Alginate Brown algae (seaweed, giant kelp)

Agarose Red algae or seaweed

Chitosan Chitin/exoskeleton of crustaceans (shrimp, crabs) and
insects, bacterial and fungal cell walls

Matrigel™ BD Biosciences

Table 3.1 Natural Polymers used for Neural Scaffolds [28, 171]

Type | collagen and laminin have proven to be useful molecules for suirdl

repair; however, fibronectin has not demonstrated significant proftigH. Fibronectin

in the CNS is associated with macrophages and endotheliahndliacreased deposition

has been found in active multiple sclerosis lesions [184], so it ismiokeal substrate for

CNS repair.

Matrigel™ is a commercially available hyadognaterial generated from

mouse Englebreth-Holm-Swarm (EHS) sarcoma that not only iosntaasement

membrane components such as collagen, laminin, and proteoglycans; botaaliso

degrading enzymes, their inhibitors, and growth factors. Alginateobels and alginate

hydrogels with fibronectin have been shown to possess less bityatttan Matrigel in

inducing proliferation of cultured cells, maintaining morphology, and imdu®RG

neurite outgrowth. [185]

Also, alginate is not strictly biodegbssta however,

modification by crosslinking with calcium enables dissolution througgiura chelation,
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and ultra purified sources of alginate must be used due to cytotopicities present in
commercial sources. [171]

Natural polymers are biodegradable because they form hydrolgatis ate
susceptible to enzymatic degradation; however, this also litméis mechanical and
design properties and they typically require some type of adhgsiye fibrin glue) to
hold them in place. Disadvantages of these materials includekaotacontrol over
degradation rates, potential inconsistencies in material quatityebe different batches,
and potential for microbe or virus contamination. [186] Chitosan puritf istmost
importance for those individuals with shellfish allergy due tortbke of anaphylactic
shock.

Synthetic Materials

Synthetic biomaterials are currently under investigation for inséridging
strategies for spinal cord repair because of the ability twruze their chemical and
physical properties, including degradation rate, porosity, and mechatrigagth. For
example, these materials can be designed to be tear re$mta@se in handling and
gluing or suturing. Another advantage of synthetic biomatdagdtse ability to fabricate
them into virtually any design through a variety of polymercpssing methods. Table
3.2 shows a summary of synthetic biomaterials being explored #®rirusnerve

regeneration strategies.
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vinylchloride)

POLYMER ABBREV | DEGRADABLE COMMENTS
Poly(glycolide) PGA Biodegradable FDA approved
Poly(lactide) PLA Biodegradable FDA approved
Poly(lactide-co-glycolide) PLGA Biodegradable FDA approved
Poly(D,L-lactide) PLLA Biodegradable FDA approved
Poly(caprolactone) PCL Biodegradable
Biodegradable Biodegradable
poly(urethane)

Poly(organo phosphazene) Biodegradable

Poly(ethylene glycol) PEG Biodegradable FDA approved

Polycarbonate Biodegradable

Poly(3-hydroxybutyrate) Biodegradable

Poly(vinylidene fluoride) PVDF Nondegradable Piezoelectric

Poly(pyrrole) PPy Biodegradable Electrically
conducting

Silicone Nondegradable FDA approved
Inert, impermeable

Expanded ePTFE Nondegradable Inert, impermeab

Poly(tetrafluoroethylene) (Gore-

Tex)

Poly(2- PHEMA Nondegradable

hydroxyethylmethacrylate)

Poly(2- PHEMA- | Nondegradable

hydroxyethylmethacrylate- | MMA

co-methylmethacrylate)

Poly[N-(2-hydroxypropyl) | PHPMA Nondegradable

methacrylamide

Poly(acrylonitrile-co- PAN/PVC | Nondegradable

Table 3.2 Synthetic Polymers used for Neural Scaffolds [28, 171]

le

Silicone has been studied in research and clinical settings thieczarly 1960s;

silicone and ePTFE are impermeable materials that limitemiitand waste transport into

and out of the scaffold and cell permeation of the scaffold.

Althougloupor

nondegradable materials have been developed, nondegradable matetials ingglants

traditionally pose a high risk of infection and chronic inflamomatiand when used for
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neural scaffolds, they cause chronic reactive gliosis and cosmpmesf regenerated
nerves as they remyelinate [187, 188]; therefore, biodegradableaisatee preferred.
Tunable biodegradation is important not only to ensure that the nhaamains intact
long enough for regeneration of axons through and out of the graft, ba &ssure that
the material is sufficiently degraded before remyelinationaxdns occurs to avoid

compressing the newly regenerated nerves.

DESIGN OF NEURAL SCAFFOLDS

Gels and Sponges

Gels and sponges have limited applicability in long-distance spioad
regeneration therapies and are not suitable to provide guidanceeteerating axons;
therefore, they will be briefly discussed. Gels are viscaussedinked liquids and are
useful for filling small cavities such as cystic cavitiesried from contusion injury or
small gaps between transected nerves. For example, PEGefusiocgupled with PEG
hydrogels as a tissue adherent have been used to fuse severechdierys tegether to
maintain continuity. [189] Sponges are porous structures with sligigiher mechanical
strength that can fill a slightly wider defect than gdtssituthermoreversible gelation of
agarose gels has been used for simultaneous neurotrophin delivecgrdadnational
repair of an irregular spinal cord defect, and supported adult ratenextension into the
implant. [190] Collagen impregnated poly-2-hydroxyethyl metha@ylspponges
implanted into complete adult spinal cord lesions limited cystwtateon and enabled

axon penetration into the sponge. [191]
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Tubes and Fibers

Tubes and fibers are potentially the most appropriate scdfioltbng-distance
regeneration of axons because of their guidance capabilitiesireF3gl demonstrates
some of the properties of such devices for nerve guidance thatdeswenstrated

improvement of neurite outgrowth.

1
W\ l\{ Controlled Release ) ‘::Q &)
Growth Factors I ]
Incorporation of

Support Cells

Biodegradability/
Porosity

Electrical Oriented Nerve
Activity Intraluminal Substratum
Channels

Figure 3.1 Desired Properties of Bridges for Nerve Guidance
(Reprinted from Schmidt and Leach [28])
Electrical Activity
Electric fields (EFs) resembling those in the developing eagdnerating nervous
systems steer growth cones towards the cathode, and recemthraseexamining the
role of galvanotactic mechanisms in neurite outgrowth and theifispsgnaling

molecules involved. Growth cone steering by EFs has been shown tre rdgoamic
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microtubules, microfilaments and regulation of filopodia and lamellipdayathe
GTPases Cdc42 and Rac. [192] In bovine corneal epithelial cedlsuation of Cdc42
signaling abolished galvanotaxis and enhanced contact guidanceawlattenuation of
Rho signaling enhanced galvanotaxis and Rho stimulation enhanced @pntizsice.
[193, 194] These are the same molecules implicated in glial scar and midition of
neurite outgrowth, and the negative charge of glycosaminoglycanssutiated
proteoglycans may contribute to their inhibitory effect on neuriterowty. Cationic
biopolymers such as chitosan have demonstrated longer neurite dbhtginaw anionic
biopolymers such as alginate. [195-197] Polypyrrole (PPy) ideamtrieally conducting
polymer that has been shown to support neurite outgrowth throughcakstimulation
of the membrane [198, 199] Poled PLGA tubes implanted into a 1 csciatic nerve
gap demonstrated increased numbers of regenerated and myelinatedsaxkongared
to unpoled tubes 4 weeks postlesion. [200]
Mechanical Properties

Mechanical properties are a somewhat overlooked design elemenedaoal
scaffolds, in part because the response of spinal cord tissue hamuat loading is not
well understood; however, recent studies are focused on characteéheingscoelastic
behavior of the spinal cord. [201-204] Although scaffolds must be designesist
collapse upon implantation, materials that are significantljestthan the surrounding
tissue may lead to necrosis and inflammation. [205]

Several groups have reported discrepancies in the values of €Wsting’s)

modulus of the spinal cord using different measurement methods.efded modulus
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as measured in dogs and cats is estimated to be between 200-60BowRaer,
significant increases in modulus were found to occur quickly after death, makingtacc
measurement a difficult task. [206] Ozawa et al. reported lieasginal cord gray and
white matter have similar moduli of elasticity as measurgdhe pipette aspiration
method in rabbits. The axial direction of gray and white matéspectively, measured
3.4 + 1.4 kPa and 3.4 £+ 0.9 kPa, the frontal section measured 3 + 0.3 kPa and 3.5 £ 0.5
kPa, and the sagittal section measured 3.5 £ 0.9 kPa and 2.8 + 0.4 kPaTfi208hme
research group reported that rabbit spinal cord with intact pi@rnigts an elastic
modulus of 2.3 MPa whereas the spinal cord parenchyma elastic modulus i
approximately 5 kPa. [208] Bilston and Thibault reported that human spomds
averaged 1.4MPa with the pia mater intact and 89 kPa with ingiaedater. [203] It is
interesting to note that the elastic modulus of human tibial nbagbeen reported to be
16 MPa, significantly higher than any of the reported values for the spinal cord. [209]

Although no consensus has been reached regarding the appropriate Young's
modulus for neural scaffolds, reports have demonstrated improved adwkaaal
regeneration into poly(2-hydroxyethyl methacrylate-co-methgthacrylate) [pHEMA-
MMA] channels with elastic moduli of 263 kPa and 311 kPa as compared tkPH/7
[210, 211] Peptide-modified poly(2-hydroxyethyl methacrylate-@v2aoethyl
methacrylate) [pHEMA-co-AEMA] with elastic modulus of 192 kPandestrated chick
DRG adhesion and neurite outgrowth comparable to PLL/laminin controls. [212]

Growth cone advance is thought to be mediated by forward propulsioressita r

of filopodial contractions [213, 214], and the elastic modulus of scaffoldsbkan
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demonstrated to impact neurite outgrowth. Hydrogels with incrgasincentrations of
PEG-diacrylate from 50 mg/mL to 200 mg/mL exhibited increasiagtic modulus but
little change in ultimate tensile stress. Neurite extensimm PC12 cells seeded on these
hydrogels with equal concentrations of RGD peptides decreasbe atastic modulus
increased, indicating that flexible materials with elashodulus in the range of
approximately 50-200 kPa may be more conducive to neurite outgrowth. [215]
Intraluminal Channels

Entubulation strategies are particularly useful for PNS regmithey mimic the
ensheathed structure of the PNS, and they may hold promise for kiages
regeneration in the CNS because of the success of peripheralimgtaats for CNS
repair. Degradable, hollow, large diameter conduits weredi&geloped due to the ease
of fabrication, but faced challenges of collapse upon implantation. [15, Gk
diameter conduits also do not accurately mimic nerve architeemndeled to the idea of
filling large diameter hollow conduits filled with smaller fel conduits, not only
reduce the susceptibility of collapse but provide more surfacefarezll and growth
cone attachment. Implantation of poly(2-hydroxyethyl methacryatsethyl
methacrylate) [pPHEMA-MMA] channels with 4.19+0.04 mm outer diameterasing 4
smaller tubes with 790+45 pum inner diameter into adult rat com@eteal cord
transections at T8 (4 mm gap) improved regeneration of vestibulesnseand showed
consistent improvement in locomotor function at 7 and 8 weeks. [210, 211]

In order to design conduits with appropriately sized channels farahe

regeneration, consideration of cell and nerve fiber diameters muskdre into account.
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Mammalian cells typically range from 10-100 pm in diameter Batole 3.3 shows the

diameters of various mammalian nerves. [217]

MYELINATION? FIBER TYPE FUNCTION DIAMETER
(Lm)

Myelinated A -a Proprioception; somatic15-20
motor

Myelinated A-B Touch, pressure 5-12

Myelinated A -y Motor to muscle 3-6
spindles

Myelinated A-d Pain, temperature, 2-5
touch

Myelinated B - Autonomic Preganglionic <3
autonomic

Unmyelinated C - Dorsal root Pain, reflex responses 0.4-1.2

Unmyelinated C - Sympathetig  Post ganglionic 0.3-1.3
sympathetics

Table 3.3 Mammalian Nerve Fiber Types [217]

Because of the difficulty in fabricating conduits with small naeder linear
channels [212, 218, 219], an alternative entubulation approach involves fillidgngei
channels with filaments to produce small diameter channels to acoreately mimic
nerve fiber diameters. Guidance channels developed for PNS vegaid6 PLLA
microfilaments within each PLA or silicone tube (1.5 mm inner diam were filled
with Matrigel, implanted into 14 mm and 18 mm rat sciatic negg®hs, and at 6 weeks
postlesion, improved Schwann cell migration and regenerated nerves acrogsdbelda
be seen in all animals with microfilament-filled tubes, as coetpto reduced efficiency
of nerve formation in tubes without microfilaments. [220] In addition,emaons were
demonstrated to penetrate PLA tubes due to the porosity of PLéormpared to

nonporous silicone tubes, thus highlighting the importance of nutrient astd wansfer
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for neural regeneration. PLA tubes of 1.5 mm diameter filled witbARmicrofilaments
of 60-70 um diameter administered to 6 mm rat dorsal root lesomg with spinal NGF
virus injection demonstrated recovery of function to almost normaldeat 7-8 weeks
postlesion; cutting the dorsal root through the center of the comgreitsed the recovery,
thus demonstrating regeneration through the conduit was responsibéstianation of
function. [221]

Poly(acrylonitrile-co-vinyl chloride) [PAN/PVC] hollow fibermembranes
(HFMs) with 900 pum inner diameter were filled with polypropyleilaments with
smooth inner surface of supracellular size (500 um to 100 um), cailzda(30 um), and
subcellular size (5 um) and were seeded with DRG explants for 7 days; netgr@vth
on 500 um filaments was organized into fascicles, and defascicudatcbmcreasingly
uniform linear alignment of Schwann cells and neurites was deratetstas filament
size decreased to 5 pm, with corresponding improvement in length oédnges. [222]
HFMs were also developed using PLGA and polyurethane with theporedion of
aligned grooves on the inner surface of the filaments. [223, 224]

Fibers offer an alternative to filament-filled conduits. yfdactide) (PLA) and
polyethylene terephthalate (PET) capillary channel fib€GHS) containing eight open
grooves with depth of 5-15 um and width of 10 um oriented rat skin fasbahd aortic
smooth muscle cell alignment and deposition of ECM proteins within the grooves parallel
to groove direction; the alignment and fluid wicking capabilitieshafse fibers make

them a potentially useful scaffold for nerve guidance stratefd2s, 226] In addition,
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the size of the fiber grooves is customizable and the varietyoof/g sizes on each fiber

may enable regeneration of multiple motor and sensory axons.

BIOMATERIAL SCAFFOLDS FOR CELL TRANSPLANTATION

Many biomaterial approaches have been investigated to improveaScheell
survival and limit migration while also improving regeneration. RLiGam conduits for
peripheral nerve repair were created by a low-pressuretionemolding technique
producing aligned channels with diameters ranging from 60-550 gonguits coated
with laminin and seeded with Schwann cells were implanted aaroas 7 mm sciatic
nerve gap and demonstrated comparable neurite outgrowth to implarmgdatistat 6
weeks postlesion. [227] Although this approach may be useful for pexipherve
repair, there is less evidence supporting its use in CNS repair.

Freeze-dried PLA macroporous scaffolds with channel diameters-200 um
seeded with Schwann cells in fibrin solution were implanted into 4ratrtransections;
Schwann cells underwent apoptosis by 1 week post-implantation and a&elé,w
myelinated axons were found within the graft but none exited intoath@al spinal cord,
probably attributable to the limited survival of the Schwann ddli§. Xu et al. reported
survival of Schwann cells in 3.0 mm long PAN/PVC guidance channgtmte30 days
following implantation into adult rat spinal cord with limited migoa for short
distances into rostral and caudal host spinal cord; however, limitedseon of axons
beyond the distal graft-host interface was observed at 90 days. P8pus PLGA

scaffolds were created by injection molding followed by rapid swlegaporation with
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channel diameters of 450+9 um and 600£10 um and were seeded with Sclell&nn ¢
suspended in Matrigel; histological analysis of the channelsnoam¢h after implantation
into rat spinal cord injury revealed a centralized core of aaadscapillaries surrounded
by fibrous tissue and macrophages. [228]

Schwann cells are not native to the CNS and lead to unfavorableciresawith
astrocytes leading to increased inhibitory CSPG production and ttloglet response.
[146] Although several groups are studyieg vivogenetic modification of Schwann
cells in order to overcome these challenges, acellular bevilabased bridges with
combination therapies offers an alternative approach to avoiththane complications
and glial scarring response inherent to PNS glial cell pfangation in the CNS while
still delivering the bioactive soluble and adhesive molecules produced by tizdseltd.
A major advantage of the acellular approach is the ability tuwvige controlled
presentation of bioactive stimuli through controlled release, geneaptherand

recombinant protein immobilization.

ACELLULAR SYNTHETIC BIOMATERIAL BRIDGES

Neurite outgrowth is dependent upon a delicate balance of chemptacti
haptotactic, and contact guidance cues, and careful considerationpeaffics
combinations of molecules must be made depending upon which axon tratisbare
regenerated. [12] Bridges must also be designed to promote axorh griwtand

through the scaffold via continued availability of active biomolecutebgtselective for
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axons while inhibiting attachment of other cells, and to promote axawitlgrout of the

bridge into the inhibitory host environment. [18]

Bioactive Stimuli for Combination Therapies

During PNS development and following injury, Schwann cells increlasg t
synthesis of surface cell adhesion molecules (CAMs), such asvNBZCAM, and L1;
they secrete extracellular matrix (ECM) molecules suatoliagen, laminin, fibronectin,
and tenascin; and they produce and spatially present neurotrophic fatbr as nerve
growth factor (NGF), neurotrophin 3 (NT-3), neurotrophin 4/5 (NT-4/5), kaanmved
neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF)jalgtell derived
neurotrophic factor (GDNF), and acidic and basic fibroblast growtbrféaFGF, bFGF).
[26, 28]

Adhesion Molecules

The extracellular matrix (ECM) protein laminin and the L1 nkeaedl adhesion
molecule (NCAM) are of particular interest for spinal cordereggation strategies
because of their significant contributions during CNS development.

Laminin

Laminin is a protein that is abundantly expressed by immaturecgiss in the
developing CNS [76] and by Schwann cells in the developing and regegd?alS [26],
making it an attractive candidate for use in combination therapiesister et al.
demonstrated that laminin concentration had the most impact on nedeitsien from

explanted dorsal root ganglia cultured within co-gels made froninia, fibronectin,
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collagen I, and hyaluronic acid and that the combinatorial effeete additive rather
than synergistic, suggesting that the presence of laminin rdutserinteractions among
the extracellular matrix components is key for neurite outgrowth. [229]

Laminin is a large 900 kDa protein with at least 15 diffetgpes in mammals
and structurally it is ampy trimer, with each trimer containing binding sites for
predominantly integrins. Human diseases caused by genetic mutatidasiinin
proteins give some insight into their importance in proper nervous sykteeiopment
and function. Deficiencies in laminu® chains result in abnormal radial sorting of PNS
axons to be myelinated by Schwann cells and abnormal myelin thglkarel length,
resulting in congenital muscular dystrophy (MDC) 1A; CNS whitatter tracts in
patients with MDC1A also demonstrate abnormal myelination, denabingtr the
importance of laminin to CNS oligodendrocytes. [230] In addition, degdrocytes in
knockout mice lacking the laminin integrin recept@Bl have reduced survival rates,
and laminin-receptor signalling selectively enhances the survival mafture
oligodendrocytes, not oligodendrocyte precursor cells (OPCs); howgeslewann cells
lacking thepl receptor proliferate and survive normally but fail to sort anelimgte
axons.[230] Laminin has also been shown to enhance the migration, expansi
differentiation, and elongation of neurites in both mouse and human neumatslis as
compared to poly-L-orthinine, fibronectin, and Matrigel through integriep&rsa3,
a6, o7, f1, andp4. [231] Mouse neural stem cells from the ventricular zone expigh

levels of laminin integrin receptaBfl. [232]

72



Peptides are short, linear amino acid sequences that are usefotidging
strategies because of their small size and more spedifimt®ractions; however, they
may not reproduce the bioactivity of the entire protein. [18]. Although laminin is ah ide
substrate for many different cell types because it is a ubiggiconstituent of basement
membranes, it is this lack of specificity that makes it ldssn ideal for neural
regeneration strategies, in particular because it does not ialsiibdcyte interactions.
Laminin contains at least two peptide sequences that are not levdoa astrocyte
interactions and bind integrin receptors on neuronal cells: Isoleugsind-Valine-
Alanine-Valine (IKVAV), anal chain peptide sequence that promotes adhesion and
neurite outgrowth of some neuronal cell types; and Tyrosine-Isakedgiycine-Serine-
Arginine (YIGSR), a1 chain peptide sequence that promotes neuronal attachment but
does not necessarily promote neurite outgrowth. [233]

Numerous applications of these laminin peptide sequences have been used to
characterize neural cell attachment and neurite outgrowth oflinek, including
pheochromocytoma cells (PC12) that develop properties of sympatieetions in the
presence of nerve growth factor (NGF) and neuroblastoma tumodeelN®d from the
sympathetic nervous system, as well as primary chick and ratl dood ganglia (DRG)
neurons. IKVAV and YIGSR sequences covalently immobilized toiftated ethylene
propylene (FP) films mediated localized PC12 and NG108-15 neutailascell
attachment and neurite outgrowth to patterned pathways [234, 235]; improwei® ne
outgrowth, cell adhesion and viability of rat embryonic day 18 hippocamgalons

[236] The neurite outgrowth of chick dorsal root ganglia on expanded
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poly(tetrafluoroethylene) fibers was enhanced with IKVAV and SFGpeptides and the
optimal fiber diameter for guidance was 30-50 um. [237]

Gunn and Turner examined PC12 response to PEG-diacrylate hydvatiels
IKVAV and YIGSR peptides and found that neurites extended in respnIKVAV-
conjugated gels but only attached without neurite extension to YIGSRBgated gels.
[215] Copolymerized 2-hydroxylethyl methacrylate (HEMA) arfdaminoethyl
methacrylate (AEMA) gels (P(HEMA-co-AEMA) scaffolds)ittv covalently bound
YIGSR and IKVAV were fabricated in aqueous conditions, thus avoiding argahient
use, and demonstrated enhanced neural cell adhesion and guided negratetbubf

chick dorsal root ganglia neurons. [212]

L1 Neural Cell Adhesion Molecule

L1 is a key player in the overall development of both the CNS and &MdS
functions in neuronal adhesion and migration; axon growth, guidance, arallfa@on;
as well as target selection, synapse formation, plasticity,valirand myelination. [238-
243] L1 is also expressed by Schwann cells of the peripheral nervous system. [244]

L1 is a 220 kDa vertebrate neural cell adhesion molecule balprigithe L1
subfamily of the immunoglobulin superfamily (IgSF), with membeigly a common
structure of six immunoglobulin (Ig) domains followed by three ve fibronectin type
[l (FNIII) repeats. [245] Genetic deletions or mutations ofltlhegene result in severe,
sometimes lethal, neurological deficits in humans and defectsirdrticospinal tract
and corpus callosum of L1 knockout mice. [246-249] There is also evitetdajury

induces reexpression of L1, as three months following complete spinal coettiamsn
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neonate rats, L1 expression remained substantially increased sumngptimglilesion site
and L1 was reexpressed on descending fibers of the corticospotahtiave the lesion.
[250]

Severalin vitro andin vivo experiments have demonstrated the value of L1 in
spinal cord regeneration strategies, in both soluble and substrate-boorsl fdrat
cerebellar neurons on PLéxtended longer neurites in response to soluble L1-Fc as
compared to controls, and the response was inhibited by pretreatnieatnafurons with
antibodies to L1 or fibroblast growth factor (FGF) receptor. [231] attached to a
nitrocellulose membrane stimulated chick tecta and mouse derab&turite outgrowth
while inhibiting astrocyte, oligodendrocyte and fibroblast attachment. [258ided L1-

Fc immobilized to polystyrene surfaces through Pluronic-pyridstilide (F108-PDS)
modification supported significantly higher levels of rat dorsalt ganglia, cerebellar,
and hippocampal neurite outgrowth relative to fibronectin and PDL, witilbiting the
attachment of astrocytes, meningeal cells, and fibroblasts. [253liva et al.
micropatterned the chimeric protein L1-Fc, consisting of the ectadoohd.1 linked to
the Fc fragment of immunoglobulin G (IgG), onto poly-L-lysine cdatgass by
microcontact printing of bacterial protein A, which binds the [agrhent, and
demonstrated preferential growth of embryonic rat hippocampal axtmshe L1-Fc
patterned regions. [254] Poly(glycolide) (PGA)-chitosan conduits edoawith
recombinant L1-Fc implanted into adult rats following optic nerveseation exhibited

higher numbers of regenerated fibers and a significant increasgalnation of the
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regenerated fibers as compared to PGA-chitosan conduits alone. [Hiége studies
suggest the usefulness of L1 in both controlled release and immobilized strategies
Neurotrophic Factors

Neurotrophic factors are key nervous system regulatory proteihsnibdulate
neuronal survival, axonal growth, synaptic plasticity, and neurotrariemis¥hey have
also been shown to promote and direct growth cone motility [112]; tkkipie a
chemotactic effect for axon guidance, and they aid in sensory gesweh across the
PNS-CNS transition zone. As a result, their role in axon development andregigenis
being studied extensively for application in spinal cord repair [28, 94, 113-115].

Diffusion and Controlled Release from Biomaterials

Porous PLG single and multiple lumen conduits were created ngilzorogen
(NaCl) and a gas foaming technique, and NGF was incorporatest &y mixing with
PLG microspheres prior to gas foaming or by encapsulating intantbespheres;
sustained release of NGF from the scaffolds was demonstratdé@ ftays and could be
controlled by the method of incorporation and polymer molecular weight. [256]

The network crosslinking density of photopolymerized acrylated PLA-®BG-BE
PLA hydrogels was utilized to control release rates of ENBDNF, and NT-3 with total
release times reported as ranging from weeks to severahspomd simultaneous
delivery of multiple neurotrophins was developed by mixing microsghefeNT-3
encapsulated in poly(lactide-co-glycolide) using a double emulsmmitue into the
hydrogel solution containing CNTF and photopolymerizing to produce corsstruct

containing NT-3 in the microsphere phase and CNTF in the hydrbgskpthe release
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profiles show very rapid release of the neurotrophin in the hgtigggase and a slow
continuous release from the degradable microspheres. [257]

Controlled release of BSA from photopolymerized PEG hydrogels beas
demonstrated using the metal chelating ligand iminodiacetic (#0i) to reversibly
bind BSA in the presence of €uions as well as protect the protein from free radicals
produced during photopolymerization [258, 259]; these methods may be useful for
application in controlled release of polyhistidine-tagged neurotrophic factors.

Immobilization to Biomaterials

Maclnnis and Campenot [260] reported that a neuronal survival sigmakaeh
the cell bodies unaccompanied by the NGF that initiated it. Tlewlsy that growth
factors do not have to be internalized by the cell body in ordgrdmote survival
opened the door for research into immobilized growth factors. Neurotrophins have a very
short half-life and immobilization is one method to provide a high cdraton of long-
term, localized growth factor delivery to an injury site by pnewve degradation,
clearance, or internalization of the neurotrophins.

Kapur and Shoichet [261] immobilized NGF concentration gradients within
poly(2-hydroxyethyl-methacrylate) [pHEMA] microporous gels ngsia modified,
commercially-available gradient maker (CBS Scientific, €enla CA). PHEMA was
chosen because its material properties are good for soft tisgueeering, it has been
used clinically, and NGF has been stably encapsulated in itHer applications; it was
also modified with poly(allyamine) [pAA] to make it cell adhasi In this research,

gradient stability, immobilized NGF bioactivity, and axon extension of
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pheochromocytoma (PC12) cells to the immobilized NGF gradients tgsted. Their
results showed that PC12 cells adhere to the pHEMA-NGF-pAA gedsrespond to
immobilized NGF by extending neurites in a manner similar toipue research with
soluble NGF. [262, 263] It was observed that PC12 neurites wereithitlen cultured

on immobilized NGF than when cultured in the presence of soluble NGF.

Review of Combination Therapies

It is likely that combinations of therapies with synergistfeas will be required
for long-distance regeneration of axons. Review of combination gigatthat have been
tested gives some insight into the responses that may be expgemteddifferent
combinations of growth-promoting stimuli. Combinations of neural cdhesion
molecules L1 and neurofascin and growth and differentiation-5 fact@F{®&}
demonstrated synergistic effects on neurite outgrowth of embryorck doirsal root
ganglia (DRG) neurons. [264] Chick embryonic DRG cultured in amoigiat three-
dimensional (3D) agarose scaffolds with photoimmobilized gradientdamiinin
exhibited maximal neurite extension as compared to isotropicoktsaftvith uniform
distribution of laminin [265]; these anisotropic agarose scaffoldé wradients of
laminin and nerve growth factor (NGF) exhibited comparablen@g¢ion to peripheral
nerve grafts across a 20 mm sciatic nerve gap in rats. [2&Bpip8&rmeable polysulfone
tubes with laminin and nerve growth factor (NGF) demonstrated pamble

regeneration, myelination, and functional recovery as comparaddtmgous peripheral
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nerve grafts two months after implantation into a 10 mm sciaticergap in adult rats.

[267]

CONCLUSION

A synergistic combination of pharmaceutical interventions and thetiape
approaches to spinal cord injury will likely be required to overcdmeenultitude of
factors contributing to CNS regenerative failure and to ultimadéehieve functional
regeneration. This research is focused on the development of aceNultrethic
biomaterial-based bridges because of the flexibility in desighfabrication of scaffold
properties coupled with the ability to use different combinations addtive adhesive

and soluble stimuli suitable for regeneration of a wide variety of neural populations
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CHAPTER FOUR

PROJECT RATIONALE

INTRODUCTION

The human spinal cord is approximately 45 cm long (1.5 ft) with 30sesaad
each spinal level is around 1-2 cm. [14] The most common injuey fer a tetraplegic
is C5, thus requiring regeneration over 25 levels, or approximately 2%r50foc
complete restoration of white matter axon tracts. The most comnjury level for a
paraplegic is T12, requiring regeneration over 10 levels, or appretinid-20 cm. In
1981, David and Aguayo reported axonal elongation of 3 cm into autologopbegrafi
nerve “bridges” between the medulla and spinal cord in adult rats. [ZB8]maximum
length to date of CNS regeneration demonstrated in animal mgdaisund 4 cm, with
most studies demonstrating only 1-2 cm of regrowth. [154, 269] Thiefaghasizes the
need for better combinations of therapies with synergistic tefftar long-distance

regeneration of axons.

RATIONALE FOR BIOACTIVE BIOMATERIAL-BASED APPROACH

The long-term objective of this project is a biomimetic, mwattbrial approach
utilizing grooved fibers to restore structure and provide guidancee@@nerating axons
coupled with bioactive adhesive molecule delivery via immobilizatmra thydrogel
within the fiber grooves and controlled release of neurotrophic fatttorsthe hydrogel

(Figure 4.1).
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Figure 4.1 Proposed Implant Design

A major obstacle of all implant-based bridging techniques isnyesive nature
of implantation and stimulation of the astroglial response; howewanjgue advantage
of this proposed fiber implant is the possibility to reroute regengraixons around an
existing glial scar through the use of specialized surgediniques that are currently
being used for peripheral nerve grafts [270, 271], and perhaps incorpocétian
complementary strategy to modify the inhibitory environment, using Chdim@se-
ABC or Rho antagonist, or to modify growth cone signaling pathwaysmiiimize the

resultant astroglial response from implantation. [272, 273]
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Synthetic degradable materials are potentially ideal farraleregeneration
strategies, because tunable biodegradation enables the designnoplant ithat will
support axonal regeneration through and out of the graft but degradetqrioon
remyelination to avoid compression of newly regenerated nerves.

Fibers are potentially ideal scaffolds to provide guidance for -thstgnce
regeneration of axons, and the proposed PLA capillary channel fib@issjContain
eight open grooves of adjustable depths and widths and have demdnstietétion of
rat skin fibroblast and aortic smooth muscle cell alignment and tieposf ECM
proteins within the grooves parallel to the groove direction. [225, 226]

Bioactivity will be incorporated by delivery of adhesion ligandd aeurotrophic
factors from a hydrogel coating within the fiber grooves, to mithe bioactivity that
peripheral nerve implants have demonstrated in CNS regeneration. aldaricularly
attractive candidate for neural regeneration because ititisacrfor proper nervous
system development; genetic deletions or mutations of the L1 gsnd m severe,
sometimes lethal, neurological deficits in humans, including hypapladi the
corticospinal tract [248, 249], and injury induces reexpression of L1 indtigospinal
tract. [250] Recombinant human L1 has been shown to be a potent promo¢erite
outgrowth in both soluble and substrate-bound forms, to support selective heurona
adhesion in the presence of astrocytes when coupled to low-protein Bogpgrts, and
to function as a neuronal survival factor. [239, 253] The selectVibeuronal adhesion
to L1 in the presence of astrocytes is particulary impqgrtamtastrocytes are the key

players in nervous system inflammation and mediate the glialresponse. All six
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immunoglobulin domains of L1 have been shown to be required for full bioactivity [274];
therefore, based on the increased number and distribution of bioactivasreg L1,
selection of an appropriate immobilization chemistry is likelyb® critical for full
retention of bioactivity.

Neurotrophic factors have a very short half-life, are digested the
gastrointestinal tract, do not pass the blood-brain barrier, anthpidly cleared from
cerebrospinal fluid (CSF); as a result, oral, systemic, oathecal delivery will not
promote regeneration of CNS neurons and may result in hyperatgesier unwanted
side effects due to nonspecific delivery. [117] Controlled relebsewotrophins from
the proposed implant has the potential to provide biologically relevamiirgsiof long-
term, localized growth factors at the site of injury while avagdinwanted side effects.
NT-3 is an attractive candidate for regeneration of corticospiael heurons, a major

motor axon tract with limited intrinsic regenerative potential. [77, 118]

RATIONALE FOR HYDROGEL FABRICATION AND PROTEIN
IMMOBILIZATION APPROACHES

Tetroni® 904 (T904, BASF) is a tetrafunctional poly(ethylene oxide) —
poly(propylene oxide), PEO/PPO, block copolymer that is a nonionicactanit
terminating in primary hydroxyl groups. Selected Plurdhiemd Tetronics are
commonly used in contact lens cleaning solutions and mouthwash, and are unique
surfactants that are resistant to protein adsorption, have lowoxigitt, and elicit a
reduced immune response. Modified PlurBnisurfactants have been utilized to

immobilize histidine-tagged proteins [275], and fibronectin and L1{B63, 276]
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Tetronic§ (poloxamines) were chosen over linear Plurdhigmloxamers) because their
four-arm, or star-shaped, structure contains more and shorter side aeaompared to
linear block copolymers with similar molecular weight, thus allmgvifor increased
functionality and higher degree of crosslinking with lower polymer entrations, with
single hydrolytically degradable ester bonds at each end. [27@{dition, control over
swelling and protein release has been demonstrated with multi-arm PE@Gexcrj78]
Michael addition polymerization using acrylated polymers is ambbéshed
method of hydrogel fabrication in the absence of ultraviolet (UyhHtl[278-280] and
may also be used in protein immobilization strategies. [281-2871pné-term goal of
this project is to polymerize T904-acrylate hydrogels withie capillary channel fiber
grooves, and Michael addition polymerization may enable more unifoincomplete
polymerization within the grooves than is attainable with photopolygateyn. The fiber
grooves also exhibit capillary-like properties that may be tdeediptake of hydrogel
solutions. Another long-term goal of this project is controlledasseof neurotrophins
from the hydrogels, and Michael addition polymerization avoids potetgrahge to the

protein structure from excessive heat that may occur with photopolymerization.

ADVANTAGES OF PROPOSED IMPLANT DESIGN

Biomaterial-based approaches to spinal cord repair arengnigsem clinical trials
in large part because of the limited approval of devices incorpgratomaterials by the
U.S. Food and Drug Administration (FDA). Approval of a devicdhwibvel materials is

costly and requires additional documentation associated with manefacjuality
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control, durability and safety; however, PLA has been FDA-approved sarmking

studied for neural applications, and Plurofiiesd Tetronic® are under investigation for
drug delivery applications. [216, 288-290] Entubulation strategies faaieiges of

channel collapse and obstruction of nerve regeneration, and tlealthfin fabricating

conduits with small diameter linear channels [212, 218, 219] led to tamative

entubulation approach of filling guidance channels with filaments coyse small

diameter channels. The proposed fiber implant does not require etirhudend the

open channel design allows for unlimited transport of nutrients and waste.

The hydrophobicity of PLA not only negatively impacts cell adhesmrihe
surface, but also favors protein adsorption that is detrimental datsefb incorporate
bioactivity into biomaterials through covalent protein immobilizationLAP
hydrophilicity has been improved through methods such as copolymerizatioREG,
which required solvents and high temperatures not suitable for ereta@swaf proteins;
surface chemical modification via alkali treatment, which eased PLA bulk
degradation rate; and plasma treatment, which demonstrated ingtabitite surface
layer. [291] Otsuka et al. demonstrated surface functionalizatiBhA via spin coating
of acetal-PEG/PLA block copolymers in toluene. [292] Surface rogpaif PLA with
T904-acrylate takes advantage of the hydrophobic interaction d¥thenic PPO blocks
and PLA to enable a functionalized hydrophilic PEG surface tlaé rdosely mimics
the viscoelastic properties of neural tissue. The simplicitpnamufacturing grooved
PLA fibers via a melt-spin process (US Patent 1990, 4,954,398), couptedagillary

uptake of a hydrogel coating crosslinked in the absence of solvehtslteaviolet light
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via Michael addition, make this a novel approach for application in neegeheration
strategies. In addition, the implant design lends itself to lyaalibn, making it suitable
for long-term storage. The ability to customize scaffold properdied incorporate
different combinations of adhesive stimuli and growth factors, andsithplicity in

manufacturing and long-term storage ability, maximizes thenpial of this approach to
provide readily available, “off-the-shelf” implants for patiemigh any type of nerve

injury.

RESEARCH OBJECTIVES

Because neurotrophic factors are not sufficient for growth conelladhesion to
a biologically inert material, this research focused on covat@mbbilization of the cell
adhesion molecule L1 to acrylated TetrShitydrogels for neurite outgrowth with future
plans of neurotrophic factor incorporation to further enhance survivateygheration
rates. The objectives of this research were: (1) cloning anessipn of a bioactive
140kDa fragment of L1 neural cell adhesion molecule, chosen foritiisalcrole in
proper nervous system development and because it has demonstrataditgetéc
neuron adhesion in the presence of astrocytes, which play a major nele/ous system
inflammation, (2) synthesis and purification of acrylated Tetranacromers and the
development of Michael addition methods for hydrogel crosslinking and mrotei
immobilization, (3) evaluation of hydrogel cytocompatibility, immaat protein
bioactivity, and immobilization efficiency in terms of cell spiiggy and proliferation

using NIH 3T3 fibroblasts and fibronectin because of the well-knowependent
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interaction, to demonstrate the feasibility of this system farralerepair, and (4)
assessment of neuronal cell line and primary neuron response todldaten of the
cytocompatibility of T904-acrylate hydrogels with neurallsseand development of

immobilization methods for L1.
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CHAPTER FIVE

CLONING AND EXPRESSION OF RECOMBINANT L1

INTRODUCTION

L1 is a vertebrate neural cell adhesion molecule belongirgetbd subfamily of
the immunoglobulin superfamily (IgSF), with members sharing a constraoture of
six immunoglobulin (Ig) domains followed by three to five fibronedyipe 111 (FNIII)
repeats. [245] The L1 subfamily is also comprised of the vertebregmbers
neurofascin, NrCAM and CHL1 and the invertebrate members neuroghd tractin.
[293] L1 is a transmembrane glycoprotein consisting of six Ig dwndive FNIII
repeats, a transmembrane region, and a highly conserved cytaptismain. [241, 294,
295] Unglycosylated L1 has a molecular weight of 140-150 kDah &it N-
glycosylation sites on the extracellular portion of the proteimltiag in a 200-220 kDa
protein depending upon how many residues are glycosylated. [296] Ldoalsins two
proteolytic cleavage sites: plasmin-mediated cleavage in theé fibronectin repeat
resulting in an approximate 140 kDa soluble form of L1, and ectodomain cleavage via the
metalloprotease ADAM10 resulting in an approximate 200 kDa soluble form of LE. [297

300] Figure 5.1 depicts the structure of the L1 protein. [241]
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Figure 5.1 Structure of L1
(Reprinted from Haspel and Grumet 2003[241])

L1 is primarily expressed on the surface of neurons and is costeehin growth
cones and axons during development. L1 functions in neuronal adhesiongaatiom
axon growth, guidance, and fasciculation; as well as targetisalesynapse formation,
plasticity, survival, and myelination. [238-241] It is also expresge8chwann cells of
the peripheral nervous system, a subclass of leukocytes, intesyipatells, and kidney
tubule epithelia [244]; however, L1 expressed by neurons and glia inclales
alternatively spliced YEGHH sequence at the N-terminus encodeddn 2. [301] The
140 and 200 kDa L1 cleavage fragments have been detected in develodingirrat
cerebrospinal fluid (CSF), and the extracellular matrix. [302-3Q4] is capable of
interacting with multiple extracellular and intracellular birgli partners.  The
extracellular region may exhibit homophilic binding with L1 on thdasg of other cells
or soluble L1 or heterophilic binding with other neural cell adhesiolecules, integrins,

extracellular matrix constituents (laminin, phosphacan, neurocasigraling receptors.
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[241, 305] The cytoplasmic region interacts with the actin cyteskelvia an ankyrin
linkage. [306] Homophilic interaction of L1 is closely linked to atsility to induce
neurites in culture [305and the cytoplasmic domain is not required for homophilic
adhesion. [307]

Genetic deletions or mutations of the L1 gene result in severetisoes lethal,
neurological deficits in humans, including X-linked hydrocephalus, meetatdation,
aphasia, shuffling gait, adducted thumbs (MASA) syndrome, spasaplpgia type I,
and X-linked mental retardation. [246, 247] L1 mutant mice exhibit defiecthe
corticospinal tract and corpus callosum. [248, 249] L1 is a keyeplaythe overall
development of both the central and peripheral nervous systems, ntakimngttractive
candidate for promoting neural regeneration. L1 expressed eclppialmouse
astrocytes was shown to enhance neurite outgrowth on both astrocyt@yeomoltures
and on optic nerve cryosections derived from the transgenic micejntitsase in
outgrowth was inhibited by polyclonal L1 antibodies. [308] Purified-lanigth and
recombinant L1 containing the entire extracellular region haea Baown to stimulate
neurite outgrowth in both soluble and substrate-bound forms. [252, 309] Neurites
induced by L1in vitro were 2-3 times longer than those cultured on poly(ethyleneimine),
although stronger neurite-promoting activity was shown on laminin. [309]. ekkaw
substrate-bound L1 has been shown to selectively support the adhesion-deGNE8
neurons in the presence of astrocytes, meningeal cells, and d&tolP53] Significant
axonal regeneration was observed in a hemisection lesion of rat epidatwo weeks

following transplantation of fibroblasts genetically modified to e L1. [310]
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Soluble L1-Fc administered intrathecally to rat spinal cords fatigweontusion injury
promoted locomoter recovery. [311]

Production of recombinant L1 has been described in both mammalian and
bacterial systems, although bioactive, bacterially-derived Lfots glycosylated, and
there has been debate regarding its mechanism of action. sSusiigy bacterially-
derived L1 have shown that the 1g2 domain is necessary and suffieiembmophilic
binding. [312] Studies of mammalian-derived L1 have shown that Ig denia6
reproduce the full biological activity of the entire L1 extradal region, while Ig
domains 1-4 are the minimum regions necessary for homophilic bin@ng] [Haspel
and Grumet theorized that these differences may be the resutiorehuthentic
homophilic interactions that can be generated in isolated Ig denas a result of
nonnative folding pathways in bacterial systems. [241] Insecteggllession systems
offer several potential advantages for the production of recombieanal cell adhesion
molecules, including generally higher yield relative to mamanatystems and improved
posttranslational modification and glycosylation relative to bedteystems. A recent
study described stable expression of the complete L1 extriacedlomain and an 1g5-6
fragment in Sf9 cells and demonstrated the neurite outgrowth pragnioibactivity of
both proteins using NT2N neurons derived from the NT2 human embryonionaas
cell line. [313] The objective of this study was to express.th&40 KDa physiological
cleavage fragment in the baculovirus expression system and to evéhkiateurite
outgrowth-promoting bioactivity relative to commercially aviida mammalian-derived

L1-Fc in primary cultures of central nervous system neurons.-téyr@inal 6X histidine
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tag was incorporated for purification and as a basis for orientedolnhzation to

biomaterial surfaces for neural regeneration applications.

MATERIALS AND METHODS

Figure 5.2 is a brief summary of the materials and methcet$ tosproduce and

evaluate the bioactivity of insect-cell derived L1.

PCR cloning
140kDa L1 fragment

Transform PCR
product into E.Coli
and purify plasmids

Verify plasmid
Size, orientation,
and sequence

Generate
recombinant
baculovirus/

C-term 6x His

Amplify virus in
SF9 insect cells/
end point
dilution assay

A 4

Localization of
recombinant protein/
kinetics of soluble
expression

Large-scale
infection of High
Five cells

Purification/
Quantification

Bioactivity
White leghorn chicken
E8 forebrain neurons

Figure 5.2 Materials and Methods Flowchart

Insect Cell Culture

Sf9 cells (podoptera frugiperdawere purchased from Invitrogen and routinely

maintained at 2C in Sf-900 Il Serum-Free Medium (Gibco) supplemented with 25
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I.U./mL penicillin and 25 pg/mL streptomycin of penicillinetomycin (Mediatech).
High Five™ cells Trichopulsia n) were a gift from Dr. Mark Kindy(MUSC,

Charleston, SC) and were routinely maintained &C2in Express Five Serum-Free
Medium (Gibco) supplemented with 25 .U./mL penicillin and 25 pg/mepstmycin

(Mediatech) and 90 pL/mL of 200 mM L-glutamine (Hyclone).

PCR Cloning of the L1 Extracellular Fragment

Freeze-dried.coli containing a plasmid encoding the full-length human L1 open
reading frame (ORF) was purchased from ATCC (Clone #65996). Therinawere
thawed and grown overnight in 15 mL tubes &t@Q7 Plasmids were purified using the
QIlAprep® Spin Miniprep Kit (Qiagen). Gene-specific forward (5-AT@GGTG GCG
CTG CGG TAC GTG T-3’) and reverse (5-CTT CCT CTG ACT GCTC CCT CCA-
3’) primers were used to amplify an approximately 2500 bp sequemmling the L1
140 kDa plasmin cleavage fragment by polymerase chainarg€CR) using Platinum
Taq DNA Polymerase High Fidelity (Invitrogen). PCR was perforni@d30 cycles
(denaturation: 30 seconds, 94°C; annealing: 25 seconds, 64 °C; extension: 16Q seconds
68 °C) with a final 20 minute hold at 68 °C. The formation of a sipgbeluct of

expected size was confirmed by agarose gel electrophoresis.

Preparation of Entry Clone

The PCR product was ligated by T/A cloning into the B&BW/TOPS

(Invitrogen) Gateway Entry vector containing a spectinomycinstaste gene and
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transformed into One SHothemically competeri.coli (Invitrogen). The bacteria were
plated on LB-spectinomycin (100 pg/mL) agar plates and grown oweraig37C.
Individual colonies were selected and expanded and plasmids weredourfielone

with appropriate orientation and sequence was identified by DNAeseqg using an
ABI 3730 sequencer (DNA laboratory, Arizona State University). dlbee sequence
was identical to human L1CAM (GenBank accession no. NM_000425) with the

exception of a single non-coding base difference at position 855.

Construction of Recombinant Baculovirus

Recombinant baculovirus was generated by an enzyme-catabzaubination
reaction between the entry vector and BaculoDirect™ C-TermaLiD&A (Invitrogen)
containing a C-terminal 6xHis fusion tag and herpes simplex thymidine kinase and
and lacZ genes for negative selection and analysis of viral purity, césply. A
mixture of 100 ng of the pCI/GW/TOPC entry clone, 300 ng of BaculoDirect™
Linear DNA, 4 uL of 5X LR Clonase™ Reaction Buffer, 1 uL of B&ffer pH 8.0, and
4 pL LR Clonase™ enzyme mix was incubated at 25°C overnight. é¥emight
incubation, 2 pL of Proteinase K solution was added to the mixture and incubated at 37°C

for 10 minutes.

Transfection and Amplification of Recombinant Baculovirus

Sf9 cells were plated in 6-well plates (8.0 x&6lls/well) and allowed to adhere

for one hour at 27°C. A transfection mixture consisting of 5 pL ofbdmilovirus
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recombination reaction, 200 pL of Grace’s Insect Medium, Unsupplemented (Gibco), and
6 pL of Cellfecti Reagent (Invitrogen) was prepared, mixed, and incubated at room
temperature for 45 minutes. The cells were washed with Unsuppgiedn@&race’s Insect
Medium, and the transfection mixture was diluted with 800 pL additimealium and
added dropwise. After 5 hours incubation at 27°C, the transfectionrenixis removed
and replaced with Sf-900 Il Serum-Free Medium (Gibco) supplemevitedantibiotics
and 100 pM ganciclovir. The cells were monitored daily, and the PlLstoek was
collected when late stage infection characteristics were observeds(3 day

P2 viral stock was generated by infecting 8.0>&M cells/well with 10 pL of P1
viral stock and was collected on day 5. The infected cells wieed for -
galactosidase expression using ffh@alactosidase Enzyme Assay System with Reporter
Lysis Buffer (Promega) to confirm the absence of non-recombineus. P3 viral stock
was generated by infecting 1.0 x’t@lls/flask in T-75 flasks with 25 pL of the P2 viral
stock and was collected after 96 hours. End-point dilution assaysealsto determine
viral titer (multiplicity of infection, MOI) of the P3 viraltack, as previously described.

[314]

Localization of Recombinant L1 Expression in Insect Cells

Sf9 and High Five™ cells were plated in 6-well plates (1.5 x&0s/well) and
infected with 11 puL of P3 recombinant baculovirus stock (MOI 0.2). Thersajaats
were harvested at 48 hours and 72 hours postinfection, complete EDI Arbease

inhibitor added (CPI, Roche, 2.5 pL 7X CPI stock solution per mL supernatant)
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centrifuged (3000 x g for 5 mins) to remosell debris, and immediately frozen at -80
°C. Cells were lysed with RIPA buffer containing CPI at 48 hcamd 72 hours
postinfection, the lysates centrifuged (3000 x g for 10 mins) to remmel/elebris, and
immediately frozen at -80 °C. For gel electrophoresis, totakpratoncentrations of
supernatant and lysate samples were determined by BCA @2mage) using BSA
standards and sample volumes were adjusted to achieve final proteiglamounts of

30 pg/well supernatant andi®y/lane lysate.

Kinetics and MOI Analysis of Recombinant L1

Expression in High Five Cells

High Five™ cells were plated in T-175 flasks (2.73 >ddlis/flask) and infected
with P3 recombinant baculovirus stock at varying MOI (.002, .02, .2, 2). Thensitguet
was harvested at 48 hours, 72 hours, and 96 hours postinfection, CPI addedyriczell de
pelleted (3000 x g for 5 mins), and samples collected for WeBletnanalysis (9 pL

supernatant + 3 pL 4X reducing buffer) and immediately frozen at -80°C.

SDS-PAGE and Western Blot Analysis

Protein samples were separated by SDS-PAGE on 6% polyauiglagels
using Tris-glycine buffer under reducing conditions at 100V for 15@utaes. Proteins
were then transferred to PVDF membranes°& dvernight at 30V. Western blotting
was performed using the WesternBréez€hromogenic Kit (Invitrogen). Membranes

were blocked, incubated with polyclonal goat anti-human L1 primatpady (R&D
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Systems, 1:200 dilution), incubated with rabbit anti-goat 1gG alkaimesphatase
conjugated secondary antibody (Molecular Probes, 1:10,000 dilution), and developed
with chromogenic substrate. Western Blots were imaged and aedalgmg a GS-700

densitometer and QuantityChsoftware (Bio-Rad).

Expression of Recombinant L1 in High Five™ Cells

High Five™ cells were plated in T-175 flasks (2.5 %d@lIs/flask) and infected
with recombinant baculovirus at an MOI of 0.2. The supernatant wasdted 72 hours
postinfection, CPI added, cell debris pelleted (3000 x g for 5 mins), yretrmtant

immediately frozen at -80°C.

Protein Purification

The supernatant of infected cells was thawed and dialyzedisadgzg0 mM
NaHPQ,, 300 mM NaCl buffer, pH 8.0, for 48 hours with one buffer exchange using
regenerated cellulose dialysis tubing with a molecular weighbit (MWCO) of 6-8
kDa (Fisher). CPI was added immediately prior to dialysisartie buffer exchange.
The dialyzed supernatant was adjusted to 500 mM NaCl, 5 mM imidazale to
binding. Pre-equilibrated 50% Ni-NTA agarose slurry (Qiagen) aadded to the
dialyzed supernatant (450 pL equilibrated slurry / 4 flasks), anixernight on a shaker
plate at 4C, and transferred to a PolyPrep chromatography column (BioRad)ds Bea
were washed with 4 mL each of 50 mM N&Q,, 500 mM NaCl, pH 8.0 buffer with

increasing imidazole concentrations (OmM, 5mM, 10mM). Bound protears then
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eluted in three 600 pL fractions using a 50 mMHRO,, 500 mM NaCl, 250 mM
imidazole, pH 8.0 buffer. The three elutions were combined and a buffearege to
phosphate buffered saline (PBS) was performed using Zeba desatinso(Pierce)
according to manufacturer’s instructions. The purified protein wstasile-filtered
through a 0.2 pm syringe filter and stored &€ .4 Samples of the supernatant, wash
buffer flow through, and eluted protein were normalized to the ofiginpernatant
volume and separated by SDS-PAGE. Gels were silver staiiteer@NAP® Stain Kit
Il, Pierce) and imaged using a Kodak Electrophoresis DocumentatidnAnalysis
System 120. The yield of purified recombinant L1 was determined@®A assay

(Pierce) using BSA standards.

Bioactivity Assay

Sterile recombinant insect cell-derived L1 and commercial mman-derived
L1-Fc (R&D Systems) were adsorbed onto 96-well ethylene-cstieldlized polystyrene
plates in 2 pL dots at 25 pg/mL concentration for 1 hour. Contros welie coated with
50 pL of 0.1% poly-I-lysine (PLL) for 1 hour (n=4 wells / group). White leghorn chicken
embryonic day 8 forebrain neurons were isolated as previously leE$d815] and
cultured on the adsorbed L1, L1-Fc, and PLL at a density of 30,000ne&dlisi Basal
Medium Eagle (BME, Gibco) supplemented with 6 mg/mL glucos@ntg), 1%
antibiotic/antimycotic 100X stock solution (Gibco), 10% fetal bovine sef&iBS,
Invitrogen), and 2 mM L-glutamine (Hyclone) for 24 hours. Cellsevtben fixed for 1

hour in 4% paraformaldehyde and stained for actin microfilameintg dsexa Fluof
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594 phalloidin (Molecular Probes, 0.161 uM) and nuclei using DAPI (Mole&utares,

3 uM). Neurite outgrowth was quantitatively measured from difjitarescent images
using ImagePro software (n=60 neurites / experimental group, cethmisan average
of 15 measurements from each of 4 independent wells). Neuriteowatitgdata were
statistically analyzed by ANOVA using Tukey’s method for gost- comparisons with

p<0.05 considered statistically significant.

RESULTS AND DISCUSSION

Efficient expression and purification of bioactive, recombinant Ldritecal for
its further investigation and development as a therapeutic moleswdérhulating axonal
regeneration following brain and spinal cord injury. Native human Litagws 6
disulfide bridges in the Ig domains and extensive glycosylation, wéedounts for
approximately 25% of molecular mass. Baculovirus-mediated irggdlctexpression
offers several potential advantages for recombinant L1 expressicluding improved
posttranslational processing relative to prokaryotic systems tinvedy higher yields as
compared to mammalian systems. [316Physiologically, L1 is expressed as a
transmembrane protein that can be proteolytically cleaved toraienavo soluble
extracellular fragments. The objective of this study wasctheing and baculovirus
expression of the 140 kDa extracellular plasmin cleavagéugt and the evaluation of
its bioactivity relative to mammalian-derived L1-Fc contagnthe entire extracellular
region. L1 was expressed with a C-terminal 6X histidine tagdse of purification and

as a basis for oriented immobilization to biomaterial surfaces.

99



Localization of Recombinant L1 Expression in Insect Cells

L1 contains a 19 amino acid N-terminal signal sequence thattdaitgdor
membrane insertion. We hypothesized that a truncated extrac&tgment lacking the
transmembrane region would be secreted as a soluble protein. Togateeptotein
expression and localization, small-scale cultures of Sf9 and Higlld were infected
with recombinant baculovirus at MOI of 0.2. Western blot analysigyusn antibody to
human L1 detected immunologically reactive protein in both celtdgsand supernatants
derived from both cell lines (Figure 5.3). In both Sf9 and High 5 sapents, L1 was
detected as a distinct single band of approximately 140 kDar@g8A), corresponding
to the approximate molecular weight of the native human plasminageafragment.
Densitometry analysis of L1 demonstrated an approximate 1.5-2d ifofease in
secreted L1 expression in High Five cells relative to Sf% déligure 5.3B). These
results are consistent with previous observations of increasedesegretein expression
in High Five cells relative to Sf9 and Sf21 cells, although thkel lef increase was less
than previously reported. [317, 318] Intracellular protein exhibited albrahstribution
of molecular weight with a distinct band around 110 kDa and a broatldsween 135-
150 kDa (Figure 5.3C). These bands observed in the intracellular piixein
correspond to unglycosylated protein immediately following traiesiatl10 kDa) and
protein at varying stages of glycosylation (135-150 kDa). Densiigymanalysis
indicated that intracellular L1 expression was substantiallyehighHigh Five cells at 48

hours, but relatively similar at 72 hours (Figure 5.3D).
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Figure 5.3 Western blot and densitometry analysis of recombinaritl localization
in Sf9 and High Five cells using anti-human L1 polyclonal antibdy. Gels were
loaded with equal quantities of total protein (supernatants 30 pg/lane; lysates: 3
ng/lane). Blots are representative of 3 independent experiment(A) Representative
western blot of Sf9 and High Five media supernatants. Lane 1, otecular weight
marker; lane 2, 48 hr Sf9 supernatant; lane 3, 48 hr High Five sigynatant; lane 4,
72 hr Sf9 supernatant; lane 5, 72 hr High Five supernatant. (B) @nparison of
mean relative density of bands of secreted L1. (C) Representative weatélot of Sf9
and High Five cell lysates. Lane 1, molecular weight marker; laa 2, 48 hr Sf9
lysate; lane 3, 48 hr High Five lysate; lane 4, 72 hr Sf9 lysate; lane 5, 72 hr High Five
lysate. (D) Comparison of mean relative density of bands of intracelluldrl.
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Kinetics and MOI Analysis of Recombinant L1
Expression in High Five Cells

Following confirmation of L1 expression in insect cells, we ingastd
optimization of secreted recombinant protein production. High File celtured in T-
175 flasks were infected at varying MOI, and the supernatante sa&mpled and
analyzed by Western blotting at varying timepoints postinfecktgu(e 5.4A). Secreted
protein expression generally increased with increasing MOl iared gostinfection, with
the exception of 96-hour samples at 2.0 MOI, in which expression detnedatve to
the 72-hour time point (Figure 5.4B). Although gel loading was basedqual
supernatant volumes to normalize expression levels to initiahaelber, total protein
analysis demonstrated that all supernatants contained approyimatebarable protein
levels (30.7 +/- 2.5ug/sample). Infections at 2.0 MOI resulted in the highest lexels
protein production, however, light staining of lower molecular weight bamds
consistently observed at all time points, as well as at the 96tinmaipoint for 0.2 MOI
infection. These observations may be attributable to the high derfisiigrkly colored
cells observed at 2.0 MOI and the 0.2 MOI 96 hour time point which maydbziive
of cell necrosis resulting in the release of intracellularptibr to completion of post-
translational modification and/or release of proteolytic enzyme®n the basis of
providing maximum expression in the absence of lower molecular weight bands, 0.2 MOI

with harvest at 72 hours was selected for use in large-scale expression andtjurifi
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Figure 5.4 Western blot and densitometry analysis of the kinies of secreted
recombinant L1 expression from baculovirus-infected High Fivecells using anti-
human L1 polyclonal antibody. Gels were loaded with equal totatolumes in order
to normalize protein to initial cell density. Blot is representative of 3 independent
experiments. (A) Representative western blot of secretedl at varying infection
conditions. Lane 1, molecular weight marker; lane 2, .002 MOI 48 hr;dne 3, .002
MOI 72 hr; lane 4, .002 MOI 96 hr; lane 5, .02 MOI 48 hr; lane 6, .02 MOI 72 h
lane 7, .02 MOI 96 hr; lane 8, .2 MOI 48 hr; lane 9, .2 MOI 72 hr; land.0, .2 MOI
96 hr; lane 11, 2 MOI 48 hr; lane 12, 2 MOI 72 hr; lane 13, 2 MOI 96 hr (B)
Comparison of mean relative density of bands of secreted L1 &harying infection
conditions.
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Purification and Yield of Recombinant L1 in High Five™ Cells

Secreted recombinant L1 was purified from culture supernatants umsmgbilized
metal-affinity chromatography. Due to the presence of disulfidéges in the Ig
domains, all purification procedures were conducted under non-denatondgians.
Chemically-defined culture medium was used to avoid contaminaticeroyn proteins.
Preliminary experiments demonstrated that recombinant protein notlde efficiently
recovered directly from culture supernatants (data not shown)ysBialgainst 50 mM
NaHPQy, 300 mM NaCl buffer, pH 8.0 was performed to increase pH and to remove low
molecular weight competing species. The final purification gutae was documented

by silver-stained SDS-PAGE (Figure 5.5), revealing a sihgind of recombinant L1 at

approximately 140 kDa.
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Figure 5.5 Documentation of the purification procedure for sereted recombinant
L1 expression from the supernatant of baculovirus-infected Kh Five cells.
Proteins were separated utilizing SDS-PAGE and silver ained. Lane 1, molecular
weight marker; lane 2, serum-free supernatant of baculovirusnfected High Five
cells; lane 3, flow through; lane 4, 0 mM imidazole buffer washlane 5, 5 mM
imidazole buffer wash; lane 6, 10 mM imidazole buffer wash; la@ 7, combined 250

mM imidazole elutions 1-3. All samples were normalized tothe original
supernatant volume. Representative of 3 independent experiments.

BCA analysis demonstrated average yield of approximately 250-3@@@18
High Five cells. Although diversity exists among expressionhaust and protein
structure, this yield is approximately comparable to levels tegpdor other relatively
high molecular weight, highly glycoylated proteins in insedtsce Secreted human

xylosyltransferase | (96 kDa) expression levels in High Fells evere reported as 5 mg /
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1.0-2.5 x 18 cells [319], while intracellular expression levels of DNA @sjhe-C5)-
methyltransferase-1 (190 kDa) in Sf9 were reported at 1 mg 1@ cells[320]. Most
comparable to our own study, a recent report of stable L1 expressg&f@ cells using
the honeybee melittin secretion signal achieved secreted prakis gf 3 mg / 4 x 10
cells for the complete extracellular domain (203 kDa) and 32 4ng 10 cells for the Ig
5-6 fragment (45 kDa). [313] In general, insect cell expressionslewe lower than
prokaryotic systems and higher than mammalian systems. Bxprésgels of L1-Fc in
HEK 293 cells were reported as 1-5 mg/L, however the cell ifenas not reported and
supernatant was repeatedly collected from stably transfeelisdover a 4 week period.
[274] Yields of L1 extracellular fragments (30-85 kDa) exprésaee. Coli have been

reported in the range of 3-5 mg/L. [312, 321]

L1 Functional Bioactivity

As a cell-cell adhesion ligand, the most critical functicatlvity of L1 during
development and as a potential therapeutic molecule is the promotixoradl growth.
Neurite outgrowth from primary central nervous system neuronsewakiated as a
functional measure of protein bioactivity. The bioactivity of theresed insect cell-
derived 140 kDa extracellular L1 fragment was compared to méamyderived L1-Fc
containing the entire extracellular region and poly-l-lysine (PlalLroutine substrate for
neuronal cell culture. Chick embryonic forebrain neurons were sdléetsed on their
ease of preparation at high yield and purity, allowing chealysis of neuron-ligand

interactions without interference from neuron adhesion and growth omuoatang cell
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types. Previous studies have also demonstrated that neurite obtgifoeltick-derived
neurons on mammalian L1 occurs through homophilic binding of mammalian Liisand
chick homologue, NgCAM. [305] Both insect cell-derived L1 and manamalerived
L1-Fc promoted robust neurite outgrowth at 24 hours that was muckergitban
observed on PLL (Figure 5.6). No neurite outgrowth was observed in blam&l coalls
not coated with L1 or PLL (data not shown), indicating that the obdemerite
outgrowth was mediated specifically by the protein/polymer cgatpplied to the wells.
In addition, no neurite outgrowth was observed on intracellular L1 purifeed High

Five lysates under non-reducing conditions, indicating a lack of bigggtrobably due

to incomplete glycosylation of the protein (data not shown).

Figure 5.6 Demonstration of L1 bioactivity. Embryonic day 8 chick drebrain
neurons cultured on a 96 well polystyrene plate with (A) adsbed 0.1% PLL, (B)
adsorbed mammalian-derived L1-Fc (25 mg/ml), and (C) adsorbedhsect cell-
derived L1 (25png/ml). Cells were cultured 24 hours and then stained for aict (red)
and nuclei (blue). Scale bar = 100 pm.

Average measured neurite lengths at 24 hours were 40 um forlBbLum for

insect cell-derived L1, and 150 um for mammalian-derived L1-kp(€ 4.5). Neurite

outgrowth was significantly greater for both insect cellxsti L1 and mammalian-
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derived L1-Fc than PLL; however, no statistically significantedénce was observed

between insect cell-derived L1 and L1-Fc.
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Figure 5.7 Neurite outgrowth on L1. Neurite lengths (mean +ktandard deviation)
of embryonic day 8 chick forebrain neurons cultured on a 96 wkpolystyrene plate
with adsorbed 0.1% PLL, adsorbed mammalian-derived L1-Fc (25ug/ml), and
adsorbed insect cell-derived L1 (2g/ml).

CONCLUSION

These studies describe the expression of a 140 kDa extracélagment of L1
in the baculovirus/insect cell expression system. Recombinantaslsecreted as a
soluble protein into the culture medium and through the incorporation @éarihal 6X
histidine tag, it could be efficiently recovered at high purity tmetal affinity
chromatography. Currently, L1 used for experimental studipsigarily expressed as a

recombinant Fc-fusion protein in mammalian cells or directly jakifrom brain lysates
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by immunoaffinity chromatography. The baculovirus expression andenadirification
approaches described here provide an alternative source of recomhihawith
improved vyield and equivalent bioactivity. Continuing studies describedhis
dissertation examined the immobilization of L1 to biomateriaflases and investigated

their application in promoting axonal regeneration in the injured nervous system.
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CHAPTER SIX
NIH 3T3 RESPONSE TO ACRYLATED TETRONIC ©®

HYDROGELS WITH IMMOBILIZED FIBRONECTIN

INTRODUCTION

The objectives of these experiments were (1) synthesis and atoificof
acrylated Tetronic macromers, (2) development of Michael iaddimethods for
hydrogel crosslinking and protein immobilization, and (3) evaluation afrdgel
cytocompatibility, immobilized protein bioactivity, and immobilizati efficiency in
terms of cell spreading and proliferation using NIH 3T3 fibroblasts and fibionect

This work established methods for adding acrylate groups to Tétreni and
fabricating hydrogels using a Michael addition reaction. [322] histet addition is not
only useful for hydrogel fabrication, but may also be used for ipratemobilization.
Murphy et al. immobilized calmodulin within Peg-tetraacrylgtds via Michael type
addition of cysteine thiols to the acrylate groups [281], and Rydhdalral.ehave
demonstrated that pendant thiols on thiol-acrylate polymers maysékl for post-
polymerization functionalization. [282] Additionally, peptide acrgatis a well-
established method for covalent immobilization of peptides withimdyels [283-285],
and protein acrylation has been used in methods to conjugate antibodiesllagdn

type | to polymer surfaces [286, 287]

Three methods of protein immobilization to T904-acrylate hydrogetse

evaluated (Figure 6.1): (A) Michael type addition of cysteine shimdm encapsulated
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reduced protein to acrylate groups within the hydrogel, (B) Michge addition of
cysteine thiols from reduced protein to unreacted pendant acrytafesgon the hydrogel
surface, and (C) Michael type addition of acrylated proteins usiytpte-PEG-NHS (N-

hydroxysuccinimide) with unreacted pendant thiol groups on the hydrogel surface.

A. Encapsulated reduced B. Pendant acrylate groups C. Pendant thiol groups with
protein with reduced protein acrylated protein
H,N- PROTEIN
HS- PROTEIN HS- PROTEIN
PROTEIN
|
PROTEIN PROTEIN ,l\lH
o= CII
(|:H
CH,
S

Figure 6.1 Protein Immobilization Methods

NIH 3T3 cells originated from Swiss mouse embryo tissue,ta@cdell line was
established in 1962 by George Todaro and Howard Green at the Department aigyathol
in the New York University School of Medicine. [323] These fibrebleells double
every 24 hours and reach a saturation density of approximately 50/B0perecn?, and
they are widely used in research laboratories. Fibronectitsexisvo main forms: 1) as

an insoluble glycoprotein dimer in the ECM, made by fibroblasts, choytésc
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endothelial cells, macrophages, as well as certain epitheliat @nd 2) as a soluble
disulphide linked dimer found in the plasma, synthesized by hepatodyit@®nectin is
secreted as a disulfide-bonded dimer of approximate 440 kDa mole&igdnt, and each
subunit contains three types of repeating modules: FNHIJ, and FN-III, with disulfide
bonds in FN-1 and FN-II but not FN-1lIl modules. [324, 325] It is widelgwn that the
Arginine-Glycine-Aspartic Acid (RGD) integrin binding tripeptide the FN-III repeat
10 is an important bioactive site that induces fibroblast attachtoefifbronectin via
integrin binding [326-328], although there is also evidence of multypletional synergy
sites within the fibronectin protein. [329-332] Fibronectin has fre¢eaye residues and
numerous disulfide bonds that can participate in Michael addition anddibidiide
exchange reactions. [333] It also contains multiple lysine resichad&ing it an attractive
candidate for acrylation through conjugation to the heterobifunctional PEGatiles,

acrylate-PEG-NHS.

MATERIALS AND METHODS

Synthesis and Purification of T904-Acrylate

Figure 6.2 is a schematic of the synthesis of acrylated Tetnoacromers [322],

and the protocol is included in Appendix A.
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Figure 6.2 Synthesis of Acrylated Tetronic Macromers [322]

Briefly, Tetroni® 904 (MW 6700) was dissolved in toluene, azeotropically
distilled, and toluene was removed via solvent evaporation with & ®taporator. The
T904 was then dissolved in dehydrated dichloromethane and reacted withokkX
excess triethylamine (TEA) and 8X molar excess acrytbydride for 24 hours at 4°C.
At the completion of the reaction, the product was filtered, dichloromethanemased
via solvent evaporation, and it was precipitated in a 50/50 etharfeaxixture. Upon
settling of the precipitated product, ether/hexane was decantedhangrdduct was
redissolved in dichloromethane, washed with Nakl@©Oneutralize the pH followed by

multiple water washes, and water was removed using anhydrous silfiate.
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Dichloromethane was removed via solvent evaporation, and the product wigsates
in a 50/50 ether/hexane mixture two times followed by two 100% etieerpitations to
ensure removal of all hexane. Upon settling of the precipitated producthexkzere was
decanted, the product was dried overnight in a cold dessicator on icevacdem to
remove ether, andH-NMR (Brucker 300 MHz, CDG) was taken to evaluate the
acrylation efficiency. All T904-acrylate products were stored28°C protected from
light.

NIH 3T3 Cell Culture

NIH 3T3 mouse fibroblasts were purchased from ATCC (Ameriogre Culture
Collection) and were routinely maintained 75°cmflasks in a humidified chamber at
37°C with 7% CO2 atmosphere in 50/50 Dulbecco’s Modified Eagle’s Mediuin a
Ham’s F-12 with L-glutamine (DMEM/F12 1X, Mediatech) supplementét ®0% v/v
bovine growth serum (BGS, Hyclone) and 50 IL.U./mL penicillin and 50mpg/
streptomycin (Mediatech). Culture medium was changed oncg &verdays and cells
were passaged weekly. For hydrogel experiments, monolayeribroblasts were
trypsinized, centrifuged, resuspended, counted in a hemacytonmeteadpisted to the

appropriate final concentrations based on pilot studies.

Preparation of T904-Acrylate Solution

T904-acrylate was mixed with 50mM PBS pH 7.4 to make a 28.75% solution
(287.5mg T904 + 7128 PBS) and was allowed to dissolve overnight with stirring at

room temperature protected from light. Because of batch-th+liatonsistencies in
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T904-acrylate pH due to variable efficiency of washing steps dwsymhesis and
because of the dependency of solution pH on temperature, the soluscadjuated to
pH 7.2 at room temperature with 6N hydrochloric acid to ensure carntsiafgropriate
pH for the Michael addition polymerization reaction. Following pHustinent, the
solution was carefully filtered with a 25mm (r syringe filter (Nalgene) for removal of
contaminants and sterilization. The sterile solution was stdrddG protected from
light, but was brought to room temperature prior to making hydragelsuse of its basic

pH at colder temperatures.

Preparation of Hydrogels

Prior to making hydrogels, all components were sterilized. Unedagiass
coverslips (Fisher) were UV sterilized for 20 minutes in the adture hood. Binder
clips, Imm thick Teflon spacers, vacuum grease, spatulas, and fareepsutoclaved
prior to use. All experiments were conducted in the cell culture husaty aseptic
technique.

Hydrogel crosslinking via Michael addition reaction was irgiiaby the addition

of dithiothreitol (DTT), as depicted in Figure 6.3.
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Figure 6.3 Michael Addition Polymerization Scheme [322]

Hydrogels for all conditions tested were fabricated by mixirey28.75% T904-
acrylate solution previously described with 10% v/v fibronectin solutemtgpsulated
protein) or 50mM PBS solution (surface-immobilized protein) and 10% v/v $dlution
for a final concentration of 23% T904 acrylate (i.e.ul80r904 acrylate + 10 of
fiboronectin/50mM PBS + 1 DTT = 23% T904-acrylate hydrogel for a 100
hydrogel).

T904 has a molecular weight of 6700 g/mol. T904-acrylate has anaéei
molecular weight of 6916 g/mol and 4 moles of acrylate per mol€96# acrylate
assuming 100% acrylation efficiency. DTT has a molecular wesgHit54.26 and 2

moles of thiol per mole of DTT. For encapsulated protein, the DTTeobration
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required was calculated based on a 1:1 T904 acrylate:DTT #tio] thus requiring 1.03
mg of DTT per 23 mg of T904 acrylate. For surface-immobilizabioacrylated peptide
or protein, the DTT concentration required was calculated based on aTBQ4l
acrylate:DTT thiol molar ratio in order to leave unreacted aenthiols on the hydrogel
surface, thus requiring 1.13 mg of DTT per 23 mg of T904 acryl&er surface-
immobilization of reduced protein, the DTT concentration required waslated based
on a 1.1:1 T904 acrylate:DTT thiol molar ratio in order to leave utedapendant
acrylate groups on the hydrogel surface, thus requiring 0.93 mg ofpgef 23 mg of
T904 acrylate. A new DTT stock solution was made for every expeti and was

sterilized by filtering through a 13mm Qu@ syringe-filter (Nalgene).

T904-Acrylate Hydrogels with Surface-Immobilized Reduced Fibronectin

These experiments are based on the immobilization method depicted in Figure

6.1B.
Reduction of Fibronectin

Analysis of GenBank Accession No. P07589, bovine fibronectin (Appendix A)
revealed that fibronectin contains 62 cysteines per mol. Fibrongetia40 kDa protein,
and a 1 mg/mL solution is equivalent to 0.00227 mmol/L concentration of mrotei
Protein solutions are typically reduced with 1mM to 10 mM DTT. AN DTT
solution was used to reduce fibronectin [276], resulting in an apprexiffi0 molar
excess of DTT to fibronectin, or an approximate 35-molar exo€d3TT thiols to

fibronectin cysteines. A 10X 25mM stock solution of DTT in 50mM PBS7pHbuffer
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was made, 10% by volume was added to the 1mg/mL fibronectin sofatianfinal 2.5
mM DTT concentration, and reacted for 1 hour at room temperaturgeatied DTT
was removed by column filtration using a PD-10 column and 50mM PBS pbuifet
followed by analysis of protein concentration via measurement oflzdosce at 280nm.
Protein samples were kept on ice following filtration and duringepratoncentration
analysis.
Preparation of Hydrogels

PBS and DTT were directly added to room temperature 28.75% T90étacry
solution, and the gel solution was vortexed briefly, tap-spinned, ampd Was
immediately pipetted directly into 96-well TCPS plate andvedid to polymerize via
Michael addition in the dark for 1 hour at room temperature. Altdrour, reduced
fibronectin solution (100L per well) of 100ug/mL concentration was added and left for
an additional hour at room temperature. Hydrogel crosslinking arahébtin reduction
were coordinated such that reduced fibronectin solution was added toydhmgels
immediately upon completion of reduced fibronectin concentration asatgsminimize
the possibility of disulfide bond reformation. Hydrogels without redditednectin were
used as negative controls. Blank 48-well TCPS wells and 96-wed#rizqolystyrene
wells with 10 ug/mL reduced fibronectin adsorbed overnight were seeded as positive
controls for visual confirmation of cell health and bioactivity r@fduced protein.
Following 1 hour incubation in reduced protein at room temperature, the \pks

parafilmed and transferred to 37°C overnight with shaking. The nextimgpmgels were
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rinsed with 20QL of sterile PBS three times and hydrated in{l00f sterile PBS per
well at 37°C until cell seeding.
Cell Seeding
NIH 3T3 cells were seeded at a density of 312.5 cell$/mMMEM/F12 with L-
glutamine supplemented with 10% BGS and 50 L.U./mL penicillin and 5énlug/

streptomycin and observed at 24 hours post-seeding for attachment and spreading.

T904-Acrylate Hydrogels with Surface-lImmobilized Acrylate-PEG-RGD

A pilot study was conducted using stock L@nol/mL acrylate-PEG-RGD
previously synthesized in our lab usinguZChydrogels polymerized directly in 96-well
TCPS plates.

Immobilization of Acrylate-PEG-RGD

PBS and DTT were directly added to room temperature T904-terytdution,
and the gel solution was vortexed briefly, tap-spinned, and. #as immediately
pipetted directly into 96-well TCPS plate and allowed to crosslink via Micloagi@n at
dark for 1 hour at room temperature. After 1 hour, acrylate-RBB- solution (diluted
to 1umol/mL) was added and left for an additional hour at room temperafaotditional
hydrogels were incubated in acrylate-PEG-RGD solutiomngdl/mL) diluted in a 100X
molar excess sodium acrylate solution to determine if this ielitbinding of acrylate-
PEG-RGD to the hydrogel surface. Negative control samplasdiedihydrogels without

acrylate-PEG-RGD. Positive control samples (for visual confirmation bfiealth only)
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included blank 96-well TCPS wells and encapsulated fibronectin gellsconditions
used a sample size of n=3 independent gels.

Following 1 hour incubation at room temperature, the plate wasilped and
transferred to 37°C overnight with shaking. The next morning, gele viresed with
20QuL of sterile PBS three times and hydrated inll00f sterile PBS per well at 37°C
until cell seeding.

Cell Seeding

NIH 3T3 cells were seeded at a density of 312.5 cell$/mMMEM/F12 with L-
glutamine supplemented with 10% BGS and 50 L.U./mL penicillin and 5@nlug/
streptomycin.

Cell Staining and Imaging

At 24 hours post-seeding, cells were fixed in 4% paraformaldeimy&@BS for
one hour at room temperature, permeabilized with 0.5% Triton X-100 fon@esi and
stained for actin filaments with rhodamine phalloidin (Molecular 8spb Hydrogels
were carefully removed from the wells and flipped over onto a glads for imaging,

and digital fluorescent images were obtained using a 10X objective for eacharanditi

Preparation of Acrylated Fibronectin

Acrylation Reaction
Bovine plasma fibronection (1mg/mL, Sigma-Aldrich) is supplied inNd.HaCl,
0.05 M Tris, pH 7.5. Tris contains primary amines that interferd Wbronectin

acrylation using acrylate-PEG-NHS because of competitive binditiy the protein
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lysine amines; therefore, prior to using the protein solution, a lextdrange into 50mM
PBS, pH 7.4 was performed utilizing 0.5 mL Zeba desalt columns épiaccording to
the manufacturer’s instructions.

Standard reaction conditions for NHS-containing crosslinkers call.1660 mM
concentrations. Fibronectin is a 440 kDa protein, and a 1 mg/mL solution is equivalent to
0.00227 mmol/L concentration of protein. Typically, 2 to 50-fold molargses of
crosslinker are used for reactions, and the 0.1M concentration dataePREG-NHS
(Nektar, 3450 Da) used for this reaction resulted in a 44 molassxaf crosslinker to
fibronectin. A 10X solution of 3.45 mg/mL acrylate-PEG-NHS in anhydfaMSO was
made fresh for each reaction,d0of this solution was added to 1QQ. of 1mg/mL
fibronectin for an organic solvent carryover of 10% final volumihéaqueous reaction,
and reacted for 2 hours at room temperature with shaking. At the et@mpbf the
reaction, a buffer exchange into 50mM PBS, pH 7.4 was again perfoonennbve
unreacted crosslinker and solvent contamination, and the acrylated prateistored at
4°C protected from light.

Electrophoresis of Acrylated Fibronectin

Samples of acrylated and non-acrylated fibronectin were inatedgicollected
for SDS-PAGE (sodium dodecyl polyacrylamide gel electrophoresig)ysis (12 pL
protein + 4 pL 4X reducing buffer) and immediately frozen at -80RCotein samples
were separated by SDS-PAGE on a 6% polyacrylamide gel Usiagylycine buffer
under reducing conditions at 100V for 150 minutes. The gel was staitied 2P

Coomassie Brilliant Blue in Water:Methanol:Acetic Acid withwole ratios 5:4:1 for 45
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minutes followed by destaining in Water:Methanol:Acetic Acichwiblume ratios 5:4:1
for 3 hours. The gel was imaged using a Kodak Electrophoresis [@otation and
Analysis System 120.

T904 Acrylate Hydrogels with Encapsulated and Surface-lmmobilized
Acrylated Fibronectin

These experiments are based on the immobilization methods deipidteglre
6.1A and C. Two separate experiments were conducted in order to qudmbfast
spreading and proliferation in response to hydrogels with encégsiironectin and
surface-immobilized acrylated fibronectin (as depicted in theeprajationale Figure
4.3A). The dose dependent response of cells to varying concentratidorsméctin was
characterized by analyzing fibroblast spreading at an inteategetiime point of 18 hours
post-seeding, prior to the typical cell doubling timepoint of 24 hoursellproliferation
assay was then conducted with protein concentrations chosen basedrodadt
spreading results.

Dose Dependent Response Assay

For hydrogels with encapsulated fibronectin, pilot studies were cadiuot
determine the optimum timepoint of fibronectin reduction with DTT pieoaddition to
the T904-acrylate solution (0, 2.5, 5, 10, 15, and 30 minutes) with encapsulated
100ug/mL fibronectin hydrogels. Hydrogels for the dose dependentnss@ssay were
made with varying concentrations of encapsulated fibronectin (1.0, 2.5, 5.0, 725, 10,
50, 75, 100pg/mL) with n=3 independent gels per condition. Hydrogels without
fibronectin (n=3 independent gels) were used as negative contr@ek 88-well TCPS

wells and 96-well bacterial polystyrene wells with 1@/mL reduced fibronectin
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adsorbed overnight were seeded as positive controls for visual cdrdimroécell health
and bioactivity of reduced protein. Fibronectin was mixed with BArT5 minutes at
room temperature with shaking. This protein/DTT mixture was addedoom
temperature T904 acrylate solution, the gel solution was vortexedybtag-spinned,
and 6@L was immediately pipetted in between two glass slides separated by éfiom T
spacers. The hydrogels were allowed to crosslink via Micltitien in the dark for 2
hours at room temperature followed by overnight at 37°C in parafipegddishes with
sterile water to provide a humid environment. The next morning, vacueasegmwas
added to the bottom of 48-well TCPS plates and sterilized undeigbMér 20 minutes.
The hydrogels were carefully removed from the glass shgesnsing with sterile PBS
and were placed in the wells, gently pressing them down onto the vagease to
prevent floating, and hydrated in 1 mL of PBS per well at 37°C until cell seeding.
For hydrogels with surface-immobilized acrylated fibronectinSP&d DTT
were directly added to room temperature T904-acrylate solutiorthargel solution was
vortexed briefly, tap-spinned, anddOwas immediately pipetted directly into 96-well
TCPS plate and allowed to crosslink via Michael addition in the dark hour at room
temperature. After 1 hour, acrylated fibronectin solution (10per well) of varying
concentrations (1.0, 2.5, 5.0, 7.5, 10, 25, 50, 75, L) was added and left for an
additional hour at room temperature, with n=3 independent gels per conhbliiégative
control samples included hydrogels without acrylated fibron€nti#3 independent gels)
and hydrogels with non-acrylated fibronectin (n=3 independent. gesank 96-well

TCPS wells were seeded as positive controls for visual caatfom of cell health.
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Following 1 hour incubation in acrylated protein at room temperaturepldte was
parafilmed and transferred to 37°C overnight with shaking. The nextimgpmgels were
rinsed with 20QL of sterile PBS three times and hydrated in{l00f sterile PBS per
well at 37°C until cell seeding.

NIH 3T3 cells were seeded at a density of 312.5 cell$/mMMEM/F12 with L-
glutamine supplemented with 10% BGS and 50 L.U./mL penicillin and 5@nlug/
streptomycin.

Cell Proliferation Assay

Three timepoints were chosen for cell proliferation analysis: 24shduday), 72
hours (3 days), and 120 hours (5 days) post seeding. Based on theofethdtslose
dependent response assay, hydrogels were made with varyingntations of
encapsulated fibronectin (2.5, 5.0, 25, 1@0@mL) and acrylated fibronectin (7.5, 10, 25,
100 pug/mL) with n=3 independent gels per condition. Negative control sanmulesied
hydrogels without encapsulated and acrylated fibronectin (n=3 indepegelshtand
hydrogels with non-acrylated fibronectin (n=3 independent gels)nkB3&-well TCPS
wells were seeded as positive controls for visual confirmation of cell health.

NIH 3T3 cells were seeded at a density of 312.5 cell$/mMMEM/F12 with L-
glutamine supplemented with 10% BGS and 50 L.U./mL penicillin and 5@nlug/

streptomycin. Media was changed daily to maintain an adequate supply of cehitsutri
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Measurement of Fibroblast Spreading

Fibroblast spreading at 18 hours post-seeding was analyzed viareme@st of
the surface area of the cells. Cells were fixed in 4% paraidehyde in PBS for one
hour at room temperature, permeabilized with 0.5% Triton X-100 for riutes, and
stained for actin filaments with rhodamine phalloidin (Molecular 8spb Hydrogels
were carefully removed from the wells and flipped over onto a glads for imaging.
Twenty digital fluorescent images per well using a 10X objeateering the entire
hydrogel surface were recorded for each condition. Cell suaf@sewas quantitatively
measured from the digital fluorescent images using ImagePro aseftyn=21
measurements / experimental group, comprised of an average ofsdremants from
each of 3 independent wells).

DNA Content Analysis

PicoGreen (Molecular Probes) is a fluorescent binding dye and established
method of characterizing cell proliferation based on DNA content. [284,33G}
Hydrogel samples were analyzed in triplicate for DNA cont 1, 3, and 5 days to
assess cell proliferationThe cell-seeded hydrogels were rinsed with PBS, and fibroblasts
were lysed by freeze/thaw of the samples at -80°C thresstilBamples were suspended
in 2mL of cold 10mM EDTA pH 12.3 solubilization buffer (2mL for encapmda
fibronectin samples, 2@ for acrylated fibronectin samples) as previously described.
[337] Following 20 minute incubation at 37°C, the samples were coolece@ndthe
pH was neutralized with 1M potassium phosphate pH 4.19u{1%0r encapsulated

fibronectin samples, 1& for acrylated fibronectin samples)Samples were analyzed
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according to the manufacturer’s instructions usin§pactraMAX Gemini fluorometer
(excitation filter at 480 nm and emission filter at 520 nm) thase standard curves
derived from serial dilutions of the same cells and their DNA content.
Statistical Analysis
The data was analyzed by ANOVA using Tukey's method for post-hoc
comparisons with p<0.05 considered statistically significant.reslults are expressed as

mean % standard deviation.

RESULTS AND DISCUSSION

Synthesis and Purification of T904-Acrylate

Figure 6.4 depicts the NMR from a typical T904-acrylate prodAcB0g reaction
typically yielded approximately 15g of final product aitNMR (CHCL) demonstrated

an approximate 83% acrylation efficiency.
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NIH 3T3 Response to Surface-lmmobilized Reduced Fibronectin

Fibroblasts showed little evidence of attachment and no spreadingdoogbis
with reduced fibronectin, comparable to hydrogels with no proteinitiNRosontrols of
blank 48-well TCPS and 96-well bacterial polystyrene with dgmL reduced
fibronectin adsorbed overnight demonstrated significant spreading ahigrption of
fibroblasts. Acrylate groups are inherently hydrophobic because thdrCB2
carbonaceous side groups are non-polar and thus do not attract watgtyst We

hypothesize that this immobilization technique failed because thigerant
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hydrophobicity of the acrylate groups contributes to their retreat within thedsidrpon
application of the hydrophilic reduced fibronectin solution, thus hindehagMichael
addition protein conjugation reaction. An alternative explanation isthigafiltration
method used may not be sufficient to remove all excess DTT, poss#iting in a
reformation of fibronectin disulfide bonds prior to adding the solution tdkeogels.

No further experiments were conducted utilizing reduced fibronectin.

NIH 3T3 Response to Surface-lmmobilized Acrylate-PEG-RGD

This pilot study was conducted in order to demonstrate the feigsibii
immobilizing acrylated protein to hydrogels through Michael aoiditreaction by
demonstrating cell attachment to an immobilized acrylatedgemind to prove that the
cellular response was, in fact, a result of acrylate bindingiteacted pendant thiols on
the hydrogel surface via a competitive binding assay using sodiyate. (Figure 6.5)
Figure 6.5A depicts significant fibroblast attachment and sprgaatinhydrogels with
immobilized acrylate-PEG-RGD at 24 hours. Figure 6.5B depitioblasts on
hydrogels incubated in acrylate-PEG-RGD diluted in 100X molar ssxoé sodium
acrylate, and significant inhibition of cellular response is shomith only slight
improvement in fibroblast attachment and spreading over the negatitel with no
peptide depicted in Figure 6.5C, thus demonstrating that the RGD g@pindobilized

by Michael addition is responsible for fibroblast spreading.
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Figure 6.5 Proof of Michael addition surface conjugation of RGD peptide. NIFBT3
cells cultured on hydrogels with immobilized (A) acrylatePEG-RGD (1 uM), (B)
acrylate-PEG-RGD (1 uM) diluted in 100 molar excess sodium acrylate, and (C) no
peptide. Cells were stained for actin with rhodamine phaddidin. Scalebar = 100
pum.

Acrylation of Fibronectin

As stated previously, plasma fibronectin is a disulfide-bonded dimeistiagsof
a pair of 220 kDa subunits [324, 325]; therefore, a molecular weight marke an
upper limit of 250 kDa could be used with reducing SDS-PAGE forri@tation of
molecular weight. [338] Analysis of GenBank Accession No. P07589, bovine fibronectin
(Appendix A) revealed that fibronectin contains 122 lysines per moltranacrylate-
PEG-NHS used to acrylate fibronectin has a molecular weigb4®® Da. Conjugation
of 1-4 lysines per mol of fibronectin with acrylate-PEG-NHISwdd result in an
estimated 3-13kDa increase in molecular weight. Figure 6.6 dem@sstan
approximate 8-10 kDa increase in molecular weight of the aetyfatotein as evidenced

by lane 2. This data demonstrates successful acrylation of the fibronectin.protei
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Figure 6.6 Documentation of fibronectin acrylation. Proteins wee separated
utilizing SDS-PAGE and stained with 0.2% Coomassie BrilliantBlue. Lane 1,
molecular weight marker; lane 2, acrylated fibronectin; lane 3, on-acrylated
fibronectin. Gels were loaded with equal quantities of tatl protein (12 pg/lane).
Data is representative of three independent experiments.

NIH 3T3 Response to Encapsulated and Surface-Immobilized
Acrylated Fibronectin

Dose Dependent Response of Fibroblast Spreading
The purpose of this assay was to determine if fibroblasts giaplase dependent
spreading response to hydrogels with varying concentrations of eratagdswdnd
acrylated fibronectin, in order to determine the optimal fibronexircentrations for cell

spreading and to determine conditions for analysis of proliferation rates.
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Positive controls of blank 48-well TCPS and 96-well bacterial pyigse with
10 ug/mL reduced fibronectin adsorbed overnight demonstrated signifipegdding and
proliferation of fibroblasts. For hydrogels with encapsulatédofiectin, pilot studies
were conducted to determine the optimum timepoint of fibronectin tieduwith DTT
prior to addition to the T904-acrylate solution (0, 2.5, 5, 10, 15, and 30 minaiesh
minutes resulted in maximum cell adhesion to hydrogels with eneapdul 0Qg/mL
fibronectin at 24 hours (data not shown). The 2.5 and 10 minute timepssotsed in
limited cell adhesion at 24 hours and response greatly diminished @t e and 30
minute timepoints, most likely a result of limited disulfide bond rédacat the O
timepoint and reformation of disulfide bonds at the 15 and 30 minute timepoints.

Fibroblast spreading on hydrogels with encapsulated fibronectimmoans in
Figure 6.7. The data indicates a plateau beginning atgZtbL, and the minimum cell
spread area in the plateau region @287 puniat 2.5pg/mL. A statistically significant
difference was observed between 25 andi@ithL with a maximum average cell spread
area of 3400 uf A statistically significant difference was also obsdrbetween 1.0
and 2.5pg/mL concentrations; however, cell attachment upon visual observation was
significantly reduced at 1.0 andu@/mL concentrations, and minimal cell spread areas of

697 unf and 310 urf respectively, were measured.
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Figure 6.7 Fibroblast spreading on hydrogels with encapsulatedibronectin.
Average cell areas (mean +/- standard deviation) of NIH 3T3 cellsultured on
hydrogels with encapsulated fibronectin of varying concentratios. Data is
representative of three independent experiments.

Figure 6.8 displays the cell spreading on hydrogels with encapsulated fiomonec

representative of the average measured area for each condition.
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Figure 6.8 Cytoskeletal organization of fibroblasts cultured on hydbgels with
varying concentrations of encapsulated fibronectin. (A) 10@g/mL, (B) 75 pg/mL,
(C) 50 pg/mL, (D) 25 pg/mL, (E) 10 pg/mL, (F) 7.5 pg/mL, (G) 5.0 ng/mL, (H) 2.5
pg/mL, (1) 1.0 pg/mL, and (J) 0.0 pg/mL Cells were stained for actin with
rhodamine phalloidin. Images are representative of the averageell area for each
condition. Scalebar = 5qum.

Fibroblast spreading on hydrogels with acrylated fibronectimasve in Figure
6.9. The data indicates an increasing trend of cell spreadnarespionse to increasing

fibronectin concentration with a maximum cell spread area of 34Zaub®0ug/mL. A
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statistically significant difference was observed betweena@8 50 ug/mL. The
minimum cell spread area measured was 5233atrf.0ug/mL, which is comparable to
the spreading seen on hydrogels with L@/mL concentration of encapsulated

fibronectin. No measurements were taken below§/L due to extremely limited cell

attachment.
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Figure 6.9 Fibroblast spreading on hydrogels with surface-immoisted acrylated
fibronectin. Average cell areas (mean +/- standard deviation) dNIH 3T3 cells
cultured on hydrogels with acrylated fibronectin of varying concetrations. No
hydrogels with acrylated protein concentration below Sung/mL were measured due
to extremely limited cell attachment and survival. Data is repesentative of three
independent experiments.

134



Figure 6.10 displays the cell spreading on hydrogels with acrylated fibironect

representative of the average measured area for each condition.

Figure 6.10 Cytoskeletal organization of fibroblasts cultured on hyagels with
varying concentrations of surface-immobilized acrylated fibronedah. (A) 100
pg/mL, (B) 75 pg/mL, (C) 50 pg/mL, (D) 25 pg/mL, (E) 10 pg/mL, and (F) 7.5
ng/mL. Cells were stained for actin with rhodamine phalloidn. Images are
representative of the average cell area for each condition. Scalebar =)&f.

For both encapsulated and acrylated fibronectin, concentrations of 50, 75, and 100
ug/mL promoted maximum fibroblast spreading, and both methods displayed a
maximum cell spread area of approximately 340F with 100 pg/mL of fibronectin.
Encapsulated fibronectin supported fibroblast spreading at lower rdcaidens than
acrylated fibronectin; cell spread area of approximately 2000 was observed on
hydrogels with 2.5ug/mL of encapsulated fibronectin and 2%/mL of acrylated

fibronectin.
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Prior studies using 10@g/mL of thiolated fibronectin immobilized to polystyrene
surfaces through Pluronic-pyridyl disulfide (F108-PDS) modificatdemonstrated cell
surface areas >80Q0n° [339]; therefore, future work may include higher concentrations
of fibronectin to determine if increased fibroblast spreadirepsarare attainable on

encapsulated and surface-immobilized acrylated hydrogels.

Fibroblast Proliferation Response

The purpose of this assay was to analyze cell proliferatioesponse to varying
concentrations of encapsulated and acrylated fibronectin over the amutsedays.
Based on the results of the dose-dependent response assay foulatezpbronectin,
an optimum concentration of 1@@/mL and three concentrations from the plateau region
were chosen based on statistically significant differenceslirsgreading: 2mg/mL, 10
ug/mL, and 2.5ug/mL. Hydrogels with no encapsulated proteinug®mL) were used as
a negative control for comparison. Fibroblast proliferation on encagdui@tronectin

gels is shown in Figure 6.11.
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Figure 6.11 Fibroblast proliferation on hydrogels with encapsulaté fibronectin of
varying concentrations. Cells were seeded at a density of 10,000lsc@er well.
Error bars represent +/- standard deviation. Data is represntative of three
independent experiments.

The data indicates significant variability in cell prolifeoatibetween 2.g/mL
and 25ug/mL concentrations, which corresponds to the plateau region of fibtobla
spreading. Cell attachment at 2¢/mL is comparable to the negative control. Although
similar numbers of cells are attached at Day 1 on thadl®L, 25 ug/mL, and 100
ug/mL conditions, only the 10Qg/mL condition displayed a continual increase in cell

proliferation from Day 1 to Day 5.
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Hydrogels with 100ug/mL of encapsulated fibronectin exhibited the maximum
average cell spread area of 3400%with a 240% increase in proliferation from Day 1 to
Day 5. This data is consistent with reports that cell protifarais improved with
increased cell spreading. [339-342] The inconsistency in fibrobladifepation at
fibronectin concentrations below 1Q@/mL may indicate an insufficient amount of
surface protein to support cell spreading and cytoskeletal oeg@mz thus
demonstrating the importance of optimized surface-ligand densitieglfquroliferation.

In addition, T904-acrylate hydrogels are hydrolytically degralaldnd greater
connectivity of fibroblasts on hydrogels with 1Q@/mL fibronectin concentration may
have prevented detachment of cells from the degrading hydrogel.

Based on the results of the dose-dependent response assay fatedcryl
fibronectin, an optimum concentration of 10@/mL and three concentrations below
optimum were chosen based on statistically significant éifiegs in cell spreading: 25
ug/mL, 10 pug/mL, and 7.5ug/mL. Hydrogels with no encapsulated proteinu¢fdmL)
were included as a negative control for comparison. Fibroblast guatidn on acrylated
fibronectin is shown in Figure 6.12. Although significant numbers of fibsiblwere
attached at Day 1 on both the 2 mL and 10Qug/mL conditions, the data indicates no

cell proliferation occurred for any condition tested.
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Figure 6.12 Fibroblast proliferation on hydrogels with acrylated fbronectin of
varying concentrations. Error bars represent +/- standard deviabn. Data is
representative of three independent experiments.

This result is in stark contrast to the positive proliferatiesponse observed for
the encapsulated fibronectin 1Q@/mL condition at 3 and 5 days. The measured cell
areas at 18 hours post-seeding for the 50, 75, angd/@tL conditions are comparable
for both encapsulated and acrylated fibronectin, indicating thatcsulitgand density is
high enough to support cell spreading and cytoskeletal organizh#ibrs critical to cell
proliferation. For both experiments, media was exchanged daily toeecenstant, fresh

supply of cell nutrients, so this result is directly correlatethe immobilization strategy

used. In a hydrogel with encapsulated fibronectin, hydrolytic dagom may not be
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detrimental to cell proliferation because it continually expo#es fibroblasts to
fibronectin, and our encapsulated 1Q@/mL fibronectin data supports this theory;
however, hydrolytic degradation of T904-acrylate hydrogels witfasesimmobilized
acrylated fibronectin may result in loss of the surface-conjdgptetein layer and
inhibition of proliferation.
Another phenomenon was observed in that hydrogels incubated in norteatryla

fibronectin, an anticipated negative control, supported comparable fidrpbbdigeration

to hydrogels with surface-immobilized acrylated fibronectigyFé 6.13). Because of
the similarity in the lack of support for fibroblast proliferatiore wan deduce that this is

a surface-mediated phenomena.
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Figure 6.13 Fibroblast proliferation on hydrogels with acrylated andnon-acrylated
fibronectin of 100 pg/mL concentration. Error bars represent +/- standard
deviation. Data is representative of three independent experiments.

The experiment with acrylate-PEG-RGD (Figure 6.4) demonsttagdibroblast
response was inhibited through competitive binding of sodium acrylate,ngroke
peptide was immobilized through a Michael addition conjugation. Seserdies have
demonstrated that fibronectin multimer formation occnrsitro via the C-terminal free
thiols upon exposure to a thiol reagent [343, 344]iandvo depending upon exposure to
metal ions. [345] Another study has shown that homocysteine bindimjasma

fibronectin in vivo is mediated through thiol-disulfide exchange at the C-terminal
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disulfide bonds. [346] We therefore hypothesize that non-acrylabednéctin is
immobilized to our hydrogel surfaces through a thiol-disulfide exchamgdiated
mechanism. For these experiments, fibronectin solution was addeddel tiean early
timepoint of 1 hour post-polymerization, possibly exposing the protein to reactivaehiola
species capable of reducing the easily accessible C-terdimsudfide bonds. In order to
clarify this phenomena, further experiments with extended gelatoes could be
conducted to determine if more complete polymerization prior to addifidéibronectin

solution will inhibit binding of non-acrylated fibronectin.

CONCLUSION

In conclusion, these studies demonstrated that surface-immobilizdtreduced
fibronectin to hydrogels with unreacted pendant acrylate group feasible because of
the inherent hydrophobicity of acrylate groups. Surface-immobilizafiacrylate-PEG-
RGD through Michael addition conjugation was demonstrated with a coivgéinding
assay using sodium acrylate to bind unreacted pendant thiols on thedhygindgce to
prevent RGD immobilization and limit fibroblast spreading and pdtion. NIH 3T3
fibroblasts exhibited maximum cell spreading at 18 hours and petida at 5 days on
hydrogels with 10Qug/mL fibronectin concentration. Future work may include higher
fibronectin concentrations beyond 10¢/mL to further maximize the cell spreading and
proliferation response and to determine if higher protein concentratitingesult in
more uniform proliferation rates and possibly a second plateau regidibroblast

spreading response. SDS-PAGE analysis demonstrated sutaesslation of the
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fibronectin protein. NIH 3T3 fibroblasts seeded on acrylated fibtondydrogels
displayed a positive dose-dependent spreading response to incraastegtrations of
protein; however, long-term proliferation rates were significahthdered, possibly by
the hydrolytic mechanism of hydrogel degradation. In additionecorsl potential
mechanism of fibronectin conjugation to hydrogel surfaces via thiolfidis exchange is
theorized, although it is likely that this mechanism will not Bectifve for proteins with
less accessible disulfide bonds. Even with these concerns, therdovamobilization
techniques described are useful for the design of selectivebgsiadhsubstrates and may
be employed currently to study neural regeneration at gargpoints in a model system
to evaluate neuronal cell line and primary neuron response to imeeobitieural cell

adhesion molecules.
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CHAPTER SEVEN
NEURONAL CELL LINE AND PRIMARY NEURON RESPONSE

TO ACRYLATED TETRONIC ©® HYDROGELS
WITH IMMOBILIZED L1

INTRODUCTION

The objectives of these experiments were to evaluate the feasibility gfHisi22
mouse hippocampal B35 and rat neuroblastoma neuronal cell lines withbilzed L1,
to establish primary mammalian neuron dissection protocols, to evaltred
cytocompatibility of acrylic-based Tetroffichydrogels with primary neurons, and to
demonstrate the feasibility of using acrylic-based Tetfohigdrogels with covalently
immobilized L1 for neural applications.

Inherent challenges of primary neuronal cell cultures inchudenal to animal
and developmental age variability and potential glial cell contaromatherefore, two
neuronal cells lines, HT22 mouse hippocampal and B35 rat neuroblastoneafirater
studied for their ability to respond to immobilized L1 and to diffeegatinto neuronal
phenotypes, in order to establish a model cell line to simulate reduesponse. Both
HT22 and B35 cells are typically maintained in media containing 48%m to promote
rapid growth and proliferation; however, a differentiated neuronal phenatypeferred
for these experiments in order to characterize neuronal respbiggocampal neurons
are pyramidal cells, which is also the classification of oesirthat are the primary
excitation units of the mammalian corticospinal tract. L1 isressed on regenerating
hippocampal axons following injury [347], and neurite outgrowth of primary

hippocampal neurons has been demonstrated on adsorbed and immobilized23.3fc.
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HT22 cells are derived from mouse hippocampus, and both primary hippocamdpal a
HT22 cells are typically used in neuronal survival studies. [348]hdslbeen described
as a survival factor for rat embryonic hippocampal neurons, asneedeby the
prevention of apoptosis when cultured in serum-free media with both scinble
substrate-bound L1 [239]; therefore, it was hypothesized that HTIR2cea attach to
immobilized L1 surfaces via homophilic interactions and can be inducaiffecentiate
into a neuronal phenotype in low or serum-free media. B35 cellsssxjow levels of
NCAM, primarily the 140 kDa isoform without the variable altervliy spliced exon
(VASE) that downregulates neurite outgrowth, and close homologue of H11{Cbut
no detectable levels of L1 [349]; however, L1 and NCAM can bind via hetémphi
interaction. [241, 350] [351]These cells are normally loosely adherent with round phase-
bright cell bodies and short processes, but they have demonstnatedbitity to
differentiate reversibly and extend long neurites in low serumithr the addition of
dibutyryl cAMP [349] ; therefore, it was hypothesized that B3bBsosould attach to
immobilized L1 surfaces via heterophilic interactions with NCAMI could be induced
to differentiate in low or serum-free media.

A protocol for embryonic day 8 chick forebrain dissection was eskedd in
Chapter 5. Although chick forebrain neurons are suitable for initiadies, it is
preferable to use mammalian-derived cells for future worketbee, rat postnatal day 7
cerebellar and dorsal root ganglia dissection protocols were established.

Michael addition methods established in the previous chapter wetk tase

fabricate hydrogels and to evaluate immobilization of L1.
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MATERIALS AND METHODS

B35 and HT22 Cell Culture

B35 rat neuroblastoma and HT22 mouse hippocampal cells were a gegiéirous
from Dr. Karl Franek (Greenwood Genetics Center) and were roptimg@itained in 75
cm? T-flasks in a humidified chamber at 37°C with 7% CO2 atmospher&0i50
Dulbecco’s Modified Eagle’s Medium and Ham’s F-12 with L-glutam(B&MEM/F12
1X, Mediatech) supplemented with 10% v/v bovine growth serum (BGS, Hyckome
50 L.U./mL penicillin and 50 pg/mL streptomycin (Mediatech). @@tmedium was
changed once every two days and cells were passaged weekly.experiments,
monolayers of cells were trypsinized, centrifuged, resuspended, counted i

hemacytometer, and adjusted to the appropriate final concentrations.

Neuronal Differentiation of HT22 and B35 Cells

96-well bacterial polystyrene plates were sterilized withylehe-oxide. The
laminin and fibronectin extracellular matrix proteins were inallude positive controls
for cell attachment and as a comparison to L1 for evaluation of neéuliffieaentiation.
Laminin, fibronectin, and L1 were adsorbed overnight at room tempereiuracterial
polystyrene plates at 1@/mL concentration followed by two sterile PBS rinses. Serum,
reduced serum, and serum-free media formulations were testedDNIEM/F12
supplemented with 10% v/v BGS and 50 I.U./mL penicillin and 50 pg/nelptstmycin,
(2) DMEM/F12 supplemented with 2% v/v BGS and 50 I.U./mL penicillin B¢ g/mL

streptomycin, and (3) Neurobasal-A (Gibco) supplemented with 2% vis&2ilement
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(Gibco) and 2mM L-glutamine per manufacturer’s guidelines for twabidines, and 50
I.U./mL penicillin and 50 pg/mL streptomycin. For the serum-freedia condition,
three cell seeding methods were employed: (1) cells weretlgiseeeded in serum-free
media, (2) cells were first seeded in 2% serum media for Zshtmllowed by
replacement with serum-free media to enhance attachment and ku@jveells were
seeded according to condition 2 with the addition of 20ng/mL nerve grawtibr {(NGF)
to further enhance differentiation into a neuronal phenotype. HT22 and &3&ayers
were trypsinized, centrifuged, resuspended, counted in a hemacytoaneteseeded at a
density of 10,000 cells per 96-well. At 24 hours post-seeding, thensksfixed in 4%
paraformaldehyde in PBS for one hour at room temperature and asd pbatrast

images were obtained with a 20X objective.

Primary Mammalian Neuron Dissection

Postnatal day 7 rat neuron dissection protocols were developed fardoebellar
neurons [253, 352] and dorsal root ganglia (DRG) [353] and are included imdippge
C and D, respectively. Laminin (1Qg/mL) was adsorbed to 96-well bacterial
polystyrene plates overnight at room temperature. Cerebelilaomewere seeded at a
density of 20,000 cell per 96-well, and DRG were seeded at aydehdd,000 cells per
96-well. After 24 hours, cells were fixed for 1 hour in 4% fraraaldehyde and stained
for actin microfilaments using Alexa FI(o594 phalloidin (Molecular Probes, 0.161

KM) and digital fluorescent images were obtained.
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Cytocompatibility of T904-Acrylate Hydrogels with Primary Neurons

Poly-I-lysine (PLL) was absorbed to 24-well plates in a 0.1% curatgon for
one hour followed by three water rinses and overnight drying. A P3%4-acrylate
hydrogel solution with a 1:1 acrylate:thiol ratio was prepasedraviously described for
encapsulated fibronectin hydrogels in Chapter 6. A thin layelnydrogel solution
(10uL) was spread over the surface of two wells coated with Phdl @lowed to
polymerize via Michael addition for 2 hours at room temperatureviell by overnight
at 37°C. Adsorbed 0.1% PLL wells were included as positive controlmairchick
forebrain neurons from embryonic day 8 chicks were dissected andguegzadescribed
in Chapter 5 and were seeded at a density of 80,000 cells perithelowinsing of the
wells prior to seeding. After 24 hours, the cells were fixed inp&¥aformaldehyde in
PBS for one hour at room temperature and phase contrast imagesbteened with a

10X objective.

T904-Acrylate Hydrogels with Encapsulated L1

These experiments are based on the immobilization method depictée in t
Chapter 6 (Figure 6.1A). The response of B35 and primary chickréoneneurons to
70ug/mL of encapsulated L1 was evaluated using 1mm thigkl. 8§drogels in 96-well
tissue culture polystyrene (TCPS) plates at 24 hours postseeding.

Sterilization of Components Used in Hydrogel Fabrication
Prior to making hydrogels, all components were sterilized. Unedagiass

coverslips (Fisher) were UV sterilized for 20 minutes in the adture hood. Binder
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clips, Imm thick Teflon spacers, vacuum grease, spatulas, and fareepsutoclaved
prior to use. All experiments were conducted in the cell culture husaty aseptic
technique.
Concentration of L1

The L1 protein produced as previously described in Chapter 5 typtisfiayed
a concentration range of 60-166/mL; therefore, the protein was first concentrated to a
700ug/mL concentration in order be able to attain aug/®L encapsulated L1
concentration within the hydrogels. A buffer exchange of sixubCfliquots of 150
ug/mL L1 protein into 50mM PBS, pH 7.4 with 21% salt concentration peaformed
utilizing a 5.0 mL Zeba desalt column (Pierce) according to tlemufacturer’s
instructions. The protein was frozen overnight at -80°C, lyophilizedspended in 771
uL of sterile water in order to maintain appropriate salt concentration, amedl stt 4°C.

Preparation of Hydrogels

A 28.75% T904-acrylate hydrogel solution and a 1:1 acrylate:tlaob ras
described for encapsulated fibronectin hydrogels in Chapter 6 wead fos this
experiment. L1 was mixed with dithiothreitol (DTT) for 5 minutésam temperature
with shaking. This protein/DTT mixture was added to room tempera@0é-acrylate
solution, the gel solution was vortexed briefly, tap-spinned, and imtegd@petted in
between two glass slides separated by 1mm Teflon spacerdydifugels were allowed
to crosslink via Michael addition in the dark for 2 hours at room teryeréollowed by
overnight at 37°C in parafilmed petri dishes with sterile wateprovide a humid

environment. The next morning, vacuum grease was added to the bottom efl 96-w
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TCPS plates and sterilized under UV light for 20 minutes. Theolygts were carefully
removed from the glass slides by rinsing with sterile PBSvaeré placed in the wells,
gently pressing them down onto the vacuum grease to prevent floatthtpydrated in
100 uL of PBS per well at 37°C until cell seeding. Hydrogels withwotein were used
as negative controls. Bacterial polystyrene wells withu@iimL L1 and 10ug/mL
reduced L1 adsorbed overnight were used as positive controls for esuaimation of
cell health and bioactivity of reduced protein.
Cell Seeding
B35 cells were seeded at a density of 20,000 cells per 96-well in DMEM/F12 with

L-glutamine supplemented with 10% v/v bovine growth serum (Hyclone) aht) 36L
penicillin and 50 pg/mL streptomycin (Mediatech). Medium contgidif% serum was
chosen for initial experiments to enhance cell attachment toythedels. Primary chick
forebrain cells derived from 8-day old chicks as previously desttiio Chapter 5 were
seeded at a density of 20,000 cells per 96-well based on successftd of this seeding
density on 96-well bacterial polystyrene wells with d@mL L1 adsorbed overnight.

Cells were observed at 24 hours post-seeding.

T904-Acrylate Hydrogels with Surface-Immobilized Reduced L1

These experiments are based on the immobilization method depictée in t
Chapter 6 (Figure 6.1B). The response of B35 and primary chick foretels to
10Qug/mL of surface-immobilized L1 was observed usingl7@ydrogels polymerized

directly in 96-well tissue culture polystyrene (TCPS) plates at 24 hoursepdstg.
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Reduction of L1
Analysis of the amino acid sequence of the 140 kDa cloned fragofd.1
based on GenBank accession no. NM_000425 (Appendix E) revealed that L1 contains 14
cysteines per mol. A 15@y/mL solution is equivalent to 0.0011 mmol/L concentration
of protein. Protein solutions are typically reduced with 1mM to 10EAM. A 2.5 mM
DTT solution was used to reduce L1 [276], resulting in an approximate 2»r&
excess of DTT to L1, or an approximate 325-molar excess oftBidls to L1 cysteines.
A 10X 25mM stock solution of DTT in 50mM PBS pH 7.4 buffer was made, 19% b
volume was added to the 1mg/mL fibronectin solution for a final 2.5 BN
concentration, and reacted for 1 hour at room temperature. Unreactedd3Tremoved
by column filtration using a PD-10 column and 50mM PBS pH 7.4 buffesvieltl by
analysis of protein concentration via measurement of absorbancéman.28Protein
samples were kept on ice following filtration and during protein concentratiorsanaly
Preparation of Hydrogels

A 28.75% T904-acrylate hydrogel solution and a 1:1.1 acrylate:thim eet
described for reduced fibronectin hydrogels in Chapter 6 was osdtid experiment.
PBS and DTT were directly added to room temperature T904-axigddition, and the
gel solution was vortexed briefly, tap-spinned, andiL7@vas immediately pipetted
directly into 96-well TCPS plate and allowed to crosslink viachMdel addition in the
dark for 1 hour at room temperature. After 1 hour, reduced L1 solutiopl(ifr well)
of 100 pg/mL concentration was added and left for an additional hour at room

temperature. Hydrogel crosslinking and L1 reduction were coordinatadisat reduced
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L1 solution was added to the hydrogels immediately upon completioadoted L1
concentration analysis, to minimize the possibility of disulfide bond refosmati

Following 1 hour incubation in reduced protein at room temperature, débe pl
was parafilmed and transferred to 37°C overnight with shaking. &kenmorning, gels
were rinsed with 200 of sterile PBS three times and hydrated inll00f sterile PBS
per well at 37°C until cell seeding. Hydrogels without proteimewgsed as negative
controls. Bacterial polystyrene wells with 1@/mL L1 and 10ug/mL reduced L1
adsorbed overnight were used as positive controls for visual conbrmatticell health
and bioactivity of reduced protein.

Cell Seeding

B35 cells were seeded at a density of 20,000 cells per 96-well in DMEM/F12 with
L-glutamine supplemented with 10% v/v bovine growth serum (Hyclone) aht) 36L
penicillin and 50 pg/mL streptomycin (Mediatech). Medium contgidif% serum was
chosen for initial experiments to enhance cell attachment toythedels. Primary chick
forebrain cells derived from 8-day old chicks as previously desttrio Chapter 5 were
seeded at a density of 20,000 cells per 96-well based on successftd of this seeding
density on 96-well bacterial polystyrene wells withud®nL L1 adsorbed overnight.

Cells were observed at 24 hours post-seeding.
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Preparation of Acrylated L1

These experiments are based on the immobilization method depictéet in

Chapter 6 (Figure 6.1C).
Concentration of L1

The L1 protein produced as previously described in Chapter V typatiajplayed
a concentration range of 60-168/mL; therefore, the protein first had to be concentrated
to a 1mg/mL concentration in order to prevent hydrolysis of tiSdster during
acrylation. A buffer exchange of two 1.5mL aliquots ofu@@mL L1 protein into 50mM
PBS, pH 7.4 with 6% salt concentration was performed utilizing 2.0Zetha desalt
columns (Pierce) according to the manufacturer’s instructions. pidtein was frozen
overnight at -80°C, lyophilized, resuspended in 1&0of sterile water in order to
maintain appropriate salt concentration, and stored at 4°C.

Acrylation Reaction

Analysis of the amino acid sequence of the 140 kDa cloned fragmehthezfsed
on GenBank accession no. NM_000425 (Appendix E) revealed that L1 contains 71
lysines per mol. Standard reaction conditions for NHS-containiogslinkers call for
0.1-10 mM concentrations. The L1 fragment cloned as described in Chajstex 140
kDa protein, and a 1 mg/mL solution is equivalent to 0.0071 mmol/L concentraiti
protein. Typically, 2 to 50-fold molar excesses of crosslinkemaed for reactions, and
a 50 molar excess of crosslinker to L1 was used, resulting in a Gz86&&ntration of
acrylate-PEG-NHS used for this reaction. A 10X solution of 12.4 inglcnylate-PEG-

NHS in anhydrous DMSO was made fresh for each reaction, arid dfCthis solution
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was added to 10@QL of 1mg/mL L1 for an organic solvent carryover of 10% final
volume in the aqueous reaction, and reacted for 2 hours at room tempevekure
shaking. At the completion of the reaction, a buffer exchange intdSBBS pH 7.4
was performed using 0.5 mL Zeba desalt columns (Pierce), accotdinthe
manufacturer’s instructions, to remove unreacted crosslinker anchsctwetamination.
The acrylated protein was stored at 4°C protected from light.
Electrophoresis of Acrylated L1

Samples of acrylated and non-acrylated L1 were immediatdigcted for SDS-
PAGE (sodium dodecyl polyacrylamide gel electrophoresis) ana(sigL protein
diluted in 6 pL PBS + 3 pL 4X reducing buffer) and immediatebzdén at -80°C.
Protein samples were separated by SDS-PAGE on a 6% polyactglgel using Tris-
glycine buffer under reducing conditions at 100V for 150 minutes. Thevaglsilver
stained (SilverSNAP Stain Kit II, Pierce) and imaged using a Kodak Electrophoresis

Documentation and Analysis System 120.

RESULTS AND DISCUSSION

Neuronal Differentiation of HT22 and B35 Cells

Figure 7.1 shows the phase contrast images of HT22 cells on different adsorbed

proteins under varying media conditions.
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Figure 7.1 Phase contrast images of HT22 mouse hippocampal cellsaahed to
protein-adsorbed wells under varying media conditions. Scalebar = 1Q0n.

HT22 cells proliferated extensively on adsorbed laminin and fibromentler all
media conditions tested, and on blank wells under 10% and 2% serumiorandit
Slightly less proliferation was observed on adsorbed L1 under 10% andeB%n
conditions. The cells exhibited limited attachment to adsorbed Lblan#& wells when
plated directly in serum-free media (data now shown); howevernglati 2% serum

media for 2 hours followed by replacement with serum-free m&dgplemented with
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20ng/mL NGF enhanced differentiation into a neuronal phenotype on both adkarbed
and blank wells, as evidenced by the arrest of proliferation andebelopment of
pyramidal neuron morphology with neurite outgrowth. Although L1 has Hescribed
as a potential survival factor for primary rat embryonic hippo@mpurons in serum-
free media [239], its survival role for the HT22 cell line is unknowmd @ this
experiment, HT22 cells did not attach when cells were platedtlglirec serum-free
media. The similar appearance of the L1 and blank wells for thee?&m media for 2
hours followed by replacement with serum-free media supplementie@®ng/mL NGF
condition may be attributed to adsorption of media proteins to tteplyobic bacterial
polystyrene surface during the 2 hour incubation in serum media.uged@04-acrylate
hydrogels limit protein adsorption, immobilization of L1 to these bgdls may enable

better evaluation of the role of L1 in HT22 attachment and neuronal differentiation.

Figure 7.2 shows the phase contrast images of B35 cells on diftetsotbed

proteins under varying media conditions.
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Figure 7.2 Phase contrast images of B35 rat neuroblastoma cellstaghed to
protein-adsorbed wells under varying media conditions. Scalebar = 1Q0n.

B35 cells survived and proliferated extensively on adsorbed laminth a
fibronectin under serum conditions with slightly less proliferation oleseon the 2%
serum followed by serum-free media condition. Less proliferatiam observed on L1
and blank wells under serum conditions and limited attachment occurred phdied
directly in serum-free media (data not shown). When cells plated in 2% serum for 2

hours followed by serum-free media, arrestment of proliferationrced on adsorbed L1
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and blank wells, but because B35 cells appear to extend neurites laleepraliferating,
it is difficult to distinguish changes in morphology. No differencesenobserved with
the addition of NGF to serum-free media (data now shown). Althougtindadi
morphological differences are not evident, limited attachment s tweblank wells in
2% serum for 2 hours followed by serum-free media as compareditalichtes that L1
does support attachment of B35 cells. Because T904-acrylategbiglionit protein
adsorption, immobilization of L1 to these hydrogels may enable ttduation of the

role of L1 in B35 attachment.

Primary Mammalian Neuron Dissection

Primary neurons are sensitive to media osmolalilty; embryomick brain has
measured approximately 272 mOsm [Bray, 1991 #729] and adult rat bsamdasured
approximately 307 mOsm. [Bandaranayake, 1978 #730] The measured osgsobdiliti
three of our media formulations are Basal Medium Eagle (BM#]l mOsm),
DMEM/F12 with L-glutamine (322 mOsm), and Neurobasal (224 mOsm}hoAgh
both BME and DMEM/F12 are close to the measured osmolality diraa, BME was
chosen for CNS-derived chick and rat neurons because it does noh degtatamine,
allowing supplementation at the time of use. L-glutamine is blestand is rapidly
decomposed into ammonia, which is toxic to CNS-derived neurons inrtoataans of

less than 606M. [354] [355, 356]
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Figure 7.3 shows extensive neurite outgrowth from rat postnatal dayebellar

neurons cultured on laminin. Rat cerebellar neurons also respondedfatoral (data

not shown).

Figure 7.3 Rat postnatal day 7 cerebellar neurons cultured on adrbed 10pg/mL
laminin. Neurons were cultured 24 hours and then stainetbr actin (red). Scalebar

= 10Qum.

Figure 7.4 shows extensive neurite outgrowth and neural networks from ra

postnatal day 7 dorsal root ganglia cultured on laminin.
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Figure 7.4 Rat postnatal day 7 dorsal root ganglia cultured on adsoda 1Gqug/mL
laminin. Neurons were cultured 24 hours and then stainefbr actin (red). Scalebar
= 10Qum.

Although DRG are a commonly used model to assess neural regametia¢ise
cells did not attach to adsorbed L1, but did attach to adsorbed fibronectin, on which CNS-
derived chick forebrain and rat cerebellar neurons did not attach ridashown). All
primary cells (chick forebrain, rat cerebellar, rat DRGpmnded favorably to adsorbed
laminin, as expected. In addition, DRG cell bodies are surroundeatddiite Schwann
cells that form a discrete anatomical unit. [25] Efforts tmoee these contaminating
Schwann cells by plating them out on bacterial polystyreneglatior to DRG cell
seeding resulted in incomplete removal of contaminating cells, resthitant Schwann
cell proliferation and an inability to ascertain if neuritegoawth was the result of glial

cell support or the cell adhesion molecule. Another approach takémiaege glial cell

160



contamination was to use cytosine arabinoside, a mitotic inhibitopréeent the
proliferation of Schwann cells; however, the DRG did not survive uhésetconditions,
possibly due to cytotoxicity resulting from noncompetitive antagommémerve growth
factor (NGF) that is essential for DRG survival. [357, 358] In kaien, rat postnatal
day 7 cerebellar neurons were determined to be the ideatazgan primary cell model

for future work with L1 immobilized to T904-acrylate hydrogels.

Cytocompatibility of T904-Acrylate Hydrogels with Primary Neurons

Figure 7.5 is a phase contrast image of chick forebrain neautused on 0.1%

PLL (positive control, 7.5A) and on 0.1% PLL in the presence of a hydrogel (7.5B).

HYDROGEL

Figure 7.5 Documentation of cytocompatibility. Phase contrast imageof chick
embryonic day 8 forebrain neurons cultured on (A) 0.1% PLL and B) 0.1% PLL in
the presence of a T904-acrylate hydrogel. Scalebar = 100.
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The bright, round cell bodies indicate healthy cells with no disbésrdafference
between the positive control and cells exposed to the hydrogelnairinsing prior to

cell seeding.

Neuronal Response to T904-Acrylate Hydrogels with Encapsulated L1

B35 and primary chick forebrain neurons showed little evidence ahatint to
hydrogels with encapsulated L1 pfJmL, comparable to hydrogels with no protein.
Positive controls of 96-well bacterial polystyrene wells vlithug/mL L1 and 10ug/mL
reduced L1 adsorbed overnight demonstrated significant attachmeptdifieration of
B35 cells, and significant attachment and neurite outgrowth of prictack forebrain
neurons at 24 hours. This is in stark contrast to the favorablelsgeasponse of NIH
3T3 fibroblasts on encapsulated fibronectin hydrogels of 50, 75, andud®oL
concentrations. NIH 3T3 cell attachment to fibronectin is pripamédiated through
RGD, an integrin binding tripeptide in the FN-Ill repeat; howeverdtgains 1-6
reproduce the full biological activity of the entire L1 extradal region, while Ig
domains 1-4 are the minimum regions necessary for homophilic bindd] [ Ig
domains 1-6 are linked by disulfide bonds and these bonds are reducé&ilWiprior to
encapsulation within the T904-acrylate hydrogels. We therefqethgsize that the L1
protein loses bioactivity upon encapsulation into T904-acrylate hydregelMichael
addition because of a change in conformation that occurs when the redsigkidedi
bonds of Ig domains 1-6 bind with acrylate groups within the hydrogsla result, no

further experiments were conducted utilizing encapsulated L1.
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Neuronal Response to T904-Acrylate Hydrogels with
Surface-Immobilized Reduced L1

B35 and primary chick forebrain neurons showed little evidence ahatint to
hydrogels with reduced L1, comparable to hydrogels with no profeasitive controls
of 96-well bacterial polystyrene wells with 1@/mL L1 and 10ug/mL reduced L1
adsorbed overnight demonstrated significant attachment and pradifecdt B35 cells,
and significant attachment and neurite outgrowth of primary dioiebrain neurons at
24 hours. Acrylate groups are inherently hydrophobic because theirCIEH=
carbonaceous side groups are non-polar and thus do not attract watgiyst We
hypothesize that this immobilization technique failed because thigerant
hydrophobicity of the acrylate groups contributes to their retreat within thedmsidrpon
application of the hydrophilic reduced L1 solution, thus hindering the Mickddition
protein conjugation reaction. An alternative explanation is thdilttation method used
may not be sufficient to remove all excess DTT, possibly iagult a reformation of L1
disulfide bonds prior to adding the solution to the hydrogels. As a resuliurther
experiments were conducted utilizing reduced L1.

Acrylation of L1 For Surface-Immobilization To
T904-Acrylate Hydrogels

Analysis of the amino acid sequence of the 140 kDa cloned fragmefthzsed
on GenBank accession no. NM_000425 (Appendix E) revealed that L1 contains 71
lysines per mol, and the acrylate-PEG-NHS used to acrylatengctin has a molecular
weight of 3450 Da. Conjugation of 1-4 lysines per mol of L1 wittylate-PEG-NHS

should result in an estimated 3-13kDa increase in molecular weigtgure 7.6
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demonstrates an approximate 8-10 kDa increase in molecular vegighé acrylated
protein as evidenced by lane 3. This data demonstrates succesghitian of the L1

protein.

250 kDa

150 kDa

-

100 kDa

75 kDa

Figure 7.6 Documentation of L1 acrylation. Proteins were separatedtilizing SDS-
PAGE and stained with Silver Stain (Pierce). Lane 1, moletar weight marker;
lane 2, L1; lane 3, acrylated L1. Gels were loaded with equal gntities of total
protein (3 pg/lane).

Previous efforts to acrylate lower concentrations of L1 were wesstul, likely due to

hydrolysis of the NHS-esters.
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CONCLUSION

In conclusion, these studies demonstrate that both HT22 and B35 cellsemay
used to model neuronal cell response to immobilized L1 on a hydrogate when
cultured in 2% serum for 2 hours followed by serum-free media widhvathout NGF,
respectively. B35 cells display clearer evidence of attachtodrt and do not require
the addition of NGF; however, B35 are loosely adherent and care mtedtdmewhen
changing media to avoid cell detachment. Mammalian neuron d@sectithods for rat
postnatal day 7 cerebellar neurons and dorsal root ganglia wetepal;ebut cerebellar
neurons were determined to be the ideal primary mammalian neunodal for future
L1 studies. T904-acrylate hydrogels with no rinsing prior tbsseding were not toxic
to primary chick embryonic day 8 forebrain neurons cultured on P24 &ours. These
studies also indicate that hydrogels with encapsulated and reldiiead not suitable for
neural regeneration strategies, possibly due to a conformationgecbhthe protein and
hydrophobicity of acrylate groups, respectively. SDS-PAGE analysmonstrated
successful acrylation of the L1 protein, but only when a 1 mg/mL caatient was
used; lower concentrations were probably not sufficient to prevent kgdradf the
NHS-ester during the acrylation reaction. Future work should indélutieer analysis of
immobilized acrylated L1 to T904-acrylate hydrogels to study alerggeneration at
early timepoints with the conditions described for HT22 or B35 neu®iblines and

with chick embryonic day 8 and rat postnatal day 7 primary neurons.
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CHAPTER EIGHT

CONCLUSION AND RECOMMENDATIONS

CONCLUSION

The first objective of this research was to clone and exprdssactive 140kDa
fragment of L1 neural cell adhesion molecule, chosen forrit&at role in proper
nervous system development and because it has demonstrated selettivéuron
adhesion in the presence of astrocytes, which play a major molervous system
inflammation. These studies described the expression of a 140 kieedlular

fragment of L1 in the baculovirus/insect cell expression systémam average yield of

approximately 250-300 pg per 1>?1High Five cells and comparable neurite outgrowth
as compared to commercially available mammalian L1-Fc (R&D Bwte

The second objective of this research was to synthesize adrylatronic
macromers and develop Michael addition methods for hydrogel crossjiakid protein
immobilization, and to evaluate hydrogel cytocompatibility, immabdi protein
bioactivity, and immobilization efficiency in terms of cell spiiggy and proliferation
using NIH 3T3 fibroblasts and fibronectin. Using a model cell Vuith a well known
RGD-dependent interaction allowed the demonstration of the feasibility afytism for
neural repair. Acrylated Tetronic macromers were synthegszepreviously described
and typically demonstrated approximately 83% acrylation eficy. Methods
developed for hydrogel crosslinking included using a 1:1 acrylate:tiaitod for
encapsulated protein, a 1.1:1 acrylate:thiol ratio for surface-imipethiteduced protein,

and a 1:1.1 acrylate:thiol ratio for surface-immobilized acrylated protein.
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Heggli et al. demonstrated functionalization of poly(styrene)-g&-PEads with
acrylic groups using Michael addition conjugation of cysteine and aniBo acid
peptide in aqueous solution [359]; however, the studies described in shestdiion
demonstrated failure of fibroblast spreading on hydrogels with peradaylate groups
incubated in reduced fibronectin solution. The failure of cell spreadagbe the result
of (1) inaccurate acrylate:thiol ratio calculations, (2)itéd protein conjugation to the
surface, (3) a lack of conjugated protein bioactivity as atresudonformation change
due to disulfide bond reduction, or (4) disulfide bond reformation prior to corgagat
The 10% excess acrylate may not be sufficient to leave pendant uni@agtate groups
on the hydrogel surface because the acrylate:thiol ratio weslatad based on the
estimated molecular weight of T904-acrylate. Because our T@@¥ate products
typically displayed approximately 83% acrylation efficien@gd acrylate groups may be
present than what was assumed for the calculation, resulting inreacted pendant
acrylate groups within the hydrogels. The acrylate:thiolutalon should be refined to
incorporate the acrylation efficiency for a more accurat® mstimation, and studies
using varying percentages of excess acrylate should be conducptiniize conditions
for hydrogel crosslinking and for surface-conjugation of reducedem. Another
potential problem is that acrylate groups are inherently hydrophbbtause the
CH=CH2 carbonaceous side group is non-polar and thus does not attracstrostgly,
and incubation of hydrogels with pendant acrylate groups in aqueouseftbiro solution
may not favor Michael addition surface-conjugation of reduced protemalt&rnative

method to coax hydrophobic acrylate groups to the surface by crosglihikdrogels
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between glass slides with a hydrophobic coating, such as RaimXbenemployed to
test this theory; however, polymerization between glass is anslatable to the long-
term objective of crosslinking hydrogels within the fiber grooves.

As discussed in Chapter 6, control wells with adsorbed reduced fibrorgecti
bacterial polystyrene plates did demonstrate fibroblast spreadohgroliferation, which
could either indicate that disulfide bond reduction did not impact biogctf¥iadsorbed
fibronectin or that disulfide bonds reformed. Reduced fibronectin wagedilto 100
ug/mL in 50mM PBS pH 7.4, which does not contain divalent cations ariteis
appropriate buffer for Michael addition conjugation. It is possiblé tha column
filtration performed following fibronectin reduction was not sufiti to remove excess
DTT resulting in a reformation of disulfide bonds and possibly conjugati@¥afthiols
to hydrogel pendant acrylate groups; an alternative approach to sauige reducing
agents for protein reduction that would eliminate the need for coliltration and
reduce the time prior to adding protein solution to the hydrogédsuse an immobilized
reducing agent, such as Pierce Immobilized TCEP Disulfide Reglu@el (Product
#77712). An indirect Enzyme-Linked Immunosorbent Assay (ELISA) usngiRP-
conjugated anti-fibronectin antibody and a fluorogenic substragec@PQuantaBlu) may
be used to test if fibronectin is conjugated to the suface of wedpels but will not
assay the bioactivity of the immobilized protein. Conjugation of fibetin thiols to
acrylate groups on the hydrogel surface may induce a differentrpoateiormation than
adsorption that may interfere with bioactivity even if conjugatssauccessful; however,

the success of encapsulated reduced fibronectin in promoting fibreplestding and
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proliferation implies that covalent immobilization of reduced fibrdimeas not
detrimental to bioactivity. There is also evidence that doilfbond reduction is
important to fibronectin’s bioactivitin vivo. Fibronectin multimer formation occuns

vitro via the C-terminal free thiols upon exposure to a thiol reagent [343a8d#] vivo
depending upon exposure to metal ions [345], and homocysteine binding taa plasm
fibronectin in vivo is mediated through thiol-disulfide exchange at the C-terminal
disulfide bonds.[346] In addition, fibronectin’s bioactivity is linked hwihe RGD
tripeptide in the FN-11I repeat, which does not contain disulfide bonds. [324, 325]

For both encapsulated and acrylated fibronectin, concentrations of 50, 75, and 100
ug/mL promoted maximum fibroblast spreading, and both methods displayed a
maximum cell spread area of approximately 340F with 100 pg/mL of fibronectin.

Prior studies using 10@g/mL of thiolated fibronectin immobilized to polystyrene
surfaces through Pluronic-pyridyl disulfide (F108-PDS) modificatdemonstrated cell
surface areas >80Q0n’ [339]; therefore, future work may include higher concentrations
of fibronectin to determine if increased fibroblast spreadingsame attainable on
encapsulated and surface-immobilized acrylated fibronectin hydrogEhcapsulated
fibronectin supported fibroblast spreading at lower concentrations thgmatad
fibronectin; cell spread area of approximately 2000 was observed on hydrogels with
2.5ug/mL of encapsulated fibronectin and 2% mL of acrylated fibronectin.

Only encapsulated 10Qug/mL fibronectin hydrogels supported fibroblast
proliferation at 5 days, indicating that hydrolytic degradatiorthef hydrogel rapidly

erodes the surface layer of conjugated fibronectin, within 48 hours. ali&rnative
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approach for enhanced control of hydrolytic degradation may be@ah of the T904
terminal hydroxyl groups with various chloroalkyl chloride chemio&rmediaries to

generate an acrylamide-terminated Tetronic macromer (Figure 8.1).

/ 0 0
x____f)-.:_‘"ﬁ‘D%F&NHCHECHEI\HEECA=CH3
}
ChH, chlorcacetyl chloride
" E:H 2-chlo-opropionyl chloride
CH;

CHCH,CH,  d-chlo-obutyryl chloride

Figure 8.1 Acrylamide-Terminated Tetronic Macromer

The final objective of this research was to assess HT22 andeBfénse to L1 in
order to establish a model neuronal cell line, to establish methods for primaryati@mm
neuron culture, to evaluate the cytocompatibility of T904-acrylatdrogels with
primary neurons, and to develop immobilization methods for L1. These studie
demonstrated that B35 cells displayed clearer evidence ohmutat to L1, but only
when cultured in 2% serum for 2 hours followed by serum-free medigeves, bacterial
polystyrene plates do adsorb protein which may account for thatsathment observed
with both serum media conditions. B35 cells demonstrated a lactaohatent to T904-

acrylate hydrogels with no protein when used as negative controlsnamabilization of
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L1 to these hydrogels may better enable the elucidation of lalraquirement for cell
attachment. Dissection protocols were established for both rat {abstag 7 cerebellar
neurons and DRG; however, only cerebellar neurons attached and extendiées on
L1, thus demonstrating their suitability for future studies with mairan neurons out of
the cell types tested. T904-acrylate hydrogels with no rinsiioy to cell seeding were
not toxic to primary chick embryonic day 8 forebrain neurons culturé¢de presence of
the hydrogel with no rinsing on PLL at 24 hours.

These studies demonstrated failure of B35 cell and chick embryonic8 day
forebrain neuron attachment to hydrogels with encapsulated andecedii. The
proposed mechanisms of failure as discussed for surface-immbbilizaf reduced
fibronectin also apply to surface-immobilization of reduced L1; howedhe additional
failure of encapsulated L1 indicates a loss of protein bioactivitydaotonstrated with
encapsulated fibronectin. All six immunoglobulin domains of L1 have beewn to be
required for full bioactivity [274], and their quaternary horseshoe tsteiclepicted in
Figure 8.2 is important for homophilic binding interactions that aitecalr for neural
applications. Reduction of the L1 protein with DTT breaks the disulbdeds
responsible for this quaternary structure. Although positive contr@dsafrbed reduced
L1 on bacterial polystyrene demonstrated B35 attachment and pradferatd chick
embryonic day 8 neuron attachment and neurite outgrowth, covalent inratdi of

reduced L1 appears to effect a loss in bioactivity.
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Figure 8.2 Quaternary Structure of L1 Ig Domains
(Reprinted from Haspel and Grumet, 2003 [241])

In addition, these studies demonstrated that a 1mg/mL concentratidn veas
necessary for acrylation of the protein to prevent hydrolysis dilt®-esters during the
acrylation reaction; however, surface conjugation and confirmatidmoattivity is yet
unproven. Surface-conjugated acrylated L1 may not be bioactive ifguleernary
horseshoe structure is disrupted or if the primary amine at tte¥nNAus is bound,
effectively reversing the orientation of the protein as it appears onltisaidace.

It was stated previously that selection of an appropriate imination chemistry
is likely to be critical for full retention of L1 bioactivity bad on the increased number
and distribution of bioactive regions in L1. An alternative approadest the bioactivity

of immobilized L1 in physiologically relevant orientation is gmmalation or surface-
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immobilization of NTA-PEG-acrylate previously synthesized in the lalcdojugation to
the 6X Histidine tag added to the C-terminus of the insectdeeited 140 kDa L1

fragment (Figure 8.3).

NTA-PEG-Acrylate

Cg}%ex His | NiSO,

Figure 8.3 Immobilization of L1 through 6X His Tag
(Reprinted from Lee et al., 2007 [360])

Although this method will not overcome the instability of immobilizggnds
within or on the surface of T904-acrylate hydrogels, resulting fitodrolytic
degradation of the hydrogels and the potentiairforivo enzymatic degradation due
to the presence of reducing enzymes such as thioredoxins [36Hy ibe useful for

demonstrating the importance of maintaining physiologic proteimntation for
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bioactivity. The insect cell-derived 140 kDa L1 fragment alsoainsta 14 amino
acid V5 epitope (-Gly-Lys-Pro-lle-Pro-Asn-Pro-Leu-Leu-Glgtl-Asp-Ser-Thr-)
prior to the 6X His tag recognizable by Invitrogen anti-V5 antib@g..). Another
possible immobilization method to maintain physiologic orientation gfdlthough
with limited clinical applicability, is encapsulation or surfagenobilization of
acrylated anti-V5 antibody generated using acrylate-PEG;NbBl$ind to the C-

terminus of the L1 protein.

RECOMMENDATIONS

A major limitation of using adherent cultures for protein producti®rthiat
relatively small amounts of protein may be produced at any dives due to the
requirement for large amounts of incubator space. In addition, indéctreguire a
separate incubator from mammalian cells because they areedudtiu27C with no CQ.
The insect cell culture system described in Chapter 5 typigadlded 1.8mL of 160
ng/mL concentration of L1 from 4- 175¢ri-flasks. These studies have demonstrated
the necessity for a 1mg/mL concentration of L1 in order to sutidkysacrylate the
protein. In order to obtain sufficient quantities of protein to contihigerésearch, large-
scale transfections will be required. For example, 1mL of 1mglamcentration L1 is
enough protein to test 100 conditions in 96-well plates usingg{BQ. concentration.
To produce 1mL of 1mg/mL will require 6.25mL of 16@/mL, or 14 flasks. An
alternative approach that may be considered is perfusion bioréatdnggher protein

production. [362, 363]

174



Additional considerations for long-term studies include analysis of theqmue
mechanical properties for hydrogels to optimize neurite outgrawith the effect of loss
of mechanical properties due to hydrogel degradation on neurite outgrowth. Growth cone
advance is mediated by a minimum “threshold” value of tension [364], and & al.
demonstrated greatest neurite extension from PC12 cells seededGadideEylate
hydrogels with an elastic modulus in the range of approximateB0BOkPa. [215] In
this work, only 23% T904-acrylate hydrogels were tested in daevaluate protein
conjugation strategies; however, future studies should be conducted to evakeat
hydrogel mechanical properties over a varying T904-acrygateentration range in an
effort to optimize conditions to provide a synergistic benefit to iteewutgrowth.
Analysis of the appropriate mechanical properties for fibersdbase spinal cord
mechanics is also warranted. Several studies have exatheetcoelastic behavior of
the spinal cord. [201-204] In addition, as discussed in Chapter 4, disaesparist in
the reported values of elastic modulus for the spinal cord and no cosdes been
reached regarding the appropriate elastic modulus for neural scaf2@i8s206, 208]

A final future consideration is analysis of clearance oflatey and acrylamide-
terminated Tetronics and PLA breakdown products in the CNS. Totaheabf pH 7.33
cerebrospinal fluid is 125-150ml with a turnover rate of 3-4 times per day, or Or@ml/
(500 ml/day). [365] Radiolabeled PEG clearance following brain tiojgdhas been
examined [366], and the potential neurotoxicity of acrylic acid asrglamide must be

assessed. [367] PLA has demonstrated biocompatibility for spamel applications
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[289], and studies have demonstrated that cerebral spinal fluid (€Ségpable of

buffering and eliminating 3 mM/L increases in lactic acid. [368, 369]
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APPENDIX A

SYNTHESIS OF T904-ACRYLATE WITH TEA, 30g REACTION

Materials/Chemicals

05

505

Material/Chemical Vendor Part Number Storage
Tetronic 904 BASF 30085638| Chemical cabinet
Toluene HPLC Fisher T290-4 Flammable cabinet
Dichloromethane Acros | 61005-0040| Flammable cabinet
HPLC (Fisher)

Ethyl ether anhydrous,| Fisher E318-20 Flammable refrigerator in 5
BHT stabilized
Hexanes HPLC Fisher H302-4 Flammable cabinet
Triethylamine (TEA) Acros | 157911000 | Chemical cabinet

(Fisher)
Acryloyl chloride 96% Sigma| A24109-500 Flammable refrigerator in
Calcium hydride 93% | Acros 196791000 | Flammable cabinet
0-20mm grain (Fisher)
Molecular sieves Fisher | BP2631-500 Chemical cabinet
(Grade 514, Type 4A,
8-12 mesh)
Celite fine 500 Fluka 22145 Chemical cabinet

(Sigma)
Sodium sulfate Fisher S421-3 Chemical cabinet
anhydrous
4-Methoxyphenol 99%| Aldrich M18655 Chemical cabinet

Table A.1: Materials/Chemicals used for Synthesis of T904-Acrylate

Safety

Wear nitrile gloves when handling organic solvents and triple glove so that total
glove thickness is at least 15mil (our gloves are 5mil). If solvent spills ongglove
immediately remove outer glove and replace (solvents - particularly ethe
dichloromethane, toluene, hexane - can penetrate nitrile gloves in under 4 minutes).
Latex gloves should not be worn to handle solvents as the permeation rate is much
quicker (in seconds for dichloromethane).
Wear lab coat, safety goggles, and nitrile gloves when handling organiotscvel
always handle under the chemical fume hood.
Calcium hydride is extremely reactive and must be handled with carpage).
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General Notes

e Parafilm all chemical bottles to prevent moisture penetration.

¢ Clean rotavap with acetone before and after each use.

e Clean and dry glassware as it is used or there will not be enough for albsteps
allow solvent volatilization under the chemical fume hood first.

Preparation for Synthesis

Make sure all glassware has been cleaned with sodium hydroxide, rinsed sitxlea
times with DI water followed by one acetone rinse, and completely dried in 60°C oven
overnight:
e Condenser
Connector
Round bottom reaction flasks
Evaporator trap with inner vapor tube at bottom
Addition funnel
Separation funnel
Buchner funnels
Filter flasks
Erlenmeyer flasks
Glass stopper
Teflon valves with washers

Glassware used for the reaction and final filter/rotavap/precipitatips afeer sodium
sulfate wash must be extremely dry and should be dried under vacuum at 100°C for 3
hours and then left to cool under vacuum overnight until use (use vacuum oven).

Make Dehydrated Dichloromethane In Advance

e Typically prepare at least 500mL for each 30g reaction.

e Prepare bottle for dehydrated dichloromethane storage and activated mdmsuaa
by drying under vacuum at 110°C for 3 hours and then leave to cool under vacuum
overnight until use. Activated molecular sieves may be stored under vacuum for one
month.

e Cover the bottom of a 1L glass bottle with calcium hydride, add 1L of
dichloromethane and mix overnight with stirring. The cap should be closed.

e Filter dehydrated dichloromethane on ice bath using a vacuum-heated and dried
Buchner funnel with filter paper and Celite fine 500 into a vacuum-heated and dried
1L filter flask.

e Repeat the previous step using only filter paper to remove any Celite.

179



e Transfer filtered dehydrated dichloromethane into vacuum-heated and drie&t am
glass bottle with activated molecular sieves for storage. Dehydratedrditigthane
may be stored for one month.

e SAFETY NOTE: Calcium hydride reacts violently with water, acids, lower alcohols,
and heat to produce hydrogen gas and caustic calcium hydroxide. The hydrogen gas
may be ignited by the heat of the reaction. In the event of fire, use dry ehdimie
or dry sand. DO NOT use water, foam, carbon dioxide, or halon.

e PROPER DISPOSAL OF CALCIUM HYDRIDE : Allow solvent to volatilize off
the calcium hydride overnight under the chemical fume hood. Dispose of dried
calcium hydride in the labeled plastic container that is stored in the flamsnable
cabinet under the hood. Ensure the lid is tightly sealed.

Procedure
ALL STEPS MUST BE PERFORMED UNDER CHEMICAL FUME HOOD!
Day 1 - Azeotropic Distillation and Reaction:

e T904: 30g (MW6700)

e Dehydrated dichloromethane: 300 mL

8x£35,x 9051
114

4x 28.x10119

0.72¢€

e 8X Acryloyl chloride: ~ 2.910m|

e 4X Triethylamine (TEA): ~ 2.496ml|

1. Refer to figure A.1 at the end of this protocol for the azeotropic distillation set-up.

2. Start this early in the morning so the reaction is begun early afternoon in order to
allow time for Day 2 steps during the day (reaction needs 24 hours).

3. Use oven dried glassware (condenser, connector, round bottom reaction flask).
4. Weigh T904 with a beaker and dissolve it in 100ml toluene (tare a 150 mL beaker
on the balance to measure T904). Allow to dissolve for several minutes while

stirring vigorously with spatula.

5. Decant dissolved T904 step 2into the reaction flask. Add an additional
100mL, stir vigorously, and decant into reaction flask. Repeat for a total volume
of 300mL.

6. Set up the azeotropic distillation system with magnetic bar inside the flask
(parafilm all connections, wrap with glass fibers and foil to insulate, connect
water line and drain to condenser and clamp in place using binder clips). Refer to
the last page of this protocol for an explanation and diagram of azeotropic
distillation.

7. Allow T904 solution to stir for about 10 minutes prior to heating up the oil bath.

8. Heat the reaction flask (hot oil bath) up to 130°C.
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9. Boil the flask. As water is removed, it will appear to be cloudy and white in the
connector column.

10.The connector column volume is approximately 30mL. Boil off a total of
approximately half of the solution volume (150mL). Boil off 120mL, allow the
column to fill and reflux for one hour, then stop the distillation and cool down the
reaction and remove the final 30mL (approximately 2 hours).

11.Vacuum-evaporate at 90°C to remove the toluene using the evaporator trap with
inner vapor tube at bottom.

a. Use the lower power vacuum pump, 90°C water bath, and maximum
rotation (should take approximately 30mins - 1 hr). Add ice on the
cooling trap.

12.Dissolve purified T904 in 240ml dehydrated dichloromethane.

13. Set up the reaction batch with stirring system.

14.Pipette TEA to the reaction flask and allow to mix for several minutes with
stirring on an ice bath.

15. Cool down the reaction flask for several minutes.

16. Attach the addition funnel to the top of the reaction (parafilm the connection) and
add the acryloyl chloride solution in 60ml dehydrated dichloromethane into the
addition funnel.

17.Dropwise-addstep 12solution into the reaction slowly (within 2hrs) using a
steady continuous drip. Add ice to ice bath as needed.

18.When all the acryloyl chloride solution has been added, move the reaction system
to cold room on 5 floor (put aluminum foil around the reaction flask to protect it
from light, grease the fitting, parafilm the closure).

19.Run the reaction with stirring in the cold room £2F hours

Day 2 — Filtration, Ether/Hexane Precipitation:

1. Stop the reaction and filter with filter paper and Celite fine 500 using a Buchner
funnel once to remove TEA-HCI. Filter one more time with filter paper without
Celite using a Buchner funnel to remove the remaining Celite in the product.
Make sure to use dry funnels and filter flasks and use a new funnel/flasklior ea
filtration step. Add solution slowly as it is very viscous and will clog the fiter
too much is added too quickly.

2. Add 2 chips of 4-methoxyphenol and allow to dissolve for 5 minutes.

3. Vacuum-evaporate at 30°C to remove the dichloromethane using the evaporator
trap with inner vapor tube at bottom.

a. Use the lower power vacuum pump, 30°C water bath, and maximum
rotation (should take approximately 1 hour). Add ice on the cooling trap.

4. Using an Erlenmeyer flask, precipitate in 50/50 ether/hexane. Total volume
should be 500mL. Add 250mL of ether to reaction flask and swirl and transfer to
Erlenmeyer flask. Then add 250mL of hexanes to reaction flask (to try and
remove as much product as possible from the reaction flask) and swirl and
transfer to Erlenmeyer flask. Mix with stirring for at least 5 minutes.
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5.

Remove stir bar, seal Erlenmeyer flask with rubber stopper and wrap with
parafilm, cover entire flask in foil and label, and place flask in flammadéz ér
in 505 at -20°C and allow precipitated product to settle overnight.

Day 3 — pH Neutralizations and Final Precipitations (4 precipitations total):

1.

2.

9.

Quickly decant the waste solvent without disturbing the settled product at the
bottom.

Redissolve the product in 300 mL dichloromethane (does not have to be
dehydrated as water will be added during washing steps). Check pH (typically
will be pH 4.0 before starting the wash steps).

Transfer the product to the separation funnel. Make sure the Teflon valve has a
gasket or it will leak.

Wash it with 30ml 10% NaHCgbnce and shake the funnel gently, opening the
valve periodically to release the gas. If using different reaction, sigesl0% of

the total volume for washes. Place the funnel back in the ring holder, remove the
top, and allow the bicarbonate solution to separate out (water will rise to the top
and appear opaque white). Use a piece of rubber hose to “whip” the funnel to
encourage separation if needed. Open the valve to pour off the product into a
clean, dry beaker, stopping when reaching the separated waste. Remove the
waste to a separate beaker.

Check the pH of the product and repgtap until the pH is neutralized (pH 7.0)

by pouring the product back into the separation funnel (typically 2 washes).
Once product pH is neutralized, add 30ml double-deionized (Millipore) water
instead of 10% NaHC£and follow the method istep 9 to remove sodium
bicarbonate. Ensure the pH of the product AND the water waste are neadral, a
then do 2 water washes beyond what is required for neutral pH (typically 4-6 total
water washes).

. Add sodium sulfate to the product beaker to dehydrate (approximately 4-6 times)

until the solution becomes clear. Add approximately one small weigh boat of
sodium sulfate (just enough to cover the bottom of beaker), mix using a spatula
for approximately 5 minutes, allow to settle, then pour into another beaker and
repeat. Add a very small amount of dichloromethane (not dehydrated) to the
waste sodium sulfate to remove any remaining product and add this back to the
product. When all the water is removed, the sodium sulfate will become salt-like
with individual particles moving instead of slushy and the product will be very
clear. The final wash should be in an Erlenmeyer flask so it can be sealed
overnight. Dump waste sodium sulfate onto aluminum foil for disposal (allow
solvent to evaporate first).

Once the solution becomes clear (typically after 4 washes), allow sodiatesulf
to settle and filter the product with filter paper using a Buchner funnel to remove
sodium sulfate.

Decant solution to a new dry round bottom flask.

10.Add 2 chips of 4-methoxyphenol and allow to dissolve for 5 minutes.
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11.Vacuum-evaporate at 30°C to remove the dichloromethane using the evaporator

trap with inner vapor tube at bottom.
a. Use the lower power vacuum pump, 30°C water bath, and maximum
rotation (should take approximately 1 hour). Add ice on the cooling trap.

12.Using an Erlenmeyer flask, precipitate in 50/50 ether/hexane. Total volume
should be 500mL. Add 250mL of ether to reaction flask and swirl and transfer to
Erlenmeyer flask. Then add 250mL of hexanes to reaction flask (to try and
remove as much product as possible from the reaction flask) and swirl and
transfer to Erlenmeyer flask. Mix with stirring for 5 minutes.

13.Remove stir bar, seal Erlenmeyer flask with rubber stopper and wrap with
parafilm, cover entire flask in foil and label, and place flask in flammadéz ér
in 505 at -20°C and allow precipitated product to settle overnight.

14. Quickly decant the waste solvent without disturbing the settled product at the
bottom. Dispose of waste solvent in the appropriate waste container.

15.Using an Erlenmeyer flask, precipitate in 100% ether. Total volume should be
500mL. Mix with stirring for 5 minutes.

16.Remove stir bar, seal Erlenmeyer flask with rubber stopper and wrap with
parafilm, cover entire flask in foil and label, and place flask in flammadéz ér
in 505 at -20°C and allow precipitated product to settle overnight. If possible, try
to do two precipitations per day (early morning and late evening), but if the
product is not settled, leave overnight.

17.Repeat 100% ether precipitations two more times for a total of three (3) 100%
ether precipitations.
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Final Day — Dry Product and NMR:

1.

Set-up a small dessicator with dessicant and place it in a large Styrcdosen

on ice. Vent the dessicator into the chemical fume hood. Ensure the ice level is
below the top of the dessicator to prevent moisture infiltration when opening and
closing the dessicator.

Allow the dessicator to cool down for at least 30 minutes under vacuum prior to
drying any product in it. Ensure vacuum pressure is > 20psi.

Tare the balance and weigh a dry large Petri dish and take note of the weight (in
order to determine final yield of product).

Quickly decant the waste solvent without disturbing the settled product at the
bottom. Dispose of waste solvent in the appropriate waste container.

Pour the remaining product/solvent mix into the Petri dish for drying. Do not fill
Petri dish beyond half full or the product will be forced out of the Petri dish when
under vacuum. Dry in multiple steps if necessary, but keep product cold and
protected from light (in -20C freezer). Ensure vacuum pressure is > 20psi.
Place the Petri dish into the vacuum chamber and dry under vacuum on ice for at
least 4 hours (6-8 hours if possible). Replace ice as needed.

Once the product is dried and all the ether is removed, weigh the Petri dish and
determine the final yield of product.

Check NMR of product in chloroform and determine reaction efficiency (25mg
product in ImL chloroform).

Store the final dried product in a labeled closed container at -20°C (or cover the
Petri dish with foil and label).
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Azeotropic Distillation

An azeotropic mixture has a boiling point that does not change when vapor is removed by
evaporation. The boiling point may be higher or lower than any of tg@aeents of the
mixture, e.g. a toluene / water mixture has bp 85.0°C, but bp toludri®.8C and bp

water is 100.6C. Steam distillation is used to separate volatile from nonilelat
components and the reduction in boiling point reduces thermal decomposdiotineF
toluene-water system, below &5 the two liquid phases coexist. At°8the sum of the

vapor pressures of water and toluene = one atmosphere, and boiling starts.

In a mixture of toluene and water, boiling occurs &&nd both water and toluene are
in the vapor that condenses to form two layers. The bottom layerisr has 0.06%
toluene dissolved in it. The top layer of toluene has 0.05% water didsolvie The
relative volumes are 18% water and 82% toluene. The excess tlmesdack into the
flask and distils back over with more water. AC8@5vapor pressure of water = 57.7 kPa
and vapor pressure of toluene = 50.6 kPa.

Weight of water = molar mass,,q., (9/mol) N Vapor pressure, e _Ex SIT _ 0.250. = 25%

molar Mass, ene (9/Mol) ~ Vapor pressureene 82 506

[The most common unit for vapor pressure isttire 1 torr = Imm Hg (one millimeter
of mercury). The international unit for pressure igakcal= a force of Inewton per
square meter = 18yn/cm? = 0.01lmbar 0.0075 mmHg = 0.00000968tn= 0.00014
psi] Be careful! Do experiment in a fume hood because toluene vapor is harmful.

: Condenser

Designed
with
exlra

«— Connector

Figure A.1 Azeotropic Distillation Set-Up
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NOTE: Designed specifically for azeotropic distillation ussadvents lighter than water.
The set-up depicted in Figure A.1 uses a Dean-Stark trap that comes stattdardmn
bore PTFE stopcock. The 12mL and 25mL traps use a 2mm bore stopcockdon\e
use this set-up with the thermometer in a reaction flask. idglys connect the top of a
round-bottom reaction flask directly to the connector end and wrap dhisvggh glass
fibers and aluminum foil.
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APPENDIX B
GENBANK AMINO ACID SEQUENCE FOR BOVINE SERUM FIBRONECTIN
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=462100

LOCUS P07589 2265 aa linear MAM 10-JUN-2008
DEFINITION Fibronectin (FN).
ACCESSION P07589
VERSION P07589.3 GI:462100
DBSOURCE swissprot: locus FINC_BOVIN, accesdiY589
class: standard.
created: Apr 1, 1988.
sequence updated: Feb 1, 1994.
annotation updated: Jun 10, 2008.
xrefsK00800.1 AAA30521.2

L = LYSINE, 122 total
C = CYSTEINE, 64 total

1 gaqqivgpgs pLtvsqgskpg Cydngkhyqgi nggwertyLg saLvCtCygg srgfnCeskp
61 epeetCfdky tgntyrvgdt yerpkdsmiw dCtCigagrg risCtianrC heggqsykig

121 dtwrrphetg gymLeCvCLg ngkgewtCkp iaekCfdgaa gtsyvvgetw ekpyggwmmv
181 dCtCLgegsq ritCtsrnrC ndqdtrtsyr igdtwskkdn rgnLLqCiCt gngrgewkCe
241 rhtsLgttsa gsgsftdvrt aiygpqphpqg pppyghCvtd sgvvysvgmqg wLktqgnkgm
301 LCtCLgngvs Cgetavtgty ggnsngepCv Lpftyngktf ysCttegrqd glstisc
361 yeqdgkysfC tdhtvLvqtr ggnsngalLCh fpfLynnhny tdCtsegrrd nmkwCgttgn
421 ydadgkfgfC pmaaheeiCt thegvmyrig dgwdkghdmg hmmrCtCvgn grgewtCvay
481 sgLrdqCivd gitynvndtf hkrheeghmL nCtCfgggrg rwkCdpvdqC qdsetrtfyq
541 igdswekyLq gvryqCyCyg rgigewaCgp Lqtypdtsgp vqviitetps gpnshpigws
601 apesshisky iLrwkpknsp drwkeatipg hLnsytikgL rpgvvyegqgl isvghygqgre
661 vtrfdfttts tspavtsntv tgettpLspv vatsesvtei tassfvvswv sasdtvsgfr
721 veyelLseegd epgyLdLpst atsvnipdLL pgrkytvnvy eiseegeqnL iLstsqttap
781 dappdptvdg vddtsivvrw srprapitgy rivyspsved ssteLnLpet ansvtLsdLq
841 pgvqynitiy aveenqestp viiggettgv prsdkvpppr dLgfvevtdv kitimwtppe
901 spvtgyrvdv ipvnLpgehg grLpvsrntf aevtgLspgv tyhfkvfavn ggreskplLta
961 ggatkLdapt nLgfinetdt tvivtwtppr arivgyrLtv gLtrgggpkqg ynvgpaasqy
1021 pLrnLgpgse yavsLvavkg nqqsprvtgv fttLgpLgsi phyntevtet tivitwtpap
1081 rigfkLgvrp sqggeaprev tsesgsivvs glLtpgveyvy tisvLrdgge rdapivkkvv
1141 tpLspptnLh LeanpdtgvL tvswersttp ditgyrittt ptngqqgysL eevvhadgss
1201 CtfenLspgL eynvsvytvk ddkesvpisd tiipavpppt dLrftnvgpd tmrvtwapps
1261 sieLtnLLvr yspvkneedv aelsispsdn avyLtnLLpg teyLvsvssv yeghesipLr
1321 grgktalLdsp sgidfsdita nsftvhwiap ratitgyrir hhpenmggrp redrvppsrn
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1381 sitLtnLnpg teyvvsivalL nskeesLpLv gggstvsdvp rdLeviaatp tsLLiswdap
1441 avtvryyrit ygetggsspv geftvpgsks tatisgLkpg vdytitvyav tgrgdspass

1501 kpvsinyrte idkpsgmqvt dvgdnsisvr wLpssspvtg yrvttapkng pgpsktktvg

1561 pdgtemtieg Lgptveyvvs vyaqgngnges gpLvqgtavtt ipaptnLkft gvtptsLtaq

1621 wtapnvgLtg yrvrvtpkek tgpmkeinLa pdsssvwsg Lmvatkyevs vyal kdtLts
1681 rpaqgvvitL envspprrar vtdatettit iswrtkteti tgfqvdaipa ngqtpigrti

1741 rpdvrsytit gLgpgtdyki hLytLndnar sspvvidast aidapsnLrf LattpnsLLv

1801 swqpprarit gyiikyekpg spprevvprp rpgvteatit gLepgteyti qviaLknngk

1861 sepLigrkkt deLpgLvtLp hpnLhgpeil dvpstvgktp fithnpgydtg ngigLpgtsg

1921 ggpsLgqggmi feehgfrrtt ppttatpvrh rprpyppnvn eeigighvpr gdvdhhLyph

1981 vvgLnpnast ggealLsqtti swtpfgesse yiisChpvgi deepLqfrvp gtsasatlLtg

2041 Ltrgatynii veavkdqgqrqg kvreevvtvg nsvdgglLsgp tddsCfdpyt vshyaigeew
2101 erLsdsgfkL sCqgCLgfgsg hfrCdsskwC hdngvnykig ekwdrqgeng gmmsCtCLgn
2161 gkgefkCdph eatCyddgkt yhvgeqwgke yLgaiCsCtC fggqrgwrCd nCrrpgaepg
2221 negstahsyn qysqryhgrt ntnvnCpieC fmpLdvgadr edsre
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APPENDIX C

RAT POSTNATAL DAY 7 CEREBELLAR NEURON DISSECTION PROTOCOL

Supplies

25mm, 0.2 um syringe filter (Nalgene 190-2520)
Sterile 35mm petri dishes (Falcon 353801)
Sterile 100mm petri dishes (Fisher 08-757-13)
Sterile 15mL centrifuge tubes (Fisher 05-539-12)
Sterile 50mL centrifuge tubes (Fisher 05-539-8)
3mL syringe with 22G1%: needle (BD309574)
96-well plates (Corning 3596)

Autoclave biohazard bags (Fisher 01-814A)

Dissection Tools

Large scissors

Fine scissors (Fine Science Tools 91500-09)

Dumont #5 fine forceps Inox — two pair (Fine Science Tools 91150-20)
Coarse straight forceps

Styrofoam base covered in foil and sterile needles (any size)

NOTE: Autoclave all dissection tools prior to use.

Materials:
Materials Part No. Storage
Gibco Basal Medium Eagle (BME) without 21010-046 +4°C
L-glutamine
Fisher Potassium Chloride (KCI) P217-500 Room Temp.
Acros D(+)-Glucose 41095-5000 Room Temp.
Gibco Fetal Bovine Serum OR 16140-063 -20°C
Hyclone Fetal Bovine Serum SH30070.02
Gibco L-glutamine 200 mM OR 25030-149 -20°C
Hyclone L-glutamine 200mM SH30034.02
(Protect from light)
Gibco 100X Antibiotic-Antimycotic 15240-096 -20°C
10,000 1U/ml penicillin
10,000 pg/mL streptomycin
25 pg/mL amphotericin B
Gibco L15 Medium +4°C
Fisher DNase -20°C

Table C.1: Materials used for Rat Cerebellar Neuron Dissection
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Preparation of Sterile HBSS with 1% Glucose

HEPES is added to 1X HBSS to replace the buffering action of the missing
bicarbonate in order to maintain physiological pH 7.4 in air, so it can be used outside
the CQ incubator (HBSS is used in this protocol for the dissection and trypsipste
both of which are done in air).

=

L:

e Make 1L of 1X HBSS: add 100mL of 10X HBSS without Ca, Mg, bicarbonate, or
phenol red to 900mL of Millipore water with stirring.

Add 5 mM HEPES (1.3g/L, MW=260.3) to 900mL of 1X HBSS and wait until
dissolved.

Add 10g of glucose and wait until dissolved.

Add 10 mL (1%) antibiotic/antimycotic.

Adjust pH to 7.4 with NaOH.

Bring liquid level up to 1L with 1X HBSS. Verify pH is 7.4.

Filter-sterilize and store at +4°C.

Preparation of 1.0% Trypsin:

e Dilute 10mL of 2.5% trypsin without Ca, Mg, phenol red in 15mL of sterile HBSS
with 1% glucose to make 1.0% trypsin.

e Freeze in 5mL aliquots at -20°C. Stetkyear.

OR

Preparation of 1.0% Trypsin/ 0.2% EDTA solution:

e Dissolve 200mg EDTA in 10mL Millipore water (2% w/v) and sterilize with 0.2um
syringe filter.

e Add 10mL of 2.5% trypsin without Ca, Mg, phenol red and 2.5mL sterile EDTA
solution to 12.5mL of sterile HBSS with 1% glucose to make 1% trypsin-0.2%
EDTA.

e Freeze in 5mL aliquots at -20°C. Stetkyear.

Preparation of 1.0% Dnase:

e Dilute 40 mg DNase in 4 mL of L15 media for a 10 mg/mL concentration.
e Syringe-filter with 0.22m syringe filter.

e Freeze in 500L aliquots at -20°C. Storel year.
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Preparation of Serum Medium:

Base Medium: BME without L-glutamine

e 20 mM potassium chloride (KCI)

e 33 mM glucose

e 10% fetal bovine serum (FBS)

e 50 U/ml penicillin, 50 pg/mL streptomycin, 125 ng/mL antibiotic/antimycotic
solution (1:200 dilution)

e 2mM L-glutamine (1:100 dilution)

Instructions:
1. Add media components in the order listed above.
2. Sterile-filter media after adding KCI and glucose using a 25mm, 0.2 um
syringe filter (Nalgene 190-2520).
3. Make stock solution of media without L-glutamine and store at +4°C.
4. Add L-glutamine (2 mM final concentration) immediately prior to use. Use
media within 1 week of adding L-glutamine.

To make 10 mL: To make 50 mL:
BME 9 mL BME 45 mL

KCI 15 mg KCI 75 mg
Glucose 59 mg Glucose 295 mg
FBS 1 mL FBS 5mL
AB/AM 50 pL AB/AM 250 pL
L-glutamine 100 pL L-glutamine 500 pL

Preparation for Dissection:

1. Prepare and sterilize media.

2. Ensure dissection tools are autoclaved. If autoclaving is not possible, esteliz
with 70% ethanol for 30 minutes.

3. UV sterilize the dissection hood for at least 30 minutes prior to dissection.

Dissection:

=

Wipe the styrofoam base covered in foil with 70% ethanol and allow to dry.
2. Carefully pin the rat head to the styrofoam base with two sterile neediegthithe

nose to stabilize the head.
3. Use the large scissors to carefully remove the skin covering the brain.
4. Use the fine scissors to carefully remove the top portion of the brain and expose the
cerebellum. Refer to Protocols for Neural Cell Culture (Federoff andaRistn, &
edition) Chapter 4, Figure 1. The cerebellum is sausage-shaped and sits directly
below the pair of optic lobes.
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5. Dissect the cerebellum and carefully remove the meninges and all blood vwessel
35mm petri dish in ice cold HBSS with glucose.

Dissociation and Plating

1. Warm L15 and serum media in 37°C incubator with 7% @©30 minutes to bring
temperature and pH up to physiological levels.

2. Transfer the cleaned cerebellum to a clean 35mm petri dish, add 1 mL of 1% trypsin
in HBSS, and mince the cerebellum into small pieces with the fine scissors.

3. Under a sterile cell culture hood, add 100uL 1% DNase and mix gently.

4. Incubate for 15 min in 37°C water bath.

5. Transfer minced tissue into a sterile 15mL tube, add 3 mL of serum media to
deactivate the trypsin, and centrifuge at 1,000 rpm for 5 min.

6. Carefully remove supernatant and add 1 ml fresh media to the cell pellety Gentl
resuspend the cells by pipetting up and down a few times, avoiding air bubbles.

7. Gently triturate cells at least 20 times using a 3mL syringe with 22G1étenee
(BD309574). A sterile fire-polished glass pipet may also be used. Avoid air bubbles.

8. Dilute the cell suspension 10-fold in serum media and count the cells using a
hemacytometer (typically 7-12 million cells per cerebellum).

9. Plate cells using the serum media. REMINDER: L-glutamine (GibcoyoloHe,
200 mM) must be added to the media immediately before ugd: L&ylutamine to
1 mL media (2mM final concentration)

10. Plating densities of 20,000 cells per 96-well typically provide good results. Corning
3596 96-well plates have a well diameter of 6.4mm and growth area of (?38cm
this plating density is equivalent to 62,500 cellsf.cm

Conclusion of Dissection:

1. Gently clean all dissection tools immediately with detergent to prevginigdof
blood.

2. Wipe the dissection hood with 70% ethanol and UV sterilize for at least 30 minutes.

3. Dispose of all waste in an autoclave biohazard bag, tie the bag shut, and dispose of in
the designated freezer.
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APPENDIX D

RAT POSTNATAL DAY 7 DORSAL ROOT GANGLIA
DISSECTION PROTOCOL

Supplies
25mm, 0.2 pm syringe filter (Nalgene 190-2520)

Sterile 35mm petri dishes (Falcon 353801)
Sterile 100mm petri dishes (Fisher 08-757-13)
Sterile 15mL centrifuge tubes (Fisher 05-539-12)
Sterile 50mL centrifuge tubes (Fisher 05-539-8)
3mL syringe with 22G1%2 needle (BD309574)
96-well plates (Corning 3596)

Autoclave biohazard bags (Fisher 01-814A)

Dissection Tools

e Large scissors

Fine scissors (Fine Science Tools 91500-09)

Dumont #5 fine forceps Inox — two pair (Fine Science Tools 91150-20)
Coarse straight forceps

Styrofoam base covered in foil and sterile needles (any size)

NOTE: Autoclave all dissection tools prior to use.
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Materials:

MATERIAL VENDOR |PART NUMBER STORAGE
DMEM-F12 with L-glut Mediatech 10-090-CV +4°C
L15 Medium Gibco +4°C
BSA (bovine serum albumin Sigma A3059-10G +4°C
FBS (fetal bovine serum) Hyclone SH30070.02HI -20°C
100X Antibiotic/Antimycotic Gibco 15240-096 -20°C
-10,000 U/mL penicillin G
-10,000 ug/mL streptomycin
sulfate
-25 ug/mL amphotericin
NGF-7S Invitrogen 13290-010 -20°C
2.5% Trypsin w/o Ca, Mg*, | Invitrogen 15090-046 -20°C
phenol red**
EDTA*** Acros 32721-1000 Room Temp
10X HBSS w/o Ca, Mg*, Gibco 14185-052 Room Temp.
bicarb, phenol red**
Glucose Sigma G-7528 Room Tem
HEPES Fisher BP410-500 Room Tem
Collagenase Worthington -20°C
DNAse Fisher -20°C

Table D.1: Materials used for Rat Dorsal Root Ganglia Dissection

NOTES:

T P

*Ca* and Md" in the trypsin and the salt solution can cause cells to adhere to each

together.

**Phenol red may damage neurons in alkaline pH during the dissection and dissociation

steps.

**EDTA (disodium ethylenediamine tetraacetic acid) may be added to trypsin as
chelating agent to bind €aand Md" ions that can interfere with the action of trypsin.

Preparation of NGF:
20 ng/mL, 0.1% BSA

0.2um syringe filter.

year.
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Make 1% BSA solution (10mg in ImL Millipore water) and sterile filter thioug

In laminar flow hood, dissolve 100ug NGF 7S in 4.5 mL DMEM-F12.
Add 50QuL of sterile 1% BSA solution (to make 0.1% final concentration).
Aliquot into 5QuL aliquots (20ug/mL concentration) and freeze at -20°C. Stdre



Preparation of Sterile HBSS with 1% Glucose

HEPES is added to 1X HBSS to replace the buffering action of the missing
bicarbonate in order to maintain physiological pH 7.4 in air, so it can be used outside
the CQ incubator (HBSS is used in this protocol for the dissection and trypsipste
both of which are done in air).

=

L:
e Make 1L of 1X HBSS: add 100mL of 10X HBSS without Ca, Mg, bicarbonate, or
phenol red to 900mL of Millipore water with stirring.

Add 5 mM HEPES (1.3g/L, MW=260.3) to 900mL of 1X HBSS and wait until
dissolved.

Add 10g of glucose and wait until dissolved.

Add 10 mL (1%) antibiotic/antimycotic.

Adjust pH to 7.4 with NaOH.

Bring liquid level up to 1L with 1X HBSS. Verify pH is 7.4.

Filter-sterilize and store at +4°C.

Preparation of 1% Trypsin:

e Dilute 10mL of 2.5% trypsin without Ca, Mg, phenol red in 15mL of sterile HBSS
with 1% glucose to make 1.0% trypsin.

e Freeze in 5mL aliquots at -20°C. Stetkyear.

OR

Preparation of 1% Trypsin/ 0.2% EDTA solution:

e Dissolve 200mg EDTA in 10mL Millipore water (2% w/v) and sterilize with 0.2um
syringe filter.

e Add 10mL of 2.5% trypsin without Ca, Mg, phenol red and 2.5mL sterile EDTA
solution to 12.5mL of sterile HBSS with 1% glucose to make 1% trypsin-0.2%
EDTA.

e Freeze in 5mL aliquots at -20°C. Stetkyear.

Preparation of 1.33% Collagenase:

e Dilute 53.2 mg collagenase in 4 mL of L15 media for a 13.3 mg/mL concentration.
e Syringe-filter with 0.22m syringe filter.

e Freeze in 500L aliquots at -20°C. Storel year.

Preparation of 1.0% Dnase:

e Dilute 40 mg DNase in 4 mL of L15 media for a 10 mg/mL concentration.
e Syringe-filter with 0.22m syringe filter.

e Freeze in 500L aliquots at -20°C. Storel year.
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Preparation of Serum Mediunm

Base Medium: DMEM-F12 with L-glutamine

10% FBS (10QuL per mL media)

1% antibiotic/antimycotic (1QL per mL media)

Add 1uL of NGF (20ug/mL stock solution) per mL media for 20ng/mL
concentration of NGF. Add NGF immediately prior to use.

Complete culture medium with NGF can be stored at +4°C for up to 5 days.

25mL:
22.5 mL DMEM-F12
2.5 mL FBS
250uL antibiotic/antimycotic

25uL NGF (20pg/mL stock solution)

Preparation for Dissection:

1.
2.

3.

Prepare and sterilize media.

Ensure dissection tools are autoclaved. If autoclaving is not possible, ssteidliz
with 70% ethanol for 30 minutes.

UV sterilize the dissection hood for at least 30 minutes prior to dissection.

Dissection Method

1.

oo

©

Thaw out one 4mL aliquot of trypsin and warm to 37°C in water bath. Use ice-cold
sterile HBSS with glucose.
Perform dissection in the open dissection hood with microscope.
Set-up an autoclave bag for all waste products.
Prior to the dissection, pour ice-cold HBSS with glucose into:

a. 4mL in 100mm petri dish for postnatal rat

b. 2mL in 35mm petri dish for storage of DRG during dissection

c. 2mL in 15mL tube (for transfer of DRG from 35mm petri dish)
Use the dissection microscope with the under-sided lamp to illuminate the rat.
Turn the rat on its side and gently cut along the vertebral column with the large
scissors to separate the spinal column.

. Use the small scissors to cut through the bone on each side of the spinal column and

gently separate the two halves to expose the spinal cord.

Carefully separate the spinal cord from the bone to expose the DRG.

Pluck the DRG from spinal column using fine forceps, and cut the spinal nerves close
to the DRG to minimize contamination by nonneuronal cells from nerve sheaths.
Transfer the DRG to the separate 35mm petri dish containing cold HBSS with
glucose.
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10. Transfer DRG from 35mm petri dish to 15mL centrifuge tube with 1mL pipet. The
cells may adhere to the plastic tip and petri dish so rinse thoroughly to mak# sure a
tissue is transferred.

11.1t should take approximately 15 minutes per rat. Do not take longer than 1 hour to do
the dissection (limit time to 1-1/2 hours from start of dissection to platingnionmae
cell damage, this includes 30 min dissociation in trypsin).

Dissociation and Plating

1. Warm L15 and serum media in 37°C incubator with 7% @©30 minutes to bring
temperature and pH up to physiological levels.

2. In acell culture hood, allow tissue to settle, remove HBSS, and add 2mL L15 media
and 0.5mL of 1.33% collagenase and incubate in 37°C water bath for 30 minutes.

3. Centrifuge cells at 1000 rpm for 5 minutes and discard supernatant.

4. Add 4 mL of DMEM/F12 (no serum), 1mL 1% trypsin in HBSS, andl56f 1%
DNase, and incubate in 37°C with 7% Q@cubator for 30 minutes.

5. Centrifuge cells at 1000 rpm for 5 minutes and discard supernatant.

6. Add 4 mL of serum medium to deactivate the trypsin, centrifuge again, and discard
supernatant.

7. Add 2 mL of warm serum medium and triturate at least 20 times with 3mlgeyrin
with 22G needle (needle diameter is 0.7mm), avoiding air bubbles as this willelamag
cells. Ensure all tissue is broken up.

8. Add 4mL media and mix gently. Add the 6mL cell suspension to 100mm petri dish
and incubate for 2-4 hours in humidified 37°C, 7%,@0ubator. Non-neuronal
cells should adhere to petri dish and neurons should remain floating or weakly
attached.

9. After 2-4 hours, tilt petri dish at 45 degrees and gently wash bottom twice to remove
weakly attached neurons, then transfer to 15mL tube.

10. Centrifuge at 1000 rpm for 5 minutes. Ensure there is a pellet, remove media, and
resuspend in 2Q@Q warm serum media by triturating 3-4 times gently with 200
pipet tip.

11.Count cells using hemacytometer (1:2 dilution). Neurons appear rounded and phase-
bright whereas non-neuronal cells are darker and irregularly shaped. DIRG ne
diameters may beuf to 18um.

12.Seed approximately twice as many neurons as you think you will need in each 96-
well as approximately 30-40% of cells will not attach in the first day of @tind up
to 50% are lost after 3 days of culture.

13.Plate cells using the serum media. REMINDER: NGF must be added to the media
immediately before use.

14.Plate cells in 1060L media per well. Change media after allowing 2 hours for
attachment and add 200 media per well.OR Plate cells in 200L media and
change media the next morning.

15.Incubate in a humidified 37°C, 7% G@cubator.

16.Change media every 2 days.
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17.Corning 3596 96-well plates (Fisher 07-200-90) have well diameter of 6.4mm and
growth area of 0.32 cicurrently seeding 2,000 DRG’s per 96-well.

Conclusion of Dissection:

1. Gently clean all dissection tools immediately with detergent to prevginigdof
blood.

2. Wipe the dissection hood with 70% ethanol and UV sterilize for at least 30 minutes.

3. Dispose of all waste in an autoclave biohazard bag, tie the bag shut, and dispose of in
the designated freezer.
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APPENDIX E
PREDICTED AMINO ACID SEQUENCE FOR 140 kDA L1 FRAGMENT
GenBank accession no. NM_000425

L = LYSINE, 71 total
C = CYSTEINE, 14 total

MVVALRYVWPLLLCSPCLLIQIPEEYEGHHVMEPPVITEQSPRRLVVFPT
DDISLKCEASGKPEVQFRWTRDGVHFKPKEELGVTVYQSPHSGSFTITGN
NSNFAQRFQGIYRCFASNKLGTAMSHEIRLMAEGAPKWPKETVKPVEVEE
GESVVLPCNPPPSAEPLRIYWMNSKILHIKQDERVTMGQNGNLYFANVLT
SDNHSDYICHAHFPGTRTHIQKEPIDLRVKATNSMIDRKPRLELFPTNSSS
HLVALQGQPLVLECIAEGFPTPTIKWLRPSGPMPADRVTYQNHNKTLQLL
KVGEEDDGEYRCLAENSLGSARHAYYVTVEAAPYWLHKPQSHLYGPGETA
RLDCQVQGRPQPEVTWRINGIPVEELAKDQKYRIQRGALILSNVQPSDTM
VTQCEARNRHGLLLANAYIYVVQLPAKILTADNQTYMAVQGSTAYLLCKA
FGAPVPSVQWLDEDGTTVLQDERFFPYANGTLGIRDLQANDTGRYFCLAA
NDOQNNVTIMANLKVKDATQITQGPRSTIEKKGSRVTFTCQASFDPSLQPS
ITWRGDGRDLQELGDSDKYFIEDGRLVIHSLDYSDQGNYSCVASTELDVV
ESRAQLLVVGSPGPVPRLYLSDLHLLTQSQVRVSWSPAEDHNAPIEKYDI
EFEDKEMAPEKWYSLGKVPGNQTSTTLKLSPYVHYTFRVTAINKYGPGEP
SPVSETVVTPEAAPEKNPVDVKGEGNETTNMVITWKPLRWMDWNAPQVQY
RVQWRPQGTRGPWQEQIVSDPFLVVSNTSTFVPYEIKVQAVNSQGKGPEP
QVTIGYSGEDYPQAIPELEGIEILNSSAVLVKWRPVDLAQVKGHLRGYNV
TYWREGSQRK
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