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ABSTRACT

CELL SPECIFIC GUIDANCE OF NERVE REGENERATION THROUGH SUSTAINED

GROWTH FACTOR RELEASE

Parisa Lotfi, PhD

The University of Texas at Arlington, 2011

Supervising Professor: Mario Romero-Ortega

Regenerative peripheral nerve interfaces have been proposed as viable alternatives for
the natural control of robotic prosthetic devices. However, sensory and motor axons at the
neural interface are of mixed submodality types, which difficult the specific recording from motor
axons and the eliciting of precise sensory modalities through selective stimulation. Here we
evaluated the possibility of using type-specific neurotrophins to preferentially entice the
regeneration of defined axonal populations from injured peripheral nerves. Segregation of mixed
sensory fibers from dorsal root ganglion neurons was evaluated in vivo by compartmentalized
diffusion delivery of nerve growth factor (NGF) and neurotrophin-3 (NT-3), to preferentially
entice the growth of TrkA+ nociceptive and TrkC+ proprioceptive subsets of sensory neurons,
respectively. A “Y"-shaped tubing was used to allow regeneration of the transected adult rat
sciatic nerve into separate compartments filled with either NFG or NT-3. A significant increase
in the number of CGRP+ pain fibers were attracted towards the sural nerve, while N-52+ large
diameter axons were observed in the tibial and NT-3 compartments. Conversely, the
preferential growth of pain fibers (CGRP+) and motor fibers (ChAT+) was evaluated using a

polymeric sustained release method. Growth factor loaded PLGA microparticles created a

iv



gradient for a longer time compared to when they used directly. Two specific growth factors for
pain fibers (NGF) and motor neurons (Pleiotrophin factor; PTN) were encapsulated in
microparticles and tested in a femoral nerve double crush injury model. The common femoral
nerve bifurcates to two branches: saphenous branch (SB) and motor branch (MB). After injury in
the common femoral nerve, the sensory and motor axonal fibers are mixed and lose their ability
to innervate the proper target. We used PLGA encapsulated NGF and PTN to guide the axons
to their respective target. The results of this study confirmed that more nociceptive fibers and
motor axons were attracted to NGF and PTN, respectively. The experimental group treated with
BSA (negative control) did not show any preferential growth in either of branches. This study
demonstrates the guided enrichment of sensory and motor axons and, and supports the notion
that neurotrophic factors can be used to segregate sensory and perhaps motor axons in
separate peripheral interfaces.

In order to test if a growth factor gradient will enhance axonal guidance, we developed
a method that consistent of coiling a polymeric fiber inside hydrogel microchannels. We used
finite element analysis (FEA) to model drug delivery and to compare the diffusion dynamics
between the non-gradients versus gradient model. This is needed both for the repair of sensory
and motor branches and for the development of closed-loop peripheral neural interfaces. This
strategy can be used to entice a specific sub-type of axons in a mixed population of nerves to
the channels and eventually will guide them to the proper target.

Together the data indicates that modality specific growth factors can be used to enrich
the motor and sensory axonal fibers guidance to the correct target. However; the separation of
the different subtype of the axonal fibers was not completely achieved indicating that either
more than one growth factor or a combination of neurotrophic and pleiotrophic factors is needed
to separate the axonal fibers more precisely.

In addition, computer modeling and initial experiments indicate that gradient release of

growth factor may help further in achieving enhanced selective nerve growth.
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Figure A.1 Visualization of the DRGs growth with
different growth factors compared to control. Axonal
fibers were stained with B-tubulin (marker for axons
cytoskeleton). (a) Without any growth factor less number
of axons sprouted from the explants and the axonal
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fibers were shorter compared to when they were treated
with pleiotrophic factor (b) or neurotrophic factors (c and

Figure A.2 Visualization of the DRGs growth with

different combination of pleiotrophic factor with

neurotrophic factors. Axonal fibers were stained with 3-

tubulin (marker for axons cytoskeleton). (a) Without any

growth factor less number of axons sprouted from the

explants and the axonal fibers were shorter compared to

(b) PTN+NGF and (c) PTN+NT-3 and (c)
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Figure A.3 Quantitative analysis of the (a) axonal density

and (b) average of the distance that glial cells travelled

out of the explants showed that all the combinatorial

groups enticed more axons out of the explants

compared to control (p<0.05; n=4-6). PTN+NGF had

more number of glial cells farther from the explants.............oooo 79

Figure A.4 Quantitative analysis of the (a) longest axonal

length and (b) average of the axonal length showed that

all the experimental groups had longer axons compared

to control (p<0.05; n=4-6). PTN had the longest axons

among the single growth factor experiment. There was

not a significant difference between the combinatorial

[0 (001 o1 J PP PP PP PPPPPPPPPPP 80

Figure B.1 Multiluminal hydrogels support cell
proliferation and differentiation. (a)Schematic of the
casting device illustrating the steps in the fabrication of
the multiluminal hydrogels: i) placement of the fibers into
the casting device (left arrow), ii)agarose polymerization
(yellow), and iii) cell seeding and retracting fibers (right
arrow).(b) Photograph of the casting device showing: i) a
comb placed vertically to create a space for aorta
explants, ii) metal fibers use to cast the microchannels,
and iii) wells in the scaffold containing the cell
suspension. (c) Immediately after seeding, fibroblasts
uniformly filled the channels, deployed normal
morphology elongated in the channel (d; arrows). Time
lapse microscopy demonstrated that cells were able to
proliferate (arrows in e and e’) and differentiate (arrows
in fand f)in the MICrOCANNEL.......... oooii i 87

Figure B.2 Guided angiogesis from neonatal aorta
explants. Cellular migration from P4-6 aorta explants into
the multiluminal hydrogel 8 d after culture (a). Higher
magnification of the squared area (a) shows radial
migration of the vascular cells from the end of the tissue
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(b). The aortic cells were observed to migrate,
proliferated and eventually formeda monolayer
cylindrical structure conforming to the shape and size of
the microchannels(c and d). Transverse sections stained
with H&E revealed that cells migrating from the aortic

explants (e) formed a hollow tube (f).......coooiiiiiii e

Figure B.3 Enhancement of implant vascularization by
VEGF. VEGF-supplemented P4-6 aorta explants
contained larger number of cells in the microchannels (a
and c) compared to those lacking the growth factor (b
and d). Quantitative analysis of individual nuclei (DAPI-
positive), confirmed a significant difference (p< 0.05)
between the total number of cells per microchannel in

VEGF+ (n=17) and VEGF- groups (N=8)(€)......ceescuureeieeeiiiiiiiieee e

Figure B.4 Controlled release of VEGF induces
angiogenesis in adult aortic explants.(a) SEM picture
showing morphology of VEGF-encapsulated PLGA
microspheres. The particles had a smooth surface and
were uniformly dispersed. (b) Continued released of
VEGF In vitro was confirmed from the PLGA
microparticles using ELISA (mean £ SD;n=4). (c)
Fluorescent density was measured and compared in
different areas over time when one of the channels was
loaded with PLGA-Cy2 microspheres and the other one
was loaded with PLGA-BSA microspheres. (d)
Microchannels with luminal VEGF microspheres
specifically increased the number of endothelial cells in
those channels compared to those supplemented with
BSA as control 7 days after implantation. (e, f)lmage
analysis quantification showed that number of cells and
the distance travelled per microchannel were
significantly higher in VEGF treated groups than the
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CHAPTER 1
INTRODUCTION

The complex mechanisms involved in axonal regeneration is result of the interaction of
neurons with other supporting cells, as well as paracrine and extracellular molecules (Ozkaynak
et al 2010). During development, the neuronal projections are guided to their targets through
growth factors, which are specific for different cell types. The evidence that neurotrophic factors
might be responsible for guiding the separate pathways of sensory and motor neurons was first
provided by Ramon y Cajal(Cajal 1928). He showed that gamma motor axons depart from
sensory fibers to innervate the muscle spindle. This phenomenon is how recognized as neural
response to specific growth factors (Bloch et al 2001; Gallarda et al 2008).

The first nerve growth factor (NGF) was discovered in the 1950's by Rita Levi-
Montalcini (Chaldakov 2011; Levi-Montalcini & Angeletti 1963) subsequently; others have been
uncovered and together formed the neurotrophin family. Neurotrophins include NGF, brain
derived neurotrophic factor (BDNF), neurotrohin-3 (NT-3), and neurotrophins 4-6 (Gotz et al
1994). In addition other neuron growth factors have been identified such as glial cell line-
derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF) and fibroblast growth
factor (FGF-2) (Boyd & Gordon 2001; 2003a; Sahenk et al 2008; Schmidt & Leach 2003; Toth
et al 2002; Zhou & Snider 2006).

1.1 Nerve Growth Factors in PNS Development

The growth effect that neurotrophins convey on neurons is known to be mediated
through binding to distinct Trk receptors A, B or C which bind specifically to NGF, BDNF, and
NT-3 respectively (Boyd & Gordon 2001; 2003b; Ernsberger 2008; Wood et al 2010), and to
p75 receptors not specifically (Friedman & Greene 1999; Yano & Chao 2000). Binding of the

neurotrophins to their Trk receptors lead to their dimerization of the receptor and activation of
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their intracellular kinase domain. Signal transduction initiated by phosphorylation of Trk kinase
residue propagates intracellularly through the mitogen-activating protein kinase (MAPK)

signaling cascade, ultimately activating ERK and modulating gene transcription (Mclnnes &

Sykes 1997; Mocchetti & Brown 2008; Skaper 2008).
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Figure 1.1 Signal transduction induced by neurotrophin factor (NGF) and its specific tyrosine
kinase receptor (TrkA). Autophosphorylaton of the intracellular domain of the receptor initiates
the MAPK pathway (Skaper et al 2008).

Neurotrophins are not only known to play critical roles during development of the
nervous system, but also have proven beneficial in the repair of injured neurons both in the

central nervous system and peripheral nerves.

1.2 PNS Injury and Spontaneous Regeneration

In the peripheral nervous system neuropathy could be acquired by inflammation,
autoimmune diseases, trauma, local infection, application of the regional anesthesia, toxins,
vascular and metabolic disorders or could be outcome of a preexisting genetic disorders such

as neurofibrosarcoma (peripheral nerve sheath tumor) (Belmin & Valensi 1996; Jeng et al 2010;

Rana & Masroor 2011; Rosenberg et al 2002).



In contrast to the CNS, peripheral nerve regenerates spontaneously. This ability
proceeds through three main steps; i) cell body response, ii) Wallerian degeneration and iii)
axonal regrowth.

Cell body response to direct injury and the cytokines secreted in the distal end by
expressing immediate early genes due to the injury including; RNA production and protein
synthesis such as peptides, cytokines, growth factors and receptor (Lundberg & Lerner 2002;
Navarro & Udina 2009) increase to initiate axonal regeneration. During Wallerian degeneration,
macrophages phagocyte cellular debri; including myelin; created at the injury site and distal to it
(Rotshenker 2011). In parallel with Wallerian degeneration, axonal fibers regenerates sprouts
with terminal growth cones designed to sample the environment actively responding to
molecular cues, and ultimately guiding the regenerating axons toward the natural target,
whether a gland, skin or muscle (Adelson et al 2004; Arvidsson & Johansson 1988; Fu &
Gordon 1997; Lowrie 1999; Madison et al 2007; Robinson & Madison 2006; Terenghi 1995;
1999).

If nerve injury is too proximal or consists in nerve tissue loss, nerve regeneration
proceeds with difficulties. In the first case, the time needed to regeneration may take weeks or
months depending on the distance as axons are known to grow at a rate of 1-2 mm/day
(Edstrom et al 1992; Sjoberg & Kanje 1990; Sjoberg et al 1988). During that time the distal
muscles might go under hypotrophy and may not be available for reinnervation after nerve
regeneration (Dadon-Nachum et al 2011; Wu et al 2011). If damage to the nerve resulted in
tissue gaps, then autografts or tubularization techniques are needed to bridge the gap, which
can also contribute to path-finding and targeting errors by the regenerating neurons (Dodla &
Bellamkonda 2006; Li & Shi 2007; Tzou et al 2011; Yu & Bellamkonda 2003). These issues
underlie the need of months and sometimes years to achieve nerve regeneration, and the fact

that often times the recovery of function is only partial at best (Madison et al 2007).



1.3 Preferential Motor Reinnervation

Some studies on peripheral nerve regeneration have reported that motor axons
preferentially regenerate into the distal motor branch. This phenomenon is known as
“preferential motor reinnervation” (PMR) (Figure 1.2) (Brushart 1993; Hoke et al 2006).
Currently, two different hypotheses have been proposed to explain this observation. One
emphasizes on the apparent difference in Schwann cell composition in the sensory and motor
nerves, as it has been shown that L2/HNK-1 or PSA-NCAM are expressed only in the motor
fibers distal to the injury and thus maybe involved in preferential regeneration (Brushart 1991;
Franz et al 2005; Hoke et al 2006; Martini et al 1994; Martini et al 1992). A contrasting
hypothesis suggests that the relative level of trophic support provided by each branch
determines if axons stay in that particular pathway (Robinson & Madison 2004; 2005). Support
for this notion was provided by the higher number of motor axons regenerating to the
cutaneous branch in a femoral nerve injury, when the muscle target was not accessible
(Robinson & Madison 2004; 2005). Both of these studies agree in that preferential motor
pathway seems to be sufficient in the young animals (3 weeks or younger) to guide modality
specific axons accurately even in the absence of distal targets (Brushart 1993). Whereas this

pathway seemed to be lost in the elder animals (Robinson & Madison 2006).
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Figure 1.2 Schematic diagrams of the two main mechanisms describing the preferential motor
reinnervation (PMR). First one suggests the existence of different Schwann cells types creating
an inherent conduit for specific axonal subtypes (top). The second focuses on the importance of

target enticing molecular cues in attracting some subtype of axons rather than the other
(bottom).

1.4 Growth factors enticement in nerve regeneration

Many chemical stimuli are necessary for proper target innervations of the injured
peripheral nerve, and growth factors play a very important role. This has been demonstrated by
a number of studies showing that neuron growth can be harness though growth factors be
provided to enhance and direct nerve regeneration in both central and peripheral nerves after
injury (Boyd & Gordon 2003a; b; Romero et al 2001; Romero et al 2000). These studies have
been successful in attracting specific subtypes of neurons using defined growth factors. For
example; in the peripheral nerve, BDNF and glial-derived neurotrophic factors (GDNF), have
been shown to specifically promote axonal regeneration of motor neurons (Boyd & Gordon

2003b), whereas NGF and NT-3 are known to regenerate calcitonin gene-related peptide
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positive (CGRP+) pain and larger myelinated proprioceptive axonal fibers, respectively (Hu et al
2010). Similarly; some other studies in the central nervous system including previous
experiments in our lab; have shown that exogenous supply of NGF can successfully entice and
direct axonal regeneration of CGRP-positive pain axons in the brain (Curinga & Smith 2008)
and spinal cord (Romero et al 2001; Romero et al 2000). Peripheral nerve fibers are comprised
of several different subtypes, including sensory (nociceptive, proprioceptive and
mechanoreceptor fibers) and motor fibers (alpha and gamma motor neurons). Although all
these studies are successful in guiding one modality specific axonal fibers, the specific
generation of two or more different axonal subtypes remains challenging.

1.5 Neurotrophin specificity: NGF and NT-3

NGF is a dimeric of two 26-kDa identical amino acids units bound through monovalent
bonds. It plays important roles during development and regeneration of sensory neurons after
injury. This neurotrophin factor binds specifically to the TrkA receptors. During developmental
stages TrkA is expressed by neurons and muscle cells. However; in adults this receptor is only
expressed by small diameter, CGRP+ fibers which are responsible for the perception of the pain
(Chung et al 2007). It has also been shown that NGF expression is significantly up-regulated
after injures in peripheral nerve fibers (Bloch et al 2001; Chung et al 2007). Together, these
finding suggest that NGF acts as a very specific guidance cue for the regeneration of pain

fibers.
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Figure 1.3 Neurotrophins receptors (like; TrkA) is a dimer with an extracellular domain and an
intracellular tyrosine kinase domain. NGF binds with lower affinity to a co-receptor called
p75NTR_

In contrast, NT-3 the only growth factor that binds to the TrkC receptor and does so with
high affinity while binding to TrkA and TrkB with lower affinity (llag et al 1994; Mclinnes & Sykes
1997; Skaper 2008; Urfer et al 1994). TrkC is expressed by skeletal muscle cells and mutation
in TrkC receptors in mice have been shown to cause severe losses of proprioceptive fibers (Hu

et al 2010; Mclnnes & Sykes 1997).

1.6 Pleiotrophin general growth effect: VEGF and PTN

Vascular Endothelial Growth factor (VEGF) is a 45-kDa glycoprotein involved primarily
in endothelial cell proliferation and other recognized biological effects (Ladoux & Frelin 2000;
Nomi et al 2006). VEGF acts through multiple receptors tyrosine kinase receptor VEGFR1 and
VEGFR2 and neuropilin-1 co-receptor (Frelin et al 2000; Soker et al 1998b). VEGF receptor is a
member of the platelet-derived growth factor. Like neurotrophin receptors, VEGF receptors
have an intracellular tyrosine kinase domain which can be activated after dimerization initiated
by receptor-ligand interaction (Neufeld et al 1999). VEGF is mainly upregulated due to hypoxia
and a demand for vascularization (Shweiki et al 1992). Recently, VEGF has been demonstrated

to have a trophic effect in neurons (Piltonen et al 2011).
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Pleiotrophic factor (PTN) a 17 kDa growth factor is consistent of 168 amino acids, which
is expressed in neuronal and several non-neuronal cells (macrophages, Schwann cells and
endothelial cells) during different developmental stages and is highly up-regulated at birth
(Blondet et al 2005; Yanagisawa et al 2010). In the peripheral nervous system, PNT is involved
in survival and regeneration of motor neurons and their muscle targets (Jin et al 2009; Mi et al
2007; Yeh et al 1998; Zhang et al 1999). In addition, PTN seem to be highly expressed in motor
neurons compared to sensory neurons (Jin et al 2009), which suggest that this growth factor
may function as a guidance cue for motor axons.

1.7 General hypothesis

Errors in nerve regeneration path-finding result in poor functional recovery, based on
the demonstrated role of individual growth factors on regeneration in defined neuronal
populations, it is hypothesized that specific growth factors can be used to differentially guide the
regenerated sensory and motor axons in a way that target reinnervation accuracy can be
increased. Moreover, the ability of selectively guiding axon regeneration can contribute to the
development of neuron-specific multi-electrode interfacing, a device which will likely improve the
natural move and feel of prosthetic limbs.

The hypothesis was tested according to the following Specific Aims:

e Specific aim I: To test NGF and NT-3 effect to selectively attract NGF-
responsive nociceptive axons and NT-3 responsive proprioceptive axons in
sciatic nerve model (Chapter 2). We inspected the possibility of separating
nociceptive and proprioceptive subtypes of sensory neurons in a sciatic model
using NGF and NT-3 growth factors. This can be used to entice the
regenerated axons into separate multielectrode compartments for selective
recording/stimulation

e Specific aim II: Study segregation of the ChAT+ motor axons and CGRP+ pain
fibers in a femoral nerve model using PTN and NGF growth factors (Chapter 3).
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We examined the application of NGF and pleiotrophin (PTN) loaded PLGA
microparticles in sustained delivery of growth factors to segregate nociceptive
fibers from motor neurons in a femoral nerve injury model. The results of this
study can guide axons to the correct path and ultimately the reinnervation of the
correct target.

Specific aim lll: Fabrication of PLGA coiled fibers in order to facilitate delivery of
growth factors in a gradient (Chapter 4). Here we developed a sustained
method to deliver the growth factors in a gradient mimicking the natural
phenomena of cell guidance.

Specific aim IV:  Examine the synergetic effects of pleiotrophic and
neurotrophic factors on axonal growth in vitro (this part of study is included in
the appendix A).

Specific aim V: Investigate the application of the VEGF growth factor to entice
endothelial cells sprouting from adult aorta explants to a 3-D multiluminal
hydrogel scaffold (Appendix B). To combine cell specific nerve regeneration
with increase and directed vascularization, we investigated the possibility of
generating neo-vasculature sprouting from old and young existing blood vessel

into 3-D multiluminal channels.



CHAPTER 2
PREFERENTIAL GUIDANCE OF NOCICEPTIVE AND PROPRIOCEPTIVE AXONS AFTER
PERIPHERAL NERVE INJURY
2.1 Introduction

Advanced robotic prosthetic limbs designed with multiple degrees of freedom bear great
promise as substitutes for the human arm/hand in amputees (Lin & Huang 1997; Matrone et al
2010; Miller et al 2008; Otr et al 2010; Velliste et al 2008). However, while thousands of touch-
sensing receptors in the natural hand provide information about skin deformation and limb
position, current hand prostheses lack such sensory feedback systems. Instead, users rely on
unnatural vibrotactile and electrotactile sensors for surrogate feedback information, and operate
the prosthetic limbs mostly under visual control (Marasco et al 2009; Micera & Navarro 2009;
Phillips 1988).

Indwelling multi-electrode arrays (MEA) placed in the premotor cortex have been used
successfully to record neural activity associated with motor intention in monkeys and humans,
and to actuate robotic prosthesis (Hochberg et al 2006; Simeral et al). These findings have
fueled interest in the possibility of developing a closed-loop cortical interface able to convey
tactile and positional information to amputees by direct electrical micro-stimulation of the
sensory cortex (Fitzsimmons et al 2007). However, since the topographic mapping in the
somatosensory cortex is quite variable, and is unclear which neurons provide information during
sensory submodality discrimination, this strategy may be limiting in conveying distinct
sensations such as pain, touch, thermal, and limb/digit stretch. Furthermore, direct cortical
stimulation lacks the benefit of signal integration and modulation from neural networks in the
spinal cord and thalamus, known to provide critical context-dependent regulation of information

and sensory discrimination (Brown et al 2004; Lee et al 2008; Rosenzweig et al 2010).
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Alternatively, tactile and positional information detected from specialized neurons
innervating the skin, muscle and tendons can be interfaced at the dorsal root ganglia (Gaunt et
al 2009; Weber et al 2007) or in the transected peripheral nerve (Brill et al 2009; Dhillon et al
2004), and used for eliciting sensation in amputees (Dhillon & Horch 2005). However, modality
specific neurons such as nociceptive and proprioceptive have intermixed perikarya in the dorsal
root ganglia (DRG), and assorted axons in most peripheral nerves (Castro et al 2008). Thus,
selective electrical stimulation is particularly challenging, and is further complicated by the fact
that large myelinated axons (i.e., proprioceptive) are depolarized with smaller currents, while
smaller diameter neurons (i.e., nociceptive) require larger stimuli. Thus, when stimulating the
small caliber fibers in a nerve with assorted axon types, it is likely large-size axons will be non-
specifically recruited, which will likely elicit either mixed sensations and/or involuntary motor
movements (Grill et al 2009). Here we hypothesize that such limitation can be overcome if type-
specific axons are specifically enticed to regenerate into separate compartments.

DRG neurons have been broadly classified based on cell body size, axonal diameter,
conduction velocity, and the expression of either NGF, BDNF or NT-3 Trk receptors (Harper &
Lawson 1985; Misko et al 1987; Oakley et al 1997), and further differentiated based on the
expression of N-52 and CGRP, which are preferentially expressed in large and small-diameter
nerve fibers, respectively (Goldstein et al 1991; Ho & O'Leary 2011; Zhang et al 1995). We and
others have shown that exogenous expression of NGF can be used successfully to entice and
direct axonal regeneration of CRGP-positive pain axons in the brain (Curinga & Smith 2008),
spinal cord (Romero et al 2001; Romero et al 2000), and peripheral nerves (Hu et al 2010).

Previously our lab used a “Y” assay shaped polydimethylsiloxane (PDMS) template to
demonstrated that mixed sensory fibers can be separated to compartmentalized chambers in
vitro with the molecular guidance like NGF and NT-3 (Garde 2008). Briefly, dorsal root ganglia
(Drgas & Blaszak) were obtained from neonate (P0-P3) rats. The animals were anesthetized by

hypothermia and sacrificed. The spinal column was harvested into Hank’s buffered salt solution
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(Gibco, Carlsbad, CA), and dorsal root ganglions were collected and cleaned from ventral roots
using tungsten needles. Individual DRGs were placed in the main well of the choice assay and
fixed in place using 50 pl of growth factor reduced ECM (Matrigel; BD Biosciences, San Jose,
CA). After ECM polymerization for 30 min at 37°C, the explants were cultured in neurobasal
medium supplemented with L-glutamine, B-27 and penicillin/streptomycin (Gibco).

After two days in culture, pieces of gelfoam (3mm x 3mm) pre-soaked in saline (n=10;
negative control), NGF (n=10; 100ng/ml, Sigma, St. Louis, MO) or NT-3 (n=12; 5ng/ml, Sigma,
St. Louis, MO) was placed in the “target” wells. A piece of glass coverslip was then placed over
the entire PDMS template with openings at the DRG and gelfoam ends. The coverslip served as
a ceiling to the microchannels, prevented floating of the gelfoam and delaying neurotrophin
dilution into the media (Figure 2a).

To demonstrate that the choice assay provides independent gradients of neurotrophins
from the separate “target” compartments to the DRG, a piece of gelfoam with Cy2 (897 Da-
green) and Cy3 (765 Da-red) dyes was placed in the two separate compartments and
determine the fluorescence diffusion into the microfluidic channels at 4, 6, 8 and 12 hours. A
Zeiss Pascal laser confocal microscope equipped with an environmental chamber was used to
evaluate the optical densitometry of the Cy2 and Cy3 fluorescence over time, maintaining the
cultures at 37°C and 70% humidity. The diffusion rate was confirmed in separate experiments
using Gelfoam loaded with bovine serum albumin (BSA) conjugated alexafluor-594 (66kDa), as
its molecular weight approximates that of the neurotrophins (NGF=135 kDa and NT-3=27 kDa)
used in this study. It was confirmed that the molecules diffused separately in each arm of the

“Y” assay, providing a distinctive and measurable gradient for up to 8-12 hours (Figure 2.1b).
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Figure 2.1 Y-shaped in vitro assay for axonal segregation. (a) Gelfoam-diffusion delivery of
neurotrophins into the distal arms was used to differentially entice axonal outgrowth from
neonatal DRGs. Bottom: Higher magnification shows axonal growth from the DRG (arrow) in the
choice area. (b) Diffusion of green (Cy3) and red (Cy3) labeled antibodies, were imaged over
time and quantified to demonstrate independent gradient formation (Garde 2008).

In absence of guidance cues, DRGs showed axonal growth of mixed axon
morphologies (i.e., length or number of branches) into the arms of the Y assay (results not
shown). In contrast, when NGF was delivery into both arms we observed that axons were long
and lacked branches (Figure 2.2a left image). Conversely, when NT-3 was delivered into the
microchannels the axons were shorter and with numerous branch collaterals (Figure 2.2a right
image). We realized that long unbranched axons and short-branched axons are morphologically
characteristic of the nociceptive and proprioceptive sensory neurons seeing in vitro (Romero et
al 2007). Therefore, we questioned whether NGF and NT-3 if presented simultaneously in two
separate microchannels would differentially entice the growth of distinct population of neurons.

In those assays, axons growing from single DRGs towards the NGF-containing compartment
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were long and relatively unbranched, while those attracted towards NT-3 were branched and
shorter in length. Double immunolabeling for B-tubulin (axonal marker) and CGRP (specific
marker for nociceptive sensory axons), confirmed that CGRP+ pain/nociceptive fibers are
predominantly attracted towards NGF, while those growing towards NT-3 were CGRP-/NF200+

axons (Figure2.2b).

(b) (e Merged

Figure 2.2 Differential axonal morphology of axons growing towards NGF or NT-3.(a) Mixed
axon morphologies were observed in control DRGs. Magnified images of the area in boxes (in
right and left) detail the morphological differences in the NGF and NT-3 treated groups. Axons

growing towards NGF showed characteristic long and unbranched morphology. In contrast,

those growing towards NT-3 were short and highly branched axons. (b) Visualization of 3-

tubulin (green) and CGRP (red) demonstrated that axons growing towards NGF are CGRP

positive (i.e., nociceptive, arrows), while those growing towards NT-3 are CGRP negative. Scale
bar = A 50 um (left) and 250 um (center), B 500 um (Garde 2008).

Quantitative analysis (Figure2.3) showed that axon length and branch number
averaged 139.5 + 17.85 um, and 4.85 + 0.82 respectively, in the saline treated groups. In
contrast, the average axon length in the NGF channel (352.1 £ 40.24 um) increase 2.5 fold (p <

0.001) compared to that in saline or NT-3 (115.8 £ 10.30 pum), whereas the number of branches
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increased 3 fold in the NT-3 channels (15.75 % 2.25; n=12; p < 0.01), compared to saline or NT-
3 treated (7 £ 0.95) groups. This study showed that compartmentalized diffusion of NGF and
NT-3 can differentially entice and direct the regeneration CGRP+ nociceptive and N-52+ large
diameter fibers, such as proprioceptive and mechanoceptive axons, into separate chambers.
This notion is further supported by the observed morphological dimorphism observed in DRG
axons growing into the NGF and NT-3 compartments, in which, similarly to that previously
reported in vitro, NGF-dependent nociceptive neurons grow mostly long and unbranched axons,
while NT-3 dependent proprioceptive neurons show increased axonal branching (Romero et al

2007).
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Figure 2.3 Selective neuron growth of DRG sensory axons by compartmentalized neurotrophin

delivery. (a)NGF selectively induced the growth of longer axons compared to control and NT-3-

treated groups. (b) NT-3 increased significantly the number of branches per axon compared to
control and NGF. *= p< 0.001, + = p < 0.01. n =10-12 (Garde 2008).
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These preliminary results confirmed our initial objective that different axonal modalities
have different receptors and can be guided by specific molecular cues. Amit Chohuan in our
laboratory also obtained preliminary evidence that mixed axons from an amputated nerve
can be segregated into separate regenerative compartments through neuron-type
specific neurotrophins. To fully test this possibility, | investigated the feasibility of using NGF

and NT-3 to selectively attract TrkA nociceptive axons and TrkC proprioceptive axons in vivo.

2.2 Material and Methods

2.2.1 Invivo “Y"- shape nerve regeneration

To test if mixed axons in the transected peripheral nerve could be segregated into
modality-specific compartments in vivo, we compared the segregation effect of natural distal
targets such as the sural (primarily sensory) and tibial (mixed sensorimotor) nerves, distally
connected to each arm of a Y-shaped tube, and compared it to that enticed by NGF and NT-3.
The arm C of the tube was filled with collagen without growth factor, the arm B and A were filled
with collagen and 100ng NGF/ml or 500ng NT-3/ml, respectively (Figure 2.4). The sciatic nerve
in 32 rats was completely transected and repaired with either straight or Y-tubes with either
segregated nerves or neurotrophins. Following a two-month survival the regenerated tissue was
longitudinally sectioned and stained for specific markers
2.2.2 Immunocytochemical analysis

Animals were perfused with PBS-1% heparin, followed by 4% PFA. The regenerated
nerve was harvested and processed for immunohistochemistry. Double labeling studies were
done on longitudinally cut cryosections using the monoclonal N-52 clone of neurofilament 200
(N-52+) and CGRP (rabbit anti-CGRP, 1:2000; Chemicon, Temecula, CA). The tissue was then
visualized using Cy2 Goat anti-Rabbit 1:250, Cy3 &Cy2 Goat anti-Mouse 1:500; Cy3 Goat anti-
Rat 1:400 (Jackson labs, West Grove, PA). Sections mounted using Vectashield containing the

nuclear label DAPI (Molecular Probes, Carlsbad, CA).
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2.2.3 Image analysis and quantification

Three stacked images of the A, B and C arms (Figure 2.4b) were captured using
confocal microscopy for each subject. Double-level standardized optical density threshold was
applied to subtract the background and the saturated intensity values. A circle (fixed area
O.O3mm2) was placed over three randomly selected areas for fiber growth quantification. The
area (in um?) of positively stained N-52+ axons and CGRP+ axons was measured in all three
arms of the Y-shaped nerve regenerate.
2.2.4 Statistical analysis

The data is reported as the mean and the standard error of the mean (SEM). An
unpaired Student’s t-test was used to determine statistical differences. In multiple group
comparisons, one-way ANOVA was used followed by Neuman-Keuls multiple comparison post
hoc evaluation (Prism 4, GraphPad). P values < 0.05 were considered significant.

2.3 Results

2.3.1 N-52-positive fibers are enriched by compartmentalized NT-3

. All implanted groups demonstrated axonal outgrowth in the common arm of the
implants (Figure 2.4). Compared to simple tubularization nerve gap repair that mediate the
regeneration of a single nerve cable (Figure 2.4a), Y-tubes containing collagen connected
distally to sural and tibial nerves showed robust Y-shaped nerve regeneration (Figure 2.4b).
Growth in those with collagen-only was minimal in absence of distal targets (Figure 2.4c), but

was qualitatively enhanced if NGF and NT-3 were added in the Y- arms (Figure 2.4d).
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Figure 2.4 Guided peripheral nerve regeneration. (a-d) Schematic representation of the
experimental groups tested in vivo. s= single tube, c= common arm, a and b= left and right arms
of the Y-shaped tube. (a’-d’) Photographs of regenerated nerves 60 days post tubularization. (a)
Single nerve cable was observed in nerves repaired with straight tubes (a’), A Y-shaped nerve
regenerate formed in the other groups. The regenerated tissue was thicker with the sural and
tibial nerves attached distally (b’), dramatically reduced in absence of distal treatment (c’), and
increased with neurotrophin delivery (d’).
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To determine the specific modality of the neurons that grew into the different “Y”
chambers, we tried to retrograde label those axons using Flourogold as recently reported
(Tansey et al 2011). However, the limited amount of tissue distal to the Y-arms caused cross-
contamination during labeling. Alternatively, we resourced to markers specific for nociceptive
fibers (CGRP+) and for large-diameter axons (N-52+). In DRG, sciatic nerve (Figure2.5) and

spinal cord (not shown), CGRP labeled exclusively the TrkA pain fibers while N-52 stained large

TrkC neurons and large diameter axons.

DRG Sciatic Nerve

CGRP

N-52

Merged

Figure 2.5 Differential labeling of large myelinated proprioceptive (N-52+; red), and small
unmyelinated nociceptive (CGRP+ green) neurons in dorsal root ganglia (left) and sciatic nerve
(right) in rat demonstrates the specificity of the markers as no overlap is apparent.
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The staining did not overlap, thus labeling these two distinctive sub-populations of
neurons in the experimental groups confirmed that the CGRP+ fibers were qualitatively more
abundant in the arms of the Y-tube sutured distal to the sural nerve (Figure 2.6a), and N-52+
axons appeared to be more dense in the arm attached to the tibial nerve (Figure 2.6b). In those
with NGF/NT-3, no differences were apparent with CGRP labeling, but seemed more abundant

when labeled with N-52+ in the arm with NT-3 (Figure 2.6c¢).
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Figure 2.6 (a) In the “Y” shaped nerve regenerate, both axon types are present in the common
arm, whereas those attached to the tibial nerve showed apparently less CGRP+ axons
compared to those growing into the sural nerve compartment. (b) Conversely, N-52+ axons
appear denser in the tibial compared to the sural compartments. (c) In the NT3 and NGF
groups, N-52+ axons were more prevalent in the NT-3 arm.
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Quantitative analysis using optical densitometry at the single tube (s), or the common
(c) arm of the Y-tube, showed no significant differences between the treatment groups (Figure
2.7). In sharp contrast, the density of CGRP+ axons (Figure2.7a) was significantly increased in
the compartment attached to the sural nerve (p < 0.01; 7528 + 604.7 OD units), but not in that
supplemented with NGF (1884 + 504.8 OD units). Conversely, that of N-52+ was significantly
increased (p < 0.01) in both the tibial (8718 + 769.2 OD units) and NT-3 (9120 + 1080 OD units)
compartments (Figure 2.7b). We also noted significant increases (p < 0.05) in CGRP in the tibial

(4894 + 739.4 OD units) and of N-52 in the sural (9689 + 676.3 OD units), compartments.
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Figure 2.7 Optical densitometry of CGRP and N-52 axons. (a) Pain fibers (CGRP+) axons are
grown in a significantly larger numbers in arms filled with NGF and tibial nerve compared to
collagen or NT-3. (b) Large diameter axons were attracted towards the tibial and NT-3
channels, but also to the sural nerve compared to collagen controls. *= p< 0.01, + = p < 0.05.

Together, the data indicate that specific growth factor combinations can be used to

guide the axonal growth of a mixed population in an amputated nerve and coerce specific types

of regenerative fibers to grow into separate compartments.
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2.4 Discussion

2.4.1 Sensitivity of the neural interfaces can be increased by attracting specific axons to the
recording sites

The transected peripheral nerve provides an optimal site for the neural interfacing as
movement commands can be recorded from motor axons, and electrical stimulation of sensory
fibers can convey natural sensation to the user of advanced robotic prosthetic devices.
Stimulation of sensory axons conveys sensory feedback with natural integration and modulation
at the spinal cord, brain stem and thalamus prior to reaching the sensory cortex. Furthermore,
neuron-specific stimulation will be able to convey precise sub-modality sensory information such
as pain, temperature and limb stretching.

Peripheral nerve interfacing has been accomplished either through extraneural (i.e., cuff
electrodes;(Leventhal & Durand 2004) or intraneural electrodes. Indwelling interfaces like the
longitudinally implanted intrafascicular electrodes (LIFEs; (Lefurge et al 1991) have been used
successfully to record motor signals from the peripheral nerve, and through stimulation, used to
convey sensation in long-term amputee human volunteers (Dhillon et al 2004);(Benvenuto et al
2010). However, indwelling electrodes like LIFE provide limited long-term efficacy due to the
progressive reduction in the number of active sites over time, poor bio-abio interface, tissue
damage and loss of recording activity due to electrode insulation as a result of tissue scar
formation (Biran et al 2005; 2007; Leung et al 2008; Williams et al 2007).

Regenerative sieve electrodes were proposed more than three decades ago as a viable
alternative to interface motor and sensory nerve axons (Mannard et al 1974);(Dario et al 1998;
Edell et al 1982). Sieve electrodes have been shown to obtain neural recordings after long-term
(i.e., 2-6 months) implantation (Klinge et al 2001); (Lago et al 2007); (Panetsos et al 2008), and
we recently obtained long-lasting single and multiunit recordings using a non-obstructive
regenerative multielectrode interface placed between the transected ends of an end-to-end
repaired nerve, and after interfacing the nerve 5-6 months after injury despite absent

connections to their normal target muscles(Garde et al 2009). Here we tested the possibility to

24



use neurotrophins to guide the regenerative process of the transected peripheral nerve and
segregate the growing axons into modality-specific compartments.

Previous reports have shown that incorporation of growth factors into neural interface
electrodes can increase the sensitivity of the neural interfaces by attracting axons to the
recording sites. Indeed, several growth factors and adhesion molecules have been incorporated
to conductive substrates. NGF has been attached to polypyrrole(Gomez & Schmidt 2007), or
combined with laminin and applied to polymer polyethylene dioxythiophene(Green et al 2009)
and brain-derived neurotrophic factor (BDNF)and NGF have been entrapped in hydrogels
polymerized over the electrodes or in nanopore membranes (Jun et al 2008; Lopez et al 2006;
Winter et al 2007).

This study showed that NT-3 can mimic the specific enticement of N-52+ axons
observed in chambers in which the tibial mixed sensory-motor nerve was sutured distally.
Conversely, the sural sensory nerve was able to attract a larger population of CGRP-positive
axons towards that compartment. However, we were unable to replicate such effect when NGF
release was compartmentalized. Since we used a larger concentration of NGF (100 ng/ml)
compared to that of NT-3 (5 ng/ml), it is possible that a lower NGF concentration is needed for
an optimal axonal enticement, and future studies will be required to optimize the concentration
and nature of the signaling cues needed to achieve maximal and more selective segregation.

The data demonstrates the guided enrichment of nociceptive axons in this particular
regenerative chamber, and supports the notion that neurotrophic factors can be used directly as
a means to enrich sensory and perhaps motor axons into an electrode interface. To test this
possibility, future experiments will test the ability of glial-derived neurotrophin factor and BNDF,
known to stimulate the regeneration of motor neurons (Boyd & Gordon 2003a; Jubran &
Widenfalk 2003), to segregate motor from sensory fibers.

Our laboratory recently reported the use of an 18-electrode regenerative multielectrode

interface that was able to record multiunit activity in both acute and chronically damaged
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peripheral nerves (Garde et al 2009). Regenerative interfaces such as REMI are unique since
axonal growth can potentially be guided specifically to compartmentalized electrodes using
neuron- specific growth factors. These results shows that in addition to the general
chemoattractive nature of the neurotrophins, neuron-specific molecular guidance cues can be
used to separate the regeneration of specific types of neurons.

My results suggests that in addition to the general chemoattractive nature of the
neurotrophins, neuron-specific molecular guidance cues can be used to separate the
regeneration of specific types of axons, ultimately enticing them into separate multielectrode
compartments for selective recording/stimulation (see model in Figure2.8). Achieving a greater
concentration of axons from a particular neural subtype is expected to provide a more
sophisticated and selective peripheral neuro-interface. The selective regeneration of subtypes
of neurons into specific target chambers would be better suited to achieve selective stimulation
of a neuron subtype, compared to the penetration electrodes that are in contact with mixed
axons from different neuron types; as this would minimize the possibility of unintentionally
neural activation. Ultimately, such an arrangement would reduce the burden of data extraction
from mixed signals from electrodes embedded in a mixed neuron population, and achieve
selective recording and stimulation of the regenerative peripheral neurointerfaces, which in turn

can be valuable in order to achieve more precise control of the robotic prosthetic hand.
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(a)

(b)

Figure 2.8.Schematic demonstration of multielectrode compartments. (a) Mixed nature of
regenerative nerve in the absence of any molecular cues. (b) Specific growth factors attract a
subtype of neurons to the modality-specific compartment.
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CHAPTER 3
MODALITY SPECIFIC GUIDANCE OF SENSORY AND MOTOR AXONAL FIBERS IN
FEMURAL NERVE MODEL USING PLGA LOADED GROWTH FACTOR
3.1 Introduction

The peripheral nervous system is capable of spontaneous regeneration after injury.
However; complete recovery is impaired due to lack of integrating sensory feedback to efferent
motor pathway (Gallarda et al 2008).Regenerative electrodes have been demonstrated to be a
viable alternative to interface motor and sensory peripheral nerve fibers (Klinge et al 2001; Lago
et al 2007; Panetsos et al 2008). Recently our lab reported the recording of multiunit activity in
both acute and chronically damaged peripheral nerves with non-obstructive regenerative
multielectrode interfaces (Garde et al 2009). Though, the mixed nature of axonal regeneration
complicates the interpretation of the nature of the recording signals, and the stimulation strategy
that might be used to convey modality-specific sensation through such regenerative interfaces.

During peripheral nerve development, motor and different subtypes of sensory neurons
naturally segregate from other subtypes and establish distinct trajectories to distal target zones.
Sensory-motor heterotypic neuron segregation is known to be due in part to repulsive
interactions of EphA3/EphA4 receptor tyrosine kinases in motor, and ephrin-A ligands in
sensory, in proximal fibers (Gallarda et al 2008). Moreover, some labs have reported the
exigency of some molecular cues in organs, like muscle and skin that guide regenerating axons
towards specific distal targets (Masuda et al 2009; Oakley et al 1997; Wenner & Frank 1995).
These molecular cues can be used to manipulate axonal guidance (Flanagan 2006; Moises et
al 2007; Tannemaat et al 2008; Walker et al 2008).

Manipulations of guidance molecules in adult mammalians after injury have been used

to control detrimental effects of axon sprouting and target regenerating axons (Curinga & Smith

28



2008; Flanagan 2006; Madison et al 2007; Moises et al 2007; Tannemaat et al 2008; Winter et
al 2007). Some molecular cues such as the neurotrophins promote neuronal survival, shape
neuronal morphology and guide a preferential neuronal subtype (Flanagan 2006; Moises et al
2007; Tannemaat et al 2008; Walker et al 2008). Neurotrophin receptors are located on the
surface of axons and dendrites and must convey their signal retrogradely to the nucleus to
influence transcription of target genes (Flanagan 2006; Moises et al 2007). These receptors
which guide the extending axons toward the distal target during the development stage continue
to be functional in adulthood (Josephson et al 2001). Thus, it is not illogic to speculate that
application of different growth factors can guide different axonal types.

The application of growth factors on regeneration of some of modality-specific fibers
have been demonstrated with some other labs(Curinga & Smith 2008; Flanagan 2006; Gallarda
et al 2008; Lerma et al 2008; Madison et al 2007; Masuda et al 2009; Moises et al 2007; Oakley
et al 1997; Porter et al 1995; Shen et al 2004; Tang et al 1992; Tannemaat et al 2008; Walker et
al 2008; Winter et al 2007). It is known that NGF, NT-3, GDNF induces neuritis outgrowth and
axon guidance of sensory neurons (Lerma et al 2008) and that their absence results in drastic
motor-sensory miswiring (Flanagan 2006; Moises et al 2007; Tannemaat et al 2008; Walker et
al 2008). Specifically, TrkA nociceptive neurons depend on NGF for survival and axonal
growth(Hu et al 2010; Oakley et al 1997). Among all growth factors, PTN is the only one that is
expressed higher in motor neuron rather than sensory neurons (Jin et al 2009). PTN is highly
expressed in denervated muscle and some type of Schwann cells (Jin et al 2009). There are
evidences on this growth factor initiating axonal growth of motor neurons in peripheral as well
as central nervous system (Jin et al 2009; Mi et al 2007).

Here, it is hypothesized that mixed axons form a regenerated nerve can be enticed
to grow preferentially crossing the lesion towards the specific target using neuron-type
specific growth factors. Such segregated neural fibers would predictably increase the

probability of specifically recording from motor neurons and stimulating a sub-type of sensory
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axons in an advanced neural interface devices. To test this possibility, we investigated the
feasibility of using two specific growth factorsnerve growth factor (NGF) and pleiotrophin factor
(PTN) to promote segregated regeneration of pain and motor fibers.

3.2 Material and Methods

3.2.1 BSA, NGF and PTN microparticle fabrication

Polylactic-co-glycolic acid (PLGA) microparticles were synthesized using the double
emulsion (water-in-oil-in-water) evaporation method (Rocha et al 2008). PLGA (Lakeshore
Biomaterials, Birmingham, AL) was dissolved in dichloromethane (DCM; Sigma-Aldrich, St.
Louis, MO) at a concentration of 200 mg/ml; mixed with aqueous solutions of PTN (10ug/ml;
PeproTech Inc., Rocky Hill, NJ), NGF (10pg/ml; Invitrogen, Carlsbad, CA) or BSA (20mg/ ml;
Sigma-Aldrich, St. Louis, MO), and sonicated. This solution was then added to polyvinyl alcohol.
The mixture was stirred to evaporate the DCM and centrifuged at 4000 rpm for 15 min to pellet
the particles. The particles were resuspended in 10ml PBS and freeze dried for storage. The
morphology of the particles was evaluated using a scanning electron microscope (Hitachi S-
3000N Variable Pressure SEM), and the size distribution was ascertained with the particle size
analyzer (Zeta Pals, Zeta Potential Analyzer).
3.2.2 Consistancy of the microparticle shape, size and release profile

Double emulsion method (W/O/W) is the most common approach for making
microparticles. Using organic solvent (which can be toxic) and the broad size distribution are its
main disadvantages. A volume of 20 ul of microparticle was placed on a glass cover slip. Then
was allowed to dry out in an oven ovrnight at 37°C. The dried microparticle mounted cover slip
was put in a high-vaccum sputter coating device (CrC-100 sputtering system; Torr international
Inc, New Windsor, NY) to cover the non-conductive PLGA polymer with a thin layer of Ag
(Argentum, silver). The Scanning Electron Microscopy (SEM) images of microparicle loaded
BSA, NGF and PTN were taken in high pressure using a variable SEM machine (Hitachi S-

3000N; Hitachi High Technology America Inc, Pleasonton, CA). These images showed that
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there is a wide variety in diametere of microparticles but there was a consistancy when the

fabrication was repeated and different growth factors were used (Figure 3.1).

(b) Drug Release curve

CumulativeRel (% ofloading)

0 10 20 30 40 50

Time (days)

Figure 3.1 Characterization of the PLGA-BSA microparticles (a) SEM image

of the microparticles showed the spherical morphology of the microparticles.

(b) BSA assay of the PLGA-BSA microparticles showed that less than 50%
of the BSA enccapsulated was released over 40 days.
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3.2.3 Morphology, size, release profile and biological activity of the microparticles

The morphology of the particles was evaluated using a scanning electron microscope
(Hitachi S-3000N Variable Pressure SEM), and the size distribution was measured with the
particle size analyzer (Zeta Pals, Zeta Potential Analyzer). PTN or NGF release in PBS was
evaluated at 37 in a shaker incubator at several time points (1, 2, 4, 8, 24, 38, 96 hrs, and
weekly thereafter for 4 weeks) using ELISA (Invitrogen, Carlsbad, CA). PLGA microparticles-
loaded with BSA were used as controls and their release measured by standard protein assay
methods (BCA Assay, Thermo Scientific, Rockford, IL) and 562 nm spectrophotometry.

To confirm the biological activity of the PTN and NGF loaded microparticles, cortical
tissure of deeply anaesthetized neonate mice (postnatal day 3) (CharlesRivers, Wilmington,
MA) were collected under sterile conditions and kept in cold Hank’s balanced solution (HBSS;
Hyclone,Waltham, MA) supplemented with 1% penicillin/streptomycin. The collected cortical
tissues were transferred to a solution containing 0.25 % trypsin diluted in L-15 was added to the
pellet and kept at 37°C for 30 minutes. Afterwards, a flamed tip glass was used to triturate the
DRGs. After dissociation, cells are precipitated by centrifuging at 1200 gs (rcf) for 5 minutes.
Cells were seeded in 8 chamber slide plates (Lab-TekTM, Thermoscientific, Rochester, NY) and
kept in Neurobasal medium complemented with 1% B-27 and L-glutamine and penicillin /
streptomycin (Gibco, Carlsbad, CA). All the cell cultures were kept in normal condition at37°C
and 5% CO,. PLGA-PTN microparticles (3 mg) or PLGA-NGF microparticles (12 mg) or BSA
encapsulated PLGA microparticles (control; 4 mg) were added to cell culture media for 3 days.
Cells were fixed and immunohistochemically stained to be visualized using confocal fluorescent
microscope.

3.2.4 Quantification of the axonal length and cell surface area
Axonal length and cell surface area were measured in ImageJ using the images of the

stained cell culture wells with B-tubulin. Average and standard deviation of the length of the

32



axonal fibers and surface of the soma were calculated in experimental groups (NGF and PTN)
compared to control (BSA).

3.2.5 Assessment of sustained release by measuring fluorescent intensity of Cy2-microparticles
compared to Cy2 antibody

A block of 1.5 % agarose was made in 4 chamber slide plates (Lab-TekTM,
Thermoscientific, Rochester, NY). Using a small biopsy punch (2 mm), a circle was created in
one side of the agarose block and the agarose inside the circle of removed to create a well.
Using a marker, 1, 2, 3, 4, 5, 6 and 7 mm distant from the created well was marked on the back
of the glass slide (Figure 4.1). 0.4 ug of the Cy2-lgGantibody or 8 mg of the PLGA loaded Cy2
microparticle was placed in the well created by 1.5 % agarose. At different time points (1 hour,
24 hours, 3 days and 7 days) using fluorescent microscopy diffusion of the dye in the agarose
block was visualized. Later, using optical densitometry, the images taken at different time points

were quantified.

PLGACy2/ Cy2 — LS ®
® ..: ® ®
15%Agarose 1> @ ® o e®

1234567 (mm)
Figure 3.2 Schematic demonstration of the experimental design for the measurement of the

diffusion in Cy2 particles compared to Cy2 dye in 1.5% agarose.
3.2.6 Rat femoral nerve model
Deeply anesthesized animal using an intraperitoneal (IP) injection of pentobarbital (25
mg/ Kg), underwent the double crush injury in the common femoral nerve. Breifly, common
femoral nerve was exposed and braches were identified (Hu et al 2010). A double crush injury
was created in the common femoral branch 5 mm proximal to the bifurcation. The femoral

nerve is absolutely crucial to segregation because proximally (at the site of injury in the common
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arm) both cutanous and muscle Schwann cell tubes intermingle and distally it bifurcates to the
terminal cutanous and muscle branches (Redett et al 2005). Thirty-two rats were categorized in
4 different experimental groups (n=8): i) BSA-BSA, ii) NGF-BSA, iii) PTN-BSA and iv) NGF-PTN
(Figure 3.3). They were double crush injured in common femoral 5 mm proximal to their
bifurcations to motor branch (MB) and saphanous branch (sensory branch; SB) (Hu et al 2010).
Then, another small incision was created in the distal sides of SB and MB to make the
epineurium penetrable to the PLGA microparticles (Figure 3.4). This incision was covered
according to the experimental group of the animals (Figure 3.3) with a mixture of 1x=11mg,
5x=56mg and 10x=112mg of NGF loaded PLGA-microparticle or 1x=1.5mg, 5x=12mg and
10x=24mg of PTN loaded PLGA-microparticle with 10 ul of fibrin sealant (Baxter, Deerfield, IL),
respectively. The quantity of the microparticle mixed with fibrin glue was measured based on

the release profile prior to surgery.

PLGA-BSA PLGA-NGF
Cutanous branch Pain fibers
Common femoral nerv

Double crush injury
Motor bran

PLGA-BSA PLGA-BSA

Motor fibers

PLGA-BSA PLGA-NGF

PLGA-PTN

PLGA-PTN

Figure 3.3 Experimental design of the in vivo femoral model. Four different experimental groups
(n=8) were treated either with growth factors or with BSA (negative control). More pain fibers
were expected to be enticed to NGF in sensory branches. However, number of motor fibers are
predicted to be higher in motor branches when they were treated with PTN.
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Figure 3.4 Schematic illustration of the femural nerve model in rat. The sensory and motor
branches were double crushed and then later treted with NGF and PTN, respectively. A double
crush injury in the common femural branch was created 5 mm proximal to bifurcation.

3.2.7 Staining and imaging

For in vitro biological activity studies, digital images of 20x magnifications were obtained
using a confocal microscope (Zeiss LSM 510 Meta). The length of axons and surface area of
soma were quantified in each experimental group to calculate mean axonal length and cell
surface area of cell soma. For in vivo segregation studies, two stacked images of the SB and
MB branches were captured at 40x magnification using confocal microscopy for each subject.
Double-level standardized optical density threshold was applied to subtract the background and
the saturated intensity values. All the areas of the longitudinally sectioned explants viewed in
the images were selected for fiber growth quantification. The area (in pmz) of positively stained
ChAT+ axons and CGRP+ axons was measured in regenerated branches of the femoral nerve.
3.2.8 Functional recovery and muscle weight

Rats were walked prior to injury and 4 weeks after injury on a narrow beam. They were

recorded from back while walking and snapshots of the still frame of the video were compared
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characterize the functional recovery of the axonal fibers in different experimental groups. A
difference was observed between the way animal lifted its injured (right) and uninjured (left) leg.
The angle between the ankle and floor in the left leg (angle a in Figure 3.13) was compared with
the same angle in the right leg (angle B in Fgiure 3.13) The difference between these two
angles was measured as an indicator to determine the extent of the recovery in each animal (a-
B in Figure 3.13).

Animals were perfused with 4% PFA and the quadriceps muscle of the injured and
uninjured side was collected weighted to compare the muscle weight loss induced by the nerve
injury.

3.2.9 Statistical analysis

The data is reported as the mean and the standard error of the mean (SEM). An
unpaired Student’s t-test was used to determine statistical differences. In multiple group
comparisons, one-way ANOVA was used followed by Neuman-Keuls multiple comparison post
hoc evaluation (Prism 4, GraphPad). P values < 0.05 were considered significant

3.3 Results
3.3.1 PLGA Microparticles sustained release in the hydrogel

Quantitative analysis of the fluorescent intensity data collected from PLGA-Cy2 and
Cy2 antibody loaded in cut wells in agarose blocks showed that the microparticles diffused in
the agarose slowere. The study of the diffusion profile of the Cy2 and PLGA-Cy2 confirmed that
the Cy2 released from microparticles diffuse slower in its environment and therefore, creates a
gradient. Moreover, it showed that there is a delay in the diffusion of Cy2 released from the
microparticle (Lhour and 24 hours) compared to the experiment when Cy2 antibody was added
directly. However, the gradient created with microparticles remains longer throughout the the
study (7 days) compared to antibody itself (Figure 3.5). This makes the microparticle a great

vehicle for the growth factor delivery in a gradient manner.
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Figure 3.5 Measuring gradient established with microparticles using optical densitometry. (a)
The gradient created with Cy2 antibody did not last more than 24 hours whereas (b)
microparticles tend to release slower and for longer period of time (at least 7 days). (n=3)
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3.3.2 PLGA-NGF/PTN microparticles

Particle size analysis using Zeta Potential Analyzer (ZetaPlus; Brookhaven Instrument
Co. ; Holtsville, NY). The results of the size analysis showed that there are two different size
distribution; 50-70% of the particles were smaller than 500 nm and 20-30 % of the particles
were bigger than 2000 nm in diameter in all the groups (NGF and PTN loaded microparticles)
(Figure 4.5b and 4.6b). This confirms the reproducibility of the microparticles using the double
emolsion method. To confirm that the encapsulation of protein with PLGA polymer did not
defect their biological activity, a NGF and PTN ELISA was done. Lyophilized microparticle were
weighted and 1 mg of microparticle was collected and dissolved in 1 ml of PBS in a 1.5 ml
conical tube. The tubes kept in a shaker incubator at 37°C for 28 days. Samples were
centrifuged at different time points and the supernatant was collected and replaced with fresh
PBS. The collected supernatants were kept frozen in -20°C upon usage. The results of the
ELISA shows that there is a burst release of protein and by day 5 about 40-55 % of the growth
factor was released. Later, It reaches its plateau and by the end of study 50- 70 % of the total

NGF and PTN loaded was released, respectively (Figure 3.6¢ and 3.7c).
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Figure 3.6 Characterization of PLGA-NGF microparticles (a) SEM image of the microparticles
showed the spherical morphology of the microparticles. (b) Size analysis of the micrparticles
showed that 55 % of PLGA-NGF microparticles had diameter of 480 nm or smaller. (¢) The

release profile of the PLGA-NGF microparticles showed that about 50 % of the loaded NGF was
released in 28 days of the study.
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Figure 3.7 Characterization of PLGA-PTN micropatrticles (a) SEM image of the microparticles
showed the spherical morphology of the microparticles. (b) Size analysis of the micrparticles
showed that 74 % of microparticles had diameter of 469 nm or smaller. (c) The release profile of
the PLGA-PTN microparticles showed that about 75 % of the loaded PTN was released in 28
days of the study.

3.3.3 Cortical neurons cell culture had longer axons and bigger cell somas when treated with
microparticle loaded growth factor comapred to control (BSA)

We tested the biological activity of the microparticle loaded BSA, NGF and PTN in the
cell cultures of cortical neurons (Figure 3.8 a-c). Micropartilces loaded proteins were added to
the dissociated cell culture of the cortical neurons. Cell cultures were given neurobasal medium

and kept in incubator at 37C and 5 % CO2 for 3 days. After 3 days, cell cultures were fixed with
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4 % paraformaldehyde (PFA) and stained with B-tubulin (mouse anti- B-tub, 1:500; Sigma, St.
Louis, MO). The stained cell cultures were visualized with confocal microscope and axonal
length and soma surface were measured using ImageJ to obtain the average and standard

deviation (Figure 3.9).

Figure 3.8 Dissociated cortical axons growing in the media containing PLGA-BSA, PLGA-PTN
or PLGA-NGF. (a) Neurons growing in PLGA-BSA microparticle containing medium had very
short axons. (b and c) In contrast, those growing in PLGA-PTN containing media and PLGA-
NGF containing media had longer axons. The cell viability was higher in the presence of growth
factors compared to control (BSA).
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Quantitative analysis of the images showed that neurons treated with both of the growth
facotors (NGF and PTN) had longer axonal fibers and bigger somas (Figure 3.9). The statistical
analysis (p<0.001; n=15) between average length of axons in the experimental groups (NGF;
164.07 £ 36.18 um or PTN; 217.4 + 72.296) showed siginificant increase of the measured
facotr compared to control (BSA; 53.2 £ 17.94 um) (Figure 3.9a). Also, the average of the
surface of the soma in the cell cultures treated with (NGF; 192.66 + 57.77 pm® or PTN; 307.8 +
74.53 pm®) were significantly larger compared to control (BSA; 45.266 + 24.81 um?). The longer
axon and bigger cell soma confirms that cortical neurons responded to the treatment with
growth factors. This confirms that the PLGA-NGF/PTN microparticles were biologically active

and the released growth factors were not denatured.
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Figure 3.9 Dissociated cortical neurons growth in response to growth factors. (a)Neurons had
longer axons in cell cultures containing growth factors compared to control. (b) Cell body
surface was larger in cultures with growth factor compared to control. *= p< 0.001. n = 4.
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3.3.4 PLGA-Cy2 microparticels traced the axonal fibers in femoral nerve

The epineurium around the nerve fibers is made of irregular dense connective tissue.
This sheath which is an extension of the meniges is reponsible for the protection and integrity
og the peripheral nerve. It is believed that epineurium acts as a diffusion barrier in peripheral
nervous system ((Lehmann 1953; Sunderland 1965). To penetrate this protecion sheath and to
confirm that the small incision created in the distal site of the biforcation in each of the branches
is enough to permit the diffusion and uptake of the proteins by axonal fibers, the femoral model
was tested with PLGA-Cy2 microparticles.

Rat femural nerve was exposed and the common femural branch and the saphanous
and motor branch was identified as previously described in the publication (Hu et al 2010). A
small incision was created in the saphanous branch to make the epineurium penetrable, using a
cold forceps. Cy2 microparicles (0.01 mg) was mixed with 10 ul of fibrin sealant to place the
microparticles on the site of incision. The viscose mixture of the microparticles in fibrin sealant
was placed on the site and was wrapped like a sheath around the injury. The animal was
sutured back and kept for 24 hours.

The animal was sacrificed and perfused and the saphanous nerve was harvested
proximal and distal to the site of the injury. The nerve explant was embedded in a water soluble
frozen embedding media (Tissue-Tek® O.C.T ; Sakura Finetek USA Inc., Torrance, CA) and
sections. Sections were mounted on glass slide and visualized using a confocal microscope.
The site of the incision and the contiguous area were fluorescent (Figure 3.10a and 3.10b). The
area that was not in close proximity of the injury site did not show any fluorescent (Figure
3.10c). Moreover, the PLGA loade Cy2 microparticles were not autofluorescent when we
changed the filter to Cy3 (Figure 3.10d). This results proved that our particles are uptaken with
the axonal fibers as early as 24 hours post injury and injection. Therefore, the incision made in
the epineurium created an area for the diffusion of the microparticles. This was confirmed by the

uptake of the microparticles with the axons in the proximity of the incision. This results also
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were confirmed with images taken father from the incision site or with different fluorescent filter
from the site. The fluorescent visualized in the images were emanated by the microparticles and

was not the effect of background.

Figure 3.10 Microparticle loaded Cy2 covered the double crush injury site. (a) The released Cy2
was uptaken in 24 hours by axonal fibers in the site of injury and (b) its proximity. Whereas, (c)
the axonal fibers far from the site of injury were not showing any fluorescent. (d) The same site
of injury was visualized with a different fluorescnet filter (Cy3). This confirms the uptake of the
Cy2 by axonal fibers at the cite of incision. The fluorescent light is emanated from the Cy2
microparticles and is not an effect of background.
3.3.5 More CGRP+ and ChAT+ axonal fibers are attracted to the NGF and PTN respectively
To test if mixed axons in the crush injured peripheral nerve could be segregated into

modality-specific compartments in vivo; we compared the segregation effects PLGA-

microparticle loaded NGF and PTN to that enticed to BSA (control). The femoral nerve in 32
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rats was crushed and repaired with either NGF-microparticles (saphenous (SB)) or PTN-
microparticles (motor branch (MB)). BSA-microparticles were used as control to evaluate the
modality-specific guidance of axonal fibers without any exogenous molecular cues (Figure
3.10).

Double immunolabeling for choline acetyl transferase (ChAT; Specific marker for motor
axons) and CGRP (specific marker for nociceptive sensory axons), confirmed that ChAT+
(motor fibers) and CGRP+ (pain fibers) are specific and do not overlap (Figure 3.11). Moreover,
it confirmed that more numbers of motor fibers and sensory fibers were attracted to the

branches repaired with PTN-microparticles and NGF-microparticles, respectively (Figure 3.11).
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Figure 3.11 Differential labeling of large myelinated motor neurons (ChAT+; green), and small
unmyelinated nociceptive (CGRP+; red) in femoral nerve in rat. There was not a distinctive
growth of any subtype of axons in either of the branches in BSA-BSA group (negative control; a-
b). There was more CGRP+ (pain fibers) in sensory branch of both NGF-BSA and NGF-PTN
groups (c and g). Conversely, there was more motor neuron (ChAT+) in the motor branch of the
PTN-BSA and NGF-PTN group (f and h). Density of pain fibers in sensory branch and motor
axons in motor branch in NGF-PTN (g and h) was similar to uninjured animals (positive control; i
and j).
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Quantitative analysis using optical densitometry showed no significant differences in
number of axons growing in both branches in control (BSA-BSA) (Figure 3.12) between the
treatment groups. In sharp contrast, the density of CGRP+ axons in sensory branches (Figure
4.12a) were significantly increased in the animals treated only with NGF-BSA (p < 0.001; 737+
101) and group treated with NGF-PTN (459 £ 69 OD units). Moreover, that of ChAT+ was
significantly increased (p < 0.001) in both group treated with PTN-BSA (745 + 46 OD units) and
NGF-PTN (690 + 67 OD units) (Figure 3.12b). We also noted significant increases in CGRP+
(p< 0.05; 580 + 29 OD units) fibers in motor branches treated with PTN compared to control.
Interestingly, ChAT+ fibers in the motor branch of the NGF-PTN were not significantly different
from uninjured (positive control). Comparing the results of the BSA/PTN and NGF/PTN showed
that more ChAT+ fibers were attracted to the sensory branch in latter group compared to
former. That is correlated with a reduction in the number of ChAT+ fibers regenerated in motor

branch in NGF/PTN group.
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Figure 3.12 Optical densitometry of CGRP+ and ChAT+ axons. (a) Pain fibers (CGRP+) axons
are grown in a significantly larger numbers in branches treated with PLGA-NGF compared to
PLGA-BSA. (b) Motor neurons (ChAT+) were attracted towards the branches treated with
PLGA-PTN compared to PLGA-BSA or PLGA-NGF. The axonal density in the motor branch of
the animals treated with NGF-PTN were similar to uninjured (positive control) *= p< 0.001, x=

not significantly different.
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3.3.6 The angle of the ankle in experimental groups with reference to the ground

Femural nerve injury model is the most recommended model for the peripheral nerve
segregation. However, most of the behavior studies of the recovery patterns are done in Sciatic
injury model. Therofere, we had to do several different common studies like “cat walk” and
“narrow beam walk” to notice if there is any difference between the uninjured group and
different groups of the injured model. Video-taping the 5 groups of the animals; i) BSA-BSA
(negative control), ii) NGF-BSA, iii) PTN-BSA, iv) NGF-PTN and v) Uninjured groups (positive
control). The still frames of the movie showed a clear difference in the way that the animals
lifted their legs. To quantify this observation, the difference between the angles of the left
(uninjured nerve) and right (injured nerve) ankles with reference to the ground was measured.
In the uninjured (normal) animals these two angles were almost 90° and they were not a
significantly different (p< 0.001; 1.047 + 0.895 degree). Conversely, in experimental groups
the walking pattern was distorted and animals showed a difference in the angle they were lifting
up their right (injured) and left (uninjured) leg (Figure 3.13). Quantitative analysis of the angle
measure in the left leg (uninured) and right leg (injured) between different experimental groups
showed a significant difference (Figure 3.14a). The BSA-BSA group (p < 0.001; 35.167 + 2.585
degree) had the biggest average of the measured angle difference. Whereas, the NGF-PTN
group (p< 0.001; 0.681 + 0.469 degree) had the smallest value and was very similar to and not
significantly different from the average of the differece of the angles measured in uninjured

animals (p < 0.05; 1.048 + 0.895) (Figure 3.14a).
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Figure 3.13 Functional recovery evaluation in the rat femural double crush injury model. (a) The

angle of the lifted ankle between left (uninjured) and right leg was different. The injured leg was

twisted laterally. (b) The same pattern was observed when the sensory branch was treated with

NGF. (c) The injured leg was more similar to the uninjured when the motor branch was treated

with PTN. (d) The animals showed more similar patterns in their walking behavior when treated

with NGF and PTN for sensory and motor recovery. This was very similar to the normal walking
in uninjured animal (e).

3.3.7 Muscle weight

Some studies have shown a strong correlation between peripheral nerve injury and its
innervated muscle atrophy (Dadon-Nachum et al 2011; Wu et al 2011). Therefore, muscle mass
was used as a powerful indicator of the functional recovery, particularly recovery of the motor
fibers. The motor branch of the femoral nerve innervates the quadriceps muscle. The
qguadriceps muscle in 16 injured animals in 4 experimental groups (n=5) and 4 uninjured ones
were collected. The water excess was removed using a Kim-wipe and immediately weighted.
Statistical analysis between 5 groups: i) BSA-BSA(negative control), ii) NGF-BSA, iii) PTN-BSA,
iv) NGF-PTN) and v) uninjured one (positive control) demonstrated a significant difference

between experimental groups compared to control (Figure 3.14b). The muscle weight in PTN-
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BSA (p< 0.05; 2.012 + 0.023 g) and PTN-NGF (p< 0.05; 1.955 + 0.165 g) groups were
significantly higher compared to control (p < 0.05 1.19 + 0.16 g). Unexpectedly, there was a

significant difference between NGF-BSA (p< 0.05; 1.711 + 0.163 g) compared to BSA-BSA

(negative control).
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Figure 3.14 (a) Quantitative analysis of the angle between left (uninjured) and right (injured
ankle). (b) Muscle weight comparison between uninjured, experimental groups and control
(BSA/BSA) showed a significant difference between groups. (* p<0.005, + p<0.05, x not
significant; n=5).
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3.4 Discussion

Specific molecular cues such as neurotrophins and pleiotrophins are known to be
involved in the precise targeting of the axonal fibers.(Kolodkin & Tessier-Lavigne 2011). Some
of these factors influence neural adhesion and neural growth by making changes in cell-cell and
cell-substrate interaction(Cheng et al 2003; Freier et al 2005; Haipeng et al 2000; Mingyu et al
2004). Whereas others affect the axonal guidance possible by cellular signaling cascades from
neural transmitters, hormones and repulsive or attractive signals from filopodial and lamellar
protrusions (Kolodkin & Tessier-Lavigne 2011; Mueller 1999; Seeger & Beattie 1999; Tessier-
Lavigne & Goodman 1996; Zheng et al 1996a).

The key to axonal guidance by molecular cues lies in their ability to transduce the
extracellular signals to interacellular changes. Growth factors tend to be able to make changes
in intracellular expression of cytoskeletal molecules(Kolodkin & Tessier-Lavigne 2011). Some
studies have simply shown the ability of these molecules in regeneration and guidance of cell
neurites (Cao & Shoichet 2003; Raivich & Kreutzberg 1987); While others have confirmed the
diverse morphological and functional response of different axonal subtypes to specific growth
factors (Hari et al 2004). The members of the neurotrophin family growth factors bind to specific
tyrosine kinase receptors (Averill et al 1995; Jubran & Widenfalk 2003; Michael et al 1997; Nagy
& Hunt 1982; 1983). After binding to their specific Trk receptor the signals are internalized and
retrogradely transported to the neuronal soma where the Erk and PI-3 kinase signaling
cascades are activated, mediating axonal growth and cell survival respectively.(Averill et al
1995; Jubran & Widenfalk 2003; Michael et al 1997; Nagy & Hunt 1982; 1983; Terenghi 1999).
NGF preferentially binds to TrkA receptors present on sympathetic neurons and some of
sensory neurons of the dorsal root ganglion (DRG) (Jelsma & Aguayo 1994; Josephson et al
2001). TrkA+ neurons are small diameter neurons with unmyelinated axons that mediate pain
perception and express calcitonin gene-related peptide (CGRP) (Josephson et al 2001;

Piotrowicz & Shoichet 2006). PTN has been shown to interact with tyrosine phosphatase(
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(PTPC), N-Syndecan and anaplastic lymphoma kinase (ALK) (Maeda et al 1996; Raulo et al
1994; Stoica et al 2001). Although the detailed mechanism of the PTN is yet to be discovered,
there are some evidences confirming the interaction of the PTN with ALK receptor in neuronal
regeneration (Yanagisawa et al 2010).

This study showed that, it might be possible to segregate or appropriately guide the
regenerating axons from transected nerve by exogenously providing essential neurotrophic
factors. The specific growth factors; NGF and PTN; can significantly guide more number of
nociceptive and motor fibers to the target. NGF not only attracts more pain fibers but also act as
a repellent for the motor fibers. This was confirmed by the results of the comparison of the
muscle weight. Repelling of the motor fibers and guiding them to the motor branch in the
animals treated with NGF might be an explanation to the higher muscle weight in this group
compared to the control. On the other hand, PTN tends to attract some of the CGRP+ fibers
(proprioceptive fibers) which might be due to its pleiopotency. It also showed that the growth
factor enticed regenerated fibers can improve more functional recovery in the treated animals.
The angle of the ankle in the NGF/PTN group was almost identical to the uninjured animal.
Conversely, the ankle was twisted more laterally in the control (BSA/BSA) compared to the
groups that were treated with PTN in motor branch. Moreover, muscle weight has been used as
an indicator of the proper target innervations in motor fibers. There was a significant difference
in the weight of the quadriceps muscle among the experimental groups. Quadriceps muscles
are innervated with the motor branch of the femoral nerve. Finally, it showed that sustained
release techniques of the drug delivery can be used to deliver the minimal effective amount of
the growth factor locally to the site of injury. This can be used as a more reliable and less
hazardous method for the growth factor delivery where molecular cues are needed to provide
guidance for nerve regeneration. This study was an attempt to sort regenerating axons to

increase specificity of recording/stimulation in regenerative interface.
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CHAPTER 4
A METHOD TO ACHIEVE PROGRAMMABLE GRADIENTS OF DRUG DELIVERY
4.1 Introduction

Axons in developmental stages are guided to their target by a combination of attractive
and repulsive signals from immobilized and diffusible molecular cues (Cajal 1928; Deuchar
1970; Sun et al 2000; Walsh & Doherty 1997). Growth cone is the most active part of the
neurons and it is believed to guide axons by sampling their environment (Goodman 1996;
Mueller 1999; Seeger & Beattie 1999; Zheng et al 1996b). Furthermore; some have reported
that during developmental stages axons not only distinguish between cells and molecules in
their microenvironment but also they have specific orientations toward the gradient of molecular
cues (Bonhoeffer & Huf 1982; Cao & Shoichet 2003). Many researchers studying the
topographic growth of axonal regeneration during these stages agree on the fact that
establishment of the gradient causes the axonal guidance. To investigate these phenomena
many have established some in vitro models (Bonhoeffer & Huf 1982; Cao & Shoichet 2003;
Gierer 1981). These models are very helpful in describing the mechanism and cell-cell or cell-
ECM interaction in a molecular level and they mimic the in vivo in many aspects. However; they
are unable to explain when this gradient appears and how long it lasts. Moreover; one might
hypothesis that loss of gradient after developmental stage might be the reason for lack of sense
of direction in axonal fiber after injury. However; there are not many studies investigating these
facts in vivo due to the lack of a precise, programmable model of gradient.

In nerve regeneration, the major factor of functional recovery after lesions is the
accurate regeneration of axons to their original target. Unfortunately, regenerating axons are
often misrouted to wrong end-organs (Madison et al 2007). To alleviate this problem, axons

have been guided by neurotrophic factors, polypeptide adhesive molecules, cytokines, and
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signals from such as those from Schwann cells. During development, guidance molecules play
a key role in the formation of complex circuits required for neural functions (Curinga & Smith
2008; (Juttner & Rathjen 2005; Ponimaskin et al 2008). Neurons guide their axonal fibers into
long distance targets areas where they can form synapses with selected target cells (Schmid et
al 2006). It has been shown that growth cones will navigate over long distance if i) concentration
of the growth factor is not too high to saturate the cell membrane receptors and ii) concentration
gradient is steep enough for axons to detect the target (Cao & Shoichet 2001).

4.1.1 Different approaches to create gradient

Application of microfluidic channels and injection of viral vectors are among some of the
methods for establishment of gradient (Dodla & Bellamkonda 2006; Kong et al 2011; Ziemba et
al 2008). Some of these methods are only applicable for short-term studies in vitro (microfluidic
channels) (Kong et al 2011). Whereas, others involve risks associated with the injection of the
carrier (adenovirus injection) (Ziemba et al 2008). These studies propose a safety feature is
introduced by creating replication-incompetent viruses (Ziemba et al 2008; (Fallaux et al 1999).
Although, encouraging results are achieved, two main concerns are still remained: the severe
immune response to viral vectors which needed to be treated with immunosuppressant drugs
and generation of replication-competent viruses. Production of the replication-competent virus is
unpredictable and difficult to control (Ginsberg 1996)Fallaux et al 1999; (Schaack 2005).
Therefore; there is not a safe systematic sustain-release method available to study and deliver
the optimized concentration and steepness of the gradient in vitro and in vivo.

Fabrication of drug delivery vehicles using biocompatible polymers is a safe way to
avoid complications associated with administration of viral vectors. However; they often time
create a linear and transient concentration (Figure 4.1a). We and others have used PLGA
microparticles in multiluminal channels for the sustained release of the VEGF growth factors
(Dawood et al 2011; Dawood 2011). However such method provides a linear GF concentration

(Figure 4.1b). In order to establish a sustained gradient we designed the use of PLA fibers,
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which when coiled around the microchannels offer a growth factor concentration which changed
according to the number of coils. We reasoned that coiled fibers can be wrapped around the

lumen of microchannels to provide a defined GF gradient in the lumen (Figure 4.1b).

Biocompatible hydrogel
Microchannel

T |
(a). Short term drug delivery: Fabrication of l
the microchannels would provide a better S
control over the limited intended volume. b L
However, the concentration is not
sustainable.
(b). Long term drug delivery: Biodegradable
microparticles  will provide a sustained  Bjodegradable bl
release of the chemicals (e.g. growth  mjcroparticles thge e ._.: e%e )

factors) in the optimal concentration in the
desirable volume. This design lacks gradient.

(c). Long term drug delivery with a sustained
gradient. Invention of the biodegradable
coiled fiber to create a gradient will create a
controlled release of the chemicals (e.g.
growth factors) in an adjustable gradient
manner .

I
Biodegradable
coiled fibers

Figure 4.1 Schematic diagram of different approached to create a consistent concentration for in
vivo purposes. A) Application of a microchannel embedded in a surrounding hydrogel with
higher diffusion coefficient than the filling hydrogel will create a limited volume with the optimal
concentration. B) Biodegradable microparticle loaded with chemical (e.g. growth factor) will
provide a sustainable concentration over a long time. C) Coiled fibers will create a controllable
gradient that can be adjusted by changing number of helical turns, the lateral distance between
each turns and length of the channel.

4.2 Material and methods

4.2.1 Multiluminal NGF gradient modeling

Growth factor release from PLGA coils was modeled in two configurations (isotropic
and anisotropic) of a multimedium model solved using finite element analysis. The model was
implemented in COMSOL Multi physics using a 2.4 GHz Intel® Core™2 Quad processor

computer and consisted in turns with a diameter of 250 micrometers and thickness of 1
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micrometer distributed inside a cylinder with a diameter of 250 micrometers and a length of 1
centimeter. The release profile from the loaded PLGA coils was modeled using a modified
version of Korsmeyer-Peppas equation for the release from a degradable polymer. The initial
condition of the coil was taken as a uniform load of 1 microgram. The simulations were run for a
period of 28 days.

4.2.2 Fabrication of coiled PLGA fibers

Poly-lactic-co-glycolic acid (85:15, 135,000 MW) coiled fibers were fabricated using
wet-spinning. Briefly, a solution 20 wt.%PLGA was dissolved in dichloromethane (DCM; Sigma-
Aldrich, St. Louis, MO) and was allowed for complete dissolution. The polymer solution was
loaded into a glass syringe (gas-tight syringe; Hamilton, Reno,NV) and placed in a syringe
pump (Harward Apparatus, Holliston, MA) as is described in other publications (Nelson et al
2003). Polymer solution was injected to the coagulation bath containing isopropanol to form the
fiber. Pre-washed mylar substrates was used as collecting spool. With many spinning
parameters possible, the spinning solution injection rate and the fiber collection speed was
controlled at 1.8ml/h and 8.5m/min, respectively to achieve 30 um diameter fibers. PLGA
solution formulations containing the nerve growth factor (NGF; 5ug/ml; Invitrogen, Carlsbad,
CA) or BSA (20mg/ ml; Sigma-Aldrich, St. Louis, MO)or cyanine dye-3 (cy3; 5ug/ml; Jackson
ImmunoResearch Lab, Inc., West Grove, PA) were prepared by adding the required amount of
growth factor. Whenever necessary, PEG was added in the spinning formulation to preserve the
bioactivity of the growth factor. Manufactured fibers were wound around a glass column and
were dried out over night to let the the DCM.

The PLGA fibers were wrapped around the core titanium fiber 80 times. The total length
of the titanium fiber (1 cm) was divided to 3 areas; proximal, middle and distal. In the anisotropic
configuration, 40, 25 and 15 turns were placed in the proximal, middle and distal area,
respectively, Whereas, in the isotropic configuration the total 80 turns were distributed

homogenously in all 3 areas.
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4.2.3 Fabrication of growth factor loaded coils

PLGA fibers were coiled around titanium fibers (d=250 um) and were kept in 4° C
before use. Later, they were immersed in NGF growth factor solutions (1mg /ml) overnight.
Then they were casted in a TMM device as it is described in Chapter 3, Figure 3.1a (Dawood et
al 2011). PLGA fibers loaded with BSA were used as controls.
4.2.4 Hydrogel embedded coiled fiber and loading PC-12 cells

Pheochromocytoma cells (PC-12 cells) were loaded in a novel rectangular frame
(12.5mm X 36mm) used for casting agarose gels with a method described previously (Dawood
et al 2011). The casting device was made of dental cement and used to guide multiple titanium
fibers (0.25 mm X 17 mm; SmallParts, Logansport, IN).Titanium fibers wound growth factor coils
were positioned through perforations at both ends of the device. Under sterile conditions, the
casting device was placed over a glass slide in a cell culture dish and a 1.5% ultrapure agarose
(Sigma-Aldrich, St. Louis, MO) solution was applied to cover the fibers and allowed to
polymerize. PC12 cells (1X106 ml) were suspended in growth factor-reduced Matrigel (3.5
mg/ml, BD Biosciences, San Jose, CA). The negative pressure generated during removal of the
titanium fibers from the solidified gel, drew the PC12 cells/ECM mix into the lumen of the casted
hydrogel microchannels. Matrigel will allow the PC12 cells to grow inside the channels. The
growth factor coiled fibers were intact in the lumen and in approximate contact of PC12 cells.
The cell cultures were fed with RPMI-1640 medium (Sigma, St. Louis, MO) and kept in the
incubator at 37°C and 5% CO, for 72 hours.
4.2.5 Staining and visualization

For visualization of differentiated PC12 cells in the microchannels the gels were fixed in
4% paraformaldehyde (PFA) and processed for immunofluorescence. After rinsing the gels with
a blocking solution (0.1% Triton-PBS/ 1% normal serum), the samples were incubated with

Oregon Green Phalloidin and TO-PRO 3 lodide (Invitrogen, Carlsbad, CA) as cytoskeletal and
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nuclear labels, respectively. The staining was evaluated using a Zeiss confocal microscope
(Zeiss Axioplan 2 LSM 510 META).
4.2.6 Image analysis and quantification

The staining was evaluated and analyzed using regular and fluorescent microscopy and
z-stack 3D image reconstruction of the microvascular network in the multi-luminal hydrogels.
Quantification of the length of PC-12 cells processes in 3 different coil density (none, low and
high) was achieved using the Axiovision LE software (CarlZeiss, Axiocam, version 4.7.2) and
Zeiss LSM Image Browser (version 4.2.0.12).
4.2.7 Statistical analysis

All data values were expressed as mean + standard error of the mean. The data was
analyzed by parametric student t-test or by non-parametric student-t test followed by Mann
Whitney post hoc evaluation using the Prism 4 software (GraphPad Software Inc.). Values with
p=<0.05 were considered to be statistically significant.

4.3 Results

4.3.1 Mathematical modeling of coiled fiber NGF gradient delivery

In our mathematical model the filling conduit was considered to have the diffusion
coefficient of the agarose gel. The diameter of the channels was considered to be 250 um. The
results of the mathematical analysis showed that the isotropic coiled fiber created a
homogenous concentration in the channels which stayed for 28 days (Figure 4.2). The both
ends of the conduite were considered to be open. Therefore, in the proximal and distal end a
decrease in the concentration of the growth factor was observed due to the diffusion flux out of
the lumen. Howeve, the change in the concnetration of the proximal and distal ends compared
to the middle was minimal (less than 15 % of the concentration in the middle) and the conduite
structure tend to preserve the homogenous concentration. The anisotropic configurations of the
coiled fiber created a gradient as early as 5 days and tend to keep the gradient for long time (at

least 28 days) (Figure 4.3). The out flux of the growth factor from the distal and proximal ends
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did not affect the establishment of the gradient. The steepness of the gradient stayed the same

throughout the study (from day 5 to day 28).
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Figure 4.2 Snap-shots of the mathematical speculation of the isotropic desing of the coiled fiber.
The homogenious distribution of the gradient in the isotropic desing will remain for at least 28

days in the microchannels.
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Figure 4.3 The images of the predicted concentration distribution in the microchannels using
Comsol confirms the establishment of the a sustained gradient at least for 28 days in the
anisotropic.
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4.3.2 Establishment of gradient

To test our model Cy3 loaded PLGA coiled fibres were imaged using light microscopy
and fluorescent microscopy to demonstrate that the coil has a gradient nature (Figure 4.4a) and
they maintain their structure even after pulling out the fabrication metal fibre (Figure 4.4b).
Magnified images of the same fibre in the low and high concentrated areas clearly confirmed
the significant difference in the number of turns and the fluorescent light emanated from fibres in

these two areas (Figure 4.4c).
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Figure 4.4 Coiled fibers loaded with fluorescent dye (Cy3) to demonstrate the establishment of

the gradient. A) Image of the wound coil around the fabrication fiber. B) The coiled PLGA fiber

can be placed in a nerve conduit. C) Higher magnification of the areas in box. The Cy3-PLGA
coiled fibers are imaged the high density (left) and low density (right) areas.
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4.3.3 Evaluation of biological activity of NGF loaded coiled fiber

Fabrication of the fibers requires harsh chemical perocedures such as application of
organic solvents (dichroromethane). To confirm that growth factors (proteins) were preserved
throughout the process of the fabrication of the coils, NGF loaded coiled fibers were tested in
the presence of PC12 cells (Figure 4.5). PC12 is cell lines that have receptors to differentiate in
the presence of the nerve growth factor (NGF); therefore they are proper cell line to test the
biological activity of the loaded growth factor. Cells/ ECM suspension were loaded in the cell
well (Figure 4.5a) of the casting device and were pulled inside the lumen by the negative
pressure created by retreiving the titanium fiber out of the lumen as described earlier in a
publication by our lab (Dawood et al 2011). Cells seeded inside the lumen were fixed in 24
hours with 4% paraformaldehyde (PFA) and stained with Oregon Green Phalloidin and TO-PRO
3 lodide (Invitrogen, Carlsbad, CA) to visualize the as cytoskeletal and nuclear labels,
respectively (Figure 4.5).To facilitate the penetration of staining dyes, the gels were placed in a
cell culture plate while the solution was stirred over night at 4°C using a magnetic plate and stir
bar.

Images of the cells inside the lumen looked spherical and showed no processes (Figure
4.5b) in the area that there was no NGF loaded coil (Square B in Figure 4.5a). Whereas, cells
seeded in the areas with NGF loaded coiled fibers (Square C and D in Figure 4.5a) were
completely differentiated and had long processes (Figure 4.5c and 4.5d). Interestingly, these
processes were longer in the area with higher density of coil (Figure 4.5¢c and 4.5d). This
confirmed that areas with higher numbers of turns will release more NGF and therefore has
higher concentration of the growth factor.

To quantify the visualized images, length of all the processes equal or longer than the
cell body was measured. The quantitative analysis of the data showed a significant difference
between the lengths of the cells processes (Figure 4.6) in the three areas depicted in the Figure

4.5a. P value equal or less than 0.05 was considered significant.
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Figure 4.5 Bioactivity of the PC12 cells in NGF loaded coiled fiber channel. A) Schematic
diagram of the design of the experiment. NGF loaded coil fiber was placed in a nerve conduit
(as shown in the image 3 B). PC12 cells were loaded inside the channel. B) PC12 cells located
distally from the coil (Box B in image A) did not show any processes 72 hours after being
seeded. C) PC12 cells located in the middle of the coil (Box C in image A) differentiated and
had some processes in 24 hours. D) PC12 cells located in the high density area of the channels
with the most number of NGF loaded coil turns (Box D in image A). After 72 hours cells were
differentiated and have long processes.

The PC12 cells processes length was measured in none, low and high concentration area

(Figure 4.6). The average length of the processes was significantly higher in proximal (p<0.002;
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n=6; 71.33 + 12.17 pm) area and middle (35.66 + 12.69 um) compared to distal (1.4 +1.14
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Figure 4.6 Bioactivity of the PC12 cells in NGF loaded coiled fiber channel and gradient
establishment were determined by measuring cells processes in area without any NGF (distal
;box B), in the area with low density of NGF loaded coiled fibers (middle; box C) and the area
with high density of NGF loaded coiled fibers (proximal; box D). Cells were imaged 72 hours

after seeding and processes length was measured using ImageJ. There was a significant
difference in the length of the cell processes in the different areas (* p<0.005 n=6).
4.4 Discussion

During development or after injury, neurons extend their axonal processes to their
respective targets following a gradient of growth factors secreted by the targets (Berke &
Keshishian 2011; Hale et al 2010; Tessier-Lavigne & Goodman 1996).

Recently, it has been demonstrated that an anisotropic design of the hydrogel scaffold
can direct axons in long gap injuries compared to its isotropic equivalent (Dodla & Bellamkonda
2006). However; the components of the gradient in this study; are distributed inside the lumen

and that might hurdle the axonal regeneration. Here, we developed a method to create a

programmable gradient. The gradient is accomplished by the number of turns around a fiber.
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The fibers do not block the conduit designed for the axons path. Moreover; the number of turns
in each area can be programmed to create the proper steepness. This can be easily confirmed
with the mathematical modeling. Additionally, this design can be easily translated to an in vivo
implantable nerve conduit. Our findings demonstrated that the growth factor released from the
fibers is biologically active and is not denatured in the process of fabrication.

This experiment needs to be investigated further to find the proper steepness of each
growth factor and possibly combination of several growth factors in vitro. Besides; the findings
of this experiment need to be investigated and confirmed in an in vivo model. This design can
provide a novel method for establishment of gradient in vivo.

In addition to stimulation of axonal growth across a gap, there is also a need to
separate specific modalities of axons into distinct compartments. This is needed both for the
repair of sensory and motor branches and for the development of closed-loop peripheral neural
interfaces. Application of different growth factors loaded coils in different channels will be
facilitated with coiled fibers (Figure 4.7). This strategy will entice a specific sub-type of axons in
a mixed population of nerves to the channels and eventually will guide them to the proper target
(Figure 4.7).

Mixed Nerve
Population

Coiled fibres loaded growth factors

Motor Neurons

Sensory Neurons

Biocompatible hydrogel Regenerating Nerve Fibres

Figure 4.7 Schematic diagram of application of several coiled fibers in a multiluminal conduit to
guide axons with different modality. Modality specific axonal guidance is one of the several
applications of the establishment of the gradient. Each channel contains a helically wound fiber
that contains a specific molecular cues (specifically neurotrophin or pleiotrophin) known to
entice growth of a specific type of neurons (nerve cells). Release of the chemical guidance cues
will create a gradient in the channels inside the coiled fibers. The gradient can be controlled by
the fiber architecture (e.g. total number of helix turns, lateral distance of each turn from its
adjacent ones and number of helix in distance unit).
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The nerve guidance conduit can be completed applying different strategies like; using
coils with different steepness to acquire optimal gradient for multiple growth factor/ drug (Figure
4.8), fabricating a multi-stranded coiled polymer with different polymers (e.g. using different
PLA/PGA ration) in order to deliver multiple factors/ drugs at different rates, manufacturing a
multi-stranded coil using same polymer but different fiber diameters, developing a coaxial fiber

and finally utilizing electrically conducting strands within the coil.

Qe
M

20x 10x
10x 5x

Figure 4.8 Schematic diagram of application of several coiled fibers with different gradient in a
multiluminal conduit to guide axons and other type of cells. This will allow us to guide different
cell types to the conduit with their optimal concentration gradient.
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APPENDIX A

SYNERGISTIC EFFECTS OF NEUROTROPHIC AND PLEIOTROPHIC GROWTH FACTORS
IN AXONAL REGENERATION
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Introduction
Spontaneous axonal regeneration is absent in the adult central nervous system. The use of
neurotrophic factors such as Brain-derived neurotrophic factor (BDNF), Glial cell line-derived
neurotrophic factor (GDNF), Nerve growth factor (NGF), and Neurotrophin-3 (NT-3) have all
shown good results in axonal regeneration. Recently, growth factors that stimulate multiple cell
types such as Pleiotrophin/heparin binding growth factor-8 (PTN) have also demonstrated to
induce neurotrophic effects. Brain-derived neurotrophic factor’s ability to regenerate axons,
motor and sensory, is mediated by two receptors: tropomyosin-related kinase B (TrkB) and p75
neurotrophin receptor (p75NTR) (Boyd & Gordon 2001; 2002; Friedman & Greene 1999; Gavazzi
et al 1999; Henderson et al 1993; Henderson et al 1994; Kimpinski et al 1997; Lindsay 1988;
LoPresti & Scott 1994; Oppenheim et al 1995; Segal 2003; Sendtner et al 1992; Yan et al 1992;
Yan et al 1995; Yano & Chao 2000; Zurn et al 1994). TrkB receptors can be found
predominately on myelinated mechanoreceptor axons and a-motor neurons (Bloch et al 2001;
Koliatsos et al 1993; Snider & Wright 1996). Conversely, the p75NTR receptor can be found in
all types of sensory neurons (Bloch et al 2001). Glial cell line-derived neurotrophic factor
regenerate axons, motor and sensory, via the receptor complex GDNF-family receptor a-1
(GFR a-1) and the signal-transducing tyrosine kinase subunit Ret (Baloh et al 2000; Gavazzi et
al 1999; Henderson et al 1993; Kimpinski et al 1997; Lindsay 1988; LoPresti & Scott 1994;
Oppenheim et al 1995; Saarma & Sariola 1999; Sendtner et al 1992; Yan et al 1992; Yan et al
1995; Zurn et al 1994). This complex can be found primarily in y-motor neurons and a
subpopulation of sensory neurons in the DRG (Airaksinen et al 1999; Shneider et al 2009).
Nerve growth factor acts on sensory axons through the tyrosine kinase receptor TrkA, found
predominately on unmyelinated nociceptive axons (Jenq & Coggeshall 1985). Neurotrophin-3
binds TrkC receptors found predominately on myelinated proprioceptive axons (Snider & Wright
1996). Pleiotrophin has been found to play a significant role in embryogenesis and is highly

expressed in the developing nervous system (Bloch et al 1992; Muramatsu 2002;
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Vanderwinden et al 1992). The three receptors found to interact with this growth factor have
been found to be protein tyrosine phosphatase ¢ (PTP{), N-syndecan, and anaplastic lymphoma
kinase (ALK) (Maeda et al 1996; Raulo et al 1994; Stoica et al 2001). Out of these three
receptors it is believed that ALK is the key receptor responsible for neuritogenesis using the
glycogen synthase kinase 3B/B-catenin/growth-associated protein-43 pathway (Yanagisawa et
al 2010).

Table A.1 Summary of the neurotrophic and pleiotrophic factors tested in this study and their

associated specific tyrosine kinase receptor and their trophic effects on different subtypes of
neurons.

Growth factor Specific receptor Function

NGF TrkA Nociceptive fibers fibers

NT-3 TrkC Proprioceptive fibers

PTN ALK, PTPC and N-syndecan Motor neurons and some other cell
types.

Whether these factors have different stimulatory or synergetic effects is currently
unknown. However, if each growth factor targets a different sub-type of neurons, it can be
concluded that the combination of the growth factors increase the number and sub-type of the
axons. Some studies have shown that increased number of sprouted axons from explants
enhances the chance of reaching the correct target (Morris et al 1972). Therefore; synergistic
effects of the growth factors can be used to improve the innervations of the correct target if used
in vivo. Here we evaluated the possibility of achieving a synergistic growth effect in neurons
when exposed to multiple neurotrophins or a combination of neurotrophins and
pleiotrophic growth factors.

Materials and Methods

Tissue Preparation
Postnatal (P3) mice were anesthetized hypothermically. Each pup was dissected and their
dorsal root ganglions (DRG) were collected, dissections were performed in cold D1SGH. DRG

explants were placed in separate chamber of a Lab-Tek® Chambered Slide coated with laminin
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the night before. Each explant was held in place by a drop of extra cellular matrix (ECM) and
placed in an incubator set at 5 % CO, and 37° C for 5 minutes to allow for polymerization. After
the ECM polymerized and adhered the explants to the slides each chamber was filled with
minimum essential medium (MEM) and allowed grow in the incubator for 24 hours.

At the end of the incubation period each chamber with their perspective explants MEM
solution was replaced by a new MEM solution containing different combinations of growth
factors, the different group are shown in table 2.

Table A.2 Different combinations of growth factors applied to dorsal root ganglia explants.

Dorsal Root Ganglia

Pure MEM

100 ng/ml PTN

100 ng/ml NGF

2 ng/ml NT3

100 ng/ml of PTN and 2 ng/mI NT3

100 ng/ml of PTN and 100 ng/ml of NGF

100 ng/ml of PTN and 100 ng/ml of NGF and 2 ng/ml of NT-3
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The concentration of each growth factor used agreed with their physiological level
described by other researchers. Explants were allowed to incubate with new media for an
additional 48 hours.

Immunocytochemistry and Microscopy
Each chamber was washed and phosphate buffered saline (PBS), Triton and normal donkey
serum before they were incubated with the primary antibodies overnight at 4°C. Then, they
were stained with goat anti-B-tubulin in order to identify the axons from each explant.
Methods of visualization and Quantification
All the explants were imaged after staining. The partial images of the total axonal growth were
mosaicked to create a full image of the experiment. Details of the preparation of the images and
guantifications are as following:

1. DRG Explant Pictures

DRG explant pictures were obtained through confocal laser scanning microscopy after

staining with B-tubulin and TO-PRO-3. Entire DRG explant pictures were taken using

the Plan-Neofluar 10x/0.3 objective lens to produce 1303.0pm x 1303.0pm images in

Carl Zeiss Image Browser v4.2. The images produced were then sectioned into

guadrants. In the quadrant with the most growth, pictures were taken using the Plan-

Apochromat 20x/0.75 objective lens to produce 651.5um x 651.5um images.

2. Picture Assembly
Zeiss LSM Image Browser v4.2 was used to scale the DRG explant quadrant images in
increments of 20um. The scaled images were imported to Adobe Photoshop Elements
v8.0. For each set of DRG explant images, the explant body was made the primary
layer. Images of the extending axons were made into secondary, tertiary, quaternary,
etc. layers until the entire quadrant was imported. The layers were then stacked so that
all the DRG quadrant explant images formed a single image of the explant and axons

extending from it. To avoid incorrect positioning, the opacity feature in Adobe

73



Photoshop was used to stack each picture and at least five axon branching points per
image were checked to insure correct location.

Average Axonal Length and Longest Axon Length

For each assembled quadrant picture in Adobe Photoshop Elements, the edge of the
explant body was outlined using the six pixel diameter brush tool. Extending axons
were then traced from the outlined edge to the axon end and measured with the 20um
increment scale. This was repeated for twenty-five different axons and the mean value
found. The longest axon was then traced and measured.

Number of Projecting Axons

Images of the complete DRG explants, taken with the Neofluar 10x/0.3 objective lens,
were imported into Zeiss LSM Image Browser v4.2. For each explant, the overlay
function was used to trace the axons projecting from the explant body and the total
number was recorded. The entire process was repeated three times per explant image
and the mean value of projecting axons calculated.

Number of Branches from a single Axon

Quadrant images of the DRG explants for NT3 and NGF had their axons traced with the
six pixel diameter brush tool. Twenty- five axons per image were selected and number
of branches extending from each axon was found. The mean value for branches per
axon per image was then calculated.

Glial Cell Count and Average Glial Distance

Glial cells were quantified from the quadrant pictures assembled in Adobe Photoshop
Elements. A green overlay was used to count the stained glial cells three times. The
average glial cell distance was calculated by the same technique that was used for
average axonal length quantification; however, the measurements were made for the
farthest glial cell on an axon rather than the axon end.

Axonal Density
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Axonal Density was calculated with ImageJ 1.42q software. The freehand selection and
picture analysis functions were used to calculate the area of axons per image (Aaxon),
the area of the DRG explant body (Auegy,), and the area of the total image (Awwa). The
axonal density was determined by: (Aaxon)/(Awtal — Anody) (Shah et al. 2004).

Data Analysis

Each explant’s total number of projecting axon was counted to get total number of
axons. Eight of the most prominent axons from each explant was measured and
averaged to show the average of the longest axons. The distance that glial cells and
fibroblast travelled out of the explants was measured using a ruler. Statistical analysis
of the data was done by Student’s t-test and one way ANOVA. Values with P<0.001

were considered significant.
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Results

control

500 um

Figure A.1 Visualization of the DRGs growth with different growth factors compared to control.
Axonal fibers were stained with 3-tubulin (marker for axons cytoskeleton). (a) Without any
growth factor less number of axons sprouted from the explants and the axonal fibers were

shorter compared to when they were treated with pleiotrophic factor (b) or neurotrophic factors

(c and d)

76



control

PTN+ NT-3

PTN+NGF+NT-3

'L

500 um

Figure A.2 Visualization of the DRGs growth with different combination of pleiotrophic factor
with neurotrophic factors. Axonal fibers were stained with B-tubulin (marker for axons
cytoskeleton). (a) Without any growth factor less number of axons sprouted from the explants
and the axonal fibers were shorter compared to (b) PTN+NGF and (¢) PTN+NT-3 and (c)
PTN+NGF+NT-3

Combined growth factors resulted in increased axons density and glial migration.

The efficacy of growth factors, alone or in combination, were assessed by comparing
their effects on DRGs. The number of axons projecting out of the explants treated with a single
neurotrophic factor (NGF or NT-3) or pleiotrophic factor (PTN) is 8 times more than control (no

growth factor). PTN+NGF+GDNF combination had the most projecting axons. The number of

projections was two times more in PTN+NGF and PTN+NT-3. This was at least 3 times more
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when explants were treated with PTN+NGF+NT-3 compared to when they were only treated
with one of the growth factors.

Average of the distance travelled by glial cells was significantly higher (almost 5 times)
in the PTN+NGF group compared to control (no treatment). This number was higher in the other
experimental groups (PTN+NT-3 or PTN+NT-3+NGF). However, PTN+NGF had the highest

number among all the experimental groups.
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Figure A.3 Quantitative analysis of the (a) axonal density and (b) average of the distance that
glial cells travelled out of the explants showed that all the combinatorial groups enticed more
axons out of the explants compared to control (p<0.05; n=4-6). PTN+NGF had more number of
glial cells farther from the explants.
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Figure A.4 Quantitative analysis of the (a) longest axonal length and (b) average of the axonal
length showed that all the experimental groups had longer axons compared to control (p<0.05;
n=4-6). PTN had the longest axons among the single growth factor experiment. There was not a
significant difference between the combinatorial groups.
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Combined growth factors had no effect on axon length
The trend that a combination of growth factors is more effective is reversed when the average
length of projecting axons are investigated. It was found that NGF alone had the longest axons,
followed by BDNF, GDNF, and NT-3. The axonal length was higher in all the experimental
groups compared to control (no treatment). Out of the combinatorial groups investigated the
group treated with NT-3 had the lowest effect on axonal length.
Discussion

The data suggests that a combination of growth factors is best for encouraging large
number of axons to project out of an explant. PTN and NGF groups enticed the longest axons.
This was expected for NGF, since NGF is known as sensory neuron growth factor (Jenqg &
Coggeshall 1985) and DRG primarily consists of sensory neurons. Our results indicating
increase of the axonal length and number in the groups treated with PTN was rather
unexpected. PTN is mainly studied as a growth factor being expressed in motor neurons after
injury (Mi et al 2007). Although PTN combined with NGF did not give the best result it is still
outperformed all lone growth factors. This is promising because PTN is able to act on many
different cell types including angiogenesis and is preferable to other nerve growth factor
because of this characteristic.

One drawback to using combinations of growth factors to improve regeneration of axon
is the slow growth rate. As indicated by the second set of data all axons in lone growth factor
media grew much faster than the control or the combination. Within the same time frame the
axons immersed in the media with a combination of growth factors were as long as or shorter
than the single growth factor. This can potentially increase recovery time in an individual, but
the potential benefit of much more axons reaching their target far outweighs is a drawback.

This study indicates that PTN is able to increase the number of regenerating axons.
Furthermore, PTN'’s pleiotrophic properties can encourage other cell types to migrate and

differentiate during nerve regeneration, whether through a short or long gap bridge. The most
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important property of PTN besides axon regeneration is its’ ability to encourage angiogenesis
(Chen et al 2009; Li et al 2010). Without adequate irrigation a growing axons will not be able to
survive.

The possible application of the combinatorial growth factors has not been studied. Here,
we investigated the benefits of the combination of growth factors in axonal growth. Furthermore;
we showed the effect of PTN on dorsal root ganglion explants and on sensory neurons. A more
thorough investigation of PTN in combination with other growth factor is necessary, since it has
never been reported as an effective growth factor on sensory neurons. It is not known if PTN
has some specific receptors on sensory neurons or its pleiotrophic effects on other cell types
manifests itself as longer and more number of axonal growth. This defines the future direction of

this study.
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APPENDIX B

VEGF RELEASE IN MULTILUMINAL HYDROGELS DIRECTS ANGIOGENESIS FROM ADULT
VASCULATURE IN VITRO
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Introduction
Microchannels guide the angiogenic vascularization of hydrogel scaffolds

Angiogenesis is a process that involves the migration, proliferation, and differentiation
of endothelial cells from preexisting vessels (Hirschi et al 2002). It is well established that
angiogenic growth factors promote collateral artery development, in which the median range of
new vessel growth is less than 180 pym (Asahara et al 1999). It has been proposed that
micropatterning of cells within extracellular matrices can be used to provide control over cellular
migration and differentiation from pre-established blood vessels (Shen et al 2008). Indeed,
elastomeric microchannels have been used as microfluidic templates to pattern polymers,
proteins, and cells (Tan & Desai 2003). However, the cellular patterns defined by microfluidic
methods often lose integrity upon removal of the stamp due to cell growth and migration over
time (Tan & Desai 2003). Recently, endothelization of filamentous polymeric scaffolds has been
proposed as a method for the induction of guided angiogenesis (Gafni et al 2006; Italiano Jr et
al 2008; Nasseri et al 2003). While this study underlines the benefit of directing vasculogenesis,
the proposed method requires that the polymeric fibers degrade prior to the formation of a
vascular lumen.

It is known that aortic tissue contains undifferentiated mesenchymal cells that co-
express endothelial and myogenic markers. When embedded in three-dimensional collagen
gels, these cells form cohesive cellular cords resembling mature vascular structures (Invernici et
al 2007; Zengin et al 2006). In constrained collagen hydrogels, endothelial cells elongate and
form vascular tubes with thin wall lumens and show prominent actin stress fibers not seen in
floating (unconstrained) hydrogels (Sieminski et al 2004). Despite the efficiency of angiogenesis
into constrained ECM, the resulting vessels are often disorganized, leaky and hemorrhagic
(Yancopoulos et al 2000).

Multiluminal vascular formation from early postnatal aortic explants
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Our lab has demonstrated that multiluminal agarose could be used to entice the
migration of endothelial cells into the microchannels. Endothelial cells migrate from both
neonatal and adult arotic explants into agarose microchannels with luminal conducive matrix
molecules. The cells endothelialize the walls of the microchannels creating a hollow tubular
structure. The resulting angiogenic growth is highly stereotypic with observed endothelial tube
formation uniformly matching the diameter of the microchannels (i.e., 300 um). These cells were
able to proliferate and differentiate inside the lumens.

We have also demonstrated that angiogenesis can be enticed and guided from existing
blood vessels into the agarose microchannels. To test this hypothesis, early postnatal (P4-6)
aortic explants were placed perpendicular to the agarose microchannels and allowed it to grow
for 6-8 days. During this time, the cultures were taken every other day from the incubator to be
evaluated and photographed. As expected, vascular cells migrated radially from the ends of the
explants and formed tubular-like structures similar to those seen in 2D. In sharp contrast, cells
that migrated into the microchannels, instead of forming such small tubular structures, grew
along the walls of the microchannels, eventually forming a monolayer cylinder conforming to the
size of the lumen. Visualization at several focal planes revealed that the cells that migrated from
the aorta endothelialized the microchannels forming a hollow-tube. We confirmed the hollow
nature of the vascular-like structure by embedding the multiluminal gel and obtaining sections
subsequently stained with hematoxilin-eosin.

Angiogenic factors such as vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) has been shown to stimulate sprouting from pre-existing blood
vessels (angiogenesis) (Nillesen et al 2007; Tabata et al 2000), to form in situ assembly of
capillaries (vasculogenesis) from undifferentiated endothelial cells, and to mediate in vivo

prevascularization (Cao et al 2005). Despite the angiogenic effect of such factors,
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comprehensive vascularization of thick tissues in vitro cannot be controlled and lack
reproducibility (Ko et al 2007).

It is hypothesized that controlled release of VEGF from polymeric, biodegradable
microparticles with a simple and reproducible prevascularization method can induce
migration of endothelial cells into a transparent biodegradable multiluminal scaffold
used for vascularization.

VEGF is known to stimulate proliferation of vascular endothelial cells in vitro and in vivo
after binding to specific tyrosine kinase receptors (VEGFR1 and VEGFR2) (Frelin et al 2000)
and neuropilin-1 co-receptors without enzymatic activity (Soker et al 1998a). Neuropilin
contributes to the sum of proangiogenic functions mediated by VEGFR2, and it might also
participate in endothelial guidance and vascular patterning (Betsholtz et al 2004). While, time-
controlled release of VEGF has already been demonstrated as a mechanism to vascularize
tissues(Matsusaki et al 2007; Patel et al 2008; Pike et al 2006), the selective and
compartmentalized delivery of growth factors within hydrogel microchannels to prevascularize
tissue engineered organs has not been previously reported. We demonstrated that VEGF-
containing conduits can be preferentially endothelialized by pre-established blood vessels
forming hollow vascular-like structures.

Our laboratory developed a rectangular frame (12.5mm X 36mm) designed for casting
agarose gels that can successively be loaded with luminar fillers such as extracellular matrix
(ECM) molecules or cells. The casting device was made of plastic and used to guide multiple
titanium fibers (0.25 mm X 17 mm; SmallParts, Logansport, IN) through perforations at both

ends of the device.
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Figure B.1 Multiluminal hydrogels support cell proliferation and differentiation. (a)Schematic of
the casting device illustrating the steps in the fabrication of the multiluminal hydrogels: i)
placement of the fibers into the casting device (left arrow), ii)agarose polymerization (yellow),
and iii) cell seeding and retracting fibers (right arrow).(b) Photograph of the casting device
showing: i) a comb placed vertically to create a space for aorta explants, ii) metal fibers use to
cast the microchannels, and iii) wells in the scaffold containing the cell suspension. (c)
Immediately after seeding, fibroblasts uniformly filled the channels, deployed normal
morphology elongated in the channel (d; arrows). Time lapse microscopy demonstrated that
cells were able to proliferate (arrows in e and e’) and differentiate (arrows in f and f)in the
microchannel.
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Under sterile conditions, the casting device was placed over a glass slide and a 1.5%
ultrapure agarose (Sigma-Aldrich, St. Louis, MO) solution was applied to cover the fibers and
allowed to polymerize. Collagen IV (1mg/ml; Chemicon International, Temecula, CA) was paced
on the loading well. The negative pressure generated during removal of the titanium fibers from

the solidified gel, drew the collagen into the lumen of the casted hydrogel microchannels.

i P .
Aorta explant

[ h

500 um

Aorta explant

Figure B.2 Guided angiogesis from neonatal aorta explants. Cellular migration from P4-6 aorta
explants into the multiluminal hydrogel 8 d after culture (a). Higher magnification of the squared
area (a) shows radial migration of the vascular cells from the end of the tissue (b). The aortic
cells were observed to migrate, proliferated and eventually formeda monolayer cylindrical
structure conforming to the shape and size of the microchannels(c and d). Transverse sections
stained with H&E revealed that cells migrating from the aortic explants (e) formed a hollow tube

).
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Whether encapsulated VEGF or BSA in PLGA microparticles would induce
vasculogenesis was tested. The cells were incubated in endothelial cell growth media (EGM-2,
Lonza, Allendale, NJ) for 4-6 days inside a humidified chamber at 5% CO,_All the experiments
were evaluated by immunocytochemistry at 6-8d of culture.

Material and Methods

Aorta explants

Thoracic aortas were harvested under sterile conditions from deeply anaesthetized
neonate (postnatal day 4-6) or adult mice (CharlesRivers, Wilmington, MA) in cold Hank’s
balanced saline solution (HBSS; Hyclone,Waltham, MA) supplemented with 1%
penicillin/streptomycin and cleaned of blood and periadventitial tissue. Five millimeter aorta
segments were then embedded in ECM (adults) and placed in a well casted in the agarose gel
perpendicular to the microchannels. To accommodate the aorta explants, a detachable 2 mm
wide comb device containing perforations aligned with those in the scaffold casting device was
manufactured. The fibers were then guided through the perforations in the detachable comb
and the casting device, thus holding the comb. Subsequent to agarose polymerization, 17.5 ng /
ml of the VEGF microparticles were mixed with ECM and they were pushed inside the lumen
when the titanium fibers were removed in all cultures to make the microchannels.
PLGA-VEFG microparticle release

Polylactic-co-glycolic acid (PLGA) microparticles were synthesized using the double
emulsion (waterin-oil-in-water) evaporation method. PLGA (Lakeshore Biomaterials,
Birmingham, AL) was dissolved in dichloromethane (DCM; Sigma-Aldrich, St. Louis, MO) at a
concentration of 200 mg/mL; mixed with aqueous solutions of VEGF (5 mg/mL; Invitrogen,
Carlsbad, CA) or BSA (20 mg/mL; Sigma-Aldrich, St. Louis, MO), and sonicated. This solution
was then added to polyvinyl alcohol. The mixture was stirred to evaporate the DCM and

centrifuged at 4000 rpm for 15 min to pellet the particles. The particles were resuspended in 10
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mL PBS and freeze dried for storage. The morphology of the particles was evaluated using a
scanning electron microscope (Hitachi S-3000N Variable Pressure SEM), and the size
distribution was ascertained with the particle size analyzer (Zeta Pals, Zeta Potential Analyzer).

The loading efficiency of 1 mg of PLGA-VEGF microparticles were calculated to be
66.67 = 5% by subtracting total amount of applied VEGF from the amount measured by ELISA
(Invitrogen, Carlsbad, CA) in the supernatant. VEGF release in PBS was evaluated at 37C in a
shaker incubator at several time points (1, 2, 4, 8, 24, 38, 96 hrs, and weekly thereafter for 4
weeks). PLGA microparticles-loaded with BSA were used as controls (see General Methods)
and their release measured by standard protein assay methods (BCA Assay, Thermo Scientific,
Rockford, IL) and 562 nm spectrophotometry.
Staining and visualization

For visualization of vascular formation in the microchannels the gels were fixed in 4%
paraformaldehyde (PFA) and processed for immunefluorescence. After rinsing the gels with a
blocking solution (0.1% Triton-PBS/ 1% normal serum), the samples were incubated with
primary antibodies specific for the CD31/PECAM-1 (1:200; Invitrogen, Carlsbad, CA) was
achieved by incubation with Cy2- and Cy3-conjugated secondary antibodies (1:400; R&D
Systems, Minneapolis, MN). Counter stains Oregon Green Phalloidin and TO-PRO 3 lodide
(Invitrogen, Carlsbad, CA) were used as cytoskeletal and nuclear labels, respectively. The
staining was evaluated using a Zeiss confocal microscope (Zeiss Axioplan 2 LSM 510 META).
Image analysis and quantification

The staining was evaluated and analyzed using regular and fluorescent microscopy and
z-stack 3D image reconstruction of the microvascular network in the multi-luminal hydrogels.
Quantification of the number of cells and area of tubule formation inside the microchannels in
the BSA and VEGF treated groups was achieved using the Axiovision LE software (CarlZeiss,

Axiocam, version 4.7.2) and Zeiss LSM Image Browser (version 4.2.0.12).
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Time progressive studies

Time-lapse microscopy was performed using a Zeiss Pascal Microscope enclosed in an
incubation chamber that maintains the cell culture at 37°C and 5 % CO,. Images were taken
every 10 minutes using DIC for 24 hours to observe cells behavior inside the channels.
Statistical analysis

All data values were expressed as mean + standard error of the mean. The data was
analyzed by parametric student t-test or by non-parametric student-t test followed by Mann
Whitney post hoc evaluation using the Prism 4 software (GraphPad Software Inc.). Values with
p=<0.05 were considered to be statistically significant.

Results

VEGF increase angiogenesis into agarose multiluminal scaffolds from postnatal aortic explants

The robust angiogenic growth observed from the neonatal aortic explants was due in
part by the VEGF in the media. To determine if angiogenesis could be supported from the
young aortic explants in the absence of VEGF, the endothelialization of microchannels in aortic
cultures in the presence and absence of VEGF was compared. While VEGF-supplemented P4-
6 aortic explants showed a substantial number of cells inside the microchannels (390 + 57; n=
19), those lacking growth factor support recruited significantly fewer cells (212 + 48; n= 10).
These results suggested to us the possibility of controlling the vascular growth in multiluminal

hydrogels by compartmentalizing the delivery VEGF into specific microchannels.
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Figure B.3 Enhancement of implant vascularization by VEGF. VEGF-supplemented P4-6 aorta
explants contained larger number of cells in the microchannels (a and c) compared to those
lacking the growth factor (b and d). Quantitative analysis of individual nuclei (DAPI-positive),

confirmed a significant difference (p< 0.05) between the total number of cells per microchannel

in VEGF+ (n=17) and VEGF- groups (n=8)(e).
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Controlled adult angiogenesis by discrete VEFG release

After confirming the enticement of neonatal angiogenesis into multiluminal hydrogel we
wonder whether angiogenesis can be a) enticed from adult aorta explants and whether this
process can be controlled in individual microchannels. Using aorta explants from 60-90 day
mice we were able to demonstrate that, similarly to neonate tissue, angiogenesis can be enticed
from adult vasculature.

We then prepared PLGA-VEGF microparticles (0.66 pm mean diameter) and deployed
them into selected microchannels to ascertain whether local and controlled release of VEGF
can be used to achieve selective growth of endothelial cells. In-vitro release kinetic studies with
ELISA, revealed a two phase VEGF release pattern from the microparticles; an initial burst
phase within the first 3 days, followed by a sustained release over 28 days. To confirm that BSA
and VEGF were compartmentalized (i.e., no cross diffusion of fluorescence), PLGA-Cy2-labeled
IgG fluorescent microparticles (Cy2), and PLGA-BSA microparticles (negative control) were
loaded into adjacent channels, and the diffusion of fluorescence over time (1, 3 and 15 days)
was quantified using optical densitometry. Our results demonstrate minimal fluorescence
detected in the PLGA-BSA channel over time.

We then investigate whether endothelial cells from adult aorta explants can be
differentially guided into microchannels loaded with PLGA-VEGF particles compared to those
containing PLGA-BSA. After 15 days in culture, we observed that the number of cells migrating
into the microchannels was minimal in those containing BSA microparticles, and that the
number was significantly increased in channels in which VEFG was selectively released via
microparticles (3.5 ng/day). Quantification of the number of endothelial cells inside the VEGF
containing microchannels (258 + 34) revealed a ten-fold increase (p= 0.001) compared to those

with BSA eluting microspheres (29 + 8). The average area of tubule formation in the channels
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with VEGF particles (73 +8 pmz) was also significantly higher (p = 0.001) than those with BSA

(11 + 4pm?).
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Figure B.4 Controlled release of VEGF induces angiogenesis in adult aortic explants.(a) SEM
picture showing morphology of VEGF-encapsulated PLGA microspheres. The particles had a
smooth surface and were uniformly dispersed. (b) Continued released of VEGF In vitro was
confirmed from the PLGA micropatrticles using ELISA (mean + SD;n=4). (¢) Fluorescent density
was measured and compared in different areas over time when one of the channels was loaded
with PLGA-Cy2 microspheres and the other one was loaded with PLGA-BSA microspheres. (d)
Microchannels with luminal VEGF microspheres specifically increased the number of
endothelial cells in those channels compared to those supplemented with BSA as control 7 days
after implantation. (e, f)lmage analysis quantification showed that number of cells and the
distance travelled per microchannel were significantly higher in VEGF treated groups than the
control BSA group (n = 8 per group; * = p< 0.001).

Together, this data provides evidence that vascular growth can be enticed and
controlled within three-dimensional biodegradable matrices, and supports the notion that
angiogenic vascularization from either neonate or adult preexisting blood vessels can be
stimulated by intraluminal VEGF. This strategy may offer a viable alternative for the formation
of vascular structures within thick bioengineered tissues, prior to grafting.

Discussion

Our lab developed a simple and reproducible vascularization method that integrates a

transparent biodegradable multiluminal scaffold for guided endothelial migration stimulated by
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intraluminal controlled release of Vascular Endothelial Growth Factor (VEGF). This study
demonstrated that VEGF can be loaded in PLGA microparticles and into the lumen of the
agarose microchannels, from where it can direct endothelial cell migration.

Selective Angiogenesis within 3D hydrogel scaffolds

Our study demonstrated that VEGF can be used to supplement the luminal collagen
matrix in selected microchannels, thus providing a method to induce the migration of angiogenic
cells and the formation of new vascular structures selectively.

Since it has been demonstrated that the formation of vascular-like structures in vitro can
subsequently connect to the host vascular system after implantation (Hochberg et al 2006),
methods that allowed selective and guided angiogenesis could be of value in engineering a
vascular network within separate compartments of those occupied by other structural cells
needed for bioengineered organs. This argument is supported by recent reports demonstrating
that prevascularization of a particular artificial skin construct was able to form healthy
anastomosis with the host vascular system within four days, whereas de novo vascularization of
a non-prevascularized graft took as long as 14 days after implantation (Hochberg et al 2006;
Priya et al 2008). By extension, the method reported here might be used to decrease the time
that is needed to vascularize thick bioengineered organs, as host vessels are not required to
grow into the entire implant, but only into its outer regions to meet the preformed vascular
network.

Vascularization of hydrogel scaffolds

Improved vascularization of bioengineered tissues is essential to promote implant
survival of tissue-engineered organs, such as heart, lungs and liver. Current methods for tissue
neovascularization, either through in situ assemblies of capillaries from undifferentiated
endothelial cells, or through the sprouting of capillaries from pre-existing blood vessels, offer

partial or insufficient control of vascular formation within the implant.
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The formation of new blood vessels requires the interplay of cells, soluble growth
factors, cytokines and extracellular matrix (Au et al 2007; Frelin et al 2000; Rouwkema et al
2008). It is known that endothelial progenitor cells alone do not form viable vascular tissues, but
when co-seeded, vascular tubes are able to grow into the porous architecture of PGA-PLLA
scaffolds(Echeverria Victorial & Hayes1 2008; Wu et al 2004). Despite this ability, the random
nature of the scaffold’'s porosity limits its use. Here, we demonstrated that multi-luminal
gelatinous matrices can be used to linearly guide the growth of vascular endothelial cells in
specified channels where cell attachment, differentiation, and proliferation inside the channels
can be dynamically ascertained in vitro.

Engineered organs with relatively thin and/or avascular structures (i.e., skin and
cartilage) have been successfully developed for clinical use (Kopp et al 2004; Moon et al 2008;
Moon & West 2008; Priya et al 2008; Roberts et al 2008). By extension, larger bioengineered
organs such as kidney, liver, heart and lung bear the promise of alleviating the shortage of
transplantable organs (Vacanti 2006). However, tissue engineering of thick organs presents
critical challenges yet to be resolved, such as their complex tridimensional heterogeneous
cellular structure, and the need to establish immediate perfusion by the host vascular network to
support implant survival (Ko et al 2007). While recent progress in the development of
microvascular networks in vitro has demonstrated the possibility of generating prevascularized
bioengineered organs (Norotte et al 2009), the infiltration of surrounding vessels and the
formation of anastomosis with the host vasculature is known to require days to weeks, leading
to ischemia and implant failure (Clark & Clark 1939).

Limitations

It is acknowledged that functional vascularization might not be fully achieved in vitro

and that the incorporation of fluid biomechanical forces is necessary to fully test this possibility.

Future experiments will test whether the vascular structures that are formed in vitro, can form
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functional blood vessels in vivo. Furthermore, although the delivery of angiogenic growth factors
generally results in increased angiogenesis, the resulting vessels are often disorganized, leaky
and hemorrhagic (Yancopoulos et al 2000). It has been reported that other growth factors are
needed for the stabilization of new vessels including platelet-derived growth factor (PDGF) for
the recruitment of smooth muscle cells and pericytes, as well as transforming growth factor 8
and angiopoietin 1, for the production of extracellular matrix and the correct interaction between
endothelial cells and mural cells (Hirschi et al 1999).

While this study demonstrates that angiogenesis can be directed within specific
hydrogel microchannels, further studies are necessary in order to test whether a combination of
various growth factors or temporal exposure to other growth factors would enhance the
stabilization of the bioengineered vasculature, and whether formed vasculature can sustain
mechanical stimulation regimes, such as cyclical radial distension and/or shear stress, in a
bioreactor (Dahl et al 2007; lwasaki et al 2008; Konig et al 2009).

In contrast to the current technology available, the flexibility in the present design allows
for the possibility of culturing multiple cell types in both a temporally and spatially controlled
manner. This, in turn, allows the possibility of designing multi-cellular bioartificial organs in
which some channels are used to seed specific cell subtypes of a particular organ while others
are dedicated for prevascularization. Microchannel vascularization might be particularly suited
for peripheral nerve long gap regeneration. Devoting specific channels exclusively to blood
vessels via a method analogous to that used in this study, may allow multi-luminal nerve grafts
to induce nerve regeneration across longer gaps than previously reported (Bender et al 2004;
Chen et al 2006a; Chen et al 2006b; de Ruiter et al 2008). The benefit of using VEGF to entice
nerve regeneration has already been demonstrated (Zachary 2005) , but its application in

prevascularization of a bioengineered nerve graft is an area requiring further study.
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