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ABSTRACT
Spinal cord injury (SCI) is a devastating condition due to trauma, sports-related injuries
and disease resulting in varying degrees of paralysis, reducing a patient’s quality of life
and lowering life expectancy. Despite the capacity for regeneration, there is no
functional treatment for SCI due to the hostile microenvironment of the spinal cord
following injury. A host of variables inhibit nerve regeneration such as glial scarring,
cell death, removal of myelin, lack of a permissive substrate and an inadequate level of
growth factors. Due to the complexity, there is likely not one single therapeutic
intervention that will solely control regeneration. Rather, the synergistic combination of
various guidance cues (e.g. soluble factors, substrate composition, cellular, chemical,
electrical, mechanical, or topographical) will be necessary to promote nerve regeneration
and develop a clinically effective therapy for SCI.
Investigation of various guidance cues in a 3D model is necessary to carefully
investigate neuronal and glia response prior to in vivo experimentation. The goal of this
thesis is to present the development and characterization of a novel, stably aligned
composite biomaterial to serve as a platform to investigate guidance cues on neurite
outgrowth. One aim of this work was to develop a biomaterial concurrently supportive
of both Schwann cells (SC) and neurons. This was accomplished by combining collagen
I and Matrigel™ at a 65/35 volume/volume ratio. SC viability was consistently high and
cells were able to spread in this composite biomaterial. Also, this composite biomaterial
is supportive of both neurite outgrowth and Schwann cell migration. A second aim was
to stably align the cellular and matrix components of these scaffolding materials.
Alignment is useful in directing neurite outgrowth and was accomplished through the
use of fibroblast (FB) mediated compaction. Following the removal of constraint, stable
alignment of SC, FB, and collagen I was observed for at least 7 days in culture. Finally,
neurite outgrowth within these constructs was examined and aligned matrices have the
ability to direct this outgrowth in 3D space.
Future studies will involve combining guidance cues such as soluble factors or
electrical stimulation with these aligned and unaligned SC loaded collagen I-Matrigel™
biomaterials. Relative strengths of each cue, as well as synergistic effects, may be
examined to aid in the development of a therapeutically viable SCI implant.
ix

1. Introduction and Historical Review
1.1 Spinal Cord Injury at a Glance
Spinal cord injury (SCI) is a debilitating condition affecting over 250,000 Americans
alone, with an estimated 12,000 new cases occurring each year, according to the
National Spinal Cord Injury Statistical Center.1 Aside from the high costs, which can
eclipse $3 million lifetime for a high tetraplegia patient, sufferers of SCI experience a
marked decrease in quality of life. Depending on the location of the injury within the
spinal cord, symptoms can range from loss of bowel function to paralysis of the legs
(paraplegia) for low SCI injuries, loss of the ability to breathe without a ventilator
(tetraplegia), and death in high SCI injuries. In all cases, the life expectancy of these
patients is substantially decreased and additional risks such as blood clots and ulcers
caused by a lack of movement complicate this condition further. Presently, a therapeutic
cure for SCI does not exist, creating a void for the biomedical sciences to fill so that
these patients may regain lost functions from an injury.
Reasons why regeneration does not occur in the spinal cord following injury are
numerous, making this an especially difficult condition to treat. Studies have
demonstrated that CNS neurons, once thought to be void of the ability to regenerate, are
actually able to regrow short distances at the lesion site and sprouting from surviving
axons has been reported in some cases.2, 3 In fact, when peripheral nervous system (PNS)
tissue is implanted at CNS lesion sites, CNS axons have shown to penetrate the PNS
tissue and growth only stalls when native CNS tissue is again reached.4 Studies such as
these have pointed towards the inhibitory microenvironment resulting from trauma and
not an intrinsic inability of CNS axons to regenerate as the major obstacle to overcome
in nerve repair strategies.
Within the inhibitory lesion microenvironment there are a number of components at
play which prevent the proper regrowth of CNS axons. The formation of a glial scar by
astrocytes, a CNS specific glial cell, has gained much attention as one of the primary
causes for regeneration failure. Preliminarily, it was believed that this glial scar simply
formed a physical barrier, preventing axonal extension through the glial scar and
effective reinnervation of proximal axons to the distal nerve stump.5 It has become
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increasingly apparent, however, that the production of inhibitory molecules plays an
important role in regeneration failure as well.6-8 Proteoglycans (e.g. chondroitin sulphate
proteoglycans), myelin-associated inhibitory molecules (e.g. myelin associated
glycoprotein (MAG) and P0), and a host of other molecules have all shown to be both
present at the injury site and inhibit axonal outgrowth in vitro and in vivo.6, 9-15 Davies et
al (1999) examined the response of dorsal root ganglia (DRG), sensory neurons of the
peripheral nervous system, when microscopically implanted into intact or lesioned spinal
cords. Within the intact microenvironment, sensory axons (DRG) extended long
distances through the spinal tract. However, when these growing axons encountered a
lesioned area, growth cones adopted a dystrophic state and axonal penetration halted,
clearly pointing towards the inhibitory microenvironment as a primary cause of CNS
regeneration failure.16, 17

1.2 CNS Nerve Repair Strategies
In an effort to overcome this inhibitory microenvironment, a number of different
approaches have been taken with two basic trains of thought: 1) promoting axonal
regeneration and 2) modifying the local microenvironment. Although CNS neurons do
possess the ability to regenerate, their regeneration potential is seen to be less than that
of peripheral neurons.17 Therefore, if axon regeneration can be enhanced following
injury there stands a better chance that successful reconnection of the injured spinal cord
will occur. As opposed to directly trying to activate axon outgrowth, these approaches
involve altering the lesioned area to make it more permissive of regeneration. Outlined
below is an array of experimental approaches which follow these two trains of thought.
Enhancing the intrinsic ability of neurons to regenerate is typically done in one of
two ways: through the addition of soluble neurotrophic factors or by altering gene
expression so that growth-promoting genes are overexpressed.18 Recent studies have
indicated that the neuronal genes GAP-43, c-jun, and Bcl-2 play important roles in nerve
regeneration. Interestingly, these genes are expressed differently in variable neuronal
populations, and neurons which have a higher intrinsic ability to regenerate, such as PNS
neurons, constitutively express these genes at a higher level.19, 20 It is hypothesized that
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by controlling expression of these genes, the overall growth potential of CNS neurons
may be enhanced to promote regeneration.
Application of neurotrophic factors offers another avenue for enhancing the
regeneration potential of CNS neurons. Nerve growth factor (NGF) has shown promise
in the treatment of SCI in animal models.21 One study transplanted fibroblasts (FB)
genetically modified to secrete NGF within a spinal cord lesion and extensive growth of
sensory axons into the graft material was observed. Motor neurons and corticospinal
neurons, however, failed to respond in an equally robust manner, no axons left the graft
material or re-entered the host spinal cord, and functional recovery was not substantially
improved after a year.22, 23 This work confirmed NGF as a specific stimulus for sensory
axons. Alternatively, brain-derived neurotrophic factor (BDNF) has been demonstrated
to be an attractor of both motor and sensory axons.24, 25 Following spinal cord transection
rats given a continuous infusion of BDNF for 28 days following injury exhibited slight
improvements in locomotion scores relative to untreated controls. Rats treated with
BDNF regained the ability to air-step with their hind legs, however a full functional
recovery was not achieved.24
Glial cell-line derived neurotrophic factor (GDNF) and neurotrophin-3 (NT-3), both
neurotrophic factors, have demonstrated utility in treating SCI. Similar to BDNF, GDNF
has a demonstrated ability to enhance both sensory and motor axon penetration into a
graft material in comparison to untreated controls. Corticospinal axonal growth, which is
necessary for full functional recovery, was not enhanced by GDNF application in rats.26
However, NT-3 is the only growth factor to date with a demonstrated ability to promote
corticospinal axonal regeneration. In one study, a single injection of NT-3 at the lesion
site resulted in substantial sprouting of corticospinal axons which was not seen with an
equally dosed injection of BDNF.27 Subsequent studies transplanted FB genetically
modified to constitutively express NT-3 at the spinal cord transection site and over the
course of 3 months substantial, although not full, functional recovery of rats was
observed. Similar recovery was not observed in untreated control groups.28 Collectively,
these studies specifically highlight potential applications for the delivery of different
neurotrophic factors. Although no one factor appears to be a cure-all, and these studies
serve to gain a better understanding of how neurotrophic factors interact with
3

regenerating axons as a vehicle to support axonal regeneration for a therapeutic
treatment for SCI.
Moving away from specifically promoting axonal outgrowth, a substantial body of
work has also been devoted to modifying the inhibitory microenvironment. These
approaches fall into one of four categories: implantation of acellular grafting materials,
cellular transplantation, clearance of inhibitory debris from the lesion site, and
permeabilization of the glial scar. Each of these will be discussed briefly as will the
potential benefits of combining treatment strategies.
Grafting materials have been used for decades in nerve treatment strategies and
although many different types have demonstrated utility, none have resulted in full
functional recovery to date. The main idea behind the grafting approach is that the
implanted material will create a more favorable environment for axons to penetrate than
the existing CNS lesion site. Aside from supporting outgrowth, these grafts must also
provide some directional cue to guide the regenerating axons to the target distal nerve
stump. Artery, vein, and muscle grafts have a long-standing history of enhancing
regeneration in both the PNS and CNS.29-34 Graft materials provide a natural tubular
guidance channel for analysis. More recently, acellular allogenic nerve grafts have
attained regeneration comparable to that seen when nerve autografts, the current gold
standard, are used.35 Previous studies have attempted to use degradable biomaterials to
provide an initial guidance channel which will disappear over time, to be replaced by
new CNS tissue. For instance, one group implanted only aligned collagen I fibrils into a
5 mm spinal cord defect in rats and after 12 weeks, an increase in functional recovery
and greater numbers of axons were found traversing the graft when compared to
controls. However, nearly 50% of the collagen had been degraded by this time point.36, 37
Alginate, a polysaccharide derived from algae, has been used to demonstrate the utility
in both promoting axonal regeneration across a CNS lesion and in reducing the number
of reactive astrocytes thereby limiting the negative effects of the glial scar.38, 39 Other
degradable scaffolds which have shown promise in promoting CNS regeneration
include, but are not limited to, hyaluronic acid, chitosan, PLGA, PLLA, polycarbonate,
and polyethylene glycol.40-43 Non-degradable scaffolding materials such as poly(2hydroxyethyl methacrylate) (PHEMA) have the added benefit of structural stability over
4

their degradable counterparts and their use has also demonstrated utility in SCI repair.44
The continued presence of a graft material at the injury site presents additional
challenges such as long-term biocompatibility. Despite the beneficial aspects of each of
these different scaffolding materials, a full, functional recovery was not achieved by the
aforementioned grafts. From just this abbreviated list, it is easy to see that the range of
materials which may be used for SCI repair is immense. It is the job of researchers to
gain a better understanding of exactly how regenerating axons respond to each material
and what are the key features which need to be incorporated so that a scaffold may be
optimized.
Cell transplantation is another approach which has gained considerable attention and
also attained promising, yet incomplete, results. Schwann cells, glia from the PNS, have
been implanted in CNS nerve injuries and support axonal extension. This approach will
be covered in more depth in next section of this work, as it is one of the focal points of
my master’s thesis, but as early as 1911, it was realized that PNS tissue, specifically
Schwann cells, significantly enhanced CNS axonal regeneration.45 Transplantation of
autologous CNS glial cells, such as astrocytes or olfactory ensheathing glia (OEG) have
proved beneficial in promoting functional recovery following SCI. One benefit of this
approach is that is does not introduce foreign cells to the injury site thereby
circumventing possible complications associated with this additional variable.
Implantation of astrocyte progenitor cells, which are known to release high levels of
neurotrophic factors, aided in preventing glial scar formation in a rat SCI model.46,

47

OEG transplantation is desirable because, aside from promoting axonal regeneration,
there is some evidence that these cells are able to myelinate axons if properly
stimulated.48 More recently, considerable attention has been given to the implantation of
neural progenitor cells (NSC) at the injury site. These cells have the distinct advantage
of not being fully differentiated and, as such, are capable of forming neurons and glial
cells alike. This offers the possibility of transplanting only stem cells and promoting
differentiation of both glial cells and neurons. NSC administered to an SCI defect in
mice resulted in significant locomotor recovery and myelination of regenerating axons
was observed.49 These effects were abolished if NSC were not implanted.49 Knowledge
of NSC differentiation remains incomplete limiting the current therapeutic application of
5

this approach. Other cells types commonly implanted include olfactory ensheathing glia
and microglial cells.18 As with the grafting materials, each cell type garners a specific,
typically beneficial, response in the injured spinal cord, yet the effects of one individual
component remain inadequate for recovery.
The injury microenvironment may also be modified via the removal of inhibitory
molecules. Vaccine immunization against myelin or myelin components, which are
known to be inhibitory of regeneration, enhances regrowth of the corticospinal tract.50, 51
Additionally, antibodies against the proteins Nogo-A, Nogo-C, and myelin-associated
glycoprotein, identified as inhibitory proteins, increase the ability of corticospinal
neurons to reestablish severed connections created during injury by making the
microenvironment less inhibitory.52, 53 The amount of work which has been devoted to
the neutralization of repulsive cues following injury is immense and much of it resides
beyond the scope of this paper. Given their repulsive nature, elimination of these cues
will likely be a component of a final therapeutic combinatorial approach.
A final avenue for modifying the microenvironment following injury involves
permeabilizing or reducing the formation of the glial scar. As mentioned, the production
of proteoglycans by reactive astrocytes in the scar is a major obstruction in the
successful regeneration of neurons across a spinal cord lesion. Enzymatic degradation of
these proteoglycans, specifically choindroitinase sulphate proteoglycan, has shown to
increase sprouting of neurons following SCI thereby promoting regeneration.54-56 Other
attempts have used enzymes such as collagenase or trypsin to try to permeabilize and
degrade the glial scar but these were met with only limited success, as it has become
more apparent since that the molecular composition of the scar is more inhibitory than
the physical barrier of the glial scar.57,

58

Still, reduction of the glial scar and the

inhibitory molecules will be beneficial to axonal extension although this reduction alone
is unlikely to result in full functional recovery.
As evidenced by the array of complicating variables present at spinal cord lesions
which prevent regeneration and the plethora of approaches employed to overcome these
variables, it should be clear that SCI is a complex, challenging injury to fix. All the
above attempts, and many others, have provided valuable information regarding CNS
axonal regeneration but, ultimately, all these attempts have come up short of achieving
6

full functional recovery. What has become apparent is that successful treatment will
likely employ a combinatorial approach of a number of the experiments outlined above.
Combinatorial approaches have been vigorously investigated in recent years and some
promising results have been attained using these methods. In one set of studies, SC filled
guidance channels implanted into transected rat spinal cords resulted in significantly
more axon re-growth when compared to controls without embedded SC or without a
guidance channel59, 60 and entry into the distal nerve stump was reported in hemisected
spinal cords when SC loaded mini-channels were used.61 In another work, NSC loaded
in a PLGA scaffold and implanted into a mouse SCI model resulted in functional
recovery, consisting of coordinated weight bearing hind-limb stepping after 70 days.
This recovery was not observed if the scaffold or cells were missing from implantation.62
Combinatorial therapies of peripheral nerve grafts or Schwann cell loaded grafts
combined with the neurotrophic factors NT-3, BDNF, or fibroblast growth factor
improved functional recovery compared to each therapy alone demonstrating the
potential synergistic effects which may be achieved by combining different
approaches.63, 64
Despite the incremental successes, a cure for SCI remains elusive. It is important to
understand how different guidance cues interact so that so that a refined and optimized
combinatorial approach may be applied to treat SCI. This thesis is focused on
developing a scaffold that is supportive of Schwann cell migration and neurite
outgrowth. Specifically we developed a novel, Schwann cell loaded biomaterial
comprised of collagen I and Matrigel™ with an aligned cellular component for
studying the effects on 3D neurite outgrowth. Below is relevant background
pertaining to the specific components of the scaffolding materials.

1.3 Schwann Cell (SC) Functions
Due to their close relationship with neurons, SC have been widely used in nerve repair
strategies. SC are the glial support cells of the PNS and all neurons in the PNS are in
contact with one or more SC, which are responsible for myelination of individual
axons.65 SC are also responsible for the concentration of ion channels at the nodes of
Ranvier and therefore contribute to the rapid conduction of action potentials.66,
7
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addition, both during development and following injury, SC provide a number of trophic
factors to growing axons68 and they produce proteins such as collagen type IV69 and
laminin70 that form the extracellular matrix of the nervous system. Importantly, SC have
been closely linked to nerve regeneration. Following injury and Wallerian degeneration
in the PNS, SC can remove myelin and proliferate extensively to form bands of Bunger,
creating a cable between the proximal and distal nerve stumps;71 this rapid SC
proliferation is a key event in promoting axonal re-growth lending insight that SC play a
pivotal role in the ability of the PNS to regenerate.72 Due to these properties, SC have
been used extensively in nerve repair strategies both in the PNS and CNS.

1.4 Schwann Cells and Peripheral Nerve Regeneration
These properties have made SC of interest for the guidance of neurites and PNS nerve
regeneration both in vitro and in vivo. Guidance of growing axons is a necessary
component of any nerve repair strategy as it is imperative that these axons reconnect
with their proper target. In culture, it has been demonstrated that a SC substrate enhances
neurite outgrowth when compared to non-glial cells73 and oriented SC are able to
promote neurite alignment and growth on micropatterned PLLA substrates with
localized laminin patterns.74 Subsequent work has shown that oriented SC alone were
able to direct neurite outgrowth, in the absence of any other guidance cues.75 In vivo,
Guenard, et al. demonstrated neurite outgrowth in rat sciatic nerves following injury
using Matrigel™ filled semi-permeable guidance channels seeded with SC. This work
also provided evidence that SC seeding density correlated to the amount of neurite
extension into the grafts.76 Using a similar approach poly(L-lactide-co-e-caprolactone)
guides were filled with SC loaded Matrigel™ and used for the repair of 6 mm sciatic
nerve defects in mice. Functional recovery in this model approached that observed using
autologous nerve grafts, emphasizing the importance of SC in peripheral nerve
regeneration.77

1.5 Schwann Cells for Spinal Cord Repair
Although SC are PNS glia, they have demonstrated utility for treating injuries of the
central nervous system (CNS).60, 78, 79 Following traumatic injury, some SC will migrate
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into the CNS where they can play a role in endogenous repair processes.80 However, SC
and CNS glia (astrocytes) do not typically intermingle and SC rarely leave the graft
material when implanted in CNS grafts. In vitro, SC have shown to have properties
which promote CNS neurite outgrowth and Noble, et al. (1984) showed that this
outgrowth was comparable to that seen on astrocyte substrata.81 Modest growth and
functional recovery have been reported in rats after the transplantation of human SC at
the injury site following spinal cord transection79 and remyelination of CNS axons by
autologous SC has also been demonstrated in monkey models.78 One study highlighted
that the transplantation of SC in a 5 mm spinal cord defect resulted in more axon
outgrowth into the graft and greater functional recovery than a comparable
transplantation of olfactory ensheathing glia, which are native glia of the CNS.82
Collectively these studies suggest that SC play an important role in nerve regeneration
not only in the PNS but in the CNS as well. For these reasons, we sought to incorporate
SC as a central component of the scaffolding material.

1.6 Collagen I and Matrigel™: Biomaterials for CNS Nerve Repair
As evidenced in the section regarding nerve grafts, a wide array of materials have been
used in approaches to repair SCI, with variable levels of success. Two materials
commonly used in nerve repair strategies are collagen I and Matrigel™, as they each
have desirable properties for neural engineering applications. Collagen I is one of the
most abundant proteins in the human body, accounting for approximately 30% of the
total amount of protein.40 In addition, collagen I is found in close proximity to axons, as
it comprises part of the endoneurium which surrounds the Schwann cell-axon units in the
PNS.83 Collagen I hydrogel is a relatively mechanically robust, fibrillar protein and has
the unique advantage that the fibrils can be directionally aligned. Alignment is desirable
for the guidance of axons through a scaffold and since collagen I is known to be
supportive of neurite outgrowth, it has been commonly used in guidance channel
studies.36, 77, 84, 85
Despite these advantages, a recent study highlighted that, although collagen I is
supportive of axonal outgrowth, it may not, in itself, be a suitable material for supporting
glial cells, specifically SC.86 In work by Rosner, et al., (2005) it was reported that SC
9

embedded in 3-D collagen I gels exhibited a spherical morphology, indicative of little
interaction with the matrix material. Cellular extension is necessary for SC survival and,
typically, cultured SC exhibit a bipolar, extended morphology. Numerous modifications
were made to the collagen I scaffolds in this study in an effort to elicit a spread
morphology from the SC. Collagen I concentration in the gel was varied, soluble laminin
was added at concentrations up to 100 μg/ml, and a number of growth factors, including
TGF-β1, were incorporated. Of these attempts, only the addition of TGF-β1 (at 0.5, 2, or
20 ng/ml) resulted in a significant increase in cell spreading; over 50% of SC in all cases
were in an extended morphology after 10 days in culture compared to less than 10%
without TGF-β1. Even still, cellular protrusions were small and 50% of the cells
remained unspread. If aligned SC are to be used to guide neurite outgrowth, cellular
processes on the SC are a necessity.86
To create a biomaterial scaffold that was both supportive of neurite outgrowth and
Schwann cell spreading, we sought to modify collagen I matrices by the addition of
Matrigel™. Matrigel™ is a mixture of basement membrane proteins developed in mouse
Engelbreth-Holmes-Swarth tumor cells and is comprised of approximately 60% laminin,
30% collagen IV, and 7% entactin.87 Laminin and collagen IV are two prominent,
endogenous basal lamina proteins in direct contact with SC-axon units in peripheral
nerves.83 The hypothesis was that the addition of components in the natural basal lamina
would support SC spreading. Matrigel™, however, has the distinct drawback of being
mechanically brittle. As such, it is difficult to handle, without damaging and does not
contain robust fibers for alignment. Collagen I satisfied these needs, and the composite
matrix is used as a model material for these studies.
Previous work in this field has focused on the optimization of scaffolding
environments solely for neurons. Although neurons and axonal re-growth are clearly
vital for functional nerve regeneration, complete recovery may not be achieved if the
glial population is overlooked. Glia support axonal outgrowth by the production of
soluble factors and the production of ECM, but SC also myelinate the regenerated axon.
Schwann cell migration and spreading in novel biomaterials is less well studied. Due to
the number of beneficial processes which SC performs, it is likely that the creation of a
scaffold material that is optimized for SC support as well as for neurons will yield
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improved results. The development of a biomaterial concurrently supportive of SC and
neurons, yet still mechanically robust, is the first specific aim of this work.

1.7 Scaffold Alignment
It has been well documented that scaffold and/or cell alignment promote the directed
outgrowth of neurites both in vitro and in vivo.84, 85, 88, 89 Neurons respond to physical
guidance90, 91 and the creation of an oriented scaffolding material to direct axonal growth
in conjunction with cellular cues, such as aligned SC, could increase the probability and
rate that axons successfully traverse a spinal cord lesion. For this reason, the
development of an aligned scaffold, both supporting SC migration and spreading, was a
goal of this work.
Previous work has portrayed the utility of aligned collagen I scaffolds in neural
engineering. In a 6 mm rat sciatic nerve defect, collagen only guidance channels aligned
using a strong magnetic field promoted some functional recovery in 100% of tested rats
compared to 17% for untreated controls.

84

This system, however, was not investigated

in the CNS and it is not known whether collagen fibrils remained aligned over an
extended period in culture without the magnetic field.84 In the CNS, aligned collagen I
filaments created from enzymatically digested skin were implanted into a 5 mm rat
spinal cord defect and garnered some functional recovery. After 12 weeks, rats were able
to walk and climb, and axons could be seen entering the proximal end of the graft and
exiting the distal end where they were then observed reentering the host spinal cord.
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There was not, however, any combinatorial component to this graft.
Oriented scaffolds can be created by constrained compaction. FB are known to
compact collagen I matrices and if compaction is constrained in one dimension, cells
will align in the direction of compaction.92 Although this approach did show promising
results in PNS nerve regeneration, constructs were not assessed for alignment after
removal of constraint.93 Additionally, constraint introduces the variable of tension to the
system which complicates understanding which components are specifically affecting
neurite outgrowth. For this work, we hope to use FB mediated constrained compaction to
orient the Schwann cells and scaffold. This approach does not require the use of any
specialized equipment, FB are native cells of the nervous system, and FB will
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spontaneously compact and align collagen I with no external stimulation. Based on this,
a second specific aim of this work was to create stable, aligned SC loaded collagen IMatrigel™ scaffolds using cell mediated compaction without the continued presence of
an external constraint apparatus.

1.8 Neurite Guidance
After reading this introduction it should be clear that there are a host of factors at
play in dictating nerve regeneration and therefore a number of places for interjection in
attempts to promote recovery. Axon guidance across an injury site is of vital importance
in achieving functional recovery for these axons must reconnect with their proper target.
It has been demonstrated that the guidance of axons can be accomplished in a number of
ways as axons respond to a variety of cues. These cues include soluble chemical cues21,
94, 95

, physical cues74, 90, cellular cues75, 81, substrate specific cues88,

96, 97

, mechanical

cues98, and electrical cues.99, 100 Although it has been well established that neurons do,
indeed, respond to these cues, what is not known is the specific contribution of each cue
to neurite outgrowth and the possible synergistic effects which may be achieved by
combining cues in 3D microenvironments.

1.9 Project Overview
Spinal cord injury is a complex injury with an array of obstacles which must be
overcome for full functional recovery to be achieved. It has become apparent that a
combinatorial therapeutic approach will likely be necessary to achieve this level of
recovery and, as such, it is important to study the individual and synergistic effects of
multiple guidance cues on neurite outgrowth. The ultimate goal of this work was to
develop a novel aligned, SC loaded, collagen I-Matrigel™ scaffold for neural
engineering applications. In doing so, the effects which each graft component- aligned
cells and aligned matrix- has on in vitro neurite outgrowth could be examined. Gaining a
better understanding of how these guidance cues affect 3D neurite outgrowth will allow
for the more efficient development of a therapeutic SCI treatment so that an effective
combinatorial treatment, containing a range of the components described throughout this
introduction, can be realized.
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To this end, this work has three specific aims:
1. Create and characterize a relatively mechanically robust scaffolding material
comprised of collagen I and Matrigel™ which will be concurrently
supportive of Schwann cells and neurons.
2. Create stably aligned matrices containing SC using cell-mediated
constrained compaction.
3. Examine the effects of aligned cells, aligned matrices, and both on 3D
neurite outgrowth through the scaffolding materials.
The work presented within this thesis describes the creation of a scaffolding
material which will serve as a platform for investigating the synergistic effects of
multiple cues on neurite outgrowth. A composite biomaterial comprised of collagen I
and Matrigel™ was used as model material as it is concurrently supportive of neurons
and Schwann cells. Subsequently, a method for creating stable, aligned versions of this
scaffold is also described. This method results serves to align both the matrix component
and glial component in 3D scaffolds. Concurrently, these biomaterials are supportive of
SC spreading and migration as well as neurite outgrowth and pilot studies show that
these scaffolds can direct outgrowth within the composite biomaterial. Subsequent
studies may use this biomaterial to investigate the relative strength of guidance cues in
vivo. In the future, a number of the other cues discussed, specifically soluble and
electrical cues, may be applied to examine synergistic effects on both SC migration and
neurite outgrowth. Ultimately, this field is working toward the development of a novel
scaffold to create a therapeutically relevant scaffold for SCI.
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2. Chapter 2: Collagen I-Matrigel™ Scaffolds for Enhanced Schwann
Cell Survival and Control of 3D Cell Morphology
*This chapter has been published in Tissue Engineering. The full citation is:
Dewitt DG, Kaszuba SN, Thompson DM, Stegemann JP. Collagen I-Matrigel scaffolds for enhanced
Schwann cell survival and control of 3D cell morphology. Tissue Eng Part A. 2009 Feb 20. [E-published
ahead of press]

2.1 Abstract
We report on the ability to control 3-D Schwann cell (SC) morphology using collagen IMatrigel™ composite scaffolds for neural engineering applications. SC are supportive of
nerve regeneration following injury and it has recently been reported that SC embedded
in collagen I, a material frequently used in guidance channel studies, do not readily
extend processes, instead adopting a spherical morphology indicative of little interaction
with the matrix. We have modified collagen I matrices by the addition of Matrigel™ to
make them more supportive of SC and characterized these matrices and SC morphology
in vitro. Incorporation of 10%, 20%, 35%, and 50% Matrigel by volume resulted in 2.4,
3.5, 3.7, and 4.2-fold increases in average SC process length after 14 days in culture
compared to collagen I only controls. Additionally, only 35% and 50% Matrigel™
constructs were able to maintain SC number over 14 days while an 86% decrease in cells
from the initial seeding density was observed in collagen only constructs over the same
time period. Mechanical testing revealed that the addition of 50% Matrigel™ increased
matrix stiffness from 6.4 kPa in collagen I only constructs to 9.8 kPa. Furthermore,
second harmonic generation imaging showed that the addition of Matrigel™ resulted in
non-uniform distribution of collagen I and scanning electron microscope imaging
illustrated distinct differences in the fibrillar structure of the different constructs.
Collectively, this work lays a foundation for developing scaffolding materials which are
concurrently supportive of neurons and SC for future neural engineering applications.

2.2 Introduction
Current treatments for patients suffering from spinal cord injury (SCI) rarely result in
full functional recovery, necessitating the development of new therapeutic approaches.
Schwann cells (SC) are currently being investigated as a component of nerve repair
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strategies in the central nervous system (CNS) due to their close relationship with
neurons in the peripheral nervous system (PNS).65, 66, 68-70 SC play an important role in
the PNS and a number of studies have demonstrated the beneficial effect SC have on
nerve regeneration.71, 72, 74-77
For these reasons, SC have been used in CNS nerve repair strategies with promising
results despite being resident cells of the PNS. In vitro, CNS neurite outgrowth can be
supported by both SC and astrocyte substrata.81 In vivo, SC filled guidance channels
implanted into transected rat spinal cords resulted in significantly more axon extension
when compared to acellular controls.59, 60 Entry into the distal nerve stump was reported
in hemisected spinal cords when SC loaded mini-channels were used.61 In some rare
cases following injury, SC will migrate into the CNS where they can play a role in
endogenous repair processes.80 In addition to promoting axonal outgrowth, autologous
SC can remyelinate CNS axons which is necessary to restore function.78 Despite these
successes, treatments for patients suffering from spinal cord injury remain inadequate
and full functional recovery has yet to be achieved. Incorporation of autologous SC is a
promising avenue to improve the outcome of these approaches.
Most efforts have focused on optimizing scaffolding environments solely for axonal
extension, while concurrent optimization for SC remains less studied. Creation of a
scaffold optimized for SC and neurons may likely yield improved results. Hurtado, et al.
reported that few SC implanted in fibrin filled rat thoracic spinal cord grafts remained
after 6 weeks, pointing out that SC survival needs to be improved to increase graft
efficacy.101 Additionally, Rosner, et al. recently reported that SC embedded in 3D
collagen I, a material supportive of neurite outgrowth which is commonly used as a
scaffold in guidance channel studies, exhibited a spherical morphology indicative of
little interaction with the matrix material.86 Although some studies have demonstrated
beneficial regenerative effects using SC loaded collagen I hydrogels, none have looked
specifically at SC interaction with the matrix in the absence of complicating variables
such as neurons, fibroblasts, proteins, or growth factors.68, 85, 93, 102
It is likely that multiple cues presented in the 3D scaffold– including glia, soluble
factors, scaffold geometry and composition, and external forces– act synergistically to
enhance neurite outgrowth. To systematically test these variables, a scaffolding material
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that is both independently and concurrently supportive of SC and neurons must be
developed. Collagen I alone does not accomplish this goal, but is a promising scaffold
material because it is robust enough to be easily handled and can be directionally
aligned.84,

85

We therefore have augmented a collagen I matrix with Matrigel™, a

commercially available preparation of basement membrane proteins comprised of
approximately 60% laminin, 30% collagen IV, and 7% entactin.87 Matrigel™ was
chosen because laminin and collagen IV are two prominent, endogenous basal lamina
proteins of the nervous system that are in direct contact with SC.83
Our goal in this work was to develop a scaffold material that is supportive of SC
spreading to serve as a platform for investigating the synergistic contributions of
multiple guidance cues on neurite outgrowth. We hypothesized that the addition of
Matrigel™ to collagen I would support SC spreading – defined as the appearance of
protrusions from the SC and a spindle-shaped morphology – and increased SC number
due to changes in the chemistry and architecture of the scaffold. We used growth factor
reduced (GFR) Matrigel™ to minimize the potential effects of soluble factors. Notably,
levels of IGF-1 and TGF-β1 are not effectively reduced in the GFR formulation, and
therefore we controlled for this by incorporating these proteins into pure collagen I
matrices. In the present study, we have characterized collagen I-Matrigel™ composite
scaffolds as well as the effects of these materials on SC viability, number, and
morphology. Scaffolds that are supportive of both SC and neurons will allow us to
systematically investigate multiple guidance cues with the ultimate aim of developing
improved SCI implants.

2.3 Materials and Methods
2.3.1

Cell Culture

Primary Schwann cells (SC) were isolated from the sciatic nerves of neonatal rats and
provided as a gift from Dr. J. Salzer (NYU). Subsequent expansion of Schwann cell
cultures was carried out in Dulbecco’s Modified Eagle’s Medium containing 4 mM Lglutamine, 4.5 g/L D-glucose, 110 mg/L sodium pyruvate (DMEM; CellGro, Manassas,
VA) and supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 50 U
penicillin/streptomycin (Cellgro), 10 μg/ml bovine pituitary extract (BPE; Becton,
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Dickinson and Company, Franklin Lakes, NJ), and 10 μM forskolin (Sigma-Aldrich, St.
Louis, MO). Cells were grown at 37°C and 7% CO2 with the media being changed every
other day.103 Cells were passaged at ~90% confluence using a 0.05% trypsin/0.53 mM
EDTA solution (CellGro) and cells between passages 10-15 were used for all
experiments. Prior to use, SC purity was assessed in monolayer culture using S100
staining and quantified using ImageJ (NIH). Purity levels of >95% were observed for all
cultures from passages 10 to 15.
2.3.2

Construct Preparation

Following trypsinization, SC were diluted in growth medium and pelleted. SC were then
resuspended in 10 ml phenol-red free growth media (CellGro) to reduce background
fluorescence;104 aside from the absence of phenol red, this growth media was identical to
that described above. Cells were subsequently counted, partitioned, and pelleted again
prior to use.
Each 0.5 ml construct was seeded with 500,000 cells in 24 well plates (BD
Biosciences, San Jose, CA) resulting in an initial radius of 8 mm and a thickness of 2.5
mm. Briefly, cells were pelleted and resuspended by subsequent additions of the
following solutions: 5X DMEM (CellGro), phenol-red free growth media, FBS, 0.1 N
NaOH and 4 mg/ml acid-solubilized bovine collagen type I stock (MP Biomedicals,
Solon, OH) at ratios of 2:1:1:1:5, respectively, resulting in a 2 mg/ml collagen solution
with SC. Growth factor reduced Matrigel™ (BD Biosciences) was the final component
incorporated- as it gels much more rapidly than the collagen- at 10%, 20%, 35%, or
50%, by volume. Dilution with Matrigel™ at these percentages reduced the collagen I
concentration to 1.8, 1.6, 1.3, and 1.0 mg/ml, respectively; constructs without any
Matrigel™ retained the collagen I concentration of 2 mg/ml. In some cases, the growth
factors TGF-β1 (R&D Systems, Minneapolis, MN) or IGF-1 (Sigma) were incorporated
at 2 ng/ml or 5 ng/ml, respectively, in collagen only gels as controls. Construct solutions
were mixed using a micropipettor , transferred into well plates, and placed at 37°C for 30
min to cause gelation. Constructs remained fully hydrated during this time, and
subsequently were covered by 1 ml phenol red free growth media and loosened from the
sides of the wells using a sterile plastic spatula. All constructs were cultured for 3, 7, or
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14 days prior to analysis, with the media being changed every 2 days. No compaction
was observed in any of the constructs over 14 days in culture.
2.3.3

Second Harmonic Generation (SHG) and Scanning Electron Microscope
(SEM) Imaging

For SHG imaging, constructs were washed in phosphate buffered saline (PBS, Cambrex,
Walkersville, MD) and fixed for 30 min at room temp using a 4% paraformaldehyde
(Sigma)/4% sucrose (Sigma) solution. Samples were visualized using a laser scanning
confocal microscope (Carl Zeiss, Thornwood, NY) equipped with a Ti-Sapphire femtosecond pulsed laser (Coherent, Inc. Santa Clara, CA) at 63x magnification. The laser was
tuned to 820 nm and a bandpass filter of 390-465 nm was employed to visualize the
collagen networks.105
Constructs were prepared for SEM by an initial fixation in a 2% glutaraldehyde
(Poly Scientific, Bay Shore, NY)/2% paraformaldehyde solution for 1 hr. Following a
PBS wash, samples were exposed to serial dilution in increasing percentages of ethanol,
up to 100%. Samples were critically point dried using an Autosamdri-815 (Tousimis
Research Corp., Rockville, MD) and sputter coated with platinum for visualization. All
SEM imaging (Carl Zeiss SMT, Thornwood, NY) was performed on day 3 at
magnifications of 25,000x.
2.3.4

Compliance Testing

Acellular composite constructs were prepared at 0%, 10%, 20%, 35%, and 50%
Matrigel™ (n=3 for each condition). The matrix bulk stiffness describes the mechanical
properties the cells will experience when embedded in the constructs. Unconfined
compression testing was performed on day 3 using an EnduraTEC ELF 3200 system
(Bose Corp., Eden Prairie, MN) equipped with a 250 g load cell and a 1.27 cm2 Lexan
platen. Constructs remained in medium at 37°C until testing commenced. The construct
was brought up to the compression platen by eye and the load cell tared. Under
displacement control, a constant strain rate of 0.5 mm/min was applied and the resulting
force (in N) was measured every 200 msec. From these data, stress vs. strain curves were
created. All stresses below 0.4 kPa were eliminated as these were assumed to be due to
negligible interaction forces before the platen touched the surface of the gel. The strain
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was normalized to reflect this change. The linear region of the resulting curve was
determined to be between 15% and 50% of the maximal strain. The slope of this linear
region was calculated and the resulting elastic moduli graphed.
2.3.5

Cell Viability and Number

Cell viability and cell number in each construct were quantified after 3, 7, and 14 days in
culture. Viability was analyzed using a vital dye kit (Molecular Probes, Carlsbad, CA).
Constructs were washed in PBS then stained concurrently with calcein (1:1000) and
ethidium homodimer (EH, 1:500) diluted in PBS for 45 minutes followed by two PBS
washes to remove excess dye. Live (calcein+) and dead (EH+) cells were visualized
using a laser scanning confocal microscope (Carl Zeiss) equipped with 488 nm and 543
nm lasers and a 10x objective. 150 μm z-stacks were taken of each sample and
subsequently analyzed using FARSIGHT software, which can segment and count
cells.106 Z-stacks were taken of both sides of the constructs and the location of image
stacks was the same for all construct conditions to control for possible differences in
diffusion characteristics. Total numbers of live cells and dead cells were tabulated for
each construct type and output as a percentage of living cells (living cells/total cells).
Three separate trials were performed, testing one of each construct type per trial.
Cell number was quantified using the CyQuant GR Cell Proliferation Kit
(Molecular Probes). Whole constructs (n=4 per construct type) were frozen at -80°C and
subsequently freeze dried using a Labconco Freeze Dry system (Labconco Corporation,
Kansas City, MO). Lyophilized constructs were digested with a Proteinase K solution
(Sigma) for 16-20 hours at 55°C and digested samples were frozen at -20°C for at least
24 hours to help ensure cell lysis, as CyQuant GR is a membrane impermeable DNA
stain. 50 μl of each sample was then combined with 150 μl CyQuant GR dye solution in
1X cell lysis buffer to yield a final dye concentration of 1X. Samples were loaded into a
96 well plate along with cell standards (6.25x104-1.00x106 cells/ml) and DNA standards
(2-30 μg/ml), incubated in the dark for 5 minutes, and read using a fluorescence plate
reader (Bio-Tek, Winooski, VT) set at 485 nm excitation and 528 nm emission.
Fluorescence intensity was correlated to DNA and cell standards in order to estimate the
number of cells within each construct.
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2.3.6

Cell Morphology

Cell morphology was assessed both qualitatively and quantitatively at days 3, 7, and 14.
Samples were fixed and permeabilized in 0.1% Triton X-100 (Sigma). The actin network
was visualized using Alexa Fluor 488-conjugated Phalloidin (Molecular Probes) diluted
1:100 in 1% bovine serum albumin (Sigma) for 30 min. Nuclei were stained with
ethidium homodimer (Molecular Probes) diluted 1:500 in PBS for 20 min. Constructs
were washed twice and visualized on a laser scanning confocal microscope (Carl Zeiss)
using 488 nm and 543 nm lasers at 20x magnification. Z-stacks ranging from 50-90 μm
thick were taken of the interior of each construct, again imaging both sides and keeping
z-stack locations consistent for all conditions.
2.3.7

Image Analysis

Neurolucida software (MBF Biosciences, Williston, VT) was used to identify individual
nuclei and to trace actin in 3D space. Preliminarily, in order to correlate actin to cell
morphology, low density SCs on tissue culture treated glass coverslips were stained and
imaged for actin. Additional phase microscopy images were taken at the same locations
to visualize cell morphology. Tracings of actin networks via Neurolucida (described
below) and tracings of the whole cell were then plotted to compare size and shape,
demonstrating that actin networks were an accurate estimation of cell morphology (0.92
correlation factor). This step was necessary since it is much easier to visualize actin in
3D constructs than it is to visualize cell membrane boundaries.
In 3D constructs, Neurolucida traces were used to quantify the length and number of
branches of the actin networks (n=3 replicates of each construct type- at least 6 image
stacks for each replicate were analyzed). Any partial cells were disregarded so that only
cells which could be traced in their entirety were analyzed. Although much of the
Neurolucida tracing is automated, some user intervention was required when two actin
networks were intimately touching one another. In this case, actin tracings were
manually separated at a distance halfway between the two nuclei containing each of the
actin networks. It should be noted that this underestimates the absolute length since it is
likely that the tracings actually overlap one another. Even though the absolute length
could not be accurately ascertained, since this convention was upheld over the course of
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all tracings and construct types, relative measurements were still valid. Neurolucida
Explorer was used to automatically analyze the average actin process length and number
of processes for each full cell within an image stack; in this work a cell process was
defined as a protrusion from the SC.
2.3.8

Statistics

One-way ANOVA was used to detect if any significant differences existed between
groups in a dataset and Tukey’s multiple comparisons test was subsequently used to
evaluate all pairwise comparisons. Significance was set at a p-value below 0.05.

2.4 Results
2.4.1

Matrix Composition

Second harmonic generation imaging revealed varied collagen I distribution within the
different construct types (Fig. 1 a-e). Collagen I autofluorescence is shown in red and a
dense network of uniformly distributed fibrils, which is a triple helix of collagen I
protein chains, could be seen within the 100% collagen constructs (Fig. 1 a). This dense
network was notably absent as the Matrigel™ percent increased to 35% and 50% (Fig. 1
d,e). In these constructs the collagen I appeared less interconnected and less uniformly
distributed throughout, forming distinct islands of higher collagen concentrations amidst
the Matrigel™. 10% (Fig. 1 b) and 20% (Fig. 1 c) Matrigel™ constructs showed a
progression from the dense network of fibrils seen in the collagen only constructs to the
clustering of collagen I present in the 35% and 50% Matrigel™ conditions.
SEM images also illustrated differences in matrix structure. Again, in the collagen
only matrix, a dense network of highly interconnected collagen Type I fibrils could be
visualized (Fig, 1 f). Upon incorporation of 10% Matrigel™ (Fig. 1 g), this well defined
network disappeared, replaced instead by tightly packed fibrils with fewer and smaller
pores. As the percentage of Matrigel™ increased from 20% to 35% to 50% (Fig. 1 h-j,
respectively) fibrils and pores again began to appear within the matrices. However, these
fibrillar networks looked distinctly different from those seen in the collagen only
constructs. SEM imaging, however, cannot definitively identify collagen I fibrils in a
Matrigel™ matrix. Fibrils here formed a less interconnected network and appeared more
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tortuous in nature. Additionally, regions of fibrils containing relatively large pores could
be seen adjacent to areas of tightly packed matrix, reminiscent of that seen in the 10%
Matrigel™ constructs. Accurate quantification of pore size was difficult in these samples
due to changes in construct volume during the drying process. However, since this effect
was constant over all conditions, relative comparisons were valid.

Figure 1: SHG and SEM Images. (A-E) Second harmonic generation images of the
collagen Type I network within (A) collagen only, (B) 10% Matrigel™, (C) 20%
Matrigel™, (D) 35% Matrigel™, and (E) 50% Matrigel™ constructs. Collagen Type I
autofluorescence is shown in red and is distributed non-uniformly in the higher percent
Matrigel™ constructs resulting in regions with greater relative concentrations of
collagen Type I or Matrigel™ proteins. Images are 2D projections of 15 μm thick zstacks. Scale bars: 20 μm, 63x magnification. (F-J) SEM images of (F) collagen only,
(G) 10% Matrigel™, (H) 20% Matrigel™, (I) 35% Matrigel™, and (J) 50% Matrigel™
constructs. Scale bars: 1 μm, 25,000x magnification.
2.4.2

Compliance Testing

Acellular constructs were subjected to compression testing and exhibited differences in
mechanical properties. The stiffest construct was the 50% Matrigel™, exhibiting an
elastic modulus of 9.8 kPa (Fig. 2). A reduction in Matrigel™ resulted in a linear decline
in modulus, with the 10% Matrigel™ being most compliant at 5.1 kPa. The collagen
only construct had a slightly higher modulus of 6.4 kPa. Statistical differences were
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detected among all groups (p < 0.001) except between the 20% Matrigel™ and collagen
only constructs, as these conditions had similar moduli of 6.6 kPa and 6.4 kPa,
respectively.

Figure 2: Young’s moduli of the various collagen-Matrigel™ compositions. Moduli
were obtained through displacement control unconfined compression at a rate of 0.5
mm/min. Moduli were calculated from the linear region of the stress-strain curve which
was assumed to be between 15% and 50% of the maximal stress. Following an initial
drop in elastic moduli, constructs became increasingly stiffer with the addition of
Matrigel™. Bars are mean ± SE. * indicates significant statistical differences (p < 0.05).
n=3 separate trials.
2.4.3

Cell Viability

Cell viability was measured using vital cell dye and expressed as the percentage of living
cells on days 3, 7, and 14 (Fig. 3 a). Viability was above 90% for all construct types on
days 3 and 7 and no differences were detected between any of these groups. By day 14,
SC viability within the collagen only, 2 ng/ml TGF-β1, and 5 ng/ml IGF-1 constructs
dropped to 70%, 81%, and 77%, respectively. Any constructs containing Matrigel™
retained viability values over 93% on day 14, which were significantly higher than the
collagen only constructs with and without added growth factors (p < 0.05). The vital cell
dye was functional since dead cells were observed in all samples. Notably, viability was
constant regardless of the location within the construct.
2.4.4

Cell Number

Cell number in constructs was estimated by total DNA using the CyQuant GR DNA
assay on days 3, 7, and 14 (Fig. 3 b). 5x105 cells were incorporated into each construct
on day 0 and this number was not exceeded on any day. No significant differences
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between groups were detected on day 3. By day 7, 35% and 50% Matrigel™ constructs
has significantly more cells than collagen constructs with and without growth factors; no
differences were detected between Matrigel™ containing constructs on day 7.

Figure 3: Schwann cell viability and number in 3D. (A) Cell viability on days 3, 7,
and 14 in culture, displayed as the percentage of living cells. Live and dead cells were
stained using calcein and ethidium homodimer, respectively, and analyzed using
FARSIGHT software. Cell viability was above 90% for all constructs on days 3 and 7.
On day 14, only constructs containing Matrigel™ had viabilities above 90%. (B) Cell
numbers assessed at days 3, 7, and 14 via a DNA assay. Initial seeding density was
5x105 cells/construct and after 14 days in culture, increasing percentages of Matrigel™
correlated to higher cell numbers. 50% Matrigel™ constructs supported the highest
number of cells at 14 days with 5.4x105 cells/construct while collagen only constructs
averaged 5.8x104 cells; an 88% decrease from the initial cell seeding number. Bars are
mean ± SE. * indicates a significant decrease from the day 3 value for each condition (p
< 0.05). n=3 trials for viability data and n=4 for cell number data.
By day 14, the increase in cell number correlated to the increase in Matrigel™
percent was much more pronounced. The 35% and 50% Matrigel™ constructs had
significantly higher cell numbers than any other constructs (p < 0.05). After 14 days in
culture, although cell number was highest in the 50% Matrigel™ construct, no
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significant difference in number was detected between the 35% and 50% Matrigel™
conditions when compared to the day 3 values; all other constructs had significantly
fewer cells at day 14 than at day 3 (p < 0.05). Neither IGF- nor TGF-β1 increased cell
number when compared to collagen only controls over 14 days in culture.
2.4.5

Cell Morphology

Cell morphology was examined via actin networks on days 3, 7, and 14 for all construct
types. Actin networks, shown in Fig. 4 as 2D projections of 3D image stacks, were
traced and analyzed as an indicator of cell morphology. Preliminarily, SC were cultured
on glass coverslips and whole cell spreading (whole cell tracing in phase micrographs)
was correlated (0.92 correlation factor) to the tracing of actin in fluorescence
micrographs, indicating that actin was an accurate estimation of SC size and shape (data
not shown).
Within the collagen only constructs, a spherical SC morphology was observed (Fig.
4 a) and the addition of neither TGF-β1 nor IGF-1 elicited dramatic changes in
morphology, although a few small processes can be seen protruding from these cells
(Fig. 4 b,c, respectively); resulting in 1.4-fold and 1.2-fold increases in average process
length, respectively, when compared to collagen only controls (Fig. 5 a). However, the
incorporation of Matrigel™ resulted in significant changes in cell morphology. All
constructs containing Matrigel™ had significantly higher average process lengths (p <
0.001), with the 10%, 20%, 35% and 50% constructs achieving 2.4, 3.5, 3.7, and 4.2-fold
increases in average process length over collagen only controls (Fig. 5 a). Even at 10%
Matrigel™, numerous thin processes extended from the cell body (Fig. 4 d) with an
average of 3.8 processes per cell. Although these processes were significantly shorter,
more processes per cell were present when compared to all other conditions (p < 0.001).
As the percentage of Matrigel™ was increased from 20% to 35% to 50% (Fig. 4 e-g,
respectively) processes became noticeably longer and straighter, with fewer processes
present on each cell within the higher percent Matrigel™ constructs (Fig. 5 b). Despite
this, no significant changes in number of processes per cell were detected between these
groups and only the 20% and 50% Matrigel™ constructs differed significantly with each
other with respect to average process length (p < 0.001). Collagen only constructs and
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collagen constructs with TGF-β1 or IGF-1 contained an average of 2.4, 2.2, and 2.3
small processes per cell (Fig. 5 b), respectively, and these differed significantly from the
10% Matrigel™ condition only (p < 0.001). It is important to point out that data for days
3, 7, and 14 were pooled together for each construct type, as no differences in
morphology were detected between days, indicating that cell spreading occurred within
3 days in culture. Additionally, cell morphology was consistent throughout the volume
of each construct. Over 14 days, processes were longest in the 50% Matrigel™
constructs, although differences when compared to the 35% Matrigel™ condition were
not significant.

Figure 4: Schwann cell morphology within the various constructs. Cells within the
(A) collagen only constructs were spherical in morphology and those cells in the (B)
collagen only constructs with 2 ng/ml TGF-β1 or (C) 5 ng/ml IGF-1 extended a limited
number of very short processes. Thin but longer processes appeared upon the
incorporation of (D) 10% and (E) 20% Matrigel™. These processes became visibly
longer and straighter as the Matrigel™ percentage was increased to (F) 35% and (G)
50%. Actin was stained green using Alexa-Fluor 488-conjugated phalloidin and nuclei
were stained red via ethidium homodimer. Images are 2D projections of 40 μm z-stacks
obtained using a confocal microscope. Scale bars: 100 μm, 20x magnification.
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Figure 5: Schwann cell morphology in 3D. (A) Average process length and (B)
average number of processes per cell. Actin networks stained using Alexa fluor 488conjugated phalloidin were traced and analyzed using Neurolucida software. Values
were averaged over 14 days in culture for each construct type. Process length increased
with the percentage of Matrigel™ reaching a 4.2-fold increase over the collagen only
condition in the 50% Matrigel™ case. The number of processes increased significantly
in only the 10% Matrigel™ case where there was an average of 3.8 processes/cell. Bars
are mean ± SE. *, #, and + indicate significantly greater than collagen control, 10%, and
20% Matrigel, respectively (p < 0.05). n=3 separate trials with 6 images stacks being
analyzed for each condition in each trial (~10 cells/image stack).

2.5 Discussion
This study lays a foundation for our long term goal of achieving directed neuronal
regeneration. Scaffolds for nerve repair are typically optimized for neurite growth while
the glial response to the materials is less well studied. In this study, we have taken an
alternate approach by creating materials that additionally support Schwann cells. As
discussed, SC possess the ability to support and can direct neurite growth and our overall
aim is to use oriented SC in a 3D in vitro matrix environment to promote and guide
neurite extension. Achieving this effect requires that SC interact with the matrix such
that they survive and elongate. By using 3D collagen-Matrigel™ composite scaffolds,
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we have created mechanically robust materials that allow SC extension and therefore
may have utility in directing neurite outgrowth.
SHG imaging revealed the distinct structural differences between the various matrix
types examined in this study and portrayed the distribution of the collagen I amid the
Matrigel™. Collagen I has a triple-helix structure and a high degree of crystallinity
making it visible to SHG.105 Additionally, strong chiroptical properties enhance its
autofluorescence. These chiroptical properties are not present in collagen IV or laminin,
and therefore these proteins are not visualized using SHG imaging.107 Brown, et al.
reported no SHG activity from Matrigel™ proteins using SHG settings very similar to
those in this study.108 Therefore, we are confident that the autofluorescence viewed in
our samples was a result of the fibrillar collagen I distribution.
Collagen I is a mechanically robust structural protein, and its distribution affects the
mechanical structure and resulting strength of the bulk material. In vitro, collagen
constructs are easily handled, which is an issue of practical importance when
contemplating their use as engineered tissues in the clinic. In addition, previous work has
demonstrated that the collagen fibrils within constructs can be directionally aligned
using a variety of techniques.109, 110 Matrix alignment offers the possibility of creating
SC outgrowth in prescribed directions and will also promote associated aligned neurite
outgrowth. For these reasons, collagen I was used as the primary matrix material for the
constructs in this study.
Incorporation of Matrigel™ caused distinct changes in the mechanical properties
and structure of the constructs, while also altering the cellular response. Addition of
Matrigel™ resulted in more fragile constructs, although all compositions used in this
study were robust enough to be handled without damage. Constructs containing more
than 50% Matrigel™ could not be practically handled without tearing, and were
therefore not investigated further. Constructs with higher Matrigel™ content may have
ripped more easily because the highly interconnected collagen fibril network seen in
pure collagen constructs was disrupted, replaced instead by islands of collagen (Fig. 1 e).
At low Matrigel™ concentrations (e.g. 10%, Fig. 1 g), the matrix structure as observed
by SEM was uniform with a fine fiber structure, while at higher percentages of
Matrigel™ larger fibrils reappeared (Fig. 1 h-j). It is likely that the observed fibrils are
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collagen domains amid more compact Matrigel™ matrix, however SEM imaging does
not allow us to reliably distinguish between these proteins. The observed changes in
fibrillar structure are also supported by Fig. 2; the addition of Matrigel™ initially
resulted in a decreased modulus compared to collagen controls yet further addition of
Matrigel™ ultimately yielded constructs with moduli which exceeded those of collagen
controls. Additionally, SHG images (Fig. 1, which image only the fibrillar collagen
structure) support the SEM observations, showing domains of collagen I at higher
Matrigel™ concentrations. The incorporation of Matrigel™ clearly altered the
mechanical and architectural properties of the matrices, though the mechanism of this
effect requires further study.
Compliance of a substrate directly affects the phenotype of cells that are in contact
with it.111,

112

Previous research has shown the importance of mechanical stiffness in

neural tissue engineering; for instance, Leach et al., demonstrated that branching of
PC12 neurites decreased on compliant materials below a certain threshold.97 Much of
the published work, however, has involved quantifying neurite outgrowth, rather than
glial cell morphology.96, 113 It is interesting to note that in our study there was a direct
correlation between increased stiffness and SC spreading, with the stiffer constructs
inducing a greater degree of spreading. Nevertheless, we were not able to discriminate
between the effects of the mechanical properties and the biological effects of the protein
components in the Matrigel™. It is important to note that the pure collagen samples had
moduli that were not significantly different from the 20% Matrigel™ samples, yet SC
spreading was clearly different between these constructs (Fig. 4 a,e). Even though the
10% Matrigel™ samples were significantly more compliant than the pure collagen
constructs, increased spreading was still observed in the presence of Matrigel™. These
results suggest that matrix compliance is not the only factor affecting SC extension, and
that the biological cues from Matrigel™ also contribute.
Cell viability in all constructs was high, though there were significant drops at day
14 in culture in the pure collagen and collagen with TGF-β1 or IGF-1. Cell number in
the 3D constructs tended to increase with increasing Matrigel™ content, especially at the
later time points. For anchorage-dependent cell types, inhibition of cell spreading has
been shown to trigger apoptosis.114 Chen, et al. reported that cell shape governed
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whether individual cells grew or died and that when cell shape and spreading were
sufficiently restricted, apoptosis was induced.115 Additionally, Nakao, et al. reported that
over 50% of harvested SC undergo apoptosis after losing contact with axons but these
SC could be rescued from apoptosis by increasing their adhesion using different
substrata.116 These results suggest that a lack of cell adherence to the matrix, and the
associated lack of cell spreading, was responsible for cell death in the constructs with
lower Matrigel™ content. Viability data showed that the cells that remained in the
constructs were viable, though the cell number data demonstrate that there were fewer of
them as the amount of Matrigel™ decreased. Since viability data are only a snapshot in
time, it is likely that dead cells degraded over time, and therefore only viable cells
remained at longer time points. Our results show that the 35% and 50% Matrigel™
scaffolds were most supportive of cell maintenance over 14 days in culture.
The main extracellular matrix proteins in the nervous system in contact with SCaxon units are the basal lamina proteins laminin and collagen IV. Collagen I is not a
major protein in contact with these cells as it lies outside the basal lamina in the
endoneurium.83 Therefore it is likely that the addition of Matrigel™ allowed SC to
preferentially attach to the proteins of their native environment and extend processes in
the composite matrices used in this study. Addition of Matrigel™ to a construct
necessarily results in a corresponding decrease in collagen I content (since all constructs
were made at the same total protein content). However, we verified that SC extension
was independent of the collagen I concentration by creating controls with variable
collagen I content (1.0-2.0 mg/ml collagen) in the absence of Matrigel™. These collagen
concentrations corresponded to the concentrations achieved by the addition of the
various levels of Matrigel™ in this study. Regardless of the collagen I concentration, SC
remained in a spherical morphology in the absence of Matrigel™. Additionally, we did
not observe any increase in SC survival by lowering the collagen I concentration. Matrix
compliance may have played a role in determining the degree of SC extension, but our
overall our data suggest that the addition of Matrigel™, and not the decrease in collagen
I, was responsible for cell spreading.
Addition of exogenous TGF-β1 at 2 ng/ml or IGF-1 at 5 ng/ml to collagen I
constructs did not elicit cell spreading at a level comparable to that achieved by the
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addition of Matrigel™. Previously, it has been reported that TGF-β1 caused SC to
spread within collagen I matrices at concentrations as low as 0.5 ng/ml.86 This work,
however, classified cells as either spread or unspread based on the presence or absence
of cellular processes, respectively, and consequently expressed cell spreading as the
percentage of cells classified as containing processes. In the current work, we quantified
the length of processes and not the percentage of cells adopting a spread morphology,
making direct comparisons difficult. We did, however, observe a 1.4-fold increase in
average process length with the addition TGF-β1 compared to collagen only controls
(Fig. 5 a) and small processes could be seen protruding from many of the cells in TGFβ1 containing constructs (Fig. 4 b). Therefore, TGF-β1 at 2 ng/ml did have some effect
in changing cell morphology although the addition of Matrigel™ resulted in substantial
changes. It should be noted that TGF-β1 and IGF-1 are the only growth factors which
are not effectively eliminated in the growth factor reduced formulation of Matrigel™,
and are present at concentrations of ~1.7 ng/ml and ~5 ng/ml, respectively.87 Since we
observed little increase in cell spreading with the exogenous addition of either of these
growth factors to collagen I constructs, it is likely that process extension is occurring due
to the presence of laminin and collagen IV in the Matrigel™ mixture, proteins typically
found in the basal lamina.
These results show that Schwann cell morphology and behavior in a 3D matrix is
altered by the relative amounts of collagen Type I and Matrigel™ in composite scaffolds
in vitro. Collagen I and Matrigel™ both have desirable properties for use in creating
engineered neural tissues: collagen I is a mechanically robust protein which can be
directionally aligned, while Matrigel™ can provide a suitable environment for SC
adhesion and extension. Additionally, each material has been used previously in both the
PNS and CNS in vivo and have shown to be permissive to neurite extension.59, 76, 84, 95
However, use of these proteins separately is not suitable in creating a neural guidance
scaffold because SC spreading and growth are not observed in pure collagen constructs,
while pure Matrigel™ constructs are mechanically fragile and do not contain robust
fibers for alignment. The composite constructs we studied retained positive properties of
each component, although these properties changed with the relative concentrations of
the protein components. In future work, we will use these composite protein scaffolds in
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conjunction with scaffold alignment, soluble factors, and external forces to promote and
direct the extension of neurites and migration of SC through the scaffold biomaterial.
The potential synergy of multiple cues presented to the supporting SC and regenerating
axons may lead to a clinically effective scaffold for injuries to the nervous system.
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3. Chapter 3: Development of a Stable, Aligned, Schwann Cell Loaded
Scaffold for Neural Engineering
3.1 Abstract
The purpose of this work was to develop and characterize a 3-D, Schwann cell
(SC) loaded collagen I-Matrigel scaffold to serve as a platform for studying the effects
of cell and matrix alignment on neurite outgrowth. Here, we sought to create a stable,
aligned matrix with no external tension using fibroblast (FB) mediated constrained
compaction. While in constraint, SC and FB aligned in the direction of constraint. Once
cut from constraint, both cell types reoriented perpendicular to their original direction
after 2 days and retained this new alignment for 7 days. These compacted, oriented
scaffolds are supportive of directed neurite outgrowth. In future work, these stable,
aligned matrices will be used to examine the individual and synergistic effects of
multiple guidance cues on 3-D neurite outgrowth.

3.2 Introduction
Spatially organized tissue is a hallmark of a number of organ systems and neural
tissue is no exception.117 Following injury, the regenerating axons need to reconnect to
their innervation target to ensure the injured neuron is properly supported. Failure to reconnect to the target would result in death of the neuron. Guidance of the regenerating
axons provides a more direct path across the injury site and decreases the time for
functional recovery.118 Scaffold alignment is one factor that has been used to direct
axons and a number of studies have demonstrated the beneficial effects which alignment
has on in vitro and in vivo neurite outgrowth.84, 89, 93 In vitro, aligned Schwann cells (SC)
have a demonstrated ability to direct neurite outgrowth75 and an aligned SC topography
alone has shown to be sufficient to promote neuronal adhesion and orient neurites.90 In
vivo aligned collagen I constructs have demonstrated utility in enhancing repair of both
peripheral and central nerve defects.84, 88, 93 Aside from the in vivo applications, aligned
3D scaffolds present a unique opportunity to study the effects different guidance cues
have on neurite outgrowth.
Creating stable, aligned constructs is something which can be done a number of
different ways ranging from magnetic orientation84 to mechanical stimulation119 to
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electrical stimulation.110 One approach to aligning tissue is to use fibroblast (FB)mediated constrained compaction. It is known that FB will spontaneously compact and
reorganize collagen I when cultured in a 3D environment and it has been demonstrated
that, when grown in a constrained environment, FB are able to align collagen I along the
axis of constraint.92 A benefit of this method is that is uses only cell-based mechanisms
to align the tissue, limiting the inclusion of other variables. However, the application of
constraint requires the addition of an external apparatus not feasible for use in vivo and
adds the additional variable of tension to the system, which complicates studies
concerning the effects of specific guidance cues on neurite outgrowth.
The purpose of this work is to develop a stable, aligned scaffold from a collagen IMatrigel™ biomaterial using FB-mediated constrained compaction as the only means of
alignment. This aligned material could then be used to examine 3D neurite outgrowth in
the presence of multiple guidance cues such as aligned cells, aligned matrix, gradients of
soluble factors, electrical stimulation and mechanical forces. In doing so, the relative and
synergistic strengths of each cue may be better understood for the rational design of a
scaffold to assist in the repair of spinal cord and large-gap peripheral nerve repair. Here,
we sought to culture SC and FB in a model composite matrix comprised of collagen IMatrigel™ and monitor cell and matrix alignment under constraint and following
removal of constraint. Pilot studies demonstrated that these aligned Schwann cell–
fibroblast composite constructs supported and directed neurite outgrowth.

3.3 Materials and Methods
3.3.1

Cell Culture

Primary SC were isolated from the sciatic nerves of neonatal rats using a previously
described procedure.120 Subsequent expansion and culture of SC was carried out in
Dulbecco’s Modified Eagle’s Medium containing 4 mM L-glutamine, 4.5 g/L Dglucose, 110 mg/L sodium pyruvate (DMEM; CellGro, Manassas, VA) and
supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 50 U
penicillin/streptomycin (Cellgro), 10 μg/ml bovine pituitary extract (BPE; Becton,
Dickinson and Company, Franklin Lakes, NJ), and 10 μM forskolin (Sigma-Aldrich, St.
Louis, MO). Cells were grown at 37°C and 7% CO2 with the media being changed every
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other day. SC between passages 6-10 were used for all experiments and prior to use, SC
purity was assessed in monolayer culture using S100 staining and quantified using
ImageJ (NIH). Purity levels of >95% were observed for all cultures from passages 6-10.
Primary FB were isolated from the skin of neonatal rats using a 1 mg/ml
collagenase, 0.1% trypsin solution followed by a subsequent 0.25% trypsin digestion. FB
culture was carried out in DMEM containing 4 mM L-glutamine, 4.5 g/L D-glucose, 110
mg/L sodium pyruvate (CellGro) and supplemented with 10% FBS (HyClone) and 50 U
penicillin/streptomycin (Cellgro). Cells were grown at 37°C and 7% CO2 with the media
being changed every other day.103 Cells were passaged at ~90% confluence using a
0.05% trypsin/0.53 mM EDTA solution (CellGro) and only cells from p5-p15 were used
for all experiments.
3.3.2

Construct Formation

To prepare cells for use in constructs cells were first trypsinized for 5 min.
Following trypsinization, SC and FB were separately diluted in growth medium and
pelleted. Each cell type was then suspended in 5 ml phenol-red free SC growth media
(CellGro) to reduce background fluorescence;104 aside from the absence of phenol red,
this growth media was identical to the SC media described above. SC media was
effectively used for the culture of both cell types as SC media is FB media with added
BPE and forskolin to specifically promote SC proliferation. Prior to use in constructs,
both cell types were separately counted, partitioned, and pelleted again prior to use.
Pellets of SC and FB could then be combined to achieve the desired cell ratios.
Cell pellets of SC and/or FB were then resuspended by subsequent additions of the
following solutions: 5X DMEM (CellGro), phenol-red free growth media, FBS, 0.1 N
NaOH and 4 mg/ml acid-solubilized bovine collagen type I stock (MP Biomedicals,
Solon, OH) at ratios of 2:1:1:1:5, respectively, resulting in a 2 mg/ml collagen solution
with SC and/or FB, depending on the condition. Growth factor reduced Matrigel™ (BD
Biosciences) was the final component incorporated- as it gels much more rapidly than
the collagen- at 35% by volume. 35% Matrigel™ was chosen for use because this
concentration of Matrigel™ has shown to be supportive of SC and neurons while
remaining relatively mechanically robust. Incorporation of 35% Matrigel™ by volume
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resulted in a final collagen I concentration of 1.3 mg/ml. Construct solutions were mixed
using a micropipettor to ensure a more homogenous distribution of the matrix,
transferred into the proper plates, and placed at 37°C for 30 min to cause gelation.
Constructs remained fully hydrated during this time, and subsequently were covered by
1 ml phenol red free SC growth media and loosened from the sides of the wells using a
sterile plastic spatula. Constructs were cultured for up to 14 days prior to analysis, with
the media being changed every 2 days.
Three different construct variations were prepared in this study: 1) unconstrained
FB only, 2) unconstrained SC and FB, and 3) constrained SC and FB.

To investigate

FB proliferation in the 3D matrices, unconstrained, FB only constructs were prepared in
24 well plates at 0.5 ml and seeded at a density of 2.5x105 FB/ml. This is the same FB
density used for constrained constructs. Use of these plates resulted in an initial scaffold
radius of 8 mm and a thickness of 2.5 mm. To examine the compaction profile of
unconstrained constructs, SC and FB were incorporated into 0.5 ml scaffolds also
prepared in 24 well plates. SC density was held constant at 2x106 SC/ml while FB
density was varied from 4x104-2x106 FB/ml.
Based on the results from the FB proliferation and scaffold compaction studies, 0.5
ml constructs in a constrained well were prepared containing both SC and FB at
densities of 2x106 and 2.5x105 cells/ml, respectively. The aseptic constrained well, as
shown in figure 6 below, consisted of a polydimethlysiloxane (PDMS) exterior (Fig.
6A), which served to create the walls of the well. PDMS was used to form the wells as it
is a non-cytotoxic polymer which is easily cast in a variety of shapes and sizes. Cells
will also not adhere to untreated PDMS. The well shape was cut out using a scalpel and
two triangular shaped pieces of porous polypropylene (Fig. 6B) were inserted at each
end of the channel. When the construct solution (Fig. 6D) was poured into the well, it
became integrated into the porous plastic, allowing FB mediated compaction to only
happen in two dimensions (Fig. 6C); the other dimension of compaction was into the
page. Therefore, the porous polypropylene served to constrain the scaffold at two ends.
Following 3 or 7 days of constrained compaction, constructs were cut from constraint by
severing each end of the construct adjacent to the polypropylene. Cut constructs were
then transferred to a regular 24 well plate and cultured for up to 7 more days.
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Figure 6: Schematic of the constrained well. (A) constrained well containing a (D) SC
and FB loaded construct. (B) Porous polypropylene served to constrain the construct at
each end so that (C) compaction could only happen in two dimensions. Following up to
7 days of constraint, constructs were cut from the well by severing the scaffold adjacent
to the polypropylene.
3.3.3

Gel Compaction Profile
To examine the effect of the SC:FB ratio on matrix compaction, constructs were

made containing 2x106 SC/ml and between 4x104 and 2x106 FB/ml. Constructs were
cultured for 7 days and a digital photograph was taken of each construct replicate (n=3
replicates of each) on each day. Gel volume was quantified by tracing construct
perimeters using NIH ImageJ which yielded the compacted area of the construct.
Compaction was assumed to be equal in all directions since no constraint existed is this
system, so the compacted area was used to calculate a corresponding change in height.
Finally, the volume change of the construct was expressed a percentage of the original
volume (all constructs were initially created at the same size).
3.3.4

Fibroblast Proliferation Analysis
FB only constructs were created to analyze the 3D proliferation of FB over 14

days in culture. Briefly, at days 0, 1, 2, 3, 7, and 14 constructs initially seeded with
2.5x105 FB/ml were removed from well plates and cell number was analyzed using the
CyQuant GR Cell Proliferation Kit (Molecular Probes). Whole constructs were frozen at
-80°C and subsequently freeze dried. Lyophilized constructs were digested with a
Proteinase K solution (Sigma) for 16-20 hours at 55°C and digested samples were frozen
at -20°C for at least 24 hours to help ensure cell lysis, as CyQuant GR is a membrane
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impermeable DNA stain. 50 μl of each sample was then combined with 150 μl CyQuant
GR dye solution in 1X cell lysis buffer to yield a final dye concentration of 1X. Samples
were loaded into a 96 well plate along with cell standards (6.25x104-1.00x106 cells/ml)
and DNA standards (2-30 μg/ml), incubated in the dark for 5 minutes, and read using a
fluorescence plate reader (Bio-Tek, Winooski, VT) set at 485 nm excitation and 528 nm
emission. Fluorescence intensity was correlated to DNA and cell standards in order to
estimate the number of cells within each construct.
3.3.5

Cell Alignment

Following 7 days of unconstrained culture, 3-7 days of constrained culture only, or
3-7 days of constrained culture followed by an additional 1-7 days of unconstrained
culture after constraint was removed, constructs were fixed and analyzed for cell and
matrix alignment. Samples were fixed for 30 min at room temperature and subsequently
permeabilized using a 0.1% Triton X-100 solution (Sigma). Given the dense, compacted
nature of these constructs, staining was difficult and inefficient if the constructs were not
first sectioned into thin slices prior to applying antibodies. Sectioning was done with the
use of a dissecting microscope and a razor blade and slices of construct were cut in
directions both parallel and perpendicular to the long axis of the construct. By imaging
sections of construct perpendicular to one another, any range of cellular orientation
could be visualized
After sectioning, constructs were first incubated with a rabbit anti-S100 antibody
(Dako, Denmark) diluted to 1:400 in 3% bovine serum albumin (BSA) for 1 hr at room
temperature to specifically tag Schwann cells. Following three 5 min rinses a secondary
antibody, Alexafluor 546-conjugated goat anti-rabbit diluted 1:1000 in HBSS, was
applied for 1 hr to fluorescently tag the primary antibody. Subsequently, a mixture of
Alexafluor 488-conjugated phalloidin diluted 1:100 and DAPI diluted 1:1000 in 1%
BSA was applied to fluorescently tag actin and nuclei, respectively. Constructs were
visualized on a laser scanning confocal microscope (Carl Zeiss) using 405 nm, 488 nm,
and 543 nm lasers at 15x magnification. Z-stacks ranging from 60-80 μm thick were
taken of the interior of each construct. Images were consistently taken of at least two
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planes of the construct to ensure all cellular orientations were captured. Additionally, all
images were taken as close to the center section of the construct as possible.
In addition to imaging cellular alignment, the alignment of collagen I fibrils was
also examined. Second harmonic generation (SHG) imaging was used to visualize
collagen

fibrils.

Constructs

were

prepared

in

the

same

manner

as

for

immunohistochemistry, minus the application of staining antibodies. Samples were
visualized using a laser scanning confocal microscope (Carl Zeiss) equipped with a TiSapphire femto-second pulsed laser (Coherent, Inc.) at 20x magnification. The laser was
tuned to 820 nm and a bandpass filter of 390-465 nm was employed to visualize the
collagen networks.
3.3.6

Neuron Plugs
To examine the ability of these constructs to support 3D neurite outgrowth, plugs

of neurons were created in unaligned, uncompacted matrices containing SC only and
also in aligned, compacted matrices containing both SC and FB. In both cases, prior to
adding neurons, constructs were created as before and cultured for 7 days in a
constrained or unconstrained fashion. After 7 days, a sterile 2 mm dermal punch was
used to punch a hole in each of the constructs, with the aid of a dissecting microscope.
Collagen I-Matrigel™ solutions were then prepared as described with the omission of
SC and FB. Instead, dissociated neurons isolated from neonatal rat DRG, were
incorporated into the construct mixture at 2x106 cells/ml. 5 μl of this solution was then
used to fill the holes created with the dermal punch. After allowing for gelation (30 min)
constructs were covered with SC media supplemented with 75 ng/ml NGF and cultured
for an additional 3 days. Following culture, fixation, staining, and imaging were
performed as described with the only addition being that neurons were stained for β-IIItubulin concurrently with the S100 SC staining. β-III-tubulin primary and secondary
antibodies were applied at concentrations of 1:400 and 1:1000, respectively.
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3.3.7

Statistics
One-way ANOVA was used to detect if any significant differences existed

between groups in a dataset and Tukey’s multiple comparisons test was subsequently
used to evaluate all pairwise comparisons. Significance was set at a p-value below 0.05.

3.4 Results
3.4.1

Gel Compaction Profile: Variable SC:FB Ratio

To examine the effect which the SC:FB ratio has on the compaction profile of the
gel, FB number in unconstrained constructs was varied from 4x104-2x106 FB/ml, while
the SC number was held constant at 2x106 SC/ml. This resulted in SC:FB ratios ranging
from 50:1 to 1:1. Intermediate ratios included 2:1, 4:1, 6:1, 8:1, and 20:1. After 7 days
in culture, not surprisingly, the constructs containing the highest number of FB (1:1
ratio) compacted to approximately 7% of their initial volume.

Figure 7: Gel compaction expressed as a percentage of the initial construct volume.
Constructs with a 1:1 SC:FB ratio (bottom line) compacted most while constructs with
the fewest FB (top line) compacted the least. Compaction appears to reach a plateau of
around 7% of initial volume for most groups after 7 days in culture.
By day 7, no significant differences in compaction percent were detected between
the 1:1 constructs and constructs with ratios up to 8:1 (green line in Fig. 7). After 7 days
in culture, compaction appeared to plateau for nearly all groups, reaching a maximum of
around 7% of the initial volume. In related work, the SC number was varied while the
FB number was held constant and compaction was equal for all groups. Additionally, SC
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alone in these matrices do not compact it to any degree, as shown in Figure 7, indicating
that FB number regulates the amount of compaction .
3.4.2

Fibroblast Proliferation

FB number was examined over 14 days in culture using the CyQuant GR Cell
Proliferation Assay. An initial significant drop in cell number was observed following 3
days in culture (p<0.05) compared to the day 0 seeding density of 2.5x105 FB/ml (Fig.
8). However, between days 3 and 7, FB number increased steadily reaching a value of
3.8x105 FB/ml, significantly more than the initial seeding value (p<0.05). Over the next
7 days in culture, FB number remained relatively steady, appearing to plateau at a value
of around 3.8x105 FB/ml. No significant change between the day 7 and day 14 values
was detected. This plateauing of cell number by 7 days corresponds to the timing of the
compaction plateau observed in the variable SC:FB ratio compaction experiment.

Figure 8: FB number in collagen I-Matrigel™ scaffolds. Initially FB number
decreases over 3 days but steadily rises between days 3 and 7, reaching a plateau of
around 3.8x105 FB/ml. This number was maintained for at least an additional 7 days in
culture. Error bars represent standard error of the mean.
3.4.3

Cell and Matrix Alignment and Realignment

Alignment of cells and matrix (collagen I) was visualized after both constrained and
unconstrained compaction and the results are displayed in Figure 9. All images displayed
were taken in the longitudinal plane of the construct, which is depicted in Fig. 9M.
Schwann cells were labeled with S100, a characteristic SC marker (red), and phalloidin
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was used to label actin of all cells, predominately identifying the fibroblasts (green).
Following 7 days of unconstrained compaction both SC and FB appear disorganized and
randomly oriented throughout the composite matrix material (Fig. 9A). Additionally, no
apparent alignment of the collagen I fibrils is observed in SHG imaging (Fig. 9E).
However, after 7 days of constrained compaction (Fig. 9B), both cells types become
oriented in the direction of constraint and fibrillar orientation in this direction can be
observed as well (Fig. 9F). This orientation in the direction of constraint occurred as
early as 3 days, but appeared stronger after 7 days (data not shown). During this initial
period of constrained compaction, constructs compacted in two dimensions only, as they
were unable to contract the gel in the direction constrained by the porous polypropylene.
Once removed from constraint, cells and matrix again became disorganized, losing their
longitudinal alignment after just 1 day of unconstrained compaction (Fig. 9C and 9G).
However, 2 days following removal from constraint, a realignment of cells and matrix
was observed in a direction perpendicular to the initial alignment (Fig. 9D and 9H).
Notably, this realignment was also perpendicular to the new direction of compaction,
which is consistent with the initial longitudinal alignment which occurred during
constrained compaction. This realignment, however, consistently occurred in the vertical
dimension only, which should be noted is the smallest dimension of the scaffold.
Even 4 and 7 days post-cutting, this vertical orientation of cells and matrix remained
and appeared even more pronounced than that observed 2 days post-cut (Fig. 9I-L). This
phenomenon was consistently repeated over four separate trials when 7 days of initial
constrained compaction was allowed for. Interestingly, if constructs were cultured under
constraint for only 3 days as opposed to 7, inconsistent realignment was observed.
Sometimes constructs would realign, as is always the case when 7 days of constrained
compaction is first performed. However, frequently these constructs would not realign at
all. It is interesting to highlight that 7 days of initial constrained compaction corresponds
to both the compaction and FB number plateaus observed in the initial work. Regardless,
if 7 days of initial constrained compaction is performed followed by removal of
constraint and subsequent unconstrained culture, both cells and matrix realign in a
direction perpendicular to their original alignment, and always in the vertical dimension.
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This vertical alignment is stable for the duration of 2-7 days following removal from
constraint.

Figure 9: Alignment of cells and matrix following constrained and unconstrained
compaction. Actin is displayed in green while S100 is red (images A-D, I, J). Collagen I
fibrils are visualized in (E-H, K, L) using SHG imaging. Both cells and matrix show a
realignment perpendicular to their initial longitudinal alignment following removal of
constraint and this alignment remains stable over 7 days in culture. Scale bars represent
100 μm.
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3.4.4

Neurite Outgrowth in Aligned Constructs

In pilot studies, neurite outgrowth was examined in the aligned compacted SC/FB
composite scaffolds. Briefly, scaffolds were punched with a 2 mm dermal punch and a
plug of dissociated neurons in collagen I-Matrigel™ was added to the void. Neurite
outgrowth was examined after 3 days in culture. Results are displayed in Figure 10.

Figure 10: Neurite outgrowth in aligned and unaligned constructs. (A-C) unaligned,
uncompacted constructs and (D-F) aligned, compacted constructs. (A,D) Show
concurrent S100 (red) and B-3-tubulin (green) staining while (B,E) are the B-3-tubulin
components only, showing neurite outgrowth, and (C,F) are the S100 components only,
showing SC after 3 days in culture. The white outline in D-F represents the plug
boundary. Scale bars are 100 μm.
Neurite outgrowth was examined in both unaligned, uncompacted (Fig. 10A-C) and
aligned, compacted constructs (Fig. 10D-F). In the unaligned, uncompacted constructs,
neurites, labeled with β-III-tubulin (green), can be seen leaving the plug and entering the
SC loaded matrix (Fig. 10B). Often, these neurites leaving the plug are in close
proximity with SC, as evidenced by the overlap of the red and green channels in Fig.
10A. Neurite outgrowth from the plug in unaligned constructs does not appear biased in
any direction. In constructs aligned using FB mediated compaction, it can be seen that
SC are aligned in a longitudinal direction, as evidenced by the left-to-right orientation of
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these cells (Fig. 10F). Neurites, shown in green, can be seen leaving the plug boundary,
outlined in white, and following the direction of alignment (Fig. 10E). This outgrowth is
both 3D in nature and oriented with the observed cell and matrix alignment.
Collectively, this demonstrates that not only are these constructs supportive of 3D
neurite outgrowth, but aligned cell and matrix components are sufficient to cause
oriented neurite outgrowth.

3.5 Discussion
We have demonstrated the ability to create stable, aligned collagen I-Matrigel™
constructs using FB mediated compaction and these aligned constructs were shown to be
stable for a minimum of 7 days in unconstrained culture. These aligned constructs will
have utility in examining neurite outgrowth in a 3D model under variable conditions,
such as an aligned matrix, aligned cells, neither, or both. Presumably, cells could be
lysed following alignment so that only an aligned matrix remains. Additionally, aligned
constructs such as these may serve as a platform for the incorporation and subsequent
investigation of the effects of a host of different guidance cues on 3D neurite outgrowth
(soluble factors, scaffold composition, cells, and external forces (electrical and
mechanical). Work presented in this thesis demonstrated that, not only are these
constructs supportive of 3D neurite outgrowth and Schwann cells, but aligned cell and
matrix components are able control the direction of neurite outgrowth, which is highly
relevant to the field of neural tissue engineering.
It is known that FB compact collagen I and therefore it is believed that FB
reorganize the collagen fibrils in response to constraint, aligning the matrix and
subsequently the SC as well. It was noted in this study that, if only 3 days of initial
constrained compaction were allowed for, inconsistent realignment results were
achieved, something not seen when 7 days of initial constraint was performed. This can
be explained by the FB number and compaction profiles observed in this work. FB
number is more than 2-fold lower at day 3 than at day 7 within these constructs. Clearly,
this indicates that substantial FB proliferation is occurring between days 3 and 7, until it
reaches a plateau, potentially an upper bound of the number of cells which the construct
can support, at day 7. If the constructs are cut while the FB are in this highly
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proliferative phase (i.e. day 3), the cells may have a decreased ability to reorganize the
matrix material in response to the removal of constraint and hence, reproducible
realignment is not observed.
At 3 days, even with the highest number of FB, compaction has yet to reach a
plateau. In fact, for the 8:1 SC:FB ratio used in the realignment studies, compaction does
not plateau until approximately day 6. During the initial constrained compaction period,
compaction is allowed to happen in only two dimensions because of the constraint. If
this initial compaction is allowed to reach a plateau, which takes around 6 days,
constructs will no longer compact in these dimensions when removed from constraint.
Essentially, this creates another form of constrained compaction even after constructs are
cut from the porous polypropylene. Since they are fully compacted in the first two
dimensions, compaction is only allowed to proceed in 1 dimension when constraint is
removed, and this may be the factor responsible for the stable realignment of the matrix
and cells. If only 3 days of initial constraint is allowed for, compaction in the first two
dimensions is likely to be incomplete upon removal of constraint. As a result,
compaction will then proceed in all three dimensions when constraint is removed,
decreasing the realignment effect. For this reason, it is necessary to allow for 7 days of
initial compaction, or at least allow for compaction to plateau in the first two
dimensions, for a consistent realignment effect to be observed.
Another interesting facet of this study is that realignment of the cells and matrix
consistently occurred in the vertical direction, as opposed to the horizontal direction.
Both these orientations are perpendicular to the initial longitudinal alignment of the cells
and matrix so it seems likely that either one of them, or both, may occur following
removal of constraint. This however, was not the case as horizontal alignment was never
observed; instead cells always oriented vertically. Construct geometry may be used in
part to explain this phenomenon. As the system is set up, the vertical dimension of the
constructs is the smallest dimension. It is believed that FB show preference to reorient in
this dimension as it offers the path of least resistance to reorganization. Collagen fibrils
would have to be oriented over longer distances if the horizontal alignment was adopted
which would require more work and a greater coordinated effort.
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Diffusion limitations within the constructs may also play a role in the preference for
vertical reorganization. Given the density of the constructs, it is feasible that a nutrient
gradient may be established through the vertical dimension of the scaffold since the
constructs remain stationary while in constraint. While constrained, the forces generated
by the constraint could be sufficient to overcome any alignment effects caused by a
nutrient gradient. When constraint is removed, this gradient may be sufficient to then
“persuade” the cells to reorganize in the vertical dimension as opposed to the horizontal
dimension. One pitfall to this explanation, however, is that realignment persists and is
stable for at least 7 days in culture. Upon removal of constraint, constructs freely float in
media and a directed nutrient gradient should be abolished by this effect. If anything, a
radial gradient would be expected whereas nutrient concentrations would be equal on all
surfaces and decrease towards the center. This would lend no preference to a vertical
reorganization. As such, this supports the notion that it is the construct geometry and not
an effect of nutrient transport responsible for the consistent vertical reorganization of the
cells. In any case, future studies will involve investigating the effects of variable
construct geometries on cell and matrix realignment.
As a first step for the construction of a novel biomaterial for neural engineering, SC
migration and neurite extension within the scaffolds were preliminarily examined. Both
these aspects would be crucial to the development of an effective biomaterial. Neurite
extension is necessary for reconnections with host tissue to form and SC migration is
required for myelination during regeneration.121 Additionally, it is hypothesized that
directionally migrating SCs could be used to further enhance directed neurite outgrowth.
As seen in figure 10, neurites are able to extend outwards within the composite matrices.
Additionally, plugs of SC placed within acellular collagen I-Matrigel™ composite
constructs (not shown) were able to migrate outwards through the scaffold material.
Presumably, pore sizes within the matrix are large enough to allow for both neurite
extension and SC migration, meeting two necessary requirements for a neural
engineering biomaterial.
Other studies have investigated the use of aligned collagen I for nerve repair with
promising results, albeit full functional recovery was not achieved. In one study,
collagen I fibrils were aligned in a magnetic field and then implanted into a 6 mm rat
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sciatic nerve defect.84 Although directed axon outgrowth was increased when compared
to controls without implanted collagen, insufficient myelination of axons was observed.
In order to achieve full functional recovery, myelination is essential as it speeds the
conduction of action potentials.67 One reason which could account for the lack of
myelination is that SC were unable to migrate in the collagen only graft. It has been
documented that SC adopt a spherical morphology within collagen I and, as such, these
cells may have been unable to follow the extending neurites and perform the necessary
process of myelination.86 The constructs presented within this thesis aim to alleviate this
problem through the creation of an environment supportive of SC and neurons. SC
survive better in these composite biomaterials than in collagen I alone and adopt a
spread morphology not seen in collagen I. SC in collagen I-Matrigel™ composite
biomaterials have the ability to migrate and in future studies, this may prove to be
beneficial in the myelination of axons regenerating through the graft.
Stable, aligned constructs such as the ones created in this work may have utility in a
number of applications. Here, these constructs are intended for neural engineering
applications and studying the effects of variable guidance cues on 3D neurite outgrowth.
However, by altering the cellular components, these stable, aligned constructs may be
applied to other fields as well. Organized tissue is a hallmark of a number of organ
systems and consequently, constructs similar to the ones created here have potential uses
in areas such as cardiovascular engineering, tendon and ligament repair, and skin repair,
among others. Nonetheless, this work has presented a method for creating stable, aligned
constructs using only cellular machinery. These aligned constructs have demonstrated
utility in directing 3D neurite outgrowth and future work will involve investigating this
outgrowth in the presence of multiple cues such as aligned cells, aligned matrix, soluble
cues, and applied electric fields.
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4. Chapter 4: Discussion and Conclusions
This work has described the creation of a novel biomaterial comprised of collagen I and
Matrigel™ intended for neural engineering applications. The overall goal of this project
is to develop a therapeutically effective scaffold for the treatment of spinal cord injury
and large-gap peripheral nerve repair. Toward this goal, it is important to understand
how different guidance cues affect neurite outgrowth so that an implantable biomaterial
can be optimized with these guidance cues in mind. Guidance cues such as chemical
cues21,

94, 95

, physical cues74,
98

90

, cellular cues75,
99, 100

mechanical cues , and electrical cues

81

, substrate specific cues88,

96, 97

,

all are well documented as having an effect

on neurite outgrowth. However, a gap in knowledge exists as to how these cues may
synergistically interact. Given the complexity of the injury environment, it is likely that a
treatment for SCI will involve a multifaceted approach using number of different
guidance cues, thereby substantiating the importance of understanding synergistic
interactions amongst these cues.
A specific contribution of work presented in this thesis is the establishment of a
platform for studying these interactions amongst variable guidance cues. In the first part
of this thesis, a biomaterial consisting of 65% collagen I and 35% Matrigel™, by
volume, was developed and characterized. This biomaterial was developed to be
specifically supportive of both SC and neurons, as it has been reported that collagen I
alone, a material frequently used in guidance channel studies, is not readily supportive of
SC despite its support of neurite outgrowth.86 It is likely that a material concurrently
supportive of glial and neuronal cells will offer improved results over a material
optimized solely for neurite outgrowth, as SC have been closely linked to nerve
regeneration and play an important role in myelinating the axons.68
The second part of this thesis sought to stably align the cellular and matrix
components of this biomaterial and examine neurite outgrowth within the 3D
environment. Alignment has implications in guidance of neurites18,

40, 84, 85

and is an

important cue to investigate in the development of a graft material. Stable, aligned
constructs were created through the use of FB mediated constrained compaction.
Following an initial period of 7 days of constraint, cells and matrix reorganized in a
direction perpendicular to their original alignment once cut from the constrained model.
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This new alignment was preserved for at least 7 days in culture without the application
of any external forces. Importantly, it was confirmed that neurites were able to extend
into these matrices and directed 3D outgrowth was observed in the presence of aligned
cells and matrix. Other work using aligned collagen I matrices have failed to examine
cell or matrix alignment after the initial alignment period.84, 85, 93 Work presented within
this thesis confirms that stable aligned constructs containing aligned SC have been
created and that this material is supportive of 3D Schwann cell spreading and migration.
In turn, this model biomaterial motivates a larger study to investigate a more
complete determination of an optimal biomaterial that is optimized to support the
ascending and descending tract, interneurons, re-vascularization and the glia needed to
re-myelinate the regenerated axons.

In this work, we spent some time optimizing

materials for Schwann cells and sensory neurons, but there are many ECM and matrix
components that we were not able to screen as it was beyond the scope of the project.
Matrigel™ is not a material that can be used for clinical trials due to its production by
mouse tumor cells. Additionally, testing a host of ECM components at the macro-scale,
as done in this work, is both time and labor intensive. If similar constructs are brought
down to the micro-scale, a wider range of ECM proteins can be examined in the search
for a truly optimized biomaterial. Work contained within this thesis, however, clearly
highlights the need for material optimization as substantial changes in SC survival and
morphology were observed simply by the addition of Matrigel™ to collagen I. Future
studies may aim to increase proliferation of SC within these biomaterials as the current
scaffolds were only able to maintain SC number in culture, not increase it. SC
proliferation is likely to be beneficial because as more and more regenerating axons
populate an injury site, more SC will be required for myelination. Vasculature is also
required for a fully functional therapeutic treatment and this aspect of graft design was
not investigated in this work. As a therapeutic cure for SCI moves closer to realization,
the problem is likely to get even more complex with the addition of factors such as
vasculature. Given this, revision and vigorous research into material optimization will be
essential, and this thesis motivated the optimization of biomaterials for neural
engineering,
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Using this biomaterial as a model material, the individual and synergistic effects of
multiple guidance cues on neurite outgrowth can be examined in 3D, a more realistic
recapitulation of the in vivo microenvironment. Neurite outgrowth in the presence of an
aligned matrix and/or cells can be examined. Lysing the cellular component of the
biomaterial following alignment would result in solely an aligned matrix. In this manner,
the specific effect of SC alignment can be examined. In addition, other cues aside from
cell and matrix alignment could be incorporated into these matrices. Growth factors such
NGF, NT-3, and BDNF could be applied in conjunction with alignment or released in a
spatially, time-dependent pattern. Potential for observed synergy on neurite outgrowth is
promising as all these neurotrophic factors have shown to enhance neurite outgrowth.18
Additionally, a neurotrophic factor such as glial growth factor 2, known to increase SC
motility94, could be applied in efforts to increase SC migration through the biomaterial,
with the hypothesis that this would further promote directed neurite outgrowth.
Electric fields could also be applied through the construct material. Electric fields
have been implicated in both astrocyte and SC alignment and directed migration.122, 123
Electric field induced alignment and migration of glia has shown promise in directing
neurite outgrowth99 yet the synergistic effects of directed SC migration in an aligned 3D
scaffold remain less studied. If necessary, electrically conductive carbon nanotubes
could be added to the scaffold to increase the electrical conductivity as well.92
Ultimately, the scaffolding material described here may be used to help fill the
knowledge void existing between the known neurite guidance cues and the specific and
synergistic effects of each. In vitro models, such as the ones presented in this thesis
afford more detailed analysis of cell behavior and have a higher through-put to test a
wider array of conditions for a more focused animal study. Spinal cord injury is an
immensely complex injury and as such, a full understanding of the microenvironment
conditions and guidance cues present is necessary. By establishing a platform allowing
for the incorporation of multiple guidance cues at one time, this complete understanding
may be better realized and cue presentation can be optimized. It is the intent that a
biomaterial such as the one developed here may eventually contribute a therapeutic cure
for SCI. Fully understanding guidance cue interactions in vitro will lead to more
efficient graft materials in vivo.
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