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Specific Aims 
 
The spinal cord is the body’s most important organ for relaying nerve signals to and from the brain and the 
body.  However, when an individual's spinal cord becomes injured due to trauma, their quality of life is greatly 
diminished. In the United States today, there are an estimated quarter of a million individuals living with a 
spinal cord injury (SCI). With an additional 12,000 cases being added every year. Tragically, there is no 
approved FDA treatment strategy to help restore function to these individuals.  
 
SCIs are classified as either primary or secondary events. Primary injuries occur when the spinal cord is 
displaced by bone fragments or disk material. In this case, nerve signaling rarely ceases upon injury but in 
severe cases axons are beyond repair. Secondary injuries occur when biochemical processes kill neural cells 
and strip axons of their myelin sheaths, inducing an inflammatory immune response. In the CNS, natural repair 
mechanisms are inhibited by proteins and matrix from glial cells, which embody the myelin sheath of axons. 
This actively prevents the repair of axons, via growth cone inhibition by oligodendrocytes and axon extension 
inhibition by astrocytes. 
 
A promising treatment to SCI use tissue engineered scaffolds that are biocompatible, biodegradable and have 
strong mechanical properties in vivo. These scaffolds can secrete neurotrophic factors and contain neural 
progenitor cells to promote axon regeneration, but further research is required to develop this into a 
comprehensive treatment.  This proposal will present the framework required to build a scaffold harnessing 
multiple methods from different directions to solve the problem.  Here, we seek to systematically construct a 
collagen-poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA) hydrogel scaffold with fibrin neurotrophic factor 
eluting nerve guidance channels to promote axon regeneration and to direct growth from the proximal to the 
distal nerve stump for primary SCI injuries. 
 
AIM 1: Determine the impact of chondroitinase ABC, and mouse monoclonal antibody 11c7 on the 
formation of glial scars, chondroitin sulfate proteoglycans, and axonal regeneration. 

Hypothesis: Chondroitinase ABC and 11c7 will break down extracellular matrix that down regulates axonal 
nerve growth and inhibit its down regulating effect, and will promote larger axonal nerve growth. 
Method:  Use an in vitro model similar to a spinal cord nerve and create surgical lesion. Treat with 
chondroitinase ABC and 11c7 and measure the results with time lapsed microscopy. 
 
AIM 2: Prevent ependymal cell differentiation to scar forming astrocytes. 
Hypothesis: Introduction of neurogenin-2 to a spinal lesion site will both promote axonal regeneration and 
prevent glial scar formation by directing the differentiation of ependymal cells. 
Method: Two groups of mice will receive induced spinal cord lesions. One group will be administered treatment 
through neurogenin-2 injection; the other group will be a control receiving no treatment. Both groups will be 
modified using tamoxifen-dependent Cre recombinase to allow yellow fluorescent protein to bind to the 
Connexin 30 gene, and green fluorescent protein to the Olig2 gene. The expressions of these genes are 
markers for the proliferation of scar forming astrocytes and myelinating oligodendrocytes respectively. A 
comparison of the gene expression between the two groups of mice using electron microscopy will reveal the 
fate of ependymal cells post-lesion. 
 
AIM 3: Construct multiple fibrin nerve guidance channels (NGCs) within a collagen scaffold, embedded 
with nerve and neurotrophic growth factors, which is to be injected with poly[N-(2-
hydroxypropyl)methacryl-amide] (PHPMA) hydrogel  for increased axonal cell proliferation. 
Hypothesis: Collagen-PHPMA hydrogels will provide an adhesive surface and an adequate microenvironment 
for axonal regeneration. NGCs and growth factors will help to facilitate and to improve the functional recovery, 
tissue preservation, and neuronal regeneration in SCI. 
Method: Collagen scaffolds will encase electrospun fibrin NGCs and PHPMA that is injected into the interstitial 
space. Collagen is highly biocompatible and biodegradable, and will aid in mimicking the extracellular matrix 
(ECM). Similarly, PHPMA has been shown to promote tissue ingrowth, angiogenesis, and axonal regeneration, 
as well as limit glial scar formation in vivo. The following proteins are spin coated within the NGCs to build a 
powerful regeneration construct: nerve growth factor, neurotrophin-3, neurotrophin-4. Anterograde axonal 
tracing is used to determine the combination that maximizes neuron regeneration. 
 



 
Significance 
 
SCI can vary in both severity and cause. Most SCI are 
a result of falls (28.5%) and vehicular accidents 
(36.5%), putting anyone at risk for SCI.  These injuries 
are often difficult to treat due to their neurological roots 
in motion and sensation, and are a large unmet 
medical need. Due to the rather arbitrary occurrence 
and varying levels of severity of SCI, no well-
developed FDA-approved regenerative treatments 
have been created for these patients [1]. 
 
The costs to these injuries are enormous.  For the first 
year after the injury, cost can range from $340,000 to 
$1,000,000 depending on severity. Figure 1 illustrates 
how location of injury and loss-of-function are related. 
The average annual cost for people living with SCI 
can be over $70,000, which puts the lifetime costs 
from some over $4,500,000 [1]. 
 
Figure 2 shows the life expectancy for varying levels of SCI compared to the average American lifespan. 
Normal life expectancy is considerably higher than those sustaining any type of spinal cord injury when 
compared to all patients that survive the primary cause of injury [1]. Patients that sustain severe injuries at 
older ages can see a 91% decrease in longevity compared to those without SCI. Almost all stages of SCI will 
require a patient to need help in managing basic bodily functions and day-to-day tasks. This can lead to 
increased stress for families, caretakers and health insurance companies. Although advances in technology 
have increased overall survival rates, there has been no increase in long-term survival in the past 30 years for 
those sustaining SCIs [3]. We plan to design a biodegradable combinational collagen-PHPMA hydrogel to help 
increase longevity in those patients currently suffering with SCI. 

 
Figure 2 Overall life expectancy for people living with a SCI based on varying levels of injury and age of occurance (2013).  

 
PHPMA-collagen hydrogels with neurotrophin-2 and 3 growth factors are our proposed way to target and 
regenerate nerve growth at the site of injury. By using neurotrophin-2 in our hydrogel scaffold, we believe we 
will see a reduced expression of glial scar cells, allowing neurons to regrow. By returning function to the body, 
we will be able to increase patient quality of life and longevity. The treatment will be a viable alternative to 
current treatment by reducing the lifetime cost of treatment of SCI. 
 
We will focus on designing a hydrogel scaffold with guidance channels that induce neurological growth in the 
correct direction. A series of animal model experiments will be conducted as a basic proof of concept trial of 
neuronal cell growth in our combinational hydrogel. The experiments will be used further to observe the results 
of our method to suppress glial scar growth and guide neuron regrowth within our hydrogel. 
 
Innovation 

 
Current methods to treat SCI on the basis of scaffold implantation and cell-based regeneration are clinically 
ineffective to date. However, this platform serves to broaden the notion of combinatorial tissue engineering 
approaches as a robust way to treat SCI. Research is largely ongoing in designing therapeutic scaffolds for 

Figure 1: Loss of function is governed by the location of injury 
within the spinal cord [2]. 

 



Figure 3: (A, B) Light micrographs of the 200 μm thick microsphere-releasing chitosan guidance channels 
fabricated by Kim et al.  White arrows show 20  μm thick secondary chitosan coating (C) Microspheres, 
indicated by white arrows, are visualized by SEM [5]. 

 

SCI treatments, yet many approaches lack a multi-layered design that is capable of mimicking the entire 
complexity of the SCI lesion for regenerative purposes. The proposed hydrogel scaffold will be a pioneer in its 
ability to direct neuronal tissue growth in the lesion cavity and rebuild synapses for functional recovery. This 
novel approach is superior to other current design strategies due to two main advantages that it presents. 
  
1. The collagen-PHPMA hydrogel scaffold will enable tissue ingrowth, angiogenesis, and axonal 
regeneration, as well as limit glial scar formation, which provides a strong basis for regeneration. 

Woerly et al. have shown that PHPMA (NeurogelTM) hydrogels can promote tissue repair and reduce necrosis 
in SCI [4]. Collagen is a key addition to the PHPMA model because it will aid in recapitulating the ECM and 
mimicking the neural tissue that we seek to regenerate. Our collagen-PHPMA hydrogel scaffold will be the 
base of regeneration, and will functionalize the SCI lesion by providing a biocompatible, biodegradable bridge 
in the transected spinal cord. 
  
2. The hydrogel scaffold will release neurotrophic factors from nerve guidance channels over time, 
which allows for targeted neuronal and functional recovery. 

Kim et al. have developed microsphere-releasing chitosan guidance channels (Figure 3) to deliver therapeutic 
molecules to enhance regeneration through a novel spin-coating technique [5]. They achieved favorable 
sustained release, but no meaningful recovery of function. Johnson et al. observed increased neural fiber 
density within the SCI lesion through the controlled release of neurotrophin-3 [6]. Their findings support the 
hypothesis that certain proteins can promote neural fiber sprouting, but their design has several limitations. Our 
model will release the protein which enhances the highest level of neural fiber sprouting from engineered nerve 
guidance channels. 
  
The proposed research 
holds immense potential 
to shift the basis of 
current research to 
encompass combinatorial 
tissue engineering 
approaches to help 
rebuild after SCI. Our 
work is the crucial 
foundational work that is 
needed to lead to the 
implementation of 
advanced techniques in the development of a technology that can be used to treat patients with SCI in the 
clinic in the near future. 
 
Approach 

 
AIM 1: Determine the impact of chondroitinase ABC, and mouse monoclonal antibody 11c7 on the 
formation of glial scars, chondroitin sulfate proteoglycans, and axonal regeneration. 
Hypothesis: Chondroitinase ABC and 11c7 will break down extracellular matrix that down regulates axonal 
nerve growth and inhibit its down regulating effect, and will promote larger axonal nerve growth. 
 
After an injury to the central nervous system, the formation of glial scars, a dense matrix chondroitin sulfate 
proteoglycans (GSPGs) occurs.  These scars interact with nerve cell receptors to inhibit cell growth and create 
a mechanical barrier that is difficult for the new axonal nerve growth to penetrate [7]. 
 
It has been shown that immediately after injury axonal nerve cell growth begins only to stop approximately six 
hours after injury [8]. It has been hypothesized that this is a result of the scar tissue that is forming co-currently 
after a spinal cord injury.   Some research has demonstrated that by degrading the chondroitin sulfate matrix, 
greater axonal regeneration has been shown to occur [9]. Separate research into monoclonal antibody 
inhibitors for the Nogo-A receptor has also shown an increase in nerve cell growth [10].  The inhibition of the 
Nogo-A receptor leads to a change in regulation of the GTPase RhoA, which is a transcription factor that 
regulates actin cytoskeleton pathways [11]. 



 
This aim seeks to test the effects of chondroitinase 
ABC, a protease for GSPGs, and monoclonal 
antibody mediated inhibition on the Nogo-A 
receptor, using an in vitro model of a nerve. The in 
vitro model will be generated by modifying a method 
published by Kaech and Banker.   Astroglial cells 
are harvested from the meninges of the fetal pig 
brain, and cultured in a media containing antibiotics 
to prevent contamination.  After ten days, a cranial 
nerve also taken from fetal big brain is positioned 
on top of one glial cell culture, and other glial culture 
placed on top of the other two cultures, laminating 
the nerve cell.  This will ensure that the nerve is well 
supported [12]. After five days excess glial cells will 
be removed from the media leaving the final in vitro 
model that can be used for experimentation. 
 
The experiment will consist of three experimental 
groups and a control.  The in vitro nerve culture will 
have had a 5mm segment removed.  The 
experimental group's media will be tested with 
Nogo-A antibody 11c7 at concentrations of 1 𝜇𝑔/𝑚𝐿, 3 𝜇𝑔/𝑚𝐿, and 12 𝜇𝑔/𝑚𝐿, and chondrotinase ABC levels 

of 2 𝑚𝑔/𝑚𝐿, 4 𝑚𝑔/𝑚𝐿, and 8 𝑚𝑔/𝑚𝐿 [13][10].  Nerve growth will then be recorded with time lapsed bright field 
microscopy.  These results will be further characterized by using a modified neurite outgrowth procedure given 
by Hu et al [14].  The nerves will be stained with anti-neurofilament and anti-human neuronal protein. The 
growth will then be measured using the Image Express Automated Cellular Imaging and Analysis system. 
Results for this will be used to determine to total magnitude of axonal generation and how this varies at the 
different levels. 
 
AIM 2: Prevent ependymal cell differentiation to scar forming astrocytes. 
Hypothesis: Introduction of neurogenin-2 to a spinal lesion site will both promote axonal regeneration and 
prevent glial scar formation by directing the differentiation of ependymal cells. 
 
The proliferation and migration of reactive astrocytes and the proteins involved in these processes have been 
observed in vivo in mice ages 2-5 months. Analysis of the behavior of various lineages of neural cells found 
within the spinal cord, both before and after an induced lesion, revealed that most scar-forming astrocytes are 
derived from ependymal cells found in the core of the spinal cord [15]. Genetic fate mapping has shown that 
these ependymal cells have the ability to proliferate to either scar-forming astrocytes or myelinating 
oligodendrocytes [16]. A schematic outlining the results of this genetic fate mapping is provided in Figure 5. 
Neurogenin-2 (Ng2) is a transcription factor found in both humans and mice that has been shown to play a role 
in directing the differentiation of neuronal stem cells to active motor neurons, suppressing astrocytic 
differentiation and promoting myelination in damaged spinal tissue [17][18].  It is postulated that scar formation 
may be decreased and axonal regeneration may be increased by introducing this protein to the lesion site 
before significant scarring has occurred. 
 

 
Mice will be used to conduct animal testing, with experimental treatments administered and a control. A lesion 
will be induced in all mice; the control group will receive no treatment while the experimental group will be 
injected with Ng2 close to the injury site once daily. The fate of the ependymal cells post-lesion will be 
monitored using genetic fate mapping techniques. All mice will receive tamoxifen-dependent Cre recombinase 
(CreER) treatment in order to monitor the expression of marker genes using fluorescent tags. Astrocytes and 
oligodendrocytes will be identified by their expression of the Connexin 30 and Olig2 genes, respectively. After 
administration of tamoxifen to the drinking water of these mice, the incorporation of CreER to the targeted cells 
becomes permanent and heritable. Expression of the genes specified will be monitored using yellow 
fluorescent protein (YFP), green fluorescent protein (GFP) and electron microscopy [15]. Tamoxifen is to be 

Figure 4: Represents the procedure used to generate the in vitro model 
to see the effects of GSPGs and mAB 11c7 on the regeneration of 
nerves. Glial cells are harvested from pig brain, and cultured. A fetal pig 
cranial nerve is then laminated between two glial cell cultures. 



administered once daily for five days after the lesion. Cell 
proliferation and migration will be observed both five days 
and four months following the injury. The mice will be 
anesthetized and the spinal cord must be surgically 
removed to observe cell activity. The extracted spinal cord 
will be exposed to formaldehyde, YFP, and GFP and 

observed with a bright field microscope equipped with a camera [16]. 

 
It is expected for the proliferation of astrocytic cells, and thus glial scar formation, to be more prevalent in the 
population of mice not receiving Ng2 treatment. The mice receiving Ng2 injections are likely to show dramatic 
increase in oligodendrocyte proliferation and a decrease in glial scar formation. Success of this experiment 
may lead to the infusion of a hydrogel with the Ng2 protein to be applied directly to the injury site with the hope 
of providing a targeted and effective administration method without the need for daily injection. 

 
AIM 3: Construct multiple fibrin nerve guidance channels within a collagen scaffold, embedded with 
nerve and neurotrophic growth factors, which is to be injected with poly[N-(2-
hydroxypropyl)methacryl-amide] (PHPMA) hydrogel  for increased axonal cell proliferation. 
 
Hypothesis: Collagen-poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) hydrogels will provide an adhesive 

surface and an adequate microenvironment for axonal regeneration. Nerve guidance channels and 
neurotrophic growth factors will help to facilitate and to improve the functional recovery, tissue preservation, 
and neuronal regeneration in SCI. 
 

When a nerve is severed, a support channel must exist that links the damaged nerve together in order to 
promote regeneration as myelin begins to deteriorate and axonal degeneration occurs at both the distal and 
proximal axonal stumps (Figure 6) [19]. A nerve guidance channel (NGC) serves as a conduit to bridge the two 
ends of the impaired axon together. It is essential for the NGC to maintain the correct orientation of the axon as 
the proximal stump of the nerve migrates and connects to the distal stump. Other important functions of the 
NGC are that it can provide nerve growth factors (NGF) to promote axon regeneration as well as decrease 
scarring of the nerve tissue [20]. 
 
Fibrin is used for cell transplantation 
because of its participation in blood 
clotting due to its composition of 
fibrinogen and thrombin. Neural cell 
growth on these models depends on the 
concentration of these two factors. 
Neural cells have been shown to be 
able to grow and to develop on fibrin 

based structures when the optimal 
levels of these two blood proteins are 
present [22]. Fibrin can be modified 
with other peptides, and, with these extensions, has demonstrated increased rates of neurite elongation and 
axon regeneration [23].  
 

Figure 5: Three schematics of the cell distribution in a spinal cord 

cross section are shown. “Distribution uninjured” shows the initial 
distribution of cells: ependymal cells are found concentrated in the 
core surrounded by many astrocytes and oligodendrocytes. The 
following two cross sections show new cells that have proliferated 
over a four month period. In the uninjured spinal cord, ependymal 
cells remain in the core and most newly formed cells are 
oligodendrocytes. In the injured spinal cord, ependymal cells have 
migrated to the lesion site and new astrocytes have formed on the 
border of the injury [15]. 

Figure 6: A diagram of two severed stumps of an axon within a neuron guide conduit. The 
channel maintains correct orientation while the proximal nerve stump regenerates toward the 
distal nerve stump. [21] 



The model we seek to develop will be increasingly effective through the incorporation of nerve growth factors 
and neurotrophic growth factors. When an organism sustains a SCI, levels of NGFs and neurotrophic growth 
factors increase in the area of injury to promote faster axonal recovery [24].  NGFs and neurotrophic growth 
factors control differentiation and viability of specific neuronal cells, but only neurotrophic growth factors 3 and 
4 have the ability to prevent premature neuronal cell apoptosis [25]. 
 
Collagen will be used to generate a scaffold that will hold the NeurogelTM and nerve guidance channels 
together, while also promoting nerve regeneration.  The NGCs will be composed of fibrin because of its 
efficiency in enhancing clotting. 
 

 
Synthesis of the nerve guidance channels 
Electrospinning will be used for the generation of the 
fibrinogen-thrombin nerve guidance channels NGCs, 
following the recommendations of Perumcherry’s team 
[26]. Fibrinogen and thrombin will be simultaneously 
administered in the electrospinning process, through a 
common needle as shown in Figure 7. One syringe will 
be loaded with thrombin in a calcium chloride solution 
and another will contain fibrinogen in a polyvinyl alcohol 
solution. A 15 kV voltage, and a 0.4 mg/mL solution flow 
rate will be applied in both syringes, to yield a scaffold 
diameter within the 50-500 nm range, which has been 
shown to promote optimal nerve proliferation. The 
concentration of fibrinogen will be varied (50, 100, 150 
and 200 mg/mL)  and the thrombin concentration will be 

adjusted accordingly (2 units for every 1 mg of 
fibrinogen). Four NGCs will be electrospun at each 
concentration. Scanning Electron Microscopy will be 
used to characterize the scaffolds for pore size and pore diameter. They will also be tested for mechanical 
strength, and later for cell proliferation and exceptional nerve guidance capabilities. 
 

Synthesis of the Collagen Matrix 
 
A collagen scaffold will be electrospun to hold the 
NGCs and NeurogelTM in place, while also assisting 
the nerve regeneration process, as shown in Figure 
8. Electrospinning will be used in the process to 
generate a high mechanical strength scaffold that will 
be able to withstand exposure to high pressure. A 
high voltage of 20 kV, will be used and the resulting 
fibers will be collected on a rotating rod. It is crucial 
for the scaffold to have a compressive modulus of 3-
4kPa [27], which matches the one of the spinal cord. 
Collagen concentration and electrospinning 
parameters will be adjusted throughout the 
experimental period to obtain a scaffold that matches 
the spinal cord specifications. Testing for the 
compressive moduli will be conducted using an 
Instron, an automated materials sensor. One possible 
experimental challenge will be the inability to obtain 
the desired mechanical strength. Should that be the 
case, cross-linking with other biopolymers, such as 
hyaluronic acid will be considered for further 
research. 

 

Figure 8: A schematic showing the expected scaffold, with collagen 

holding the channels and hydrogels [28] 

Figure 7:  An illustration of electrospinning 



Four different solutions will be prepared prior to spin 
coating the fibrin nerve guide channels. The following 
components are to be mixed with a fibrin solution: 
nerve growth factors, Neurotrophin-3, Neurotrophin-4, 
and a solution comprised of all three constituents. To 
compare which concoction will induce rapid nerve 
regeneration, the solutions will be spin coated into the 
chambers to embed the various elements in the 
conduits [5]. Other research shows that fibrin alone 
seem to produce the best nerve regeneration results, 
which can be seen in Figure 9. 
In vitro testing will consist of seeding human 
mesenchymal stem cells (HMSC) on the scaffold ends 
and injecting NeurogelTM into the scaffold cavity. We will 
determine the success of the model based on HMSC 
cell differentiation into neuronal cells after 5 days by 
observing them with light micrographs. 
 
For in vivo testing, paraplegic adult Sprague Dawley 

rats will be used. The scaffold is connected to the proximal and distal nerve stumps and is sutured onto the 
tissues. NeurogelTM will be injected into the void between the two stumps to promote faster cell regeneration. 
Rats will be sacrificed after 5 days to determine the regenerative capabilities of our fibrin-hydrogel scaffolds. 
Anterograde axonal tracing is used for analysis of the modified regeneration construct. This observation 
method will allow us to judge the efficacy of our model by monitoring axonal repair of the fluorescently labelled 
cells over the span of 5 days [28]. 
 
If in vitro testing leads to poor neuronal cell differentiation and proliferation, it would suggest that our fibrin 
channels do not have the optimal fibrinogen and thrombin concentration, as the NGF and neurotrophic growth 
factor coating is meant to enhance the regenerative capabilities of our platform. We would assume the same 
issue for in vivo testing if the second experiment did not produce the desired results. However, if both 
situations provide positive results, the success of this aim would conclude that the fusion of all elements is able 
to create an environment that promotes improved axonal regeneration. 
 
Summary 
 

 In summary, this proposal seeks to combine the advantages of multiple approaches into a single treatment.  
This grant will lay the foundation for developing a possible treatment for the hundreds of thousands of 
individuals living with spinal cord injuries in the United States today.  Funding for this grant will lead to a better 
understand of how to prevent the growth of scar tissue and prevent the cells the cause those scar tissues, 
while also developing a scaffold to support these regenerating neurons. It is hoped that the combinations of 
these three factors, used in combination with each other will lead to the development of a clinical treatment that 
can be used to treat the thousands living with this injury. 
  

Figure 9: Comparisons of nerve fiber growth using fibrin and other 
various components are circled in black. Fibrin alone is shown to 
produce the most neuron fiber growth in contrast to the channels that 
were embedded with various growth factors. [28] 
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