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ABSTRACT 

 

Zachary K. Zabarsky 

IMMUNOMODULATION AS A POTENTIAL THERAPEUTIC STRATEGY 

FOLLOWING SPINAL CORD CONTUSION INJURY TO LIMIT TISSUE DAMAGE 

AND IMPROVE FUNCTIONAL RECOVERY 

 

Dissertation under the direction of 

Thomas L. Smith, Ph.D. 

 

 

Spinal cord injuries (SCI) are a debilitating neurological trauma with about 

500,000 new cases occuring worldwide every year. Outside of decompression surgery 

and physical therapy, there are no effective treatments currently available leaving patients 

with severe neurological deficits. A wide range of molecular and cellular events occur in 

response to injury resulting in a sustained inflammatory state that causes further tissue 

loss known as the secondary injury. It is commonly thought that manipulating the 

severity and timing of the inflammatory responses may limit the secondary injury and 

ultimately prevent tissue damage associated functional losses.  

The overall goal of this dissertation work was to explore immune modulating 

therapies for the treatment of spinal cord injury. It is hypothesized that 

immunomodulatory treatments introduced in the early stages of injury would limit 

inflammation-induced tissue damage and improve functional recovery in a rodent model 
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of SCI. This research examined different immune modulating treatments options that 

have been previously found to influence the macrophage/microglia polarization 

paradigm. Specifically, a soluble keratin biomaterial was applied in rats following a 

contusion-based SCI in the first study of this work. The functional recovery of these 

animals was examined by gait analysis and behavioral assays resulting in some motor 

function improvements following keratin treatment. However, tissue analysis revealed 

keratin treatments were not able improve the lesion size or glial scar components 

following injury. Results warrant further investigation into the efficacy and mechanism of 

action of keratin biomaterials as a potential the treatment of SCI. 

The second study of this thesis evaluated drugs that have also been shown to 

induce macrophage/microglia polarization through known mechanisms of action. 

Pioglitazone and granulocyte colony stimulating factor (GCSF) are clinically approved 

for diabetes and neutropenia, respectively. These drugs have broad reaching actions and 

can stimulate a variety of cell types. In addition of their immune modulating and 

neuroprotective properties, both drugs have also been shown to increase neural 

stem/progenitor cell (NSPC) proliferation. This novel study examined the ability of both 

drugs in combination to influence the inflammatory microenvironment and directly 

stimulate NSPCs for the treatment of spinal cord injury.  An increase in NSPC 

proliferation and total cell number when both drugs were applied in-vitro was observed. 

Rats treated with both drugs after moderate-to-severe SCI demonstrated improved motor 

function at early timepoints and had decreased injury cavitation compared to non-treated 

controls. There were changes in pro-inflammatory microenvironment proteins as well as 

increases in NSPC proteins following drug treatments. These results demonstrated a 
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synergistic effect when pioglitazone and GCSF were administered together soon after 

injury.  

Overall, the findings of this project demonstrated the importance of exploring 

early immune modulation as a safe and effective treatment strategy for SCI. This work 

provides a strong basis for the continued investigation of immunomodulatory treatments 

in order to development future therapies for SCI patients. 
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Abstract 

 

Spinal cord injury (SCI) is a severe neurological event which currently has no effective 

treatment. Multiple inflammatory responses following injury extend from the injury site 

and cause further tissue loss, known as secondary injury. Immunomodulation is a 

potential treatment strategy to curtail inflammation-induced tissue loss following injury 

and limits functional deficits that may occur. While progress has been made in 

developing and testing therapies that have immune modulating components in animal 

models of SCI, clinical translation fails to be successful. This review highlights the 

hallmarks of SCI inflammatory pathology and promising potential immunomodulatory 

treatment strategies that could one day be utilized for SCI treatment. Additionally, we 

discuss recent cellular targets of intervention that have been shown to influence SCI 

progression that warrant further study. 
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Introduction 

 

The central nervous system (CNS) is a complex and well-organized network 

system containing many different specialized cell types with important functions, and 

trauma to these unique tissues is equally as complicated. It is estimated that 

approximately 17,000 new spinal cord injury (SCI) cases occur each year within the 

United States and represent an annual $40B healthcare cost burden (National Spinal Cord 

Injury Statistical Center, 2013). The primary causes of SCI include motor vehicle 

accidents (50%), falls (24%), violence (11%), and sports-related injuries (9%) (Ho et al., 

2007). Co-morbidities and permanent disabilities sustained by patients often depend on 

injury level and severity, and include paralysis, neuropathic pain, bladder and bowel 

dysfunction, spasticity, ulcers, thrombosis, and more (Hulsebosch, 2005; Tator, 1995). 

Early surgical decompression allays pressure from broken bone pressing against the 

spinal cord, but despite years of promising research and the advancement of many 

therapies to clinical trials, there are currently no clinically approved treatments that are 

both safe and effective for SCI patients. 

SCI pathophysiology is characterized by two different injury mechanisms (Tator 

and Fehlings, 1995; McDonald and Sadowsky, 2002). The primary injury is the initial 

tissue damage due to the contusive, compressive, or stretch physical forces applied to the 

spinal cord. The secondary injury process, which initiates within the minutes after the 

primary SCI, entails a robust, multifactorial inflammatory response by the body leading 

to extension of degeneration to the surrounding spinal cord tissue. This strong and 

sustained secondary inflammatory response has been a target for therapeutic development 

and will be discussed further. A variety of treatment strategies have been studied in pre-
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clinical models of SCI, with interventions specific for the pathophysiology associated 

along the injury timeline. Immunomodulation and neuroprotection strategies are often 

studied for the early immediate (0-2 hours) and acute (≤ 2days) injury phases; 

degradation of the glial scar and cell-based therapies are often studied in the sub-acute (≤ 

14 days) injury phase; and rehabilitation and neuroprostheses for late/chronic (≥ 6 

months) injury phases.  

Here, we mainly focus on the secondary injury inflammatory responses and stress 

various pre-clinical research that entails immunomodulatory treatment strategies. This 

review is not meant to be exhaustive but aims to provide an updated synopsis of key 

features along with past, present, and future considerations of this important topic. In 

order to develop effective therapies to treat future SCI patients, a better understanding of 

this subject is necessary. 

 

Pathophysiology 

Understanding the pathophysiology processes following injury is imperative in 

order to develop successful treatments for SCI. Following the initial spinal cord insult, 

several cellular events are activated to start a lengthy and complex timeline of immune 

responses that are described below. 

 

Immediate Phase  

The primary injury mechanism causes instantaneous responses from damaged 

cells during the first two hours of injury. Severed axons lead to rapid spinal shock 

syndrome, (Ditunno et al. 2004; Ko, 2018) exhibiting the immediate loss of function, 
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along with further swelling, hemorrhage, ischemia, vasospasm, glutamate excitotoxicity, 

ionic dysregulation, cellular necrosis, and cytokine upregulation. Vascular and tissue 

disruption that occurs immediately within this short period of time is essentially 

untreatable. However, these events lead to the acute injury phase of subsequent damage 

to neighboring healthy SC tissues that were spared from the initial injury and this phase 

represents a potential target for treatment.   

 

Acute phase  

While the vascular responses from the immediate injury phase are prolonged and 

still present during the first 48 hours post-injury (Furlan and Fehlings, 2008), the acute 

phase is best characterized by a cascade of many biochemical and inflammatory events 

leading to the extended tissue damaged known as the secondary injury.  

Free radicals are an early component of injury that provide oxidative stress to 

compromise cellular homeostasis and ultimately lead to cell death through multiple 

mechanisms (Maxwell, 1995). A variety of free radicals and reactive oxygen species 

(ROS) species, like superoxide or nitric oxide, are produced and often react with each 

other to form peroxynitrite (Xiong et al., 2007) leading to lipid peroxidation (LP) and cell 

death (Bao and Liu, 2003). Briefly, LP is a reaction that compromises the integrity of and 

damages membrane lipids, resulting in organelle dysfunction, DNA damage, or impaired 

plasma membrane-mediated cell lysis (Hall, 2011). Neuroprotective interventions often 

employ anti-oxidant treatments to address the ROS and LP-mediated tissue damage in 

order to limit the subsequent glutamate excitotoxity and ion homeostasis disruptions 

occurring when organelle and cytosolic contents are expelled into the extracellular space.  
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(Bains and Hall, 2012). 

Excitotoxicity and ionic dysregulation challenge the homeostasis of surviving 

cells via multiple pathways (Park et al., 2004). Excessive levels of glutamate due to 

damaged and dying cells result in an increased activation of glutamate receptors of 

neighboring cells. This elevated and prolonged glutamate receptor activation often results 

in the cell death of neurons, astrocytes, and oligodendrocytes, all of which express a 

variety of glutamate receptors (Gallo and Ghiani, 2000; Park et al., 2003). Constant 

receptor activation also leads to changes in sodium (Na+), potassium (K+), calcium (Ca2+) 

ion concentrations, resulting in disruption of signalling cascades. Enhanced intracellular 

Ca2+, a potent second messenger, activates many kinases and proteases, including the 

calpains, which can result in degradation of cytoskeletal and neurofilament proteins 

(Schumacher et al., 2000) and cause cell death (Lu et al., 2000; Wang et al., 2009; Cheng 

et al., 2016).  

Damage to the spinal cord vasculature leads to an impaired integrity of the blood-

spinal cord barrier (BSCB). The BSCB, consisting of endothelial cells and their tight 

junctions, pericytes, astrocyte foot processes, and a basal lamina, is a protective regulator 

of molecules between the blood and spinal cord tissues (Bartanusz et al., 2011). The 

disruption to this physical barrier occurs rapidly and allows circulating immune cells to 

extravasate into the spinal cord tissue (Noble and Wrathall, 1989; Ankeny and Popovich, 

2009).  Invading leukocytes release matrix metalloproteinases which degrade 

extracellular matrix proteins causing further BSCB disruption and further promote 

inflammation and secondary injury progression (Hawkins and Davis, 2005; Noble et al., 

2002; Kumar et al., 2017). 
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The cellular immune response following SCI has and still is being extensively 

explored. The CNS and invading immune cells sense sterile injury and activate through 

pattern recognition receptors (PRRs) that sense damage-associated molecular patterns 

(DAMPs).  Nuclear and cytosolic DAMPs, like DNA, ATP, and organelle components 

bind to extracellular receptors to activate many inflammatory cascades (Russo and 

McGavern, 2015; Vénéreau et al., 2015). Although all native CNS cell populations 

respond to trauma with molecular signals, resident microglia, CNS tissue- specific 

macrophages, can become activated and contribute to the immune response. Upon 

activation, these specialized immune cells rapidly respond to produce cytotoxic factors 

and pro-inflammatory cytokines such as TNFα, interferons, and interleukins (IL) 

(Flemming et al., 2006; David and Kroner, 2011). Cytokines released from neurons, 

astrocytes, microglia, and oligodendrocytes, like macrophage chemoattractant protein-1 

(MCP-1), recruit these immune cells to mediate injury site responses (Ransohoff, 1997; 

Acarin et al., 2000).  Pro-inflammatory neutrophils are one of the first leukocyte 

populations to respond to injury, releasing myeloperoxidase to cause tissue damage by 

generating ROS (Kubota et al., 2012). Then circulating monocytes enter the injured 

spinal cord, activate and/ differentiate into macrophages to further initiate cytokine 

release and tissue destruction. Upon activation, both microglia and macrophages in their 

M1 pro-inflammatory phenotype, will continue to produce cytokines (TNFα, IL-1β, and 

IL6) Their polarization into an anti-inflammatory, wound healing and debris clearing M2 

phenotype occurs during the sub-acute injury phase.  (David and Kroner, 2011).  

Oligodendrocytes and neurons are particularly sensitive to ischemic or hypoxic 

conditions. Oligodendrocyte cell death results in demyelination and retraction of axons 
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that were spared from the initial SCI insult (Casha et al., 2001; Beattie et al., 2002). 

These now-exposed axons are no longer protected and exhibit axonal degeneration and 

delayed cell death, further extending the secondary injury phase. Often, preventing 

demyelination or attempting to remyelinate exposed axons are strategies researched in 

neuroprotective or cell-based therapeutics, respectively (Mekhail et al., 2012; Plemel et 

al., 2014).  

 

Subacute Phase 

The above acute injury factors are not isolated events, but instead work in concert 

to extend the secondary injury tissue damage within the first 2 days after injury. As with 

other wound healing processes, the associated cells and microenvironment begin to shift 

in activity to repair the injury site. This paradigm shift, occuring 2-14 days post-SCI is 

described as the subacute injury phase and is best characterized by the change in 

inflammatory responses. Briefly, macrophage/microglial polarization occurs, entailing a 

phenotypic and functional change of M1 pro-inflammatory activity to M2 anti-

inflammatory actions (David and Kroner, 2011; Wang et al., 2014). Often polarized by 

IL-4 or IL-13 cytokines, these M2 macrophages/microglia release IL-10 and TGFβ to 

attenuate the immune response and begin to phagocytose dead cells, clear debris, and 

eventually form a lesion cavity (Zizzo et al., 2012; Wermuth and Jimenez, 2015). 

Manipulating the temporal aspects of the polarization process has been a recent and 

promising therapeutic strategy (Ren and Young, 2013; Miron et al., 2013; Francos-

Quijorna et al., 2016).  

Astrocytes also are key players in the post-injury immune responses and become 
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activated leading to reactive gliosis (Sofroniew and Vinters, 2010). Reactive astrocytes 

produce their own injury signals but are hallmarked for their production and deposition of 

glial fibrillary acidic protein (GFAP) and chondroitin sulfate proteoglycans (CSPGs) 

which constitute the glial scar (Sofroniew, 2009; Yuan and He, 2013). The glial scar is 

often described as a physical barrier to regeneration but is dynamic, having both 

beneficial and detrimental properties (Busch and Silver, 2007; Fitch and Silver, 2008; 

White and Jakeman, 2008). 

 

Chronic Phase 

The chronic/late phase of injury begins ~6 months post-SCI and persists 

throughout the patient’s lifetime. This phase is characterized by residual and 

nonresolving inflammation, prolonged Wallerian degeneration, maturation of the glial 

scar, and lesion cavitation and stabilization (Coleman and Perry, 2002; Ehlers, 2004; 

Schwab et al., 2014). Although some improvements have been found in cell-based 

strategies during the subacute injury phase, transplantation during the chronic injury 

phase has mostly proven unsuccessful. Therefore, most SCI research focuses on earlier 

injury stages (Li and Lepski, 2013; Mothe and Tator, 2013).    

As summarized above, SCI pathophysiology is complex, multifaceted, and much 

is still to be understood about underlying mechanisms following CNS trauma.  

Inflammatory responses that occur following injury set the stage and determine the 

overall extent of secondary tissue injury damage. Advances have been made with 

neuroprotective and immunomodulatory treatments within experimental SCI models. The 

remainder of this review will cover recent molecular, cellular, and biomaterial-based 
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treatments that demonstrate potential for immunomodulation as a viable treatment 

strategy for translational use, as well as to explore future directions and targets for 

consideration.  

 

Immunomodulatory treatments 

 Strategies attempting to influence the immune system have been widely employed 

for SCI, both clinically and in experimental models. The use of the corticosteroid 

methylprednisolone sodium succinate (MPSS) for acute SCI has long been debated and 

scrutinized (Gerndt et al., 1997; Coleman et al., 2000; Evaniew et al., 2016). Briefly, 

there is conflicting evidence associated with immune suppression by high-dose steroids, 

often resulting in significant complications, infections, and demonstrating little to no 

efficacy in functional improvements. MPSS use has diminished and is widely 

discontinued for acute SCI (Hurlbert and Hamilton, 2008). This anti-inflammatory 

mindset, suppression of the immune response, often leads to failure, as inflammatory 

responses are required for SCI (Kyritsis et al., 2012) wound healing, as in other injuries 

(Shechter and Schwartz, 2013). Instead, a therapeutic focus should attempt to influence 

or manipulate aspects of the immune responses without completely suppressing them.  

 

Molecular agents 

  A variety of clinical drugs used for other diseases are being researched in SCI 

models. Many of the different molecular treatments have been reviewed elsewhere 

(Kwon et al., 2011; Tohda and Kuboyama, 2011) and could be a topic for future review. 

Instead, we focus on the more promising classes of therapeutics that have demonstrated 
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safety and efficacy. Many drugs that are FDA approved to treat diabetes also have 

immunomodulatory properties that have and continue to be studied. Peroxisome 

proliferator-activated receptor-gamma (PPARγ) agonists, such as Thiazolidinediones 

(TZDs), have multiple immunomodulatory and neuroprotective actions within the CNS 

(Kapadia et al., 2009) in addition to lowering blood glucose. PPARγ activators induce 

and regulate gene expression related to metabolism, adipogenesis, cell growth, and 

immune responses (Kostadinova et al., 2005; Feige et al., 2006), upon ligand binding to 

its nuclear receptor and dimerizing with the retinoid X receptor,. Many studies have 

shown PPARγ agonists like pioglitazone, rosiglitazone, or atorvastatin to be effective in 

altering CNS inflammation through macrophage polarization (Bouhlel et al., 2007; 

Odegaard et al., 2007; Chawla, 2010), limiting tissue loss and supporting functional 

recovery (Park et al., 2007; Yi et al., 2008; Zhang et al., 2010; Carta et al., 2011). In 

addition to inhibiting inflammation, other studies have also shown PPARγ agonists 

enhance neural progenitor cell proliferation (Cimini and Ceru, 2008; Meng et al., 2011), 

enhance axonal growth (Quintanilla et al., 2013), and reduce neuropathic pain 

(Morgenweck et al., 2013). PPARγ agonism has been widely reviewed within the CNS 

and remains a promising target for treating SCI and other CNS pathologies (Quintanilla 

et al., 2014; Cai et al., 2018). 

Trophic regulators are another promising class of treatments showing promising 

outcomes being utilized in SCI research. Previously popular treatments in this class 

include erythropoietin and estrogen, both having been extensively studied for SCI both 

clinically and in preclinical studies and demonstrate multiple neuroprotective and anti-

inflammatory properties (Sribnick et al., 2005; Matis and Birbillis, 2009; Samantaray et 
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al., 2010; Kwon et al., 2011; Rabchevsky et al., 2011). A growth factor growing in 

popularity and being recognized to possess multiple mechanisms of action to attenuate 

SCI is granulocyte colony-stimulating factor (GCSF), a stimulator of neutrophil 

production. Beyond its hematopoietic properties, GCSF also has been shown to have a 

role in supporting CNS regeneration through stimulating angiogenesis (Sugiyama et al., 

2011; Duelsner et al., 2012; dela Peña et al., 2015) and neurogenesis (Schneider et al., 

2005a). Additionally, GCSF stimulates proliferation and provides several pro-survival 

cellular functions throughout the CNS as the GCSF receptor is present on neurons 

(Schneider et al., 2005b), glial cells (Kadota et al., 2012; Guo et al., 2013), and neural 

stem/progenitor cells (NSPCs) (Liu, 2009).  Regarding SCI, Guo et al. (2013) were able 

to demonstrate GCSF improves microglial polarization and reduces expression of pro-

inflammatory factors. Additionally, GCSF has been studied to promote autophagy (Guo 

et al., 2015) and limit secondary injury damage and functional deficits (Pitzer et al., 

2010; Chung et al., 2014). GCSF has also been used in combination with other growth 

factors (Osada et al., 2010), or transplanted cells (Pan et al., 2008) to improve outcomes 

after SCI. Collectively, the use of growth factors for SCI is promising but needs to be 

further studied.  

 

Cell-based treatments 

Cell therapy interventions are an exciting area within SCI and regenerative 

medicine research, however, there is still much to be undersood and implementation 

hurdles remain. Goals of cell-centric interventions often include replacement of lost 

tissue, remyelination, trophic support, and immune modulation. A variety of stem cell 
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populations that have been studied for SCI therapy. 

Neural stem cells (NSCs), being multipotent and self-renewing, are present in 

neurogenic niches in the subventricular zone of the brain and in the nonneurogenic 

region/lining of the spinal cord central canal (Weiss et al., 1996; Sabelström et al., 2014). 

Neural Progenitors, more restricted in self-renewal properties, also line the central canal 

(Horner et al., 2000) and can also be found in lower quantities within the parenchyma 

(Yamamoto et al., 2001). These cells are often collectively referred to as Neural 

Stem/Progenitor Cells (NSPCs). Under normal conditions spinal cord ependymal NSPCs 

are quiescent. However, after injury, NSPCs rapidly proliferate (Horky et al., 2006), 

supply neurotrophic factors (Sabelström et al., 2013), and migrate towards the injury site 

where, if they survive the inflammatory microenvironment, predominately differentiate 

into astrocytes and smaller numbers of oligodendrocytes (Mothe and Tator, 2005; Meletis 

et al., 2008; Barnabé-Heider et al., 2010). These natural actions in response to injury 

alone are insufficent to promote regeneration. Mechanisms to effectively recruit and 

increase NSPC numbers, provide a sustainable environment, preferentially differentiate 

into oligodendrocytes, or regenerate normal spinal cord architecture remain challenges 

that need to be further explored with these endogenous populations.  

The use of exogenous stem cells has been more broadly pursued in studying cell-

based strategies for SCI (Li and Lepski 2013), with a variety of different stem cell 

sources and lineages being tested. Though NSPCs (Mothe and Tator, 2013), or their 

downstream progenitor, oligodendrocyte progenitor cells (OPCs), have been often 

utilized and seem like ideal candidates for transplantation due to their commitment to 

CNS lineages, the use of mesenchymal stem cells, induced pluripotent stem cells, 
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olfactory ensheathing cells have also been thoroughly studied and reviewed (Sahni and 

Kessler, 2010; Ruff et al., 2012; Assinck et al., 2017).  Though the exact therapeutic 

mechanisms remain unknown, stem cells have been shown to exhibit immune modulating 

properties (Okamura et al., 2007; Bifari et al., 2008; Wang et al., 2009; Zhang et al., 

2013) in addition to other neuroprotective or regenerative features. 

Despite showing improvements in outcomes, there are some important barriers to 

using exogenous cell-based therapies. No consensus has been reached on transplantation 

timing, route of administration, or frequency of transplantations after injury. Some 

authors believe transplantation during the acute injury phase results in failure due to the 

pro-inflammatory and hostile environment, and suggest transplantation one to two weeks 

post-SCI when inflammation has shifted. However, allowing for the inflammation to take 

its course and naturally decrease to improve graft survival permits for the secondary 

injury also to naturally progress, resulting in additional associated tissue loss prior to 

therapeutic interventions. Additionally, translation of this therapeutic modality to human 

populations remains a large hurdle. Preventing immune rejection is also an important 

consideration. Autologous cells, in the form of induced pluripotent stem cells or bone 

marrow mesenchymal stem cells, require prior in-vitro expansion time before clinical 

application, limiting the window of treatment away from early care interventions. Cell-

based treatment strategies have also provided a better understanding of SCI pathology 

and barriers to overcome for future treatments. Although researchers continue to make 

strides in preclinical SCI animal models, further research is required before achieving 

success for clinical use.  
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Biomaterial treatments 

Tissue engineering and use of biomaterials to rebuild damaged tissue have 

provided many new developments in the SCI research community. Limited availability 

for autologous donor tissues and immune reactions from allografts have served as the 

impetus for the use of biomaterials for CNS pathologies. The use of biomaterials for SCI 

has several considerations. Biomaterials, either natural compounds like hyaluronic acid, 

alginate, collagen, agarose, or matrigel, or synthetic compounds including polyglycolic 

acid or poly-ethylene-glycol need to be biocompatible and not elicit immune responses 

(Wang et al., 2011). The delivery of the biomaterial should not compress spinal cord 

tissue, as additional pressure may cause further injury. Another consideration is whether 

the biomaterial will degrade over time or remain in place at the injury site. Additionally, 

many materials, like hydrogels, can host cells, drugs, or other treatments and allow for 

combinational treatment strategies (Mothe et al., 2013) 

Biomaterial applications are not restricted to structural repair nor do they serve 

just as a depot for cell transplantation but also can interact with the injury 

microenvironment. As mentioned earlier, macrophage polarization is a primary target for 

many molecular therapeutics in order to limit inflammation-induced tissue damage, but 

this strategy has also been pursued through the use of biomaterials (Brown et al., 2012; 

Sridharan et al., 2015).  Our group has supported this concept by studying keratin 

biomaterials. Keratins, structural proteins found in hair and nails, can be manipulated into 

soluble biomaterials or hydrogels that can allow for cell seeded adhesion and 

proliferation and integrate well into host tissue with minimal fibrous formation (de 

Guzman et al., 2011) without provoking an in-vivo immune response (Hill et al., 2010). 
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When used for peripheral nerve applications, keratin materials were shown to enhance 

nerve regeneration in different injury and animal models by supporting native tissue 

regeneration and decreasing immune cell invasion (Sierpinski et al., 2008; Apel et al., 

2008; Pace et al., 2013). In culture, keratin-coated surfaces produced more M2 

macrophages and secreted cytokines consistent with the M2 phenotype (Fearing and Van 

Dyke, 2014). When tested in a hemi-transection SCI model in rats, a keratin hydrogel 

application was able to improve bladder function, restore tissue morphology, and 

demonstrate improvements in gait parameters (Fearing et al., 2014). Although the overall 

mechanism by which keratin biomaterials induce macrophage polarization remains 

unknown, future studies for SCI therapies are warranted.  

Biomaterial applications have already shown promise in assisting in tissue repair 

and can be easily manipulated to suit application needs. With the addition of 

immunomodulating properties or the ability to serve as a cell or drug depot or conduit, 

biomaterial-based research strategies will yield exciting new findings for future SCI 

research. 

 

Future Targets for Consideration 

When looking for novel areas of therapeutic intervention that could be applied to 

SCI, cellular activities pertaining to organelle health and well-being during SCI 

progression are paramount. Cell death can be induced by mitochondrial or endoplasmic 

reticulum stress, or other intracellular signaling pathways. Recently discovered cellular 

activities, such as autophagy and pyroptosis, have only recently been explored within SCI 

research and require more study. Autophagy is an important intracellular process that 
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maintains cellular homeostasis by degrading damaged organelles or misfolded proteins 

and is very important for CNS survival (Marino et al., 2011). While autophagy is 

typically neuroprotective, autophagic cell death, different from apoptosis, can occur with 

autophagy overactivation (Nixon and Yang, 2012) or impaired autophagy flux which can 

be seen in some neurodegenerative diseases (Wong and Cuervo, 2010).For example, mice 

given rapamycin, an inducer of autophagy, demonstrated enhanced locomotor function 

with less tissue damage (Sekiguchi et al., 2012), and reduced inflammation (Goldshmit et 

al., 2015) after SCI. Autophagy has been indicated to play an important role in CNS 

tissue following SCI (Lipinski et al., 2015; Zhou et al., 2017), but requires further study.  

Inflammasome activation and the resulting pyroptosis are recently discovered pro-

inflammatory mechanisms of cell death (Schroder and Tschopp, 2010), have been 

implicated in SCI, and may influence the severity of the post-SCI immune responses (de 

Rivero Vaccari et al., 2014;, Walsh et al., 2014; Mortezaee et al., 2018). Inflammasomes 

are multiprotein complexes that form following cellular stimulation by DAMPs. While 

different isoforms and proteins exist, the canonical process results in caspase-1 mediated 

cleavage of pro-IL-1β, pro-IL-18, and effector protein Gasdermin-D, leading to pore 

formation and cell death with secretion of inflammatory cytokines. Exploring therapies to 

target inflammasome activation or potentially limit pyroptosis are being developed (de 

Rivero Vaccari et al., 2014) and need to be further explored. Interestingly, there seems to 

be cross-talk between both autophagy and inflammasomes/pyroptosis pathways (Rodgers 

et al., 2014; Abdelaziz et al., 2015; Saitoh and Akira, 2016), indicating that further 

understanding of this relationship and their influence on SCI progression is required.  
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Conclusion 

Substantial progress has been made in our understanding of SCI pathophysiology 

and the obstacles that potential therapeutic interventions need to address and overcome to 

be successful. It should not be overlooked that most research has been explored through 

animal studies due to the difficulties of studying human spinal tissue. Although a variety 

of species and SCI models have been utilized over the years, it must be noted that despite 

the overall mechanisms of injury being similar, there are significant differences between 

human and non-human studies and translating potential therapeutics for human use 

remains a difficult challenge. As this review highlights, the inflammatory responses and 

injury timeline are highly complex but also provide multiple targets of intervention. To 

date there are many molecular, cellular, and biomaterial-based therapies that have shown 

great potential in early pre-clinical SCI models and with many more to be developed.  

Increasing evidence shows that broad acting immunomodulatory therapies might 

provide the best possible outcomes after SCI. To date, there is a lack of research utilizing 

multiple therapies in combination for SCI. Future research should build upon previous 

findings by using multiple interventions to improve outcomes. Additionally, the role of 

inflammatory responses following injury should not be always viewed negatively, but 

rather as a dynamic requirement of the healing process that may allow for manipulation 

without supression. Combinations of multimodal treatments that enhance macrophage 

polarization to improve the injury microenvironment, while also stimulating endogenous 

NSPCs proliferation, may be a potential treatment strategy that should be studied. The 

development of an acute critical care intervention to modulate the inflammatory 

responses after injury may one day limit secondary injury tissue loss and provide 
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improved outcomes for SCI patients, who currently have limited treatment options. 
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Abstract 

Spinal cord injury (SCI) is a devastating neurologic event with complex 

pathophysiological mechanisms that currently has no cure. After injury, macrophages and 

resident microglia are key regulators of inflammation and tissue repair exhibiting 

phenotypic and functional plasticity. Keratin biomaterials have been demonstrated to 

influence macrophage polarization and promote the M2 anti-inflammatory phenotype that 

attenuates inflammatory responses. The purpose of this study was to evaluate which 

method of delivery of soluble keratin biomaterials would best support functional 

restoration through the macrophage polarization paradigm. Anesthetized female Lewis 

rats were subjected to moderate T9 contusion SCI and randomly divided into: 1) no 

therapy (control group), 2) an intrathecally injected keratin group, and 3) a keratin soaked 

sponge group. Functional recovery assessments were obtained at 3- and 6-weeks post-

injury using gait analysis performed with the DigiGait Imaging System treadmill and at 1, 

3, 7, 14, 21, 28, 35, and 42 days post-injury by the Basso, Beattie, Bresnahan (BBB) 

locomotor rating scale. Histology and immunohistochemistry of serial spinal cord 

sections was performed to assess injury severity and treatment efficacy. Compared to 

control rats, applying keratin materials after injury improves functional recovery in 

certain gait parameters and overall trended towards significance in BBB scores, however, 

no significant differences were observed by tissue analysis between groups at 6 weeks 

post-injury. Results suggest that keratin biomaterials support some locomotor functional 

recovery and may also alter the acute inflammatory response by inducing macrophage 

polarization following SCI. This therapy warrants further investigation into treatment of 

SCI. 
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Introduction    

It is estimated that up to 500,000 new Spinal Cord Injury (SCI) cases occur every 

year worldwide and up to 17,000 new SCI occur each year in the US28 with no evidence 

that the incidence in SCI is declining. This devastating neurologic event has complex 

pathophysiological mechanisms that have proven difficult to treat, as no effective 

therapies to restore function are currently available.  This leaves patients with severe 

functional impairments, such as loss of movement and sensation, loss of bowel and 

bladder control, and pain. Healthcare costs from SCI alone are estimated to be $40 billion 

annually, with patient costs reaching up to $1 million for the first year depending on 

injury severity28. While some tissue damage is caused by the primary insult and physical 

disruption to the spinal cord, extensive cell death is primarily orchestrated by the 

subsequent cellular and vascular events, hallmarked by the inflamatory responses, known 

as the secondary injury mechanisms38. 

Multiple central nervous system (CNS) cell populations influence the 

inflammatory response, but it is believed that microglial/macrophage responses are 

responsible for most of the inflammatory damage and these cell types have been studied 

in depth8,9,18. Briefly, microglia, or CNS tissue specific macrophages, become activated 

and release inflammatory cytokines following injury. This wave of cytokine signaling 

from activated cells leads to an increased permeability of the blood-spinal cord-barrier 

that allows extravasation of circulating leukocytes, neutrophils, T cells, and monocytes 

that subsequently invade CNS tissue and aid in secondary damage and gliosis12. Early 

inflammatory conditions at the injury site drive invading monocytes to differentiate into 

an M1 pro-inflammatory macrophage phenotype, exacerbating inflammatory cytokine 
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production. M1 macrophage activation is typically achieved from stimulation by 

pathogen-associated molecular patterns (PAMPs), damage associated molecular patterns 

(DAMPs), and/or IFN-γ. Over time, responding to injury microenvironment signals39,42, 

M1 macrophages/microglia will switch to the M2 anti-inflammatory phenotype that 

focuses more on wound healing by promoting angiogenesis, matrix remodeling and 

repair23,25,44. It should also be noted that monocytes can also differentiate directly into M2 

anti-inflammatory macrophages and skip the polarization paradigm when the appropriate 

signaling molecules are present9. The polarization process, from M1 to M2 phenotype, 

typically occurs naturally at 7-10 days post-injury during the sub-acute timepoint when 

inflammation begins to resolve and different extracellular signals are present, typically 

IL-4 and IL-1314. Macrophage/microglia activation and polarization is important for CNS 

tissue survival and function and is often a target for interventions exploring 

immunomodulatory strategies31.   

Understanding how these specialized immune cells exhibit phenotypic plasticity 

under certain environmental signals resulting in different cellular functions may identify 

potential therapeutic strategies. Previous pre-clinical SCI studies have explored the 

macrophage polarization paradigm in an attempt to alter inflammation induced secondary 

injury tissue and limit functional loss. Thiazolidinediones, a drug class used for the 

treatment of type 2 diabetes, have been shown to induce macrophage polarization through 

the PPAR-γ pathway4,7,16,20. Recently, microRNAs have also been found to play a role in 

the polarization of macrophages2,15,35,43, but require further study. Biomaterials also have 

recently been utilized for wound healing and studied for their possible influence on 

inflammatory processes and for SCI5,36,37 therapies. Recently, keratin biomaterials have 
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been utilized for drug delivery, wound healing, and other tissue regeneration 

applications17,19,21. Although the mechanism is unclear, keratin biomaterials have been 

shown to induce macrophage polarization in THP-1 human monocytic cell derived 

macrophages11,40. 

Based on previous research utilizing keratin biomaterials for tissue repair10, this research 

examines the impact of route of delivery and efficacy of a soluble keratin biomaterial to 

improve functional recovery and wound healing in a rat contusion SCI model.  

 

Materials and Methods 

Keratin Biomaterial Preparation 

Keratin material was prepared based on a previously published method33, with 

modifications. Briefly, human hair fibers were obtained from a commercial source and 

were oxidized using a 2% (w/v) solution of peracetic acid (PAA) in ultrapure water. 

Oxidized fibers were recovered by passing the suspension through a 500µm sieve and 

were rinsed with deionized water until no residual PAA was detectable with a test strip. 

Fibers were extracted twice with a 1:40 ratio of dry fiber weight to 100 mM tris base at 

37o C for 2 hours with continuous, gentle stirring. Extracts were pooled, centrifuged and 

filtered for solids removal, and purified by tangential flow filtration using a custom-

designed system. Following dialysis, the keratin materials were concentrated, frozen, 

lyophilized, and ground into a coarse powder prior to use. Keratin solutions used for this 

study were prepared with lyophilized keratin being aseptically reconstituted in phosphate 

buffered saline to a viscosity of 4 centipoise, determined by DV2T Viscometer 

(Brookfield AMETEK, Middleboro, MA). 
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Animals and Spinal Cord Injury 

Adult female Lewis rats (Charles River. Fall River, MA) weighing 200-220g were 

used in this study. Rats were housed in a 12-hour light/dark cycle with water and standard 

rat chow ad libitum and were allowed to acclimatize for one week before beginning 

experiments. All efforts were made to minimize the number of animals used with all 

experimental procedures approved by the Institutional Animal Care and Use Committee. 

All surgical procedures employed aseptic surgical techniques. 

Briefly, animals were anesthetized by inhalation of 2-3% isoflurane with the 

surgical site shaved and skin disinfected with alcohol followed by betadine solution, 

while remaining on a heating pad to maintain body temperature. A longitudinal incision 

was made at the midline of the thoracolumbar spine at levels T8-T10 to expose the 

laminae followed by a bilateral laminectomy at T9 with a rongeur, exposing the 

underlying intact dura and dorsal spinal cord. Moderate SCI was induced by an Infinite 

Horizons IH-0400 Precision Systems and Instrumentation Spinal Cord Impactor using a 

force of 150Kdyn. Spinal cord contusion at T9 was performed by the same person to limit 

injury variability. 

Directly following injury, with the injured spinal cord still exposed, rats were 

randomly divided into three groups: non-treated control group, intrathecal keratin 

administration, or topical application of a collagen-1 sponge (NeuraGen nerve guide, 

Integra LifeSciences) soaked in the keratin solution for 24 hours. Intrathecal 

administrations were performed by gently lifting the dura and using a nucleus 

hydrodissector 30G needle (Beaver-Visitec International) to slowly introduce 20µl of 
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keratin solution over 1-2 minutes.  Once treatment was applied, muscles were 

approximated using 5-0 coated Vicryl® suture and the skin incision closed using staples. 

Injury was confirmed by observing complete paralysis one-hour post-injury. Manual 

bladder expression was performed at least twice daily until reflexive bladder emptying 

was established. 

 

Hind Limb Function Assessments 

Gait parameters were evaluated with a DigiGait Imaging system (Mouse Specifics 

Inc.) which digitally quantifies indices of gait during rodent ambulation on a motorized 

treadmill. Training and pre-injury baseline gait recordings were conducted over a two-

week period prior to SCI surgery, and then repeated at 3 and 6 weeks post-injury (WPI) 

for all animals. Video recordings were obtained when animals were ambulating at a fixed 

belt speed of 25cm/sec. Inclusion criteria for DigiGait analysis required video segments 

with 4 seconds of uninterrupted gait with complete strides. DigiGait Imaging software 

digitizes each paw during locomotion and quantifies gait metrics. Functional recovery 

was also assessed by the Basso, Beattie, Bresnahan (BBB) locomotor rating scale3. 

Briefly, rats were placed in an open field for 5 minutes and scored by two blinded 

observers on 1, 3, 7, 14, 21, 28, 35, and 42 days post-injury (DPI) with a 21-point rating 

scale where 0 represents no observable hindlimb function and 21 represents normal gait 

with fully functional hindlimbs. 

 

Histology and Immunohistochemistry 

After gait analysis at 6 WPI, spinal cords were harvested and fixed with 10% 
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neutral buffered formalin solution for 24h then and transferred into a 30% sucrose in PBS 

solution at 4°C for 2 days. Spinal cords were then embedded in OCT freezing medium 

and serial longitudinal sections were cut at a 20µm thickness using a cryostat. For 

assessing general morphology and lesion size, slides were equilibrated to room 

temperature and then stained following manufacturer’s instructions using a Luxol Fast 

Blue (LFB) Staining Kit (Abcam). Lesion size was calculated by tracing over the injury 

site and quantifying the area in pixels by ImageJ software. For fluorescence 

immunostaining, sections were equilibrated to room temperature and then incubated with 

5% BSA in and 0.4% Tween20 for 30 minutes. Sections then were incubated with CD68 

(Abcam) for macrophages, anti-glial fibrillary acidic protein (GFAP, 1:500; 

ThermoFisher), and biotin-conjugated Wisteria floribunda agglutinin (WFA, 1:500; 

Sigma) to label chondroitin sulfate proteoglycans (CSPGs) primary antibodies overnight 

at 4°C. Sections were rinsed in PBS and incubated with AlexaFluor 488, AlexaFluor 555, 

and streptavidin AlexaFluor 488 secondary antibodies (1:1000 ThermoFisher) 

respectively, for 1 hour in the dark at room temperature. Lastly, slides were washed and 

mounted with ProLong Diamond (Life Technologies) with 4ʹ,6-diami dino-2-

phenylindole (DAPI) for counterstaining before being visualized under fluorescence 

microscopy at ×2 magnification. The optical density of fluorescence was analyzed by 

using ImageJ software and relative fluorescence intensity for each slide was normalized 

to DAPI intensity.    

 

Statistical Analysis 

All statistical analyses were completed using GraphPad Prism v.5.0 (GraphPad 
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Software, Inc.).  All data are presented as mean ± standard error of the mean (SEM). A 

two-tailed Student’s t-test was used when there were only two groups for analysis. A one-

way ANOVA test was used for the comparison of more than two groups throughout, with 

the Tukey’s test for multiple comparisons. A two-way repeated measures ANOVA 

followed by Bonferroni post hoc comparisons was used to assess indices of locomotor 

function from DigiGait analysis and of BBB scores. A P value of ≤ 0.05 was considered 

statistically significant, and in all figures, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. 

 

Results 

Hind Limb Motor Function 

Keratin treatment was shown to significantly improve recovery of several gait 

metrics at different timepoints compared to control animals (Fig. 1). The stance phase, 

the amount of time the paw is in contact with the belt (indicative of weight support), was 

seen to be significantly decreased to 0.258 seconds at 3 WPI in the keratin-soaked sponge 

(KSS) group  but significantly increased at 6 WPI in both the intrathecal keratin (IT), and 

KSS-treated groups to 0.292 and 0.299 seconds, respectively, compared to non-treated 

control animals (0.22 seconds). IT treated animals spent significantly less percentage of 

total stride in the break phase at 3 WPI compared to other animals (Fig. 1B) but returned 

near to pre-injury levels at 6 WPI with no significant differences between groups. Though 

not significant, KSS treated animals had a higher percent of stride in the brake phase 

when ambulating at both 3 WPI and 6 WPI compared to controls. Stride frequency, the 

number of times each second a paw takes a complete stride (Fig. 1C), was significantly 

lower in KSS animals at 6 WPI (2.4 steps/s) and returned to near baseline values (2.6 
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steps/s) compared to non-injured control animals. Stride length, the spatial length the paw 

takes through a complete stride, was significantly lower in KSS animals at 3 WPI 

(9.36cm) and only significantly increased in IT animals at 6WPI (10.42cm) compared to 

controls (Fig. 1D). The angle that the paw makes along the directional axis of motion of 

the animal, or Paw angle, was consistently significantly higher in IT treated animals, even 

at baseline values, compared to controls (Fig. 1E). The BBB locomotor function assay 

revealed that IT treated animals averaged 13.75 in hind-limb function score and were 

significantly higher (p < 0.05) only on 7 DPI compared to non-treated animals that 

averaged 4.7 in motor function score (Fig. 2). While no group returned to an uninjured 

functional score of 21, both IT and KSS treated groups had elevated scores compared to 

controls across all timepoints, however, it should be noted that both keratin-treated 

cohorts had higher score ranges/variability.   

 

Lesion size 

Longitudinal sections of injured spinal cords stained with LFB showed no 

significant differences in lesion size between all experimental groups (p > 0.05). 

Representative figures from each group (Fig. 3A) show lesion morphology between 

control and keratin treated groups. Though the size between groups was similar (Fig. 3B), 

control animals had varying lesion cavities ranging from full to mostly empty, whereas 

IK and KSS animals consistently had more substance within injury sites.  

 

Macrophage presence 

Immunohistochemistry (Fig. 4A) revealed no significant difference (p > 0.05) in 
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macrophage/microglia presence at the injury site between control, IT, and KSS treated 

groups at 6 WPI. Fluorescent intensity of CD68+ cells was elevated in IT (0.209) and 

KSS (0.216) treated animals but were not significant compared to controls (0.149) when 

normalized to total cell nuclei (DAPI signal, as shown in Fig. 4B).  

 

Glial scar components 

Serial sections stained for CSPGs, GFAP, and DAPI are shown in Fig. 5A. By 

gross observation, spinal cord injuries look similar between all groups. Although 

intensity is elevated when normalized to DAPI, both CSPGs and GFAP glial scar 

components showed no significant difference (p > 0.05) in keratin treated groups 

compared to control animals at 6WPI (Fig. 5B) 

 

Discussion 

Spinal cord injuries remain difficult to treat, in part because each injury differs 

and the innate immune response in the CNS is highly complex. There have been 

promising research findings with many novel interventions such as small molecules24, 

stem cell transplants22,26,32, and implantable devices for electrical stimulation1. However, 

nothing has been approved for clinical therapeutic use at this time. Beyond the primary 

injury insult, immunomodulating therapies may mitigate additional tissue damage 

resulting from the sustained inflammatory response. Influencing macrophage polarization 

is one of many strategies to manipulate the innate immune response following injury. 

Previously, keratin materials were demonstrated to influence polarization of M1 to M2 

macrophage phenotypes11,40, although the exact mechanism remains unknown. The 
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purpose of this study was to investigate two different routes of administration of soluble 

keratin biomaterial in treating SCI. Although this research was exploratory in nature and 

some experiments were underpowered, results indicate that there may be some 

improvements in function and tissue repair associated with specific keratin treatments.  

A substantial outcome for assessment following SCI is functional ability. 

Utilizing the DigiGait Imaging system to conduct hind limb gait analysis and discern 

functional recovery demonstrated that KSS-treated animals exhibited improvements in 

stance phase and stride frequency and that IT-treated animals had improvements in stance 

phase and stride length during ambulation when compared to controls. The increased 

duration of paw contact with the treadmill, fewer strides taken, and longer strides suggest 

that KSS animals had higher levels of motor control and weight bearing compared to 

non-treated SCI control counterparts27.  Non-treated SCI control and KSS animals had 

similar paw angels, whereas IT animals consistently had increased angels. More open 

paw angels, also described as the amount of external rotation of the hip joint, are 

associated with ataxia, spinal cord injury, and demyelinating disease30. Although not 

significant, at both 3 and 6 WPI, KSS-treated animals demonstrated longer periods of 

time spent in the braking phase when ambulating. Longer brake duration may indicate 

greater motor control and distribution of weight bearing but brake duration may differ 

depending upon the pathology27. However, limitations using the DigiGait closed-field 

system include inconsistent running behavior and differences in rodent gait metrics 

compared to human biomechanics or recovery. The BBB functional recovery assay is 

more commonly utilized within spinal cord injury research and, although limited in 

interpretation13, has proven to be highly accurate and reproducible29 for T9 contusion SCI 
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rodent models. BBB scores in both IT and KSS-treated groups were higher than non-

treated control animals at all time points and were significantly higher with IT animals at 

7 DPI (Fig. 2). Interestingly, at 1 and 3 DPI when motor function is characteristically at 

its worst, IT and KSS animals showed higher scores of hind limb function compared to 

controls, an observation that persisted overtime. Based on these results we postulate that 

keratin treatments influence and promote recovery temporally to near normal levels; 

however, further research is needed to confirm this. 

  Beyond the primary injury mechanisms, limiting secondary tissue damage caused 

by inflammatory responses is theorized to be a potential strategy to prevent additional 

functional losses. Measuring SCI lesion size is one way to determine treatment efficacy. 

Despite seeing functional improvements with IT and KSS treated groups, lesion size 

between all groups was similar. The lesion area of control animals, however, was 

typically empty or limited in tissue presence, whereas IT and KSS animals had noticeably 

more filled lesion cavities. This may indicate enhanced tissue sparing, efforts of axonal 

regeneration, changes in glial scar deposition patterns, or potentially limited debris 

clearing. This observation needs further exploration. Injury cavitation and glial scar 

formation is both complicated and dynamic12, therefore further efforts are required to 

better understand the impact lesion size and glial scar deposition on recovery and more 

appropriate methods of assessment. 

The presence and activation of macrophages and microglia greatly influence the 

inflammatory responses following injury9. In this study, quantifying these immune cells 

within the lesion cavity at 6 WPI demonstrated that IT and KSS animals had elevated 

numbers though were not significantly different compared to controls. Previous studies 
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have shown that keratin biomaterial applications are non-immunogenic and do not result 

in host-immune responses19,21, but these observations need further confirmation in 

differing tissues and for different keratin delivery applications. These data may indicate 

that keratin treatments may recruit more microglia and macrophages to the injury and 

may improve wound healing. A time-course study exploring the degree of macrophage 

and microglia presence and specific phenotypes may further elucidate the 

immunomodulatory efficacy of keratin treatment. 

This research also observed scar tissue components as a measure of wound 

healing.  IT and KSS treated animals demonstrated elevated levels of both CSPGs and 

GFAP at 6 WPI, albeit these elevations were not statistically different from non-treated 

controls. Deposition of the glial scar and its behavioral properties are complex12. Studies 

often describe glial scar as preventing any neuronal regeneration and blocking neurologic 

function6, but astrocytes and the glial scar also have beneficial roles, such as sealing and 

containing the injury site from spreading further34,41. In our study, we the observed 

increase in cavity components may indicate that keratin treatments have enhanced the 

amount of scar tissue deposition noted at 6 weeks post-injury may reflect its influence on 

the macrophage polarization paradigm. Furthermore, this timing of the wound healing 

phase, characterized with the presence of M2 macrophages, may correlate to enhanced 

functional recovery. Finally, it may be that keratin treatments promote an earlier 

transition of the M2 wound healing phase and further enhance sealing of the injury site. 

These findings would be supported by a time-course study. The nature of keratin 

biomaterial itself may hold properties that could have caused enhanced glial scar 

deposition to be more organized/consolidated. As the KSS treatment entails a collagen 1 
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sponge, a non-soaked sponge control group would elucidate any influence exogenous 

collagen might have on glial scar deposition.   

The present study provides preliminary evidence that a keratin biomaterial 

treatment with different delivery options may be beneficial for treatment of SCI. Rats 

treated with keratin demonstrated improved hind limb motor function compared to non-

treated controls but did not demonstrate significant histologic differences at 6 WPI. 

Soluble keratin may not be the best keratin application, as other research has 

demonstrated that keratin hydrogels might be more suitable and also serve as a depot for 

other treatments such as cells or pharmacologic agents. Well-powered studies exploring 

the efficacy of keratin treatments to hasten macrophage and microglia polarization over 

time and how these keratin treatments influence the acute injury responses are required. 

Further exploration also is needed to determine the mechanism of action for keratin 

biomaterial treatments and how best to utilized them as potential therapeutic agents for 

SCI.  
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FIGURES 

 

Figure 1.  

 

 
Fig. 1. Quantified gait analysis during rat ambulation of control, intrathecal keratin, and 

keratin soaked sponged treated groups at baseline, 3 weeks, and 6 weeks post-injury 

timepoints. Two-way ANOVA and Bonferroni post hoc comparisons test showed some 

significance between keratin treated groups compared to control animals in common gait 

metrics of A: Stance phase; B: %Brake/Stride; C: Stride frequency; D: Stride length; and 

E: Paw angle. The total number of hindlimbs analyzed at baseline (pre-injury), 3 WPI, 

and 6 WPI was 80, 36, 44 (control), 156, 74, 56 (IT), 88, 42, and 12, (KSS), respectively. 

(n = 11 rats per group). Values are means ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 

0.001. 
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Figure 2. 

 

Fig. 2. Basso, Beattie, Bresnahan (BBB) Locomotor function assay, scored by blinded 

observers on 1, 3, 7, 14, 21, 28, 35, and 42 days post-injury. Two-way repeated measures 

ANOVA and Bonferroni’s post hoc comparisons revealed that only the intrathecal keratin 

treated animals had significantly higher levels of locomotor function at only 7 days post-

injury compared to control animals. *P < 0.05 as compared with the control group. Total 

no. of rats used in control, IT, and KSS treated groups were 3, 4, 3, respectively. Values 

are means ± SEM. 

 

 

 

 

 

 

 

 



 
56 

 

 

 

 

Figure 3.  

 

Fig. 3. Lesion size in injured spinal cords of control, IT, and KSS treated animals at 6-

weeks post-injury. A: Representative images of longitudinal serial sections of spinal 

cords stained with Luxol Fast Blue to depict injury site, imaged at 2x. B: One-way 

ANOVA and Tukey’s multiple comparison revealed that there were no differences in 

quantified lesion area (in pixels) between treated groups compared to control animals (P 

< 0.05). Values are means ± SEM (n = 3).  
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Figure 4.  

 

 

Fig. 4. Immunohistochemistry of CD68 positive macrophages in the injured spinal cords 

of control, IT, and KSS treated animals at 6-weeks post-injury. A: Longitudinal serial 

sections of spinal cords from each group (rows) in DAPI (blue, left), CD68+ 

macrophages (green, middle), and merged (right), imaged at 2x. B: Quantified 

fluorescent intensity of CD68+ macrophages normalized to DAPI. One-way ANOVA 

and Tukey’s multiple comparison revealed that there were no differences in macrophage 

presence between treated groups compared to control animals (P < 0.05). Values are 

means ± SEM. (n = 3) 
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Figure 5.  

 

 

Fig. 5. Immunohistochemistry of glial scar components in the injured spinal cords of 

control, IT, and KSS treated animals at 6-weeks post-injury. A: Representative images of 

longitudinal serial sections of spinal cords from each group (rows) in DAPI (blue, left), 

CSPGs (green), GFAP (red), and merged (right), imaged at 2x. B: Quantified fluorescent 

intensity of CSPGs and GFAP normalized to DAPI. One-way ANOVA and Tukey’s 

multiple comparison revealed that there were no differences in amount of glial scar 

components between treated groups to control animals (P < 0.05). Values are means ± 

SEM. (n = 3)  
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Abstract 

 

Spinal cord injury (SCI) is a complex traumatic event with limited treatment options 

available. This study aims to examine whether a combinatory treatment strategy of 

Pioglitazone (PGZ) and Granulocyte Colony-Stimulating Factor (GCSF) can stimulate 

neural stem/progenitor cells (NSPCs) directly and provide a sustainable 

microenvironment through immunomodulatory mechanisms. Isolated NSPCs were 

treated with vehicle control, PGZ, GCSF, or both PGZ and GSCF for 24 hours and 

stained with proliferation marker Ki67. Adult female Sprague-Dawley rats sustained 

moderate-to-severe contusion-based SCI at T9 and received either vehicle control, PGZ, 

GCSF, or a combination of both PGZ and GCSF treatments. Immunocytochemistry 

revealed that cultured NSPCs treated with both drugs produced higher numbers of 

actively proliferating cells and total cell numbers. Enzyme-linked immunosorbent assays 

(ELISA) on spinal cord tissue lysates from treated animals at 1, 3, and 7 days post-injury 

(DPI) demonstrated that treatment with PGZ, GCSF, or both drugs in combination 

showed significantly higher doublecortin levels only at 7 DPI compared to control 

animals (p<0.05). Immunohistochemistry of injured tissue at 3, 7, and 14 DPI revealed no 

difference in ependymal NSPC proliferation between groups but demonstrated a 

significant decrease in lesion size in animals treated with both PGZ and GCSF compared 

to controls. Functional recovery, assessed by the Basso, Beattie, Bresnahan (BBB) 

locomotor rating scale, showed that animals treated with the combination of both drugs 

had significantly higher levels of function at 1 (p<0.001), 3 (p<0.001), 7 (p<0.05), and 14 

(p<0.05) DPI compared to vehicle-treated controls. These results indicate that PGZ and 

GCSF treatment may synergistically enhance NSPCs numbers and result in improved 
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functional recovery after SCI. These findings support the concept that an 

immunomodulatory strategy to recruit native NSPCs may provide an acute critical care 

intervention for SCI. 

 

Keywords: neural stem/progenitor cells; spinal cord injury, immunomodulation 
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Introduction 

Spinal cord injury (SCI) has complex pathophysiological mechanisms that have 

proven difficult to treat, with no effective therapies available.1 Neuroinflammation plays 

a crucial role in the progression of SCI and other diseases/disorders within the central 

nervous system (CNS) and entails many contributing factors requiring further study. 

Neural stem/progenitor cells (NSPCs) are found in the ependymal regions lining the 

central canal of the spinal cord2,3. After injury, NSPCs rapidly expand and migrate 

towards the lesion cavity.4,5 However, neuroinflammation can significantly hinder 

cellular viability and surviving NSPCs predominately differentiate into astrocytes, further 

contributing to the glial scar and preventing NSPC-mediated repair and regeneration.6,7 

The majority of stem cell research for SCI overlooks native NSPC populations and 

employs invasive exogenous stem cell transplantations with limited success. A 

philosophically different approach suggesting that manipulation of the endogenous stem 

cell population and microenvironment may allow enhanced repair and regeneration. Little 

progress has been made on this front perhaps because strategies to further recruit and 

harness these endogenous NSPCs are lacking. 

The persistent inflammatory response following injury impairs NSPC-mediated 

repair and exacerbates neural tissue loss. Resident microglia and invading macrophages 

are key inflammatory regulators after injury8, and strategies to manipulate their activity 

have been previously explored.9 The severity of this inflammatory response may also be 

influenced by cellular activities including autophagy and pyroptosis. Autophagy in CNS 

tissues often is described as the innate housekeeping ability of cells to get rid of damaged 

organelles or misfolded proteins following stress and may prevent cell death from 
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occuring.10-12  Conversely, pyroptosis, another cell death mechanism that has a pathway 

distinct from apoptosis, entails cellular swelling and rupture of the cell membrane with 

the release of pro-inflammatory cytokines into the microenvironment.13-16 Both 

autophagy and pyroptosis have been demonstrated in CNS injury,17-19 but their influence 

on NSPC recruitment remains poorly understood. Modulating these cellular events may 

decrease the initial inflammatory response, mitigate secondary injury and ongoing tissue 

damage, and potentially potentiate NSPC-mediated repair.  

Previous literature has explored a variety of different therapeutic approaches to 

altering the disease state following SCI, and while some therapies are promising, most 

focus on one aspect of this multifaceted problem. Additionally, little research on 

combinatory treatment strategies for SCI is available. Previous research utilized a keratin 

biomaterial treatment to limit inflammation through macrophage polarization (data 

unpublished), although the underlying mechanism by which this polarization occurs 

remains unknown. The current research builds on an immunomodulatory strategy and 

utilizes clinically approved agents that have been shown to induce macrophage 

polarization by known mechanisms while having other neuroprotective properties. 

Thiazolidinediones (TZDs), such as pioglitazone (PGZ), are agonists of the 

peroxisome proliferator-activated receptors (PPARs) nuclear receptor family and are 

FDA approved for Type 2 diabetics. PPAR-γ agonists have been shown to possess 

neuroprotective actions upon many CNS cell populations.20,21 TZDs have previously been 

studied in models of SCI and have been found to attenuate macrophage/microglia-

induced inflammation and tissue damage22-26 and drive phenotypic polarization.27,28 

PPAR-γ agonist treatment has been shown to increase NSPC proliferation and survival29-
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30 and even promote oligodendrocyte differentiation.31 While research confirms the 

potential of TZD use for SCI, little is known about whether combining these PPAR-γ 

agonists with other treatment options would be an effective treatment for SCI.   

Granulocyte-Colony Stimulating Factor (GCSF), is a natural growth factor that is 

FDA-approved to treat neutropenia and has non-hematopoietic effects for 

neurodegenerative diseases. The GCSF receptor is present on neurons,32,33 astrocytes and 

oligodendrocytes,34 microglia,35 and NSPCs.36 GCSF’s immunomodulatory and 

neuroprotective properties, including microglial polarization35 and promotion of 

autophagy, have been explored in SCI research.37-40 Clinical use of GCSF for SCI 

patients to target inflammation and allow neuroprotection has showed improved 

outcomes.41,42 As with TZDs, little is known about the potential benefits of combining 

GCSF with other interventions for the treatment of SCI. 

This research aims to understand and overcome some of the barriers associated 

with early recruitment and survival of endogenous NSPCs and to potentially harness their 

regenerative potential following injury. The use of safe, FDA-approved broad-acting 

drugs that mitigate inflammation and support NSPC proliferation has not yet been tested 

together in SCI research models. It is hypothesized that the use of two 

immunomodulatory and neuroprotective treatments an animal SCI model will 

synergistically reduce neuroinflammation and recruit NSPCs to ultimately attenuate 

tissue damage and improve motor function. If successful, this research will stress the 

need to explore future immunomodulatory strategies to recruit NSPCs as a potential acute 

critical care intervention.  
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Materials and Methods 

Animals 

All animal experiments and procedures were conducted to the highest scientific 

and ethical principles regarding the humane care and use of animals in research, in 

accordance with the Animal Welfare Act and under an approved protocol by the Wake 

Forest University Institutional Animal Care and Use Committee. Adult female Sprague 

Dawley rats (Charles River) weighing 200-220g were used in this study. Rats were 

housed at room temperature (22 ± 2°C) under a 12-hour light/dark cycle with water and 

standard rat chow ad libitum. All surgical procedures were performed using aseptic 

surgical techniques. 

 

NSPC Isolation, Culture, and Characterization  

Using NeuroCult isolation and culture kit (Stem Cell Technologies), NSPCs were 

isolated from rat spinal cords and cultured following manufacturer’s instructions.  

Briefly, uninjured rat thoracic spinal cords were dissected from donor animals under 

aseptic conditions. The meninges and blood vessels were removed, the spinal cord was 

minced into smaller pieces and enzymatically dissociated. After centrifugation and wash 

steps, the homogenous cell suspension was passed through a 40µm cell strainer to 

remove myelin debris. Cells then were plated in serum-free media containing NeuroCult 

NSC Proliferation Supplement, 20 ng/ml recombinant human (rh) epidermal growth 

factor, 10ng/ml of basic fibroblast growth factor, 2µl/ml heparin (all Stem Cell 

Technologies), and penicillin-streptomycin (50 U/ml; Life Technologies) and incubated 

undisturbed for 3-4 days before passage and then plated onto poly-D-lysine (PDL) coated 
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flasks. Cells were cultured at 37°C and 5% CO2, and cultures were passaged every 5–7 d. 

During passage, cells were dissociated to a single-cell suspension in accutase (Stem Cell 

Technologies) and reseeded in culture medium at 1 × 105 cells/ml. Cell passage 3 was 

utilized for all experiments.  

Cells were plated in NeuroCult proliferation on PDL coated chamber slides and 

allowed to grow for 2-3 days prior to immunocytochemistry characterization. Cells were 

fixed 4% paraformaldehyde (PFA) for 30 minutes, and permeabilized with 0.3% triton x-

100 in PBS, blocked with 5% bovine serum albumin (BSA), and incubated with 

antibodies recognizing stem cell markers nestin (1:1000; ThermoFisher) and SOX2 

(1:1000; Abcam) overnight at 4°C. Slides were then washed in phosphate-buffered saline 

(PBS) and incubated with Alexafluor 488 secondary antibody (1:1000; Abcam) for 2 

hours before being mounted with ProLong Diamond (Life Technologies) containing 4ʹ,6-

diami dino-2-phenylindole (DAPI) to label nuclei. NSPCs were confirmed by fluorescent 

microscopy (supplemental fig.1). 

 

In-vitro Treatment with PGZ and GCSF 

 To assess the influence of drug treatment on proliferation, NSPCs were plated in 

PDL-coated chamber slides at a density of 1 × 105 cells/ml in complete proliferation 

media with growth factors for 24h. Media was then replaced with complete media 

containing either 1% dimethylsulfoxide (DMSO) (vehicle control), PGZ (10µM), GCSF 

(100ng/ml), or both PGZ and GSCF for 24 hours. Cells were prepared as above and then 

incubated with Ki67 (1:1000; Abcam) primary antibody overnight and with Alexafluor 

488 secondary antibody (1:1000; Abcam) for 1h and mounted with ProLong Diamond 
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containing DAPI (Life Technologies). Using a fluorescent microscope, three random 

images were taken at 20X magnification from each well and averaged. Total cell count 

and proliferation were determined by manually counting DAPI stained nuclei and Ki67+ 

stained cells, respectively. The experiment was repeated 3 separate times.  

To assess the influence of treatment on differentiation, NSPCs were plated in 

NeuroCult Complete Differentiation Medium on PDL-coated chamber wells for 7-10 

days and prepared for immunocytochemistry. Cells were stained with antibodies 

recognizing β3-tubulin (1:1000; Invitrogen) for neurons, glial fibrillary acidic protein 

(GFAP, 1:1000; Abcam) for astrocytes, NG2 (1:1000; Abcam) for oligodendrocyte 

precursors, myelin basic protein (MBP, 1:1000; ThermoFisher) for mature 

oligodendrocytes, and counterstained with DAPI. Using a fluorescent microscope, three 

random images were taken from each well and relative fluorescence intensity was 

averaged and normalized to DAPI signal using ImageJ software. The experiment was 

repeated 3 separate times. 

 

Spinal Cord Injury  

Animals were anesthetized by inhalation of 2-3% isoflurane with the surgical site 

shaved and skin disinfected with alcohol and betadine solutions.  Animals remained on a 

heating pad to maintain body temperature. A longitudinal incision was made along the 

midline of the thoracolumbar spine at levels T8-T10 to expose the laminae followed by a 

bilateral laminectomy at T9 with a rongeur, exposing the underlying intact dura and 

dorsal spinal cord. Moderate-to-severe contusion SCI was induced by an Infinite 

Horizons IH-0400 Precision Systems and Instrumentation Spinal Cord Impactor using a 
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force of 175Kdyn. Muscles were approximated using 5-0 coated Vicryl® suture and the 

skin incision closed using surgical staples. All rats received antibiotic (cefazolin, 

0.01mg/kg, IM) and standard analgesic medication (buprenorphine 0.01-0.05mg/kg, SQ, 

BID) for three days after injury. SCI was confirmed by hind limb paralysis at 1-hour 

post-injury. Manual bladder expression was performed at least twice daily until reflexive 

bladder emptying was established. 

Animals were randomly divided into a sham group, a vehicle (4% DMSO) control 

group, a PGZ only group, a GCSF only group, and a combination of PGZ and GCSF 

group. Dosage concentrations and timing paradigms have been previously 

established.25,43 PGZ (Cayman Chemical) was dissolved in DMSO and then diluted in 

sterile PBS and administered at 2.0mg/kg IP injection at 1, 12, 24, and 48 hrs post-injury. 

GCSF (Neupogen) was administered at 50µg/kg subcutaneously once daily for five 

consecutive days post-injury, with the first injection 1-hour post-SCI.   

 

Injury Microenvironment Characterization 

For animals in which biochemical analysis was performed, injured spinal cords 

were harvested at 1, 3, and 7 days post-injury (DPI). Following euthanasia, isolated 

spinal cord sections (10mm in size) were homogenized by sonication in RIPA buffer 

containing protease and phosphatase inhibitors (ThermoFisher), and the supernatant was 

collected for analysis. Enzyme-linked immunosorbent assay (ELISA) kits were 

performed in triplicate for rat TNF-a, IL-1β, IL-6 (RayBiotech), mouse mTOR, human 

Doublecortin (Abcam) and Gasdermin-D (GSDMD) (LifeSpan BioSciences).  
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Immunohistochemistry 

At 3, 7, 14, and 28 days after SCI, rats were transcardially perfused under 

anesthesia (described above) with PBS followed by 4% PFA. Isolated spinal cords were 

placed in fixative for 24h before being transferred into 30% sucrose/PBS solution at 4°C 

for 2 days. Spinal cords were trimmed to 10mm sections and embedded in OCT freezing 

media. Serial sections of 20µm thickness were cut using a cryotome. Sections were 

equilibrated to room temperature and then incubated with 5% BSA in and 0.4% Tween20 

for 30 minutes. Sections then were incubated with primary antibodies overnight at 4°C 

with GFAP (1:500; ThermoFisher), Ki67 (1:1000 Abcam), or nestin (1:1000, 

ThermoFisher). Sections were rinsed in PBS and incubated with Alexafluor 488 and 594 

secondary antibodies (1:1000; Invitrogen) for 1 hour in the dark at room temperature. 

Lastly, slides were washed and mounted with ProLong Diamond containing DAPI (Life 

Technologies) before visualization using fluorescence microscopy at 2X or 10X 

magnification. Proliferating NSPCs were manually counted and normalized to the total 

area of the central canal, determined by ImageJ software. Lesion size was determined by 

tracing over the injury site and quantifying the area in pixels by ImageJ software. 

 

Locomotion Recovery Assessment 

Functional recovery was assessed by the Basso, Beattie, Bresnahan (BBB) 

locomotor rating scale44 in rats from all groups. Briefly, rats were placed in an open field 

for 5 minutes and recorded by GoPro camera on 1, 3, 7, 14, 21, and 28 DPI. Videos were 

scored by two blinded observers on a 21-point rating scale where 0 represents no 
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observable hindlimb function and 21 represents normal gait.  

 

Statistical Analysis 

Statistical analysis was carried out by GraphPad Prism statistical software. All 

data are presented as mean ± standard error of the mean (SEM). A one-way ANOVA test 

was used for the comparison of ELISA data with the Bonferroni or Dunnet’s tests applied 

post-hoc where appropriate for multiple comparisons. A two-way repeated measures 

ANOVA was used to assess BBB scores of locomotor function followed by Bonferroni 

post-hoc comparisons. A p-value of ≤ 0.05 was considered statistically significant, and in 

all figures, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. 

 

Results 

Drug Treatment Effects on NSPCs  

To investigate the effect of PGZ and GCSF on NSPC proliferation in-vitro, the 

total number of cells and number of proliferating cells was compared between vehicle, 

PGZ, GCSF, and combination treatment groups (Fig.1). The total number of DAPI 

stained nuclei was significantly elevated in NSPCs treated with GCSF (p < 0.05) and 

with both drugs (p < 0.001) for 24h (Fig.1E). The number of proliferating Ki67+ NSPCs 

was significantly higher in cells treated with both drugs (p < 0.01) for 24h compared to 

vehicle control treated cells (Fig.1F).  

To analyze drug treatment effects on NSPC proliferation in-vivo after SCI, 

immunohistochemistry was performed; nestin and Ki67-positive cells we counted at 3, 7, 

and 14 DPI (Fig.2). Nestin fluorescence intensity was significantly higher in PGZ treated 
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animals at 3 DPI (p < 0.01) compared to vehicle controls (Fig.2B). When counting the 

total number of proliferating ependymal NSPCs, there were no statistical differences 

between groups (Fig.2C), even when normalized to central canal total area (Fig.2D).  

The effect of PGZ and GCSF drug treatments on NSPC differentiation status was 

assessed by immunocytochemistry. Fluorescence intensity for β3-tubulin (neurons), 

GFAP (astrocytes), NG2 (oligodendrocyte precursors), and MBP (mature 

oligodendrocytes) was measured and no differences in NSPC differentiation status after 

drug treatment were noted (Supplemental Fig.2). 

 

Alterations in Injury Microenvironment Protein levels 

To evaluate the effects of PGZ and GCSF on protein levels after SCI, ELISA 

assays were performed on spinal cord lysates at 1, 3, and 7 DPI (Fig.3.). Levels of 

doublecortin, a neurofilament protein expressed in NSPCS, were elevated in PGZ, GCSF, 

and combination-treated animals only at 7 DPI compared to vehicle controls (p < 0.05). 

Levels of mTOR, relating to proliferation and/or autophagy, were significantly increased 

in combination-treated animals at 1 (p < 0.05), 3 (p < 0.05), and 7 (p < 0.01) DPI, and in 

GCSF treated animals at 7 DPI (p < 0.05) when compared to controls. IL-10 was 

significantly lower in PGZ (p < 0.01) and combination-treated animals (p < 0.05) at 3 

DPI, but where then elevated only in GCSF treated animals (p < 0.01) at 7 DPI compared 

to controls. Combination-treated animals had significantly lower levels of IL-6 (p < 

0.001) at 3 DPI, and only GCSF treated animals had lower IL-6 levels at 7 DPI (p < 

0.01). TNF-α levels were lower in GCSF (p < 0.05) and combination-treated (p < 0.01) 

animals at 3 DPI compared to controls. Levels of IL-1β were significantly lower in GCSF 
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treated animals at 1 (p < 0.05) and 3 (p < 0.001) DPI but were significantly elevated at 7 

DPI (p < 0.001) compared to controls, whereas combination-treated animals had lower 

IL-1β levels at 3 DPI (p < 0.05). Lower levels of GSDMD were observed only at 3 DPI 

in both PGZ and combination-treated animals (p < 0.01). 

 

Drug Treatment Effects on Lesion Size After SCI 

Assessment of lesion size, or cavitation, at 28 days post-SCI was determined by 

immunohistochemistry and compared between groups (Fig.4). Both PGZ (p < 0.05) and 

combination-treated (p < 0.01) animals demonstrated significantly decreased levels of 

cavitation compared to vehicle controls. When normalized to total spinal cord area, only 

combination-treated animals showed lower percent cavitation compared to control 

animals (p < 0.05). 

 

BBB Locomotor Scores 

To evaluate the effect of PGZ and GCSF treatments on locomotor recovery after 

SCI, BBB scores were measured at 1, 3, 7, 14, 21, and 28 DPI (Fig.5.). Only animals 

treated with both drugs in combination had significantly higher BBB scores at 1 

(p<0.001), 3 (p<0.001), 7 (p<0.05), and 14 (p<0.05) DPI compared to vehicle controls. 

At 14, 21, and 28 DPI, both PGZ and combination-treated groups had BBB scores that 

were no longer significantly different from uninjured sham animals. GCSF treated 

animals mostly mirrored scores seen with vehicle control animals, however only at 28 

DPI had BBB scores no longer significantly different from sham animals. BBB scores of 

vehicle controls remained significantly lower than sham animals at 1 (p<0.001), 3 
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(p<0.001), 7 (p<0.001), 14 (p<0.001), 21 (p<0.01), and 28 (p<0.05) DPI timepoints. 

  

Discussion 

Stem cells are attractive candidates for the treatment of injuries due to their 

regenerative and anti-inflammatory properties. NSPCs or similar stem/progenitor cells 

have been utilized in rodent transplantation studies to treat CNS trauma,45-48 but results 

have been equivocal. In the recent years, animal experiments have demonstrated that 

transplantations of stem cells are more viable and somewhat efficacious at the sub-acute 

stages of SCI,49 when the inflammatory processes have declined and shifted to an anti-

inflammatory tissue remodeling phase, typically occurring around 7 DPI. However, by 

targeting this ‘optimal’ transplantation timepoint, researchers permit further tissue 

damage to occur as the direct result of the sustained inflammation from the acute injury 

phase. These transplantation strategies, which require immunosuppression, have inherent 

limitations and translatability of treatment, remaining problematic and impractical for 

large-scale use for human SCI patients. Recruitment of the resident stem/progenitor cell 

populations may offer a safer, less invasive strategy to explore. In the present study, 

utilizing an early combination of multi-modal immunomodulatory drug treatments, 

demonstrated a synergistic effect in multiple SCI outcomes, potentially via the successful 

recruitment and efficacy of endogenous NSPCs. 

The synergistic ability of both PGZ and GCSF to greatly improve the proliferation 

of NSPCs in-vitro was demonstrated. Both the total number of cells and the number of 

proliferating cells were significantly enhanced when cultured for 24h in media containing 

both drugs. However, this synergistic effect was not observed when analyzing the tissue 
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of injured spinal cords and may reflect NSPCs migration from the ependymal region 

towards the injury site.50-52 Future fate-mapping studies could discern drug treatment 

efficacy to increase NSPC numbers after injury and could also determine if any treatment 

influences NSPC differentiation in-vivo.  

The ability of drug treatment to alter protein levels in injured spinal cords also 

was observed. Decreases in pro-inflammatory cytokines TNF-α, IL-6, IL-1β and 

Gasdermin-D proteins were seen but were not consistent between groups and were not 

sustained over time. IL-1β and Gasdermin-D are often assessed to observe inflammasome 

activation and pyroptosis. Results indicate that GCSF decreased IL-1β levels during 

treatment (1 and 3 DPI), but lost effectiveness after treatment was discontinued. Pore-

forming protein GSDMD was decreased in animals treated with PGZ and both drugs in 

combination only at 3 DPI. A mechanism of action has yet to be determined for the 

action of PGZ or GCSF on inflammasome activation or pyroptosis. Increased levels of 

doublecortin, a common marker for NSPCs, were observed in animals treated with PGZ, 

GCSF, and both drugs in combination only at DPI 7 compared to non-treated control 

animals. This sub-acute timepoint is when inflammatory responses have decreased, which 

may also influence NSPC proliferation and survival. Previous research has demonstrated 

that ependymal cells increase their numbers within the first 24 hrs post-SCI,53 but no 

noticeable differences were observed between groups at 1 and 3 DPI. The mTOR 

pathway is involved in many cellular functions such as proliferation, survival, 

metabolism and autophagy.54,55 Inhibition of mTOR, has been shown to induce 

autophagy resulting in decreased reactive astrogliosis, decreased neural tissue damage, 

and decreased locomotor impairment.56-59 Interestingly, observed levels of mTOR were 



 
75 

 

 

 

 

consistently higher only in the drug combination-treated animals at all timepoints and 

decreased lesion size and improve motor function were found in these animals. The 

present study aimed to confirm that GCSF could promote autophagy in the early stages of 

SCI37 by inhibiting mTOR signaling, but further experimentation is required for 

confirmation of this effect. Future studies would need to explore autophagy flux specific 

proteins, such as beclin-1 and p62 to better elucidate whether drug treatment influences 

autophagy activity after SCI and serves a protective role. IL-10 is the anti-inflammatory 

cytokine produced by M2 macrophages to inhibit further M1 pro-inflammatory activity.8 

Here we saw IL-10 levels decreased in GCSF and combination-treated animals at 3 DPI 

compared to controls, and only increased in GCSF animals at 7 DPI. Though PGZ is 

known to induce macrophage polarization,20,28 these data do not suggest that polarization 

was associated with increased IL-10 levels. IL-4 and IL-13 cytokines, known to stimulate 

macrophage polarization8, also should be assessed following drug treatment in future 

studies to explore polarization efficacy.  

To address whether PGZ and GCSF synergistically attenuate SCI lesion size, 

immunohistochemistry was performed to analyze tissue cavitation following injury. 

Combination-treated animals demonstrated signficantly smaller lesion areas compared to 

control animals. Although subjective in nature, it should also be noted that vehicle treated 

controls lost more morphological integrity than drug treated groups, as spinal cords 

appeared more deformed than those given drug treatments. Combination-treated animals 

had spinal cords most closely resembling those of un-injured sham animals, and 

decreased lesion size may correlate with improved motor function.  

Lastly, to verify the therapeutic effects of both PGZ and GCSF, hind limb 
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functional recovery was assessed by BBB scores. The intent was not only to confirm 

previous research findings demonstrating that PGZ25 and GCSF34,60 improve BBB scores 

when administered individually following injury, but to also demonstrate a synergistic 

effect to improve motor function when both drugs are given post-SCI. However, our data 

demonstrate that only animals treated with both drugs have significantly enhanced 

hindlimb function in the first two weeks post-SCI, achieving scores closer to sham-

injured animals. Animals treated with PGZ or GCSF alone had slight or very limited 

improvements, respectively, in BBB scores compared to vehicle controls. These findings 

suggest that PGZ and GCSF, when given together soon after SCI, enhance hindlimb 

function at the early stages of injury and support the idea of an immunomodulatory acute 

critical care intervention post-SCI to limit functional losses. 

The impact of early inflammation on tissue healing still is not fully understood or 

easy to overcome. In this pilot study, it was demonstrated that immunomodulatory 

treatment strategies that also stimulate NSPC proliferation, may be an effective treatment 

strategy recruiting native NSPCs and preventing loss of function after SCI. The exact 

mechanisms may still be unclear, but this study suggests that PGZ and GCSF in 

combination could be given together as a potential treatment for acute critical care. 

Future experiments will aim to confirm NSPC recruitment by this unique pharmacologic 

drug combination and further explore treatment effects on apoptosis, autophagy, and 

pyroptosis.  

In summary, this research confirms that endogenous NSPC recruitment to be a 

viable strategy for early SCI treatment. Further research is required to understand the 

impact inflammation has on NSPC recruitment and efficacy and its role in providing SCI 
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patents with effective acute critical care therapies.  
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FIGURES 

 

 
 

Figure 1. Effect of 24h PGZ and GCSF treatment on NSPC proliferation in-vitro. 

Representative images of NSPCs treated with vehicle control (A), PGZ (B), GCSF (C), 

and both PGZ and GCSF (D) for 24h and stained with proliferation marker Ki67 (green) 

and DAPI nuclei counterstain (blue). Images taken at 20x magnification. The average 

total number of cells (E) was significantly increased in the GCSF and combination 

treated cells, and the number of proliferating cells (F) was higher in cells treated with 

both drugs compared to controls. The values are the means ±SEM (*p < 0.05, **p < 0.01, 

***p < 0.001, n = 3 per group). 
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Figure 2. Effect of PGZ and GCSF treatment on NSPC proliferation in-vivo. 

Representative immunohistochemical images taken of rat spinal cord central canals at 3 

(top), 7 (middle), and 14 days post SCI (bottom) in vehicle, PGZ, GCSF, and 

combination-treated rats (A). Ependymal regions labeled for Ki67-positive (red) 

proliferating cells and nestin (green), counterstained with DAPI (blue). Images taken at 

10x magnification. Fluorescent intensity was calculated and showed only PGZ treated 

animals had increased intensity of nestin at 3 days post SCI (B) compared to controls. 

There were no demonstrated differences between groups of Ki67-positive proliferating 

ependymal cell numbers (C), even when normalized to central canal area (D). The values 

are the means ±SEM (**p < 0.01, n=4/group). 
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Figure 3. Effect of PGZ and GCSF treatment on injury microenvironment protein levels 

at 1, 3, and 7 days post SCI. The presence of doublecortin (A), mTOR (B), IL-10 (C), IL-

6 (D), TNF-α (E), IL-1β (F), and GSDMD (G) in spinal cord lysates were measured by 

ELISA, performed in triplicate. Values are expressed as mean ± SEM (*p < 0.05, **p < 

0.01, ***p < 0.001, n=4/group). 
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Figure 4. Effect of PGZ and GCSF treatment on injury lesion size at 28 days post SCI. 

Representative immunohistochemical staining of GFAP of sham (A), control (B), PGZ 

(C), GCSF (D), and combination-treated (E) groups. Images taken at 2x magnification. 

Lesion area in pixels was calculated (F), and demonstrated that PGZ and combination 

treatments significantly attenuated lesion size compared to controls. When normalized to 

total spinal cord area (G), only combination-treated rats had significantly smaller lesions 

compared to controls. . Values are expressed as mean ± SEM (*p < 0.05, **p < 0.01, 

n=4/group). 
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Figure 5. Locomotor recovery after SCI in vehicle control, PGZ, GCSF, and 

combination-treated rats. BBB scores were determined at 1, 3, 7, 14, 21, and 28 days 

after SCI. The BBB scores were consistently higher in the combination-treated rats only 

than in the vehicle-treated rats from days 1 to 14. Scores of PGZ and combination-treated 

rats were no longer statistically different that sham rats at 14, 21, and 28 days post SCI. 

BBB scores of GCSF treated rats were no longer significantly different than sham rats at 

28 DPI however, vehicle control rats remained significantly different that sham rats at all 

timepoints. Values are expressed as mean ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, 

#p > 0.05 vs sham. SCI groups n=8, sham group n=4).  
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Supplemental Figure 1. NSPC characterization. Immunocytochemical staining of Nestin 

(left) and Sox2 (right) neural stem cell markers of isolated and cultured adult rat NSPCs, 

nuclei counterstained with DAPI (blue). Images taken at 40x magnification.  
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Supplemental Figure 2. Effect of PGZ and GCSF treatments on NSPC differentiation 

in-vitro. Representative immunocytochemical staining (A) of NSPCs allowed to 

differentiate for 7-10 days in vehicle, PGZ, GCSF, or combination containing media for 

β3-tubulin (neurons), GFAP (astrocytes), NG2 (oligodendrocyte precursors), MBP 

(mature oligodendrocytes), and counterstained with DAPI. Images taken at 10x 

magnification. Fluorescent intensity for each cell type was calculated and shows no 

significant differences between any treated groups in altering differentiation status (B). 

The values are the means ±SEM (*p < 0.05, n = 3 per B3T and GFAP groups, n = 2 for 

NG2 and MBP groups). 
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CHAPTER IV 

 SUMMARY, CONCLUSIONS, LIMITATIONS 

Zachary K. Zabarsky 
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The goal of this dissertation was to examine the efficacy of immunomodulation 

for the treatment of spinal cord injury. While immune supression, with high dose steroids, 

often leds to increased complications in human patients and mixed results in animal 

studies,1,2 immunomodulatory strategies allow for inflammatory responses required for 

wound healing, to take their course but with alterations to enhance the recovery process. 

Spinal cord injury entails a prolonged and well sustained inflammatory response that 

causes secondary tissue damage and neurodegeneration extending from the injury site. 

Immunomodulatory strategies often aim to limit the length of time cells are in an 

activated and pro-inflammatory phenotype. One established mechanism to alter immune 

activation and timing is through the macrophage/microglia polarization paradigm. 

Therefore, this research examines different immunomodulatory interventions that are 

known to act on CNS immune cells to attenuate SCI secondary tissue damage and 

promote functional recovery. As a follow up study to previous research that had utilized a 

keratin hydrogel in a hemi-transection model of SCI,3 the first aim of this project, 

Chapter II, instead utilized a more clinical representative contusion SCI model with a 

soluble keratin biomaterial solution. Different keratin biomaterial applications after SCI 

demonstrated enhanced some motor function gait indices and recovery but yielded little 

evidence of tissue repair at the end of six weeks. The second aim of this project, Chapter 

III, presents findings that showed a different strategy to alter macrophage polarization 

through the application of immunomodulatory drugs to enhance NSPC proliferation and 

improve recovery after SCI. With well-studied individual mechanisms of action, a 

combination of PGZ and GCSF showed a synergistic effect in limiting inflammation-

induced tissue damage, suggesting that combinatory drug interventions could be a target 
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for future therapies. This is the first research to utilize these drugs in combination to treat 

a contusion SCI model. Collectively, this work provides evidence that 

immunomodulation to be a viable treatment strategy for SCI and should be further 

explored for clinical translation to help future patients. However, due to the exploratory 

nature of this research, limitations need to be addressed.  

Different pre-clinical research models exist in the SCI literature.4 Here, a 

contusion-based SCI is employed to best represent what is seen clinically. By using the 

Infinite Horizon impactor, a pre-determined force can be consistently applied by an 

external computer to limit injury severity as much as possible. Theoretically, every 

impactor injury should be the same, as the amount of experimental and impactor error is 

low, but every SCI is inherently different and device inconsistencies can occur. The 

thoracic level 9 contusion injury is commonly used it rats, however, most clinically SCI 

occur within the cervical spine. While T9 SCI is consistently performed in rats 

throughout the literature, some researchers conduct cervical SCI in mice instead. Hemi-

transection SCI models are also often utilized although these injuries are not commonly 

seen clinically. Although there is little room for injury error, the injury mechanisms and 

repair are drastically different from contusion SCI models, where outcomes instead 

explore axonal regeneration and treatments to ‘bridge’ the injury gap. The appropriate 

assessment of our treatments, soluble keratin materials and immunomodulatory drugs that 

recruit native stem cells, could not be performed using a hemi-transection SCI model. 

 Due to the exploratory nature of the keratin biomaterial study in Chapter II, 

limitations in interpretation apply. There were difficulties collecting video recordings and 

experimental data from rats both before and after SCI on the DigiGait Treadmill. The 
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BBB locomotor assay is a more widely used assessment of functional recovery, and 

should have also been performed on all animals, not just a small cohort. Although 

subjective in nature, the BBB assay is the standard recovery assay in the literature as it 

allows rats to run freely, compared to an isolated chamber used by the DigiGait 

Treadmill, where rodents often did not want to run. Additionally, this pilot study sought 

to compare different applications of keratin biomaterials and aimed to determine which 

mode of employment would best improve outcomes. Previous keratin biomaterial 

research utilized a hydrogel for treatment, which could have also been included in this 

research to compare against soluble keratins. The present keratin project also only 

investigated outcomes over a long period of time, with the final tissue assessment at 6-

weeks post-SCI. Macrophage polarization is known to occur near the earlier stages of 

injury, and treatments were given directly following injury. Macrophage polarization, 

inflammatory cytokines, and tissue damage in the earlier stages of injury will need to be 

explored in future experimentation for evaluating keratins efficacy. Another question that 

needs to be further explored when utilizing keratin biomaterial treatment is the duration 

of treatment efficacy, or the length of time keratin can maintain its immunomodulatory 

effects. Lastly, future mechanistic studies are required to understand the mechanism of 

how keratin biomaterials can induce macrophage polarization. 

Chapter III is the first study to use PGZ and GCSF therapies in combination to 

induce macrophage polarization and directly stimulate NSPC proliferation. Instead of 

invasively administering exogenous cells into the spinal cord, at a delayed timepoint, 

potentially initiating further secondary injury, the focus of endogenous NSPC recruitment 

through direct stimulation and immunomodulation at the acute timepoint was explored. 
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While results found the combinatory approach to stimulate NSPC proliferation, limit 

tissue damage, and improve recovery to be successful, there are several considerations 

that need elaborating. 

Although the drug dose and treatment schedules were determined by previous 

literature,5-8 questions arise surrounding the discontinuation of treatment. While Park et 

al.6 demonstrated the efficacy of early treatment, further experimentation should be 

performed exploring treatment schedules sustained for longer periods of time, especially 

since inflammatory responses decrease around 7 days post-injury. ELISA results showed 

changes in several microenvironment proteins only at 3 DPI and not at 7 DPI, which may 

have been the result of discontinued treatment.  

Although results demonstrated a synergistic effect in increasing NSPC 

proliferation and total numbers in-vitro, it is difficult to assess NSPC proliferation in-vivo 

since surviving cells migrate towards the injury site.9-11 This research only explored 

NSPCs in the ependymal region lining the central canal. Future research would need to 

explore tracking NSPCs as they migrate and potentially differentiate at the injury site. 

Utilizing BrdU or transgenic animals to tag proliferating cells or NSPCs, respectively, 

may allow improved understanding on how drug treatment influences NSPC proliferation 

and migration after injury. While no differences were observed in-vitro, exploring drug 

treatment influences on NSPC differentiation in-vivo could also be accomplished by 

utilizing fate-mapping strategies mentioned earlier. Additionally, future research could 

explore which environmental ques prompt astrocytic differentiation and whether drug 

treatments could alter those signals or enhance signals preferentially allowing 

oligodendrocyte differentiation. 
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The degree of tissue cavitation was also explored following injury, and how the 

influence of drug treatment could prevent tissue loss. Due to the nature of tissue 

preparation for histological experiments, advanced tissue analytics were not performed. 

While lesion size was determined by examining cross sections through the injury site, a 

3D reconstruction of the injury lesion, to better assess the size/volume of cavitation, 

could have been made with more sophisticated software if tissue preparation was 

conducted accordingly.6,12 This form of tissue analysis has rarely been employed within 

the literature but could provide a more accurate understanding of treatment efficacy in 

preventing secondary injury tissue damage and should be utilized more often. The same 

3D reconstruction could also be used to map out the quantities of NSPCs and 

proliferation along the length of spinal cord tissue, if experiments and tissues were 

designed appropriately.  

Analysis of microenvironment proteins provides insight of treatment efficacy to 

manipulate the cellular and inflammatory activities following injury. Although ELISAs 

are highly accurate and can quantify levels of target proteins, additional experiments 

should be performed to confirm findings, such as Western blotting. Changes in gene 

translation or transcription are additional options to explore, especially when considering 

how cellular organelle stress can thwart vesicle transport and if autophagy machinery is 

impaired.13,14 The protein analysis for autophagy and pyroptosis employed in Chapter III 

was superficial at best. While mTOR and GSDMD are important components of those 

cellular activities, respectively, future research should explore if drug treatment can alter 

the associated protein complexes and signaling pathways to support cell survival 

following injury. Additionally, it has been shown that autophagy is involved in 
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inflammasome/pyroptosis regulation15-17 but the exact mechanism of their relationships 

requires further research. Future studies should also explore how these two activities are 

connected, their fundamental role in SCI progression, and how they might provide a 

target for treatment/drug development.  

Another aspect not considered that could be explored in future studies entails the 

role of astrocytes in early inflammatory responses leading to SCI progression and 

influence on NSPC survivability. Like macrophages/microglia, astrocytes have also been 

described as having different phenotypic activation states and opposing functions.18,19 

The primary role of astrocytes has often been described as deposition of ECM proteins to 

seal the wound, leading to the formation of the glial scar.20 However, little research has 

explored interventions that manipulate astrocytic function and responses to injury, thus 

providing a wealth of questions to explore in future research. Additionally, this research 

could also explore immune cell behavior directly. Since macrophages, microglia, 

leukocytes, and neutrophils are important in SCI progression,21,22 future studies should 

explore how PGZ, GCSF, or both drugs combined could alter immune responses. 

In this research project, the focus was soley on immunomodulatory therapies for 

the treatment of spinal cord injuries. However, understanding the complex 

pathophysiology underlying SCI, there are several other targets for intervention during 

the acute injury stages as well. Specifically, neuroprotective interventions to limit tissue 

damage are another popular treatment strategy being researched,23 due to the damaging 

role ROS have on tissue survival.24 This research did not explore proteins or pathways 

related to neuroprotection, nor how drug treatment could impact these critical factors in 

SCI progression. Future research should explore the role PGZ and GCSF have, if any, in 
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providing neuroprotection to limit ROS production, compared to other well-studied 

treatments. Additionally, the effect of ROS on NSPC survival is another area of concern 

and could further explored within neuroprotection research. 

Lastly, an important aspect to consider are the physiological differences between 

rodent and human SCI pathology. Animal models that completely replicate human SCI 

may not exist, but inter-species pathophysiological processes are similar. However, 

differences of injury mechanisms in the laboratory compared to clinical SCI, and inter-

species pathophysiological differences must not be overlooked.25 Substantial gains in our 

understanding of the cellular and molecular events following SCI and potential therapies 

have come predominately through animal research and should not be undervalued. It 

must be noted that despite improved outcomes with many promising treatments in animal 

SCI models, clinical trials have failed to demonstrate efficacy.26,27 Large animal and non-

human primate SCI models may better predict therapeutic potential during clinical trials 

due to more similar physiology. 

In conclusion, this body of work demonstrates immune modulating therapies to be 

an effective strategy for acute SCI. While the complexity of SCI provides a wealth of 

topics to research, future immunomodulatory studies that further explore the 

macrophage/microglia polarization paradigm, the recruitment of NSPCs, and the 

manipulation of autophagy and pyroptosis activities are desired. Whether by introducing 

biomaterials or the administration of multi-modal drugs, results here confirm that 

immune modulation in the early phases of injury can be effective in improving outcomes. 

Though many questions remain and need further exploration, this work has advanced our 

knowledge about addressing the early responses after injury and how immunomodulatory 



 
99 

 

 

 

 

treatments, alone or in combination, may be a promising treatment strategy moving 

forward.    
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APPENDIX 

 

Table 1. 

Antibody Vendor Cat. No. Host Chapter Used 

GFAP ThermoFisher PA3-16727 rabbit II, III 

WFA Sigma L1516 - II 

CD68 Abcam ab125212 rabbit II 

Nestin ThermoFisher PA5-47378 goat III 

Ki67 Abcam ab15580 rabbit III 

β3-tubilin ThermoFisher MA1-118 mouse III 

MBP ThermoFisher PA1-46447 rabbit III 

SOX2 Abcam ab97959 rabbit III 

NG2 Abcam ab83178 rabbit III 

AlexaFluor 488 Abcam ab150077 goat II 

AlexaFluor 555 ThermoFisher A-21428 goat II, III 

AlexaFluor 488 

Strepavidin 

ThermoFisher S11223 - II 

AlexaFluor 594 ThermoFisher A-11005 Goat III 

AlexaFluor 594 ThermoFisher R37119 Donkey III 

 

Table 1. Antibody information from those utilized in this body of work. 
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Mentor: Laura Ott, PhD. Theoretical immunology research project to developing 

antibodies to thwart further HIV infection. Designed the HIV env gene into an 

expression vector, to be cloned by PCR, expressed antibodies would negate the 

gp160 protein before it can be cleaved by Furin into the gp41 and gp120 

complexes- preventing new virus formation.  

Participated in a biotechnology research course observing the efficacy of 

Etoposide (VP16) as a cancer therapeutic against human breast cancer cells (MCF-

7 cells). Performed experiments to elucidate mitochondrial death cascades to better 

understand apoptosis signal transduction pathways. 

 

Wake Forest School of Medicine, Department of Orthopaedic Surgery      2013 – 2014 

Winston-Salem, NC 

• Graduate Research Associate 

Mentors: Thomas L. Smith, Graca Almeida-Porada, Christopher Peters, Allyn 

Howlett, Zhongyu Li. Developed research questions and study designs in the 

exploration of macrophage/microglia polarization, neutral stem/progenitor cell 

isolation and viability, pyroptosis, autophagy, reactive gliosis, and treatments for 

spinal cord injuries. Oversaw grant preparation, experimental protocols, animal 

care, tissue acquisition, data collection and analysis, progress reports, and 

manuscript preparation.  

Collaborated with industry sponsors to develop a rabbit model of intervertebral 

disc degeneration and test the efficacy of amniotic stem cell and tissue suspension 
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as a treatment. Managed the surgical procedures, animal care, tissue acquisition, 

histological experimentation and analysis, and manuscript preparation.  

 

PUBLICATIONS 

Peer-Reviewed Publications  

1. Luo TD, Marquez-Lara A, Zabarsky ZK, Vines JB, Mowry KC, Jinnah AH, Ma X, 

Berwick BW, Willey JS, Li Z, Smith TL, O'Gara TJ. A percutaneous, minimally 

invasive annulus fibrosus needle puncture model of intervertebral disc degeneration in 

rabbits. Journal of Orthopaedic Surgery. May-Aug 2018. 

 

2. Luo TD, Vines JB, Zabarsky ZK, Mowry KC, Marquez-Lara A, Jinnah AH, Ma X, 

Berwick BW, Willey JS, Smith TL, Li Z, O'Gara TJ. Evaluation of Percutaneous 

Intradiscal Amniotic Suspension Allograft in a Rabbit Model of Intervertebral Disc 

Degeneration. Spine. August 2018. 

 
Submitted Publications 

1.  Zabarsky Z. Smith TL. Immunomodulation- a promising treatment strategy for 

spinal cord injury. Submitted March 2019. 

 

2. Zabarsky Z. Luo TD, Ma X, Smith TL. Pharmacologic recruitment of endogenous 

neural stem/progenitor cells for the treatment of spinal cord injury. Submitted March 

2019. 

 

3. Zabarsky Z, Jinnah A, Luo TD, Marquez-Laca A, Van Dyke M, Smith TL. The effect 

of keratin biomaterials on spinal cord injury recovery. Submitted March 2019. 

 

Thesis Title 

1. Zabarsky Z. Immunomodulation as a Potential Therapeutic Strategy Following 

Spinal Cord Contusion Injury to Limit Tissue Damage and Improve Functional 

Recovery. Doctoral Dissertation in progress. Wake Forest University Graduate School 

of Arts and Sciences, Integrative Physiology and Pharmacology. 

 

Research in Progress and Manuscripts in Preparation 

1. Marquez-Lara A, Hutchinson I, Zabarsky Z, Smith TL, Danelson K, Miller AN. The 

Impact of Surgical Fixation on Fracture Healing: Radiographic Analysis of a Novel 

Fracture Model in Rats. Manuscript in Preparation. 
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2. Alejandro Marquez-Lara, Ian Hutchinson, Kerry Danelson, Zachary Zabarsky, Anna 

Noel Miller, Thomas L Smith. A Short Course of Non-Steroidal Antiinflammatory 

Drugs is Associated with Accelerated Fracture Healing in a Novel Translational Rat 

Fracture Model. Manuscript in Preparation. 

 

ABSTRACTS  

1. Luo TD, Marquez-Lara A, Zabarsky Z, O’Gara T, Smith TL. Percutaneous technique 

for disc degeneration: a novel injury model in rabbits. Poster at Wake Forest School of 

Medicine Surgery Resident’s and Fellow’s Research Day. Winston-Salem, NC. 

November 19, 2015. 

 

2. Zabarsky Z, Marquez-Lara A, Luo TD, Smith TL. Functional recovery measured by 

gait analysis following spinal cord injury. Poster at Wake Forest School of Medicine 

Surgery Resident’s and Fellow’s Research Day. Winston-Salem, NC. November 19, 

2015. 

 

3. Marquez-Lara A, Zabarsky Z, Miller AN, Smith TL.  The Impact Of Surgical 

Fixation On Fracture Healing: Radiographic Analysis Of A Translational Fracture 

Model In Rats.   Poster presentation at Wake Forest School of Medicine Surgical 

Resident’s and Fellows Research Day. Winston-Salem, NC.  November 19, 2015.  

Resident Gold Award- Basic Sciences. 

 

4. Luo TD, Marquez-Lara A, Zabarsky Z, O’Gara T, Smith TL. A novel reproducible 

model of intervertebral disc degeneration in rabbits using a percutaneous technique. 

Invited speaker at the UK-India Education and Research Initiative Symposium. 

University of Leeds, Leeds, UK. December 4, 2015. 

 

5. Zabarsky Z, Marquez-Lara A, Luo TD, Van Dyke M, Smith TL. The effect of keratin 

on spinal cord injury recovery. Poster at 2016 Experimental Biology. San Diego, CA. 

April 2-6, 2016. 

 

6. Zabarsky Z, Marquez-Lara A, Luo TD, Van Dyke M, Smith TL. The effect of keratin 

on spinal cord injury recovery. Poster at Wake Forest School of Medicine Surgery 

Resident’s and Fellow’s Research Day. Winston-Salem, NC. November 8, 2016. 

 

7. Zachary Zabarsky, T. David Luo, Alexander Jinnah, Alejandro Márquez-Lara, 

Tadhg O’Gara, Thomas L. Smith. Percutaneous delivery of human amniotic stem cell 

treatment in a novel rabbit model of disc degeneration.  Poster Presentation at 

International Society for Stem Cell Research Annual Conference. Boston, MA.  June 

14, 2017 
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8. Willey JS, Kwok AT, Luo TD, Moore JE, Ma X, Zabarsky ZK, Jinnah AH, Collins 

B, Smith TL. Arthritic responses in the knee and hip joint from reduced weight-

bearing and/or low dose radiation. Abstract submitted to International Space Station 

Research & Development Conference. July 17-20, 2017. 

 

9. Zabarsky Z, Marquez-Lara A, Luo TD, Jinnah A, Van Dyke M, Smith TL. The effect 

of keratin on spinal cord injury recovery. Poster at Tissue Engineering & Regenerative 

Medicine International Society Annual Conference. December 3-6, 2017. 

10. Luo TD, Zabarsky ZK, Marquez-Lara A, Jinnah AH, Ma X, O’Gara TJ, Willey JS, 

Smith TL. Delivery of stem cell treatment in a percutaneous needle puncture model of 

degenerative disc disease in rabbits. Poster at Tissue Engineering & Regenerative 

Medicine International Society Annual Conference. December 3-6, 2017. 

 

11. Zabarsky ZK, Luo TD, Ma X, Smith TL. Early Activation and Recruitment Of 

Endogenous Stem Cells For The Treatment Of Spinal Cord Injury. Society for 

Neuroscience. Annual Conference. November 3-7, 2018. 

 

12. Zachary Zabarsky, Tianyi David Luo, Xue Ma, Thomas L. Smith. Early 

Pharmacologic Recruitment and Support of Endogenous Stem Cells for the Treatment 

of Spinal Cord Injury. American Association of Orthopaedic Surgeons. Annual 

Conference. Las Vegas, NC. March 12-16 2019. 

 

ORAL PRESENTATIONS AND INVITED LECTURES 

1. The Effect of Keratin Biomaterials on Spinal Cord Injury Recovery. Physiology 

and Pharmacology Seminar Series. March 2016. 

 

2. Immunomodulatory Strategies for Spinal Cord Injuries. Physiology and 

Pharmacology Seminar Series.  April 2017. 

 

3. Activation and Recruitment of Endogenous Neural Stem/Progenitor Cells for the 

Treatment of Spinal Cord Injury. Physiology and Pharmacology Seminar Series.  

September 2018. 

 

4. Activation and Recruitment of Native Stem Cells for the Treatment of Spinal Cord 

Injuries. Smith Research Symposia. December 2018. 

 

5. Early Pharmacologic Recruitment and Support of Endogenous Stem Cells for the 

Treatment of Spinal Cord Injury. American Association of Orthopaedic Surgeons. 

Annual Conference. Las Vegas, NC. March 2019. 

 

 


