
UCLA
UCLA Electronic Theses and Dissertations

Title
Transplantation of olfactory ensheathing cells combined with epidural stimulation and climb 
training as a long-term treatment for severe spinal cord injury in rodents

Permalink
https://escholarship.org/uc/item/49w4t14w

Author
Dixie, Kaitlin Lee Ingraham

Publication Date
2019
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/49w4t14w
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

 

Transplantation of olfactory ensheathing cells combined with epidural stimulation and 

climb training as a long-term treatment for severe spinal cord injury in rodents 

 

 

 

 

 

A dissertation submitted in partial satisfaction of the requirements for the degree Doctor 

of Philosophy in Molecular, Cellular, and Integrative Physiology 

 

by 

 

Kaitlin Lee Ingraham Dixie 

 

2019 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Kaitlin Lee Ingraham Dixie 

2019 



ii 
 

ABSTRACT OF THE DISSERTATION 

 

Transplantation of olfactory ensheathing cells combined with epidural stimulation and 

climb training as a long-term treatment for severe spinal cord injury in rodents 

 

by 

 

Kaitlin Lee Ingraham Dixie 

Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2019 

Professor Patricia Emory Phelps, Chair 

 

 

Following a severe spinal cord injury (SCI), transplanted olfactory ensheathing cells 

(OECs) reduce inhibitory factors and promote axonal outgrowth at the lesion site to help 

reestablish circuit connectivity needed for functional recovery. Another promising therapy, 

electrical epidural stimulation (EES), also helps to reestablish connectivity but targets the 

spinal cord caudal to the injury. This study asked if the combination of OEC 

transplantation and administration of EES during climb training would improve recovery. 

Two cohorts of inbred Fischer 344 rats received a severe SCI and a two-week delayed 

transplant of OECs, media, or fibroblasts (FBs). Rats then received EES while performing 

a climbing task 3 times/week and were perfused at 5.5-6.5 months post-injury. We found 

that scores on the BBB locomotor test improved for all groups over time, but no consistent 

changes in climbing ability were detected. When we examined the injury sites, we found 

surviving GFP-labeled OECs and FBs for the first time at 6 months post-transplant. We 
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also found that OEC treatment increased the amount of serotonergic and neurofilament 

(NF)-positive axons in the lesion core compared to media- and FB-treated controls. This 

was particularly true in areas of the lesion core with OECs where we found greater levels 

of axon density than in areas without OECs. Further, the percent of NF-positive axons 

associated with myelin proteins was greater in OEC- compared to media-treated rats. The 

OECs in the lesion core also interacted with serotonergic axons, myelinating and non-

myelinating Schwann cells (SCs), and oligodendrocytes and expressed protein markers 

typically associated with SC-like myelin. Overall our results provide evidence that OEC 

transplantation combined with EES may be a beneficial treatment for severe SCI. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

 

Spinal cord injury (SCI) results in the variable loss of motor and sensory function 

depending on the severity of the injury. Over 290,000 people in the United States alone 

are affected by SCI with over 17,000 new cases occurring every year, yet very few 

effective treatment options are available that lead to significant recovery, especially for 

those who are most severely affected (NSCISC, 2019). This is due, in part, to the complex 

nature of the injury; effective treatments of SCI need to address multiple pathological 

barriers in order to promote functional recovery. These include spinal cord damage and 

cyst formation, disrupted axonal connectivity and neuronal circuitry, immune-cell 

infiltration and increased inflammation, loss of myelin and efficient signal conduction, 

muscle and neuronal atrophy, increased inhibitory and toxic factors surrounding the injury 

site, and formation of scar tissue (Venkatesh et al., 2019). While the goal of treatment 

following SCI is to promote functional motor and sensory recovery, the therapeutic focus 

to achieve these outcomes can vary widely. Some therapeutic approaches target the 

spinal cord injury site directly, while others target areas below or above the injury or are 

more holistic, such as rehabilitation (Silva et al. 2014). The large number of current 

potential treatments in development is encouraging but perhaps impractical; addressing 

all the consequences and deficits caused by a SCI will most likely require a combination 

of treatments targeting different mechanisms and areas in order to provide maximum 

benefit. This then produces the question: “Which treatment combinations will be most 

effective?” 
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Identifying neuropathological targets at the injury site after SCI 

The most devastating functional deficits after SCI result from damaged or severed axons 

that cause the loss of communication between the brain and brain stem and the spinal 

cord caudal to the injury. Damage to the protective myelin sheaths that surround the 

axons also exacerbates symptoms. Many therapies, therefore, aim to reestablish 

neuronal connectivity by stimulating axon growth and increasing myelination to improve 

functionality. For axonal regeneration to occur, however, treatments must not only 

overcome the limited growth potential of adult neurons but must also guide regenerating 

axons across a hostile and inhibitory injury site. Similarly, there are many challenges that 

must be overcome to improve axon myelination (Silva et al. 2014). It is therefore important 

to understand the pathological changes that occur after SCI in order to identify 

mechanisms that can target the promotion of axon outgrowth and myelin recovery. This 

study will focus mainly on rodent SCI models, but many of the responses to injury are 

similar to those in humans. 

 

Axonal damage and limited regenerative potential after injury 

The severing of axons not only disrupts a signal from reaching its downstream target, but 

it can also be a threat to the health of the entire neuron. Danger signals triggered by injury 

can travel back to the soma and potentially initiate apoptosis even in neuronal cell bodies 

located far from the injury site (Crowe et al., 1997; Liu et al., 1997). In order to seal off the 

axonal membrane, the cell responds to the drastic calcium influx by triggering acute axon 

degeneration. This response can initiate the degradation of large distances of the 
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proximal axon in less than 30 minutes until it eventually forms a dystrophic retraction bulb. 

The distal half of the axon that was separated from the cell body then undergoes Wallerian 

degeneration (Kerschensteiner et al., 2005).  

The axonal degradation that occurs after injury also results in axons that are far 

from their initial targets and thus would need to regrow long distances to reestablish 

connectivity. During early development, the distances between neurons in the embryonic 

brain and spinal cord are short and axons rely on precise temporal and spatial guidance 

molecules to reach correct targets (Harel & Strittmatter, 2006). After an adult SCI, 

however, mature neurons have a limited capacity for axonal growth, axonal targets are 

much further away, and appropriate guidance molecules may no longer be expressed 

(Harel & Strittmatter, 2006; Milde et al., 2015; Geoffroy & Hilton, 2016). There are many 

challenges to guiding axons to their distal spinal cord targets and several therapies that 

successfully stimulated innate axon growth will be discussed later in this chapter.  

 

Anatomical remodeling contributes to the formation of inhibitory scars 

Following SCI, the injury site undergoes a period of significant reorganization; immune 

cells such as microglia and macrophages infiltrate the lesion area to clear debris, 

astrocytes and oligodendrocyte progenitor cells (OPCs) become activated and proliferate 

to create a glial scar, and fibroblasts and other peripheral cells invade the lesion core and 

form a peripheral fibrotic scar (Alvarez et al. 2013; Burda & Sofroniew 2014; McTigue et 

al. 2001; Raposo & Schwartz 2014; Whetstone et al. 2003). This reorganization results in 

persistent and lasting tissue damage including the formation of fluid-filled cysts that can 



4 
 

expand over time and lead to chronic secondary damage to the uninjured spinal cord 

(Kubasak et al. 2010). 

The blood-spinal cord barrier exists to prevent neurotoxic chemicals or peripheral 

immune cells from attacking irreplaceable neurons. After injury this barrier is disrupted 

and macrophages, natural killer cells, and other lymphocytes can infiltrate the central 

nervous system (CNS) and cause extensive cell death, tissue damage, and inflammation 

(Bethea & Dietrich, 2002; Maikos & Shreiber, 2007; Pineau et al., 2010). Cytokines 

secreted by these cells increase apoptosis of neurons and oligodendrocytes leading to 

further disruption of functional circuits and loss of myelin (Pan & Kastin, 1999; Pineau et 

al., 2010). There are some benefits, however, to the increased phagocytic activity that 

infiltrating cells provide; several studies reported that increased microglia and 

macrophage clearance of the inhibitory and toxic debris resulting from damage at the 

injury site promotes functional improvement in rodent SCI models (Bethea & Dietrich, 

2002; Ma et al., 2015). Although the molecular mechanisms of the immune response are 

complex, they provide important therapeutic targets as they play a crucial role in the 

anatomical changes that occur around the injury site. 

The glial scar is composed of activated astrocytes, OPCs, pericytes, and 

meningeal fibroblasts and forms within 10-14 days post-injury to help re-establish a 

barrier to peripheral immune cell infiltration (Burda & Sofroniew 2014; Hackett & Lee 

2016; McTigue et al. 2001; Raposo & Schwartz 2014; Whetstone et al. 2003). The 

formation of the glial scar is vitally important for recovery to occur; studies using methods 

to ablate the glial scar found increased severity of symptoms and spinal cord damage 

(Faulkner et al., 2004; Burda & Sofroniew, 2014; Anderson et al., 2016). While the glial 
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scar is necessary for protection of the intact spinal cord tissue, it also can be inhibitory to 

axon growth and therefore can act as a double-edged sword (Okada et al., 2006; Pineau 

et al., 2010). Activated astrocytes not only change their morphology and re-orient their 

processes to form a physical barrier, but they can also express inhibitory molecules 

(Povysheva et al. 2018; Tan et al. 2005). After injury, astrocytes and OPCs upregulate 

chondroitin sulfate proteoglycans (CSPGs), that, like neurocan and neural/glial antigen-2 

(NG2), are potent growth inhibitors leading to axonal growth cone collapse (Dou & Levine 

1994; Hackett & Lee 2016; Jones et al. 2002; Mckeon et al. 1999; McTigue et al. 2001). 

Therapies targeting the glial scar, therefore, often aim to reduce CSPGs or alter astrocyte 

morphology to allow axons to cross through the scar and into the lesion cavity (Chen et 

al. 2016; Faulkner et al. 2004; Rodriguez et al. 2014).  

The fibrotic scar in the lesion core provides yet another, even more inhibitory 

barrier to axon regeneration. Peripheral cells such as fibroblasts and immune cells 

expand in the injury core and create a hostile environment for CNS neurons (Barnabé-

Heider et al., 2010; Soderblom et al., 2013). Proteins secreted from these cells create a 

fibrous, stiff, and inhibitory extracellular matrix that differs substantially from the softer, 

more permissive extracellular matrix of the uninjured spinal cord (Dityatev et al. 2010; 

Keung et al. 2012). For a severe injury, this peripheral fibrotic scar area acts as a “no-

man’s land” and is detrimental to axon regeneration (Klapka et al., 2005) . Indeed, many 

studies that use implanted scaffolds or matrices to provide growth-permissive bridges 

across the injury core show increased axon growth and functional recovery (Jain et al., 

2006; Prang et al., 2006; Joosten, 2012; Thompson et al., 2018; Zaviskova et al., 2018). 
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Together, the glial and fibrotic scars that form after injury are both important therapeutic 

targets to increase axon growth and limit tissue damage. 

 

Changes in myelin contribute to axonal dysfunction following SCI 

As important as axon regeneration is to recovery, it is only the first of many steps to 

ensure that the reformed and surviving axonal connections are functional. Many 

functional deficits are likely due to the loss of myelin leading to less efficient signal 

conduction rather than a loss of synaptic connections (Goldman & Osorio 2014; Hesp et 

al. 2015; Mekhail et al. 2012). Therefore, the changes in myelin after injury are additional 

factors to consider when designing SCI treatments. 

Myelin provides insulation to increase the speed and efficiency of neuronal 

communication by allowing the action potential to be transmitted through saltatory 

conduction. Oligodendrocytes, the myelinating cells in the CNS, are in close contact with 

axons to provide nutrients to and allow for communication with neurons (Poliak & Peles, 

2003; Baumann & Pham-dinh, 2019). Myelin also provides a layer of protection from any 

insult or excitotoxicity that can occur after immune cell infiltration (Taniike et al., 2002; 

Lopez et al., 2012). The widespread death of oligodendrocytes after an injury, therefore, 

leads to not only loss of myelin and reduction in signal propagation, but also leaves axons 

vulnerable to further damage (Almad et al. 2011; Black et al. 1991; Goldman & Osorio 

2014; Mekhail et al. 2012; Totoiu & Keirstead 2005). Symptoms of diseases like multiple 

sclerosis, where extensive immune-cell-mediated oligodendrocyte death occurs, 
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demonstrate the importance of myelin and the detrimental effects on sensory and motor 

function that can arise following myelin loss (Mahad et al. 2015). 

Increasing the number of mature oligodendrocytes is one of the ways researchers 

have tried to improve myelination after injury (Cao et al. 2010; Erceg et al. 2010; Keirstead 

et al. 2005; Sun et al. 2013). Interestingly, OPCs proliferate extensively in response to 

injury, however, many of them fail to differentiate into mature oligodendrocytes to replace 

those that have died (Almad et al. 2011; Assinck et al. 2017; Goldman & Osorio 2014; 

Hesp et al. 2015; Segovia et al. 2008). The increased numbers of OPCs can negatively 

affect axon outgrowth due to their high expression levels of inhibitory CSPGs (Dou & 

Levine 1994; Jones et al. 2002; McTigue et al. 2001). The lack of factors needed for OPC 

differentiation, such as glial-derived neurotropic factor (GDNF) and neurotrophin-3 (NT3), 

is thought to contribute to reduced maturation, and therapies delivering these factors have 

improved oligodendrocyte differentiation and myelin production (Cao et al. 2005; Sun et 

al. 2014; Wilkins et al. 2003; Xu et al. 2019).  

An interesting dichotomy exists for oligodendrocytes and their progenitors: myelin 

is beneficial for axon health and function yet is also inhibitory towards axonal 

regeneration; myelin debris that occurs after oligodendrocyte death both increases 

inflammation and is strongly inhibitory to axon growth (Chen et al. 2015; McKerracher et 

al. 1994; Meves et al. 2018). Myelin proteins, such as Nogo and myelin-associated 

glycoprotein (MAG), can inhibit cytoskeletal reorganization and growth cone extension 

and studies show that blocking receptors for Nogo on axons can lead to significant 

increases in axon growth (Merkler et al., 2001; Fournier et al., 2002; Kucher et al., 2018).  
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Together, these studies suggest that successful targeting of oligodendrocytes and 

their progenitors may depend on the timing and location of the treatment, thereby adding 

another layer of complexity to the challenges in treating SCI. Perhaps OPC proliferation 

and differentiation at the injury site may be detrimental early after injury but would be 

beneficial either further from the scar border or at later timepoints after axon regeneration 

has occurred (Almad et al. 2011). 

 

Local Schwann cells aid in the response to SCI 

Unlike CNS axons, PNS axons have a high potential for regrowth and recovery after nerve 

damage, part of which is attributed to the injury response mediated by Schwann cells 

(SCs; Vargas and Barres 2007). While oligodendrocytes often initiate apoptosis after 

axonal injury, SCs are capable of de-differentiating and downregulating their expression 

of myelin proteins after an axon is injured (Guertin et al., 2005; Jessen & Mirsky, 2005). 

This process of de-differentiation results in a switch from a “myelinating” to a “non-

myelinating” phenotype (Griffin & Thompson, 2008). The highly motile non-myelinating 

SCs are then able to proliferate, phagocytose debris, and secrete growth factors and 

cytokines that can aid in recovery by removing inhibitory factors and stimulating axon 

elongation (Fontana et al. 2012; Frostick et al. 1998; Gaudet et al. 2011; Gomez-Sanchez 

et al. 2017; Jang et al. 2016; Sanchez et al. 2015; Stoll et al. 1989). The non-myelinating 

SCs then form tube-like structures that provide a conduit by which axon regeneration can 

occur (Gomez-Sanchez et al. 2017; Thomas & King 1974). After a peripheral axon has 
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recovered, the SCs are able to differentiate into myelinating SCs which re-myelinate the 

newly generated part of the axon (Barton et al., 2017). 

While this response is specific to peripheral nerve injury, local SCs mount a similar 

response to a CNS injury. The damage caused after SCI can trigger the de-differentiation 

of nearby SCs which migrate into and fill the injury site (Guest et al., 2005; Nagoshi et al., 

2011). Reportedly, SCs contribute to axonal outgrowth into the lesion core by providing a 

permissive surface for guidance through the hostile lesion core environment (Lu et al., 

2007). Additional evidence suggested that SCs can even infiltrate the spinal cord in order 

to temporarily myelinate surviving CNS axons until oligodendrocytes can differentiate and 

take over (Jasmin et al., 2000; Jasmin & OHara, 2002; Guest et al., 2005; Totoiu & 

Keirstead, 2005). Further, there is evidence that OPCs are capable of differentiating into 

SCs that can also help aid in recovery (Assinck et al., 2017). Studies that use exogenous 

SC transplants as a method to induce recovery after injury will be discussed later in this 

chapter.  

 

Assessing anatomical recovery after injury 

After identifying pathological therapeutic targets, the ability to evaluate changes and 

improvement is essential to assess whether a treatment will be successful. The 

complexity of a SCI presents distinct challenges for designing appropriate assessments. 

There are, however, a few well-defined methods used in rodent models of SCI to help 

determine if any anatomical changes at the injury site could be indicative of improvement 

that would translate to functional recovery.  



10 
 

Distinguishing axon regeneration versus axon sparing 

As alluded to above, human SCIs are highly variable and therefore a treatment that may 

work for one type of injury may not work for another. In response, several different rodent 

and simian models of SCI that vary in severity, location, and type were developed to test 

treatments for different conditions. When studying the effects of different treatments, the 

injury type can be essential to inform what kind of analyses are possible. Mild injury 

models such as a contusion or dorsal crush are more physiologically similar to human 

injuries and result in significant tissue and axon sparing. Axon regeneration, therefore, is 

extremely difficult to evaluate (Steward & Willenberg, 2017). Even slightly more severe 

injuries, such as hemi-sections, can still leave doubt on whether axon bundles have 

regenerated or were spared. Models in which axons are completely severed, i.e., a 

complete spinal cord transection, are therefore considered the most rigorous model to 

determine if a treatment stimulates axon regeneration (Chen et al. 2015; Steward et al. 

2003; Tuszynski & Steward 2012). The downside to transection models, however, is that 

functional recovery is rare and often subtle, even if axon outgrowth is established. Further, 

because very few patients present with complete transections, the transection model is 

not as clinically relevant as other models, and therefore may not be the best option to test 

functional improvements. 

 Regardless of the SCI model employed, there are multiple established criteria to 

convincingly distinguish regenerated from spared axons. Steward et al. (2003) described 

seven characteristics of regenerating axons that differentiate them from spared axons. 

Regenerated axons should: 1) extend from the CNS into the peripheral scar tissue, 2) 

infiltrate and associate with grafts, implants, or transplanted cells, 3) originate from an 
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area near the injury, 4) form pathways that are indirect or abnormal, 5) grow realistic 

distances according to the established regeneration rates, 6) contain growth cones at 

axon tips, and 7) have atypical morphology such as branching. While most regenerating 

axons will not display all seven criteria, having several of these traits is often sufficient to 

establish that regeneration has occurred. Other standard, but less accurate, methods 

include quantifying the area of axons in the fibrotic lesion core but distinguishing between 

the growth of PNS and CNS axons adds additional complexity with this method (Steward 

et al. 2003; Thornton et al. 2018; Tuszynski & Steward 2012). 

 Another issue with assessing axon regeneration includes the difficulty of 

determining which type of axon may be regenerating. It is possible that the regenerated 

axons are not connected to circuits that are relevant for functional recovery. Indeed, 

formation of incorrect connections could lead to chronic pain or even worsen symptoms 

(Burchiel & Hsu, 2001; Sangari et al., 2019). There are, however, a few markers that can 

be used to identify specific descending motor associated pathways, such as serotonin 

(5HT)-positive raphespinal axons. Because there are very few serotonergic interneurons 

in the rat spinal cord, evidence of 5HT-labeled axons directly caudal to a severe injury 

site suggests that motor-specific pathways have regenerated (Ghosh & Pearse 2015; 

Kubasak et al. 2010; Takeoka et al. 2010, 2012). 

 

Neuronal tracers are used to assess axonal origins and connectivity 

Molecular tracing techniques are commonly used to assess axonal connectivity and 

specificity after SCI. There are many types of neuronal tracers and each has its own 
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benefits and caveats. Retrograde tracers are taken up by axons and transported to the 

neuron cell body of origin and therefore the presence of the tracer rostral to the injury 

suggests evidence of regeneration (Card & Enquist, 1999). Unlike anterograde tracers 

that are often used to identify specific descending motor tracts, retrograde tracers can 

help distinguish if axons are establishing connections with long-range targets through 

multiple pathways. Further, because most connectivity following SCI is likely re-

established by the reorganization of a relay of interneurons, multi-synaptic retrograde 

tracers such as rabies viruses are considered the most effective to detect spinal 

interneurons involved in recovery (Rotto-Percelay et al., 1992; Card & Enquist, 1999; 

Bareyre et al., 2004). 

 Pseudo-rabies (PRV) is a unique retrograde tracer that is transported through 

multiple synapses in adult rats (Rotto-Percelay et al., 1992; Card & Enquist, 1999). PRV 

that is injected into a muscle such as the tibialis anterior (TA) will be retrogradely 

transported to somatic motor neurons in the spinal cord and subsequently transported to 

any cells that are synaptically connected to the labeled motor neurons. This multi-synaptic 

viral tracer can help elucidate the reorganization of circuits between a muscle and the 

brain and determine if propriospinal interneurons are involved (Rotto-Percelay et al., 

1992; Flynn et al., 2011; Han et al., 2015; Thornton et al., 2018). Obviously, there is no 

perfect tracer and PRV tracing has one drawback: PRV is also taken up by sympathetic 

neurons that innervate blood vessels in the muscle and is transported to the thoracic 

spinal cord via the sympathetic trunk and thus circumvents the injury site altogether 

(Rotto-Percelay et al., 1992; Kerman et al., 2003; Deuchars & Lall, 2015; Ueno et al., 

2018). This caveat can be addressed in several ways. The most definitive option, which 
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is not feasible in complete SCI models, is to perform a sympathectomy before PRV 

injection to sever connections between the sympathetic chain and the spinal cord 

(Daniels, Miselis, & Flanagan-Cato, 2001; Kerman et al., 2003). Alternately, using 

markers for sympathetic-associated neurons compared to those for somatic motor-

associated propriospinal interneurons in a previous study we were able to distinguish 

whether PRV was likely transported directly across the injury site or not (Thornton et al., 

2018).  

 

Challenges for assessing remyelination 

Another common therapeutic target to evaluate the efficiency of treatments for spinal cord 

injury is axon myelination. As with axon regeneration, determining whether myelin sparing 

or remyelination has occurred can be challenging. There are a few distinguishing 

characteristics of remyelinated axons, however, that can be assessed with specific 

techniques: 1) new myelin tends to be thinner than spared myelin (Ludwin & Maitland, 

1984; Powers et al., 2012, 2013), 2) the internodal distances (i.e., the length between 

nodes of Ranvier) in newly remyelinated areas are much shorter than spared myelin 

(Blakemore, 1974), and 3) the presence of peripheral myelin (i.e., myelin generated by 

SCs) is indicative of SC infiltration that would not normally occur in the spinal cord (Guest 

et al. 2005; Jasmin et al. 2000; Jasmin & OHara 2002).  

When evaluating myelinated axons, the gold standard has long been electron 

microscopy to clearly visualize the morphology of a myelin sheath wrapping around an 

axon (Stoeckenius, 1959). This method, however, can be impractical as the fixation and 
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processing parameters for quality electron microscopy cannot be easily combined with 

immunohistochemical methods (Karnovsky, 1965). Therefore, antibodies are more 

commonly used to distinguish and identify myelin markers. For example, 

immunohistochemistry for peripheral myelin protein zero (p0) can distinguish peripheral 

myelin from CNS myelin (often marked by myelin oligodendrocyte glycoprotein, MOG; 

D’Urso et al. 2018; Gardinier et al. 1992). 

When conducting an analysis of axons associated with myelin in the injury core, 

antibodies can be used to identify myelin associated glycoprotein (MAG; Sternberger et 

al., 1979). In addition, the number of mature oligodendrocytes and SCs can also be 

determined with specific markers and may indicate cell survival, migration, or 

differentiation near the site of interest (Guest et al. 2005; Jasmin et al. 2000; Powers et 

al. 2012, 2013; Stidworthy et al. 2003). A combination of these techniques can help 

distinguish whether axons found near the injury are likely myelinated or not. The overall 

presence of myelin and myelinating cells can be used to assess myelination status, but 

this fails to distinguish between the prevention of myelin loss versus the promotion of 

remyelination. 

 

Assessing treatment effects on functional recovery 

While increases in axon outgrowth and myelination at the injury site is encouraging, the 

ultimate goal of any therapy is to improve motor and sensory function. For injured 

humans, the use of their upper limbs to feed themselves, the ability to stand and take a 

few steps, or the restoration of bladder and sexual function can make a huge difference 
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in their quality of life. When it comes to pre-clinical treatment of rodent SCI models, the 

recovery of functional activity is measured by established methods to help elucidate the 

level of treatment efficacy.  

 

Observation-based behavioral tests for motor function 

Evaluating recovery of motor function in rodent models of SCI can be challenging for 

several reasons: 1) even if using the same methods, no injury is identical thus can 

produce variable behavioral results, 2) local spinal circuitry and reflexes respond to stimuli 

without requiring cortical input or re-connectivity, and 3) much of the motor behavior is 

dependent on motivation, which is difficult to simulate with rodent models (Steward & 

Willenberg, 2017). Unlike people, who follow verbal directions, having a rat perform a 

specified task requires ingenuity and some level of conditioning or training. 

The most commonly used method to analyze rodent motor recovery was 

developed by Basso, Beattie, and Bresnahan (1995), and is known as the BBB open-field 

locomotor test. The test examines rat hindlimb movement, overall coordination, and body 

posture during free exploratory behavior. Rats are scored on a 21-point scale by two 

independent observers. The lower third of the scoring matrix evaluates the range of 

movement in the hindlimb joints, which is often the maximum recovery seen in severe 

injuries such as complete transections. The middle third of the scale determines the ability 

of a rat to support its weight or take steps, while the highest scores focus on coordination 

and balance. This scoring system works well for mild injuries, but it is not as useful for 

detecting improvements in severe injury models. Furthermore, the BBB is often criticized 
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as it lacks a motivated task which negates the need for top-down cortical input to elicit 

specific behaviors (Eloy et al. 2008). 

 The main cause of paralysis after injury is the loss of information coming from brain 

and brainstem structures such as the motor cortex and raphe nucleus. Regeneration of 

connections to these specific circuits is thought to be important for recovery, and therefore 

several motivated tasks were developed to encourage animals to perform behaviors that 

recruit circuits requiring input from the brain. For example, in the ladder task, rodents are 

trained to climb across a suspended ladder and are scored based on the number of 

mistakes or misses that occur as they perform the task. This test is often used to assess 

moderate thoracic or lumbar injuries (Metz & Whishaw, 2009; Onifer et al., 2011). 

Unfortunately, many of these tasks cannot be performed with rodents that have severe 

injuries. 

After a complete transection in rats at thoracic levels T7-8, all descending motor 

pathways are severed thereby causing complete hindlimb paralysis. For complete 

transections, supported hindlimb treadmill stepping is frequently used to assess motor 

recovery (Cha et al. 2007; de Leon et al. 2011; Takeoka et al. 2011; Ziegler et al. 2011). 

The limitations of this task, however, are that local central pattern generator (CPG) circuits 

in the lumbar spinal cord are activated by the sensory feedback from paw placement on 

the treadmill surface and this activation leads to movement that may be independent of 

cortical input (Cha et al. 2007; Ichiyama et al. 2008; Lavrov et al. 2006). Climbing on an 

inclined grid, alternatively, is used to measure recovery of hindlimb function that requires 

cortical input and will be discussed further in the materials and methods section (Ramon-

Cueto et al., 2000; Ziegler et al., 2011; Thornton et al., 2018). 
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Analyses using electrophysiology after severe SCI 

Electrophysiological techniques can assess motor recovery using electrodes embedded 

in hindlimb muscles to record muscle activity while an animal is performing a behavioral 

task or receiving cortical stimulation (Steward & Willenberg, 2017). Motor evoked 

potentials (MEPs), for example, can be obtained from muscle recordings following 

electrical stimulation directly to the motor cortex. In the context of a SCI, eliciting a 

response in a hindlimb muscle below a complete transection could indicate an existing or 

regenerated connection between the lumbar spinal cord and motor cortex i.e., axon 

regeneration may have occurred (Iyer et al., 2010; Takeoka et al., 2011). The latency 

between the stimulus and the response is often longer after recovery from injury and can 

provide further evidence of regeneration through propriospinal circuit relays as signals 

would pass through multiple synaptic connections (Courtine et al. 2008; Filli & Schwab 

2015). Takeoka et al. (2011) recorded MEP responses to transcranial stimulation in the 

tibialis anterior and medial gastrocnemius 1, 4, and 7-months after injury in lightly 

anesthetized rats that received olfactory ensheathing cell (OEC) transplants and treadmill 

stepping therapy. This provided evidence that some physiological connectivity across the 

injury site was established and was further supported by the loss of this activity following 

re-transection of the spinal cord at the end of the study. 

MEPs rely heavily on artificial stimulation parameters that may not replicate actual 

physiological relevance. Therefore, understanding the electrophysiological responses in 

animals while they are awake and performing tasks is important to test if the connections 

will make a functional difference. While performing a treadmill stepping task, for example, 

the interactions and coordination between antagonistic flexor and extensor muscles in 
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both hindlimbs may help distinguish whether a movement is likely reflexive or more 

controlled and refined. Gerasimenko et al. (2007) found that electrical epidural stimulation 

(EES) paired with serotonergic agonists improved hindlimb muscle coordination and 

recovery of EMG amplitude and duration by recording bilaterally from three different 

muscles involved in stepping.  

Unfortunately, there are some drawbacks to using electrophysiological recordings. 

In long-term studies electrode placement can shift over time thereby resulting in 

recordings with high background or that are originating from incorrect muscles (Wenger 

et al., 2016). Regardless, the use of electrophysiology can provide powerful evidence of 

functional connectivity and rewiring that can be paired with anatomical findings obtained 

after a study has concluded. 

  

Therapeutic interventions: treatments that target anatomical changes associated 

with the lesion core 

There are several promising SCI therapies that directly target the pathological changes 

at the injury site, and they involve a wide variety of mechanisms. Some aim to reduce 

inhibitory factors and increase axon growth, while others decrease tissue damage and 

increase remyelination. Many approaches include the injection of specific molecules, 

matrices, cells, or a combination into or around the injury site.  
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Individual therapies target axon growth and myelination 

As mentioned above, there are several challenges to overcome to promote axon 

regeneration. These include the limited growth potential of adult neurons and the 

inhibitory CSPGs and myelin debris at the injury site associated with the glial and fibrotic 

scars. Approaches to overcoming these challenges can vary drastically even if targeting 

the same molecular mechanism. A genetic deletion of PTEN, a protein that inhibits mTOR 

signaling leading to reduced axonal growth, was shown to dramatically increase axon 

regeneration and improve functional recovery in moderate SCI rodent models (Liu et al., 

2010). Subsequent studies have employed several different methods to inhibit PTEN 

function to enhance axonal outgrowth. Experimental designs included the study of 

conditional genetic knockout mice, injection of PTEN-specific miRNAs into the spinal 

cord, administration of pharmacological inhibitors, and delivery of RNAs using exosomes 

(Song et al., 2010; Liu et al., 2012; Walker & Xu, 2014; Du et al., 2015; Goncalves et al., 

2015; Zhu et al., 2017). This provides an example by which a single mechanism for 

recovery that directly targets axons can be differentially manipulated.  

Other successful methods of improving axon growth in SCI models have involved 

1) removing inhibitory factors in the injury site, such as through delivery of chondroitinase-

ABC (Ch-ABC) to degrade CSPGs (Bradbury et al., 2002), 2) increasing growth factor 

expression, such as using viral delivery of growth factors (Alto et al., 2009), 3) providing 

more growth-permissive environments, such as injecting fibrin or alginate matrices into 

the lesion core (Prang et al., 2006; King et al., 2010), 4) increasing clearance of debris, 

such as increasing microglia phagocytic ability through drug administration, and 5) 
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promoting vascularization and reducing inflammation, such as through the delivery and 

uptake of miR-126 into cells at the injury site (Guerrero et al., 2014; Hu et al., 2015).  

Other therapies have used similar methods to promote remyelination by 

administering factors to drive oligodendrocyte differentiation and maturation such as 

Neurotrophin-3 and Sonic hedgehog (Thomas et al. 2014).  As myelin is inhibitory to 

oligodendrocyte differentiation and to axon growth, inhibitors to certain proteins in myelin 

can assist with oligodendrocyte maturation. For example, inhibitors for LINGO1 or TROY, 

proteins that respond to inhibitory Nogo associated with myelin debris, have resulted in 

significant increases in remyelination (Merkler et al. 2001; Mi et al. 2005; Sun et al. 2014).  

A caveat to these molecular approaches, however, is that they can only target a 

small number of the many mechanisms capable of promoting axonal outgrowth or 

myelination. Furthermore, many of them would require multiple manipulations or viral 

infections that would likely be impractical for human use. 

 

Cell transplantation therapies can target multiple mechanisms at once 

Transplanted cells, on the other hand, last longer in the injury site and can harness the 

benefits of several treatments in a single package. Not only can they target multiple 

mechanisms at once, but they can do so through a variety of methods. Cells can secrete 

growth factors, cytokines, miRNA-containing exosomes, extracellular matrix-modifying 

enzymes, and even phagocytose debris. As each cell type has its own combination of 

effects on the injury site, the type of transplanted cells can be chosen to provide specific 

functions. Common transplanted cell therapies include neural progenitors (NPCs), 
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mesenchymal stem cells, OPCs, SCs, OECs, and others (Harrop et al. 2012; Rosner et 

al. 2012; Silva et al. 2014).  

Some cell types, such as NPCs and OPCs, are chosen in order to replace neurons 

and oligodendrocytes, respectively, that were lost after injury. Studies found that 

transplanted NPCs differentiated into neurons that have greater axonal growth potential 

than mature spinal cord neurons and led to extensive growth and increased connectivity 

of functional circuitry (Lu et al., 2012, 2014; Medalha et al., 2014; Kumamaru et al., 2018). 

Studies that transplanted OPCs into the spinal cord have had some success, especially 

in moderate injury models where intact but denuded axons are present (Cao et al. 2005, 

2010; Erceg et al. 2010; Keirstead et al. 2005; Sun et al. 2014; Sun et al. 2013). Currently, 

OPCs derived from human induced pluripotent stem cells (iPSCs) are being optimized to 

provide a potential allogenic transplantation system for human trials (Wang et al., 2013; 

Myers et al., 2016). The safety of such transplants will be a concern, however, as NPCs 

and OPCs have high tumorigenic potentials (Casarosa et al. 2014; Thomas & Moon 

2011). 

Rather than replacing neurons and oligodendrocytes lost to injury, alternative 

transplant approaches use non-native cells that have unique properties that are beneficial 

for SCI recovery. SCs, for example, are used for transplantation due to their ability to 

promote axon growth, myelinate axons, and modify the injury site (Hill et al., 2006; 

Woodhoo et al., 2007; Zhang et al., 2013). Several studies have found functional 

improvements when SCs were transplanted into the lesion core of contused or transected 

rats (Barakat et al. 2005; Deng et al. 2015; Honmou et al. 1996; Mousavi et al. 2019). 
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OECs are also often used for transplantation for similar reasons and will be discussed 

further in the next section.  

 

OEC transplantation as a treatment for SCI 

OECs (also known as olfactory ensheathing glia, OEGs) are unique SC-like glial cells that 

originate from neural crest cells in the olfactory placode (Forni et al., 2011). OECs are 

capable of performing multiple functions including 1) secreting growth factors such as 

BDNF to stimulate axon growth, 2) ensheathing and protecting growing axons, 3) 

providing a permissive substrate and extracellular matrix for axon growth to occur, 4) 

reducing inflammation, and 5) phagocytosing debris (Chuah et al. 2011; Kocsis et al. 

2009; Roet et al. 2011; Runyan & Phelps 2009; Wang et al. 2011; Yang et al. 2013). For 

these reasons, among others, OECs are a promising treatment for SCI.  

OECs are found in two different locations in the olfactory system and there is some 

debate over the type of OECs that should be used for transplantation (Ekberg & St John 

2015; Guérout et al. 2010; Novikova et al. 2011). CNS olfactory bulb-derived OECs are 

often chosen for their ability to interact with astrocytes and integrate well into the spinal 

cord, however, isolation of these OECs requires invasive surgeries to remove the 

olfactory bulb (Chuah, Hale, & West 2011; Higginson & Barnett 2011; Khankan et al. 

2015; Ramón-Cueto and Nieto-Sampedro 1992; Ramon-Cueto & Avila 1998; Roet et al. 

2011). Conversely, PNS mucosal lamina propria-derived OECs are more easily 

accessible but are often transplanted without purification and tend to produce less robust 

effects on recovery (Au & Roskams, 2003; Lu et al., 2006; Centenaro et al., 2011, 2013; 
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Dlouhy et al., 2014; Stepanova et al., 2018). Our lab has always used olfactory bulb-

derived OECs due to their important ability to interact with astrocytes, and therefore we 

will focus on studies that have used these OECs for SCI treatment. 

Functional recovery following OEC transplantation has been achieved in multiple 

models of SCI including after complete transections. As mentioned above, OEC 

transplantations combined with step training were able to re-establish functional 

connections in long-term transection models (Takeoka et al., 2011; Ziegler et al., 2011). 

Further studies found that OEC transplantation has improved performance on grid 

climbing, the BBB test, sensory tests, and other behavioral tasks (Keyvan-Fouladi et al.,  

2003; Kubasak et al. 2010; Pearse et al. 2007; Ramon-Cueto et al. 2000; Takeoka et al. 

2012; Ziegler et al. 2011). Autologous olfactory bulb-derived OECs have even resulted in 

successful functional recovery in a single human patient (Tabakow et al., 2014).  

 

OECs can influence the injury site after SCI 

Recovery resulting from OEC transplantation is likely due to multiple mechanisms related 

to the promotion of axonal outgrowth and tissue sparing. In the Phelps and Edgerton labs 

alone, in vitro and in vivo studies showed that OECs increase axon outgrowth through 

secretion of BDNF and their association with astrocytes, 5-HT axonal outgrowth into the 

injury core, and removal of myelin debris, and decrease CSPGs in the injury site and 

immune cell infiltration into the spinal stumps (Khankan et al. 2016; Khankan et al. 2015; 

Runyan & Phelps 2009).  
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OECs also affect myelination after transplantation, although their role in the 

process is not well understood. While OECs do not produce myelin in their native 

environment, several studies suggest that under certain conditions they produce SC-like 

myelin and can express peripheral myelin proteins in vitro (Babiarz et al., 2011; Plant et 

al., 2018) and after transplantation (Akiyama et al., 2004; Sasaki et al., 2006, 2011, 2013). 

The effects of OECs on endogenous myelinating cells also are not well known; OECs and 

OEC-conditioned media can increase OPC differentiation in vitro and are proposed to 

work synergistically with endogenous, infiltrating SCs (Au et al., 2007; Lamond & Barnett, 

2013; Carvalho et al., 2014). OEC interactions with oligodendrocytes and OPC post-

transplantation and their direct effects on endogenous infiltrating SCs, however, remain 

uncertain. 

 

OEC transplant survival 

There are only a few studies in the OEC field that have determined OEC transplant 

survival after injury, with some reporting massive cell death within a few weeks and others 

reporting survival up to 4 months (Lu et al., 2006; Roet, Eggers, & Verhaagen, 2012; 

Barbour et al., 2013a). In our previous studies, we could not determine OEC survival as 

there are no unique markers for OECs to distinguish them from other glial cells. In a short-

term experiment, Khankan et al. (2016) transplanted GFP-expressing OECs or fibroblasts 

(FBs) control cells following complete transection in outbred Sprague-Dawley rats in order 

to clearly determine if the cells could survive for at least 2 months. This study found that 

GFP-OECs survived for 4 weeks but died by 8 weeks post-injury. Cell survival, however, 
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was extended to 8 weeks with the administration of the immune suppression drug 

cyclosporine. Differences in injury site morphology, axon sparing, and injury site 

permissiveness between OEC- and FB-transplanted spinal rats that did not receive 

cyclosporine were most significant between 1-4 weeks post-injury. Similarly, in our most 

recent study that combined EES and climb training with OEC or FB transplantation in 

Sprague-Dawley spinal rats, no surviving cells were detected and no significant 

differences in functional recovery were found between the groups at 7 months post-injury 

(Thornton et al., 2018). These findings suggest that long-term survival of the transplanted 

cells is critical in order to maximize the effects of OECs. A few studies reported long-term 

OEC or neural stem cells transplant survival using different surgical techniques in an 

inbred rat model (Fischer 344), which inspired changes to the methods used in the current 

study in order to augment transplant survival (Plant et al., 2003; Lu et al., 2006, 2012). 

 

OEC versus SC transplantation 

OECs most closely resemble non-myelinating SCs in how they 1) wrap around axons, 2) 

have similar gene expression profiles, and 3) are derived from neural crest lineages 

(Thompson et al., 2000; Wewetzer et al., 2002; Omar et al., 2013; Ulrich et al., 2014). 

Even their effects on axon growth and functional recovery after SCI are comparable. 

Many SCI studies have directly compared OEC and SC transplantation with mixed results 

regarding which therapy is preferable; some concluded that SCs may be better, others 

favor OECs, and yet others suggest that a mix of the two are best for SCI recovery 

(Akiyama et al., 2004; Lu et al., 2006; Andrews & Stelzner, 2007; Sorensen et al., 2008; 
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Techangamsuwan et al., 2009; S. Zhang et al., 2011; Lamond & Barnett, 2013; Barton et 

al., 2017; Carwardine et al., 2017).  

Importantly, the preparation of OECs in these studies varied. When examined 

carefully, most comparisons between peripheral nerve SCs and OECs from the nasal 

lamina propria find there is not much difference. Olfactory bulb-derived OECs , however 

often produce more significant recovery and axon growth (Novikova et al., 2011; Ekberg 

& St John, 2015). This is believed to be, in part, due to the ability of olfactory bulb-derived 

OECs to migrate within the spinal cord tissue and better integrate with astrocytes and due 

to the differential expression of growth-promoting factors (Franssen et al. 2008; Kocsis et 

al. 2009; Lakatos et al. 2000, 2003; Lamond & Barnett 2013; Lankford et al. 2008; Omar 

et al. 2013). 

 

Combining injury site-specific treatments 

Many recent studies have used a combination of injury site-directed treatments. For 

example: 1) Lu et al. (2012) transplanted embryonic NPCs in a fibrin matrix containing 

multiple growth factors and saw a large increase in cell survival, differentiation, and 

connectivity with moderate functional improvement, 2) Wilkins et al. (2003) and Cao et al. 

(2005, 2010) studied OPCs that were genetically modified to overexpress glial-derived 

neurotrophic factor (GDNF), NT3 and other growth factors resulted in increased axon 

myelination, and 3) Carwardine et al. (2017) transplanted OECs overexpressing Ch-ABC 

and showed decreased CSPG levels and increased axon sprouting when transplanted in 
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a canine SCI model. In addition, combinations of cells, such as OECs and SCs, have 

been transplanted together (Zhang et al., 2017).  

Because of the complexity of the injury site it is perhaps not surprising that these 

combinatorial approaches are able to further improve effects on recovery. Unfortunately, 

such combinatorial treatments may not alter the injury site enough to produce the larger 

goals of functional recovery. In addition to these therapies, targeting other areas affected 

by SCI at the same time may further increase these benefits. 

 

Therapeutic interventions: treatments that do not target the injury site directly 

Many of the injury-site targeting treatments require highly invasive surgical procedures 

especially in comparison to safer therapies such as rehabilitation training or functional 

electrical stimulation. Therefore, it is important to consider alternative treatments that may 

result in functional recovery that have moderate or indirect effects on the injury site. 

 

The importance of rehabilitation and training 

Rehabilitative training and motor tasks are common following a human SCI, and include 

activities that target stepping, balance, trunk stability, grasping, or reaching. In rodents, 

some of the tasks that are used to assess functional recovery are similar, such as 

treadmill stepping, standing, or climbing (Fouad & Tetzlaff, 2012; Burns et al., 2017). 

Studies have reported that something as simple as intermittent stretching in rats with SCI 

can result in marked improvement in behavioral outcomes (Caudle et al., 2015). 
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Interestingly, other studies found that rehabilitative training can have an influence not only 

in circuit reorganization and strengthening but can also modify the anatomy of the injury 

site (Cote & Gossard 2004; Leblond et al. 2008). Additionally, training and exercise is 

able to increase the expression of growth factors such as BDNF and increase inhibitors 

of PTEN, thereby leading to increased axon growth and sprouting (Al-majed et al. 2000a; 

Liu et al. 2012; Vaynman & Gomez-Pinilla 2005).  

 

Electrical stimulation therapies 

New advances in electrical stimulation therapy have provided a minimally invasive 

therapeutic option that can be added to rehabilitative training to enhance functional 

improvement. Because several studies reported that electrical activity in developing 

neurons helps increase neuronal survival, axon outgrowth, synaptogenesis, and axon 

myelination, it follows that electrical stimulation may be useful for the recovery of 

damaged neurons (Mennerick & Zorumski, 2000; Grumbles et al., 2013; Fields, 2015). In 

studies using direct electrical stimulation of severed peripheral nerves, for example, the 

injured motor neurons had increased levels of growth factors like BDNF. Such electrical 

stimulation-induced increases in growth factors were shown to lead to recovery of cell 

survival and axon outgrowth and myelination. This is believed to occur partly due to 

BDNF-mediated activation of the cyclic-AMP pathway (Al-majed et al. 2000a; Al-majed et 

al. 2000b).  

A common target of electrical stimulation for SCI is the spinal cord itself. Electrical 

epidural stimulation (EES) is one of the most promising treatment methods to enhance 
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functional recovery both in human and rodent SCI after injury. Extensive studies 

conducted by the Edgerton lab at UCLA found that EES of the lumbosacral spinal cord 

can induce coordinated muscle activity and recovery of stepping and/or standing ability 

following severe SCI in humans and rodents; this effect was greatly enhanced when 

locomotor training was performed together with EES (Edgerton et al. 2015; Gad et al. 

2013; Gerasimenko et al. 2007; Ichiyama et al. 2005, 2008; Lavrov et al. 2006, 2008; 

Shah et al. 2016). Pharmacological agents such as 5-HT agonists were also found to 

enhance stepping performance and EMG activity when paired with EES (Courtine et al. 

2009; Gerasimenko et al. 2007; Ghosh & Pearse 2015; Lavrov et al. 2008). Evidence 

showed that such improvements likely occur through activation and reorganization of the 

lumbosacral central pattern generator circuits, potentially through sensory propriospinal 

input refinement (Courtine et al. 2008, 2009; Lavrov et al. 2006; Lavrov et al. 2008; Shah 

et al. 2016; Tillakaratne et al. 2014). Although EES can induce plasticity of neuronal 

circuitry, the cellular and molecular mechanisms of this circuit reorganization and its 

effects on the injury site remain unclear. 

 

Combining stimulation and other therapeutic approaches 

The steps towards combinatorial approaches also include rehabilitative training and 

electrical stimulation with other injury-site directed treatments. For example, treadmill 

training was used successfully with the delivery of Ch-ABC into the injury site, and 

functional recovery was seen when OEC transplantation was combined with regular step 

training in rodent SCI models (Lakatos et al. 2003). Administration of neuromodulating 
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drugs such as serotonergic agonists in conjunction with EES and treadmill training 

improved motor outcomes in rodent SCI (Gerasimenko et al., 2007; Alam et al., 2017). 

These studies together provide a foundation for continuing the exploration of 

combinatorial treatments targeting different aspects of SCI.  

 

 

The current study proposes to combine the transplantation of olfactory ensheathing cells 

within a fibrin matrix with long-term, consistent electrical epidural stimulation and climb 

training as a treatment for severe spinal cord injury in rats. 
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RESEARCH PROJECT AIMS 

 

Aim 1: Compare the behavioral effects of long-term treatment with electrical epidural 

stimulation (EES) and climb training combined with olfactory ensheathing cell (OEC) 

versus control transplants following severe spinal cord injury.  

Hypothesis 1.1: OEC-transplanted spinal rats will perform better on non-biased, 

score-based behavioral tests including the BBB open-field locomotor test and an 

adapted climbing BBB, than media or fibroblast (FB) controls 5-6 months after injury. 

Hypothesis 1.2: OEC-transplanted rats will show more incidences of push-offs 

and increased coordination of EMG activity in the tibialis and soleus hindlimb muscles 

while climbing than control rats.   

 

Aim 2: Determine OEC and FB long-term cell survival and whether OEC transplantation 

combined with EES and climb training improved injury site parameters related to axon 

regeneration compared to controls.  

Hypothesis 2.1: The use of inbred rats and delayed transplantation techniques 

will facilitate OEC and FB cell survival throughout the 5-6-month experiments and 

surviving OECs will create bridges across the injury site and associate with axons in 

both the injury site and spinal stumps. 

Hypothesis 2.2: The injury sites from OEC-transplanted rats will have a higher 

volume of spared tissue and neuron survival near the injury site than controls. 
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Hypothesis 2.3: OEC-transplanted rats will have more serotonergic axons near or 

crossing the injury, axons on glial bridges, and evidence of pseudorabies virus (PRV) 

labeled neurons immediately rostral to the injury site than control rats. 

 

Aim 3: Determine the long-term effects of EES and climb training combined with OECs 

or controls on myelin found in and around the injury site.  

Hypothesis 3.1: Spinal rats that received OEC transplants will have a higher 

percentage of myelin-associated axons in and around the injury site compared to 

controls. 

Hypothesis 3.2: OEC-treated rats will have greater numbers of oligodendrocytes 

and Schwann cells (SCs) in the lesion core and spinal stumps than controls.  

Hypothesis 3.3: Surviving OECs will closely interact with SCs and 

oligodendrocytes and subsets of OECs will express SC- and OEC-specific markers.  
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CHAPTER 2. MATERIALS AND METHODS 

Animals 

All experiments were approved by the Chancellor’s Animal Research Committee at 

UCLA. Wild type (Charles River, SAS-FISCH) and transgenic green fluorescent protein 

(GFP)-expressing (RRRC P40OD011062, University of Missouri) Fischer 344 rats were 

housed in pairs or in isolation with access to food and water ad libitum under standard 

housing conditions. Forty wild-type Fischer 344 rats (9-11 weeks old) received four 

surgeries: 1) electrode implantation, 2) a complete transection at the mid-thoracic level, 

3) cell or media transplantation, and 4) injection of PRV in two hindlimbs. After transection, 

their bladders were expressed 3x/day for two weeks and then at least twice/day until the 

end of the study. The rats were perfused 5.5-6.5 months after injury with periodate-lysine-

4% paraformaldehyde (4% PLP). Olfactory bulb-derived OEC and dermal fibroblast (FB) 

cultures were isolated from GFP-expressing Fischer 344 rats (8-10 weeks old). 

 

Primary Cultures 

Olfactory bulb-derived OECs were isolated and cultured from 8-10 week old GFP-

expressing Fischer 344 rats and then immunopurified as described in Khankan et al. 

(2016) and Ramon-Cueto et al. (2000). Two rats for each primary culture received a lethal 

dose of ketamine and xylazine followed by removal of the olfactory bulbs. The meninges, 

white matter, and blood vessels were removed from the bulbs and the first two layers 

were isolated. The tissue was then dissociated with 0.1% trypsin (Life Technologies 

#1509046) and 0.01% DNase (Sigma #10-104-159-001). Cells were then plated on a 
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flask containing 25 µg/mL poly-L-lysine (Sigma #P9155) and cultured for 5-7 days. Cells 

were then immunopurified with an antibody against p75-nerve growth factor receptor 

(p75, 1:5, mouse, Hybridoma line 192) and cultured for 5-7 more days in the presence of 

2 µM bovine pituitary extract (Gibco #13028) and 20 µg/ml forskolin (Sigma #F6886) 

before transplantation. 

Skin dermal FBs were isolated from rats used for OEC cultures and used as the 

cellular control group (cohort F2). Skin biopsies were obtained after shaving the abdomen 

of a euthanized rat and the dermal layers were isolated and dissociated (Takashima, 

1998; Khankan et al., 2016). Cells were passaged 1-2 times over the course of 12-14 

days in vitro before transplantation. 

 

Implantation of head-plug, epidural stimulation electrodes, and EMG electrodes 

All surgeries were conducted under sterile conditions with rats under heavy anesthesia 

(1-2.5% isoflurane gas). The methods for implantation of the head-plug and the 

stimulating and recording electrodes are identical to those described in Thornton et al. 

(2018). Briefly, the skull was exposed by a midline incision and two stainless steel screws 

were embedded into the skull to contact the dura mater. A head-plug (Amphenol) 

connected to Teflon-coated wire electrodes (Cooner Wire #AS632) was then secured with 

dental cement and the wire electrodes were passed under the skin. Rats received partial 

laminectomies at spinal levels L2 and S1 and stimulating electrodes connected to the 

head-plug were secured along the epidural surface of the spinal cord (Ichiyama et al., 

2005; Iyer et al., 2010). For EMG electrode placement, the soleus and tibialis anterior 
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(TA) muscles were exposed bilaterally. Two electrodes were embedded into each muscle 

and proper placement was verified by eliciting contraction following stimulation (Gad et 

al., 2013). Finally, a ground wire was placed subcutaneously, and the skin was sutured 

followed by disinfection with betadine. Rats were administered fluids and pain medication 

before recovering in an incubator. Rats received pain medication and antibiotics for 5 

additional days under close supervision. 

 

Complete transection 

Three weeks after electrode implants, the rats received a transection surgery. The 

method of transection differed for the two cohorts in this study: for cohort F1, we used a 

microaspiration method and for cohort F2, a microscissor cut method. 

Microaspiration method: Rats from cohort F1 received a transection performed 

similar to the method used in Lu et al. (2012). Briefly, a partial laminectomy was performed 

at spinal level T7-T9 and a small incision was made in the dorsal dura, leaving the rest of 

the dura mater intact. Scissors were inserted through the hole and the spinal cord was 

cut at two sites spaced 1 mm apart. Afterwards, a sterile glass pipette tip connected to a 

surgical vacuum hose was inserted through the incision in the dura and a 1 mm section 

of spinal cord tissue was removed. The surgeon carefully scraped with a probe to sever 

any remaining axons. The dura was then closed with a suture and Gelfilm (Pfizer 

Injectables #9-0283-01). 

Microscissor cut method: The method used for cohort F2 was identical to that used 

in Takeoka et al. (2011), Khankan et al. (2016), and Thornton et al. (2018). A partial 
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laminectomy was performed at spinal level T7-T9 and the dura was cut longitudinally and 

laterally to expose a large section of the dorsal spinal cord. Micro-scissors were then used 

to completely cut the spinal cord at a single site while leaving most of the ventral, but not 

dorsal, dura intact. The surgeon separated and lifted the rostral and caudal stumps and 

scraped the surface of the dura with a probe to sever any remaining axons. The dura was 

then sutured and gelfilm was placed between the dura and overlying tissue.  

Following both transection methods, a stainless-steel bar was attached to the 

spinous processes at levels T7 and T13 as in Takeoka et al. ( 2011). The skin was then 

sutured and sterilized with betadine. Rats were administered fluids and pain medications 

and recovered in an incubator. Spinal rats had their bladders expressed 2-3 times/day for 

the remainder of the study (5.5-6.5 months). Once a week, rats were weighed, and their 

urine was tested using Multistix 10 SG reagent strips (Siemens) to monitor for bladder 

infection or kidney dysfunction. 

 

Cell Transplantation 

Two weeks after spinal cord transection, the same T7-T9 spinal cord levels were exposed 

and new incisions were made in the dura. Purified OECs or FBs were dissociated from 

the culture flasks and re-suspended at a concentration of 100,000 cells/µl in serum-free 

Dulbecco’s Modified Eagle Media (DMEM, Life Technologies #11995-065) containing 

calpain inhibitor (MDL28170, 50 mM, Sigma #M6690) for spinal stump injections. For 

lesion core injections, cells (50,000 cells/µl) were suspended separately in fibrinogen (25 

mg/ml, Sigma # F6755) and thrombin (25 U/ml, Sigma #T5772) containing calpain 
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inhibitor (Lu et al., 2012). Fibrinogen and thrombin containing ~200,000 total cells were 

injected into the center of the lesion core. Approximately 300,000 total cells suspended 

in DMEM were injected 1 mm rostral and caudal to the injury site at 4 depths as described 

in Ramon-Cueto et al. (2000). Media controls received injections of DMEM in fibrinogen 

and thrombin with calpain inhibitor into the lesion core and DMEM containing calpain 

inhibitor into the stumps. 

 

Climb training and stimulation 

Prior to surgeries, rats were trained to climb an inclined 1-inch grid at 60- and 90-degree 

angles onto a covered plexiglass platform (A. Ramón-Cueto et al., 2000; Ziegler et al., 

2011; Thornton et al., 2018). Rats were trained and tested on the apparatus during our 

light-cycle. Starting 1-month post-transection, rats were further trained at a 60-degree 

incline for 20 mins, 3 times/week, for 4-5 months, while receiving 40 Hz EES. Stimulation 

was administered at a voltage rate that was sub-threshold, i.e. 95% of palpable muscle 

response (Thornton et al., 2018). EES was paired with climb training, rather than treadmill 

stepping as used in previous studies, for three reasons: 1) EES effects on treadmill 

stepping is believed to be a result of local spinal circuit activation and reorganization 

based on proprioceptive feedback rather than connectivity with cortical circuits (Cote & 

Gossard, 2004), 2) climb training is used as a motivated task that encourages the 

recruitment of cortical motor circuits (Ramón-Cueto et al., 2000), and 3) we found that 

climb training combined with OEC-transplantation had beneficial effects on recovery in a 
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previous study  (Ziegler et al., 2011). Rats received food rewards when they climbed onto 

the top of the platform. They also were trained in pairs for additional social motivation. 

Behavioral tests 

BBB open-field locomotor test: The Basso, Beattie, and Bresnahan (BBB) open-field 

locomotor test is widely used to assess functional recovery after rodent SCI (Basso et al., 

1995). For our study, BBB tests were administered beginning at 1-month post-injury and 

were conducted either monthly or bi-monthly for 4-5 months. Briefly, rats were allowed to 

explore a large enclosed area for 4 minutes. During exploratory behavior, two 

independent observers scored hindlimb movements, body posture, stepping ability, and 

coordination according to the 21-point scale.  

Grid climbing tests: Rats were tested pre-injury on the climbing apparatus at 60- 

and 90-degree inclines. Starting at 1-month post-injury, rats were tested either monthly 

or bi-monthly on both 60- and 90-degree inclines, either with or without EES. Rats were 

given three trials for each of the 4 test conditions. Trials began with placement on the grid 

by the handler and ended when the rat’s body was positioned fully on the platform. The 

amount of time spent on the grid varied between trials. Video and hindlimb EMG activity 

were recorded during each test and synchronized for analyses (Thornton et al., 2018). 

 

Traditional climbing analyses 

Videos obtained during climbing tests were reviewed by two separate observers to assess 

hindlimb function while performing the task. Observers counted the number of “pushoffs” 
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that occurred when a rat placed its hindpaw on a grid rung and then “pushed off” of the 

rung with clear ankle extension, as described (Ziegler et al., 2011). The rat did not have 

to complete the step for a pushoff to be counted, however a pushoff was discounted if it 

appeared uncontrolled or spastic. Each pushoff was confirmed by a third observer. 

Pushoff numbers were averaged between groups (OEC, Media, or FB) and were 

compared across three time-points (0, 2, and 5 or 6 months) either with or without EES 

for both angles (60- or 90-degrees).  

Videos were synchronized with EMG recordings and the EMG activity 

corresponding to the video frames for each pushoff was analyzed. Peak, mean, and 

integral amplitudes of the soleus and TA muscles of both ipsi- and contralateral hindlimbs 

were normalized to pre-injury levels and were compared between each condition.  

 

Climbing-adapted BBB development 

We developed a novel analysis for the climbing test to provide a more in-depth 

quantification of rodent climbing ability. Because climbing requires complex movements 

and coordination beyond the ability to push off a grid, we adapted features from the BBB 

and horizontal ladder task, and added other climbing-specific features to assess five 

different categories of climbing ability (Basso et al., 1995; Metz & Whishaw, 2009). This 

climbing-adapted BBB scoring system (cBBB) went through several iterations to establish 

reliable criteria to assess 1) rodent hindlimb movement, 2) paw placement on grid rungs, 

3) weight-bearing ability, 4) pushoffs and step completion, and 5) body coordination and 

posture, primarily of the trunk and tail. Rats were scored by 2-3 independent observers 
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on a 33-point scale. The scoring sheet for the cBBB is shown in the results section and 

the evaluation guide is in the appendix. 

 

PRV Injections and perfusion 

After the completion of the behavioral tests (at 5.5- or 6.5-months post-injury), GFP- and 

RFP-expressing pseudorabies virus (PRV) was used to trace hindlimb connectivity across 

the injury site in the experimental rats. PRV surgeries were conducted in a BSL-2 

biosafety cabinet as described in Thornton et al. (2018). Briefly, rats were deeply 

anesthetized with isoflurane and an incision was made to expose the muscles of one 

hindlimb. RFP-expressing PRV was injected into the soleus (4 injections of 2.5 µL of 

Bartha-614, 9.05 X 10^8 pfu/mL) using a 30-gauge stainless steel needle. The needle 

was left in place for 2 minutes to prevent backflow, and then the muscle and skin were 

sutured. The process was repeated on the other hindlimb, however, the contralateral TA 

received injections of GFP-expressing PRV (8 injections of 2.5 µL of Bartha-152, 1.21 X 

10^9 pfu/mL). The sides of injections varied for each rat. Rats were perfused in the 

biosafety cabinet 4 days post-PRV injection. 

 

Tissue preparation 

Rats were deeply anesthetized with intraperitoneal injections of ketamine (90 mg/kg) and 

xylazine (10 mg/kg) and perfused intracardially with 4% PLP. Tissue was post-fixed in 4% 

PLP for 3 hours. Dissected spinal cords were cryoprotected in a 30% sucrose solution for 
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2-3 days. Spinal cords were blocked and embedded in OCT (Fisher #4585) and stored at 

-80°C. Spinal cord injury sites were sectioned sagittally (25 µm thick) on the cryostat and 

slide-mounted in series. Each slide contained 5-6 sections 400 µm apart for a total of 16 

slides. This provided comparable samples between rats for analyses. 

 

Immunohistochemical procedures 

To evaluate the injury site, slides containing every 16th section were labeled using 

immunohistochemistry for 3-4 antigens per slide. Briefly, slides were washed in buffer 

(0.1% Tris-buffer with 1.4% sodium chloride and 0.1% bovine serum albumin, TBS-BSA, 

pH 7.4) and permeabilized with a 0.1 - 0.5% Triton-X in TBS-BSA solution for 10-15 mins. 

Slides were incubated in blocking solution (0.05 – 0.1% Triton-X in TBS-BSA) with 5% 

normal donkey serum (NDS, Jackson ImmunoResearch Laboratories, #017-000-121) for 

1-1.5 hrs and then incubated with primary antibody diluted in blocking solution for 16-24 

hours (unless noted). Primary antibodies, their sources, concentrations, and variable 

incubation times are listed in Table 1. Sections were then washed in buffer and incubated 

in blocking solution containing species-specific fluorescent secondary antibodies (Table 

2). For some analyses, sections were counterstained to identify the nuclei with Hoechst 

dye (Bis-benzimide, 1:500 Sigma-Aldrich #B2261). Sections were washed briefly with 

70% ethanol and incubated in 1X TrueBlack (Biotium, #23007) in 70% ethanol for 45-85 

seconds, rinsed in TBS-BSA, and then coverslipped in either Fluorogel (Electron 

Microscopy Sciences #17985-10) or EverBrite (Biotium #23001) mounting media. 
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Injury site analyses  

After immunolabeling, slides were imaged on an Olympus AX70 microscope with an 

AxioCam HRcRv.2 or on a Zeiss LSM 780 confocal microscope system using ZEN 

software (Zeiss). Images were analyzed using Neurolucida and Neurolucida Explorer 

(v10, MicrobrightField) and were pseudocolored, organized, and edited in Adobe 

Photoshop.  

Spared tissue volume and transplant survival: Tissue analysis was performed on 

spinal cord sections of the injury site labeled for the astrocytic scar border (glial fibrillary 

acidic protein, GFAP, and aquaporin-4), the fibrotic lesion core, (fibronectin, FN), and 

GFP-positive transplanted cells (OECs or FBs). Images of 5-6 sections on one slide per 

rat were arranged in Adobe Photoshop. Total spinal cord tissue area was traced using 

the Neurolucida contours tool between 5000 µm rostral and 5000 µm caudal to the lesion 

epicenter. Lesion core and cyst areas were also traced. Tracings were aligned to create 

a 3-D reconstruction in order to estimate volume measurements as described in Thornton 

et al. (2018). The lesion and cyst volumes were subtracted from the total cord volume 

and are reported as a percent of the total cord volume.  

Neuron cell counting:  Spinal cord sections of the injury site were immunolabeled 

to identify neurons using an antibody for Fox-3 (NeuN, a label for most neurons), the glial 

scar border (GFAP), transplanted OECs or FBs (GFP), and PRV-positive cells. The area 

of the spinal stumps was determined by tracing the GFAP area 1000 µm rostral and 

caudal to the injury core (excluding cyst area). The number of NeuN-positive cells were 

counted within this area and are reported as a ratio of the number of cells to the area 
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measured (Khankan et al., 2016). The distance of the closest neurons to the rostral and 

caudal scar borders and to the lesion epicenter were also measured for each rat. 

Axons and myelin: Serotonergic axons were immunolabeled for serotonin (5HT), 

transplanted cells were labeled for GFP, and the lesion core was outlined using GFAP to 

delineate the scar border. The area of 5HT-positive axons in the lesion core was 

normalized by the number of sections analyzed for each rat (Khankan et al., 2016). On a 

separate slide, antibodies for axonal neurofilament (NF200, NF), myelin associated 

glycoprotein (MAG), GFP, and GFAP were used to identify axons, myelin, transplanted 

OECs and FBs, and the glial scar border, respectively. To determine the amount of axonal 

overlap with myelin and transplanted cells, the area of NF-positive axons in the lesion 

core was traced and grouped into four categories: 1) NF-positive only, 2) NF- and MAG- 

positive, 3) NF- and GFP-positive, and 4) NF-, MAG-, and GFP-positive areas. Areas of 

NF-labeled axons that clearly originated from dorsal or ventral roots were excluded. The 

lesion core and transplanted cell areas also were measured, and the data is represented 

as either a percent of the total lesion core area, cell transplant area, or total NF-positive 

area. 

SCs and OECs in the lesion core: Non-myelinating and myelinating SCs were 

identified with p75 or peripheral myelin protein zero (p0), respectively. The lesion core 

was outlined using GFAP and the area of GFP-positive cells in the lesion core was 

determined. The p75- and p0-positive areas were traced in the lesion core, as well as the 

p75 and p0 overlap with GFP-positive cells. The data is represented as a percent of the 

total lesion core area or GFP-positive cell area. 
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OPC and oligodendrocyte counting: The GFAP-positive spinal cord area within 500 

µm of the injury epicenter and the GFAP-negative lesion core area was determined. 

Slides were also immunolabeled with an antibody for adenomatous polyposis coli (APC 

i.e. the CC-1 antigen) to identify oligodendrocytes and glutathione-S-transferase-pi 

(GSTpi) to identify oligodendrocyte progenitor cells (OPCs) and counterstained with 

Hoescht. Three categories of Hoescht-positive cells were counted within the spinal cord 

and lesion core areas: 1) CC1-positive mature oligodendrocytes, 2) CC1- and GSTpi-

double positive immature oligodendrocytes, and 3) nuclear GSTpi-positive OPCs. Cell 

counts were normalized to spared spinal cord tissue. 

 

Statistics for Behavioral Analyses 

BBB, cBBB, and pushoff behavioral analyses were compared separately for the two 

cohorts of rats used in this study. For each, comparisons were made across 3-5 

timepoints (1-5 months, 1, 2, 4, and 6 months, or 0, 2, and 5 or 6 months post-injury) and 

2 groups (OECs and media or FBs), and for the climbing tests, they were also compared 

across 2 stimulation conditions (with and without epidural stimulation) and 2 grid angle 

climbing conditions (60- and 90-degree inclines). The means of each condition were 

compared using a parametric repeated measure (mixed) model to account for the multiple 

data points for each rat. A Shapiro-Wilks test and normal quantile plots were determined 

to confirm that errors followed a normal distribution as described in Thornton et al. (2018).  
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Statistics for Anatomical Analyses 

For injury site analyses, both cohorts had small sample sizes thereby requiring the use of 

re-sampling techniques to conduct statistical comparisons. Using a non-parametric 

bootstrap estimation program in R (3.2.2; R Cor Team 2015), the null hypothesis was 

simulated 10,000 times to reduce assumptions regarding data distribution. The group 

means and effect sizes were compared to the bootstrapped confidence intervals to 

generate p-values as in Thornton et al. (2018). 
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Table 1: List of primary antibodies 

Antigen Species Company Catalog # Dilution 

Green fluorescent protein  
(GFP) 

Chicken Aves Lab GFP-1020 1000 

Glial fibrillary acidic protein  
(GFAP) 

Mouse 
Rabbit 
Goat 

BD Biosciences 
Dako 
Sigma-Aldrich 

556327 
Z0334 
SAB2500462 

1000 
10000 
1000 

Fibronectin  
(FN) 

Mouse BD Biosciences 5338748 200 

NeuN 
(neuron cell bodies; Fox-3) 

Mouse Millipore MAB377 1000 

Myelin-associated glycoprotein  
(MAG) 

Mouse Millipore MAB1567 1000 

Nerve growth factor receptor  
(p75) 

Mouse  Clone 192 20 

APC  
(oligodendrocytes; CC1) 

Mouse Calbiochem OP80 
250 
(3 days) 

Aquaporin-4  
(Aqp-4)  

Rabbit Sigma-Aldrich A5971 1000 

Neurofilament-200  
(NF)  

Rabbit Millipore AB1989 1000 

Peripheral myelin marker zero  
(p0)  

Rabbit Millipore ABN363 1000 

Glutathione transferase-pi  
(GST-pi)  

Rabbit Enzo 
ADI-MSA-
102E 

1000 

Serotonin  
(5HT)  

Goat Immunostar 20079 5000 
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Table 2: List of Secondary Antibodies 

Antigen Conjugate Species Company Catalog # Dilution 

Chicken 488 Donkey 
Jackson ImmunoResearch 
Laboratories 

703-545-155 500 

Goat 405 Donkey 
Jackson ImmunoResearch 
Laboratories 

705-475-003 250 

Goat 488 Donkey 
Jackson ImmunoResearch 
Laboratories 

705-545-003 500 

Goat Cy3 Donkey 
Jackson ImmunoResearch 
Laboratories 

705-165-003 500 

Goat 647 Donkey 
Jackson ImmunoResearch 
Laboratories 

705-605-147 200 

Mouse 405 Donkey 
Jackson ImmunoResearch 
Laboratories 

715-475-151 250 

Mouse 555 Donkey Life Technologies A31570 500 

Mouse 647 Donkey 
Jackson ImmunoResearch 
Laboratories 

715-605-150 200 

Rabbit 555 Donkey Life Technologies A31572 500 

Rabbit 647 Donkey 
Jackson ImmunoResearch 
Laboratories 

711-605-152 200 
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CHAPTER 3. RESULTS 

Experimental timeline and design 

The experimental design and timeline are outlined in Fig. 1A-B. To address the aims of 

this study, Fischer 344 rats were first trained to climb an inclined grid before undergoing 

four separate surgeries which are detailed in the methods section. The initial surgery 

implanted EES electrodes between lumbosacral levels L2 and S1, EMG recording 

electrodes bilaterally into the TA and soleus muscles, a transcranial stimulator, and a 

headplug. Three weeks later, pre-injury behavioral tests were conducted to obtain 

baseline recordings. Rats then received a transection injury at thoracic level T8/T9. Two 

weeks later, spinal rats received transplant injections of OECs, media, or FBs with a 

calpain inhibitor into the spinal stumps and into the lesion core within a fibrin matrix. 

Following two weeks of recovery, rats began climb training while receiving sub-threshold 

(95%) EES for 20 min/day, 3x/week. Behavioral tests were performed monthly or 

bimonthly. At ~5.5-6.5 months post-injury, spinal rats received injections of RFP-

expressing pseudorabies virus (PRV) into one tibialis anterior (TA) and GFP-expressing 

PRV into the contralateral soleus. Rats were perfused 4 days after the PRV injections. 

This study includes the analyses of two slightly different cohorts of Fischer 344 rats 

referred to as Fischer cohort 1 (F1), and Fischer cohort 2 (F2). The experimental design 

and timeline are parallel for both cohorts, except for the variables listed below (Fig. 1B):  

1) Method of transection: For the F1 cohort, we used a microaspiration injury method 

to reduce damage to the dura mater and therefore increase the likelihood of cell transplant 

survival (Lu et al., 2012). This method resulted in several rats with incomplete injuries. To 
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ensure more complete transections for the F2 cohort we returned to a microscissor cut 

transection method used previously by our lab (Takeoka et al., 2011; Khankan et al., 

2016; Thornton et al., 2018).  

2) Control transplants: Experimental spinal rats for both cohorts received OEC 

transplant and media injections were used as the control for the F1 cohort. FB transplants 

as a cellular control for the F2 cohort.  

3) Timing of behavioral tests and final endpoint: Due to the incomplete injuries in the 

F1 cohort of spinal rats these rats were perfused at 5.5 months post-injury and behavioral 

tests were conducted monthly to better assess their functional recovery over time. The 

completely transected F2 spinal rats were perfused at the intended 6.5 months post-injury 

time point and bimonthly behavioral tests were conducted to reduce stress.  

All other methods and treatments were identical for both cohorts. Due to the small 

number of rats that completed the entire study (F1, n = 9; F2, n = 10), we reported 

individual data first and then combined the two cohorts if appropriate. 

 

All groups improved on the BBB open-field locomotor test 

We used the BBB open-field locomotor test to assess general recovery of hindlimb 

movement during simple exploratory behavior. The scale ranges from 0 (no movement of 

the hindlimbs) to 21 (full recovery of complete and coordinated stepping). Scores were 

obtained by two independent observers and averaged as described (Basso et al., 1995).  
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 For cohort F1, rats were tested monthly for 5-months post-injury. Each leg was 

scored individually and averaged (Fig. 2A).  At 1-month post-injury, OEC- and media- 

treated rats had an average score of 2.2 +/- 3 and 1.7 +/- 1.6, respectively (Fig. 2A, green 

diamonds and blue circles). These scores indicate a slight range of movement in only 1-

2 hindlimb joints. Between months 1 and 2, OEC-treated rats improved to an average 

score of 4.3 +/- 2.2 (*p = 0.017) corresponding to extensive movement of several hindlimb 

joints, whereas media-treated rats did not improve significantly (3.1 +/- 1.7, p = 0.075). At 

month 3, however, both groups had improved from month 1 (OEC, 5.7 +/- 1.4, ***p = 

0.0001; Media, 4.4 +/- 2.8, ***p = 0.0008). This improvement was maintained during 

month 4 (OEC, 5.4 +/- 1.5, ***p = 0.0004; Media, 4.33 +/- 3.1, **p = 0.0011) and month 5 

(OEC 5.7 +/- 1.9, ***p = 0.0001; Media 6.2 +/- 2, ***p < 0.0001). The only significant 

improvement was detected when the scores at month 1 were compared to other months. 

Final scores at month 5 correspond to extensive movement of multiple hindlimb joints. 

 At month 1, rats from cohort F2 also had average BBB scores that corresponded 

to mostly slight movement of the hindlimb joints (Fig. 2B, OEC, 3.2 +/- 1.8, green 

diamonds; FB, 2.1 +/- 2.2, red circles). Most of the OEC-treated rats in this cohort did not 

improve between months 1 and 2 (4.1 +/- 1.8, p = 0.203). FB-treated rats, on the other 

hand, had a significant increase to an average score of 4.1 +/- 1.7 (**p = 0.0075). 

Compared to month 1, the average scores increased for both groups at months 4 (OEC 

5.4 +/- 1.8, **p = 0.0019; FB 3.9 +/-  2, *p = 0.021) and 6 (OEC 5.5 +/- 2.4, **p = 0.0011; 

FB 4.6 +/- 2, **p = 0.0013). These scores corresponded to extensive movements of 

several joints. As with rats in the F1 cohort, no significant change was detected compared 

to any other month except for month 1. 
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The number of pushoffs during climbing did not change for OEC-treated rats 

Because the BBB is not task oriented, it has been criticized as a reliable measure for 

recovery of functional connectivity with rostral circuits (Pessoa de Barros Filho et al., 

2008). Therefore, we also analyzed changes in hindlimb movement on a motivated grid-

climbing task. Rats were tested on the same grid apparatus used for climb training and 

EES treatment at inclines of both 60- and 90-degrees both with (+ EES) and without 

stimulation. Both video and EMG recordings were obtained during these tests.  

One measure of recovery we assessed on the grid climbing task was the number 

of pushoffs, i.e., the number of times a rat planted its hindpaw and pushed off a rung of 

the grid, as described previously (Ramon-Cueto et al., 2000; Thornton et al., 2018; Ziegler 

et al., 2011). For OEC-treated rats in the F1 cohort, no change in pushoff numbers was 

detected between 2- and 5-months post-injury with (Fig. 3A-B, dark green bars) or without 

(Fig. 3A-B, light green bars) EES at either 60- or 90-degree inclines. There was, however, 

a decrease in the number of pushoffs for media-treated rats at a 60-degree incline while 

receiving EES between months 2 (3.3 +/- 3) and 5 (0.3 +/- 0.6, **p = 0.0016, Fig. 3A, dark 

blue bars). There were no other changes for media-treated rats (Fig. 3A-B, light and dark 

blue bars). 

 The number of pushoffs for OEC-treated rats in cohort F2 also did not change over 

time for any condition (Fig. 3C-D, light and dark green bars). For FB-treated rats at month 

6 while climbing at 60-degrees, there was a slight effect of EES administration (1.3 +/- 

0.5, Fig. 3C, dark red bars) that increased the number of pushoffs compared to conditions 

without stimulation (0.3 +/- 0.5, *p = 0.02, Fig. 3C, light red bars). The same trend 
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occurred at a 90-degree incline but only at month 2 instead of 5 (Fig. 3D); the average 

number of pushoffs with EES was  2 +/- 2.5 (Fig. 3D dark red bars) compared to 0.5 +/- 

0.6 without EES (*p = 0.012 Fig. 3D, light red bars). Overall these results suggest that the 

OEC and EES treatments did have consistent effects on the average number of grid 

pushoffs during climb training. 

 

A climbing-adapted BBB scoring system was developed to assess climbing ability 

While a rat attempts to climb a grid, there are many more features to their movements 

that occur in addition to grid pushoffs. Indeed, the video recordings of the climbing tests 

contain rich information on rat hindlimb and body movements. To quantify and analyze 

the climbing more thoroughly, we created a novel 33-point scoring system adapted from 

the BBB and ladder task and named it the climbing-adapted BBB, or cBBB (Basso, et al., 

1995; Onifer et al., 2011). The cBBB assesses multiple features of climbing behavior in 

five categories:1) joint movement, 2) paw placement, 3) weight bearing, 4) pushoffs and 

steps, and 5) body control (primarily of the trunk and tail movements). Development of 

the cBBB underwent multiple revisions to determine which features were most important 

for climbing and what point allotments should be given to each feature. Examples of 

different climbing features that were evaluated on the cBBB and the final cBBB score 

sheet and scoring guide are shown in Fig. 4 and the assessment guide used for scoring 

is included in the Appendix, Item 1. 
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Scores on the cBBB assessment scale varied slightly between time points and 

groups 

Videos of the climbing tests were rated using the cBBB scoring system by two 

independent observers who were not involved in cBBB development. Spinal rats in cohort 

F1 had no significant changes from month 2 to 5. Only when OEC-treated rats were 

climbing at a 90-degree incline at month 5 did EES administration improve scores (18.6 

+/- 5.1, Fig. 5B, dark green bar) compared to conditions without EES (14.6 +/- 3.5, *p = 

0.012, Fig. 5B, light green bar). Rats in the F2 cohort, however, did have a few more 

changes. Scores for OEC-treated rats climbing at a 60-degree incline with EES (Fig. 5C, 

dark green bars) decreased from month 2 (14.9 +/- 2.0)  to month 6 (11.5 +/- 5.0, *p = 

0.011). The scores for FB-treated rats climbing at a 60-degree incline also decreased, but 

only in conditions without EES, specifically between months 2 (14.3 +/- 1.3, Fig. 5C, light 

red bars) and 6 (7.7 +/- 1.9, ***p = 0.0001). In addition, the cBBB scores for FB-treated 

rats climbing at a 60-degree incline at month 2 combined with EES (11.3 +/- 1.4, Fig. 5C, 

dark red bar) decreased compared to scores without EES (14.3 +/- 1.3, *p = 0.024, Fig. 

5C, light red bar). When climbing at 90-degrees under the same conditions at month 2, 

however, FB-treated rat scores increased with EES administration (16 +/- 1.3, Fig. 5D, 

dark red bar) compared to conditions without EES (12.6 +/- 3.2, *p = 0.0275, Fig. 5D, light 

red bar). These results indicate that EES may have had inconsistent effects on climbing 

abilities, however more evidence would be needed to make further conclusions.  
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EMG recordings of hindlimb muscles did not produce reliable or consistent results 

Muscle activity of the soleus and TA, antagonistic muscles important for stepping, was 

recorded for both hindlimbs during climbing tests to assess changes in muscle activation 

patterns (Gad et al., 2013; Thornton et al., 2018). To analyze these changes, we looked 

specifically at EMG patterns during steps or pushoffs. Because the activation patterns of 

the soleus and TA during stepping are well characterized and distinct in intact rats, 

instances of steps and pushoffs can be compared to pre-injury patterns. Typical pre-injury 

stepping patterns consist of long bouts of soleus activation followed by shorter bursts of 

TA activation, and the ipsilateral soleus and TA are rarely active concurrently (Fig. 6A-B, 

top images marked month 0). In addition to steps and grid pushoffs, we also looked at 

activation patterns during “breach periods” when the rat was climbing over the top of the 

platform. A breach period began when the rat placed her forepaws on the platform surface 

and ended when the entire body was on the platform. We chose to assess the breach 

periods because these periods require voluntary recruitment of hindlimb muscles rather 

than forelimb use which is difficult due to the slippery surface of the platform. Also, each 

rat had at least 3 breaches per trial, as opposed to the variable and infrequent periods of 

steps or pushoffs post-injury.  

 The step, pushoff, and breach periods were identified using video footage and the 

corresponding EMG patterns were isolated and assessed for the peak, mean, and integral 

amplitudes. For rats in cohort F1 we compared changes in rectified traces normalized to 

values at month 0 and analyzed them by group (OEC vs media), timepoint (2- or 5-months 

post-injury), stimulation conditions (with or without EES), and climbing angles (60- or 90-

degrees). We also assessed the values without normalization, or with normalization to 
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resting periods (results not shown). These analyses provided highly variable results, and 

thus no conclusions could be drawn about treatment effects on the recovery of muscle 

activation patterns (data not shown).  

 Despite inconsistent group data, we were able to identify several trends. After 

injury, soleus and TA activation patterns were less coordinated, more erratic, and 

contained shorter bursts compared to pre-injury patterns (Fig. 6A-B, months 0 vs. 2 and 

5). Additionally, there were more frequent instances of concurrent activation between the 

soleus and ipsilateral TA for both hindlimbs (Fig. 6 A-B, co-activation plots on the right of 

each panel, months 0 vs. 2 and 5). Otherwise, surprisingly few differences were seen 

between trials without and with EES (Fig. 6 A-B, +EES). At month 5, and occasionally at 

month 2, many traces showed evidence of broken wires; in many traces we detected 

either the complete absence of activity despite limb movement on the corresponding 

frames of video, or extremely high and consistent EMG activity despite the absence of 

limb movement. Rats in cohort F2 showed the same trends and lack of consistency (data 

not shown). Unfortunately, we were unable to draw conclusions about treatment effects 

from these analyses. 

 

Transplanted OECs and FBs survived 5-6 months post-transplantation  

After completing the behavioral tests and PRV surgeries, the spinal rats were perfused to 

analyze the spinal cord. Several of these analyses focused on changes that occurred 

primarily at and around the injury site. First, we assessed transplanted-cell survival. 

Because previous methods in our lab using outbred Sprague-Dawley rats and an acute 
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transplant method resulted in transplant death before 8-weeks post-injection (Khankan et 

al., 2016), a goal of the current study was to increase the survival of transplanted cells by 

switching to an inbred Fischer 344 rat model and a delayed transplant technique. To 

evaluate transplanted cell survival, we examined spinal cord sections of the injury site 

that were immunolabeled for the astrocytic glial scar (Fig. 7, GFAP, light blue) and GFP-

positive OECs or FBs (Fig. 7, green). Surviving GFP-positive cells were found in all OEC-

transplanted rats in both cohorts F1 (4/4, Fig. 7A-C) and F2 (4/4) and in 3/6 FB-

transplanted rats in the F2 cohort (Fig. 7D-F). Most FBs were found in large clumps in the 

spinal stumps (Fig. 7D-F, yellow arrowheads) and were rarely located within the GFAP-

negative lesion core (Fig. 7D, asterisk). OECs, conversely, were often present in clusters 

or integrated into chain-like patterns in both the lesion core and the spinal stumps. We 

also detected evidence of clear OEC “bridges” between the two spinal stumps in at least 

two rats, as illustrated by the example shown in Fig. 7A-C (yellow arrowheads). This 

suggests that the changes in the rat model and transplant procedures drastically 

improved cell survival and that OECs can survive in the toxic lesion core for long periods 

of time. As both cohorts had surviving cells, it also suggests that the method of transection 

did not seem to alter the viability of the transplanted cells.  

 

Spared tissue volume did not differ between OEC-, media-, or FB-treated rats in 

either cohort 

The spinal cord undergoes acute and chronic tissue damage after a severe injury that 

leads to the formation of a glial scar made of astrocytes and OPCs, a fibrotic scar 
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composed of inhibitory peripheral cells (i.e., the lesion core), and fluid filled cysts 

(Kubasak et al., 2008; Takeoka et al., 2011). To assess whether cell treatment affected 

tissue sparing at the injury site, we identified the glial scar border with GFAP and 

Aquaporin-4 (Fig. 8A, C-F, light blue), transplanted cells with GFP (Fig. 8A, C-F, green), 

and the lesion core with FN (not shown, asterisks) in multiple spinal cord sections. 

Estimated volumes of the glial scar, lesion core, cysts, transplanted cells, and total spinal 

cord within 5000 µm rostral and caudal to the lesion core epicenter were calculated by 

creating a 3-D reconstruction. The average percent spared tissue was determined as 

described previously (Thornton et al., 2018). Fig. 8A shows an example of a series of 

sagittal sections compiled across the width of one spinal cord from one spinal rat that 

were traced and combined into a 3-D rendering (Fig. 8B). No differences were found when 

the percent spared tissue was compared between groups in either the F1 or F2 cohorts 

(Fig. 8G, H). The presence of surviving cells, regardless of whether they were OECs or 

FBs also did not appear to affect tissue sparing (Fig. 8I, right panel), nor did the type of 

injury. The cyst and lesion volumes also did not differ between any of the groups (data 

not shown).  

 Further analysis of the spinal sections revealed interesting trends in lesion site 

morphology in the different cohorts. In the F1 cohort, the injury site morphology varied 

greatly between each spinal rat. Some rats had extremely large caudal and/or rostral 

cysts (Fig. 8D, Fig. 9B), whereas others had well-preserved tissue with smaller cysts in 

both stumps (Fig. 8A-C, Fig. 9A). We also noted that 2/4 OEC- and 4/5 media-treated 

rats in the F1 cohort had distinct areas of GFAP-positive tissue that were continuous 

between the rostral and caudal sides of the injury (Fig. 9A-B, marked by yellow 
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arrowheads). These connections indicate that the initial injury was likely incomplete, but 

nevertheless resulted in severe SCIs. To prevent such variability in the injury sites for 

cohort F2, we switched to the complete transection method we used in previously 

(Takeoka et al., 2011; Khankan et al., 2016; Thornton et al., 2018). The injury sites for 

cohort F2 were more consistent; 8/10 rats contained a large rostral cyst and a more 

preserved caudal stump (Fig. 8E-F). Only 1/10 rats had evidence of an incomplete injury 

(Fig. 9C). Despite the lack of differences in spared tissue measures, these data show that 

there may be traits in injury site morphology that differ between the two cohorts. 

 

The average density of NeuN-positive cells near the injury site did not differ 

between OEC-, media-, or FB-treated spinal rats 

Following a SCI there is widespread death of neurons near the lesion site that are not 

easily replaced. In theory, however, the greater the number of neurons close to the injury 

site, the more likely these neurons can re-establish connections (Takeoka et al., 2011; 

Khankan et al., 2016). To measure neuron survival near the injury, NeuN-positive neurons 

(Fig. 10A-F, red) were counted within 1000 µm rostral and caudal to the injury epicenter 

in every 16th section/rat. Cell counts were normalized to the area of GFAP-positive tissue 

(Fig. 10A, C, and D; light blue) and is reported as a density measurement. When the 

NeuN density was compared between groups, no differences were determined for either 

cohort or when the cohorts were combined (Fig. 10G-I). Interestingly, each group 

appeared to have a single outlier with significantly more NeuN-positive cells than the 

others. The distances between the two closest neurons from each stump and of the 



59 
 

neurons closest to the scar border and lesion epicenter (Fig. 10A-F, yellow arrowheads) 

also did not differ between groups in either cohort or when combined (data not shown).  

 

5-HT-positive axon area in the lesion core was larger in OEC- compared to either 

media- or FB-treated rats 

Increasing axonal outgrowth at the injury site is an important target for many SCI 

treatments. Serotonergic (5-HT-positive) axons relay signals from the raphe nucleus to 

produce locomotion, and due to the small number of local sources of 5-HT in the spinal 

cord, they also provide a useful measure to assess the recovery of motor circuit-specific 

axons (Ghosh & Pearse, 2015; Kubasak et al., 2010; Takeoka et al., 2010). Studies 

suggested that OECs have potent effects on 5-HT-axonal outgrowth (Kubasak et al., 

2008; Khankan et al., 2016; Thornton et al., 2018), and therefore we assessed 5-HT-

positive axons that extended into the lesion core in rats at 5.5- and 6.5-months post-injury 

(Fig. 11A-D, arrows). When comparing the normalized areas of 5-HT in the lesion core 

for the rats in cohort F1, we found that OEC-treated rats (83,011 +/- 29,939 µm2) had 

significantly more 5-HT than media-treated rats (38,038 +/- 20,861 µm2, *p = 0.03, Fig. 

11I). The area of 5-HT in the lesion core in cohort F2 was also significantly greater in 

OEC-treated rats (50,118 +/- 35,826 µm2) than in FB-treated controls (6,893 +/- 3,666 

µm2, *p = 0.025, Fig. 11J). When the two cohorts were combined (Fig. 11K), the 5-HT 

area was greater in OEC- (66565 +/- 35258 µm2) compared to FB- (**p = 0.0013) but not 

media-treated rats (p = 0.151). These results suggest that OECs increased 5-HT-positve 

axonal outgrowth into the lesion core, especially when compared to transplanted FBs. 
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OECs but not FBs are associated with 5-HT-positive axons that project past the 

rostral scar border  

When the injury site sections were examined further, 5-HT axons were found caudal to 

the lesion in several rats in cohort F1. An image from one of the OEC-treated rats shows 

that 5-HT-positive axons were detected in GFAP-negative areas on the caudal side of the 

lesion core but only in areas where OECs were present (Fig. 11E-H, white arrowheads). 

Although the 5-HT axons do not cross the lesion core in this image (Fig. 11), most likely 

the axons originated from the rostral border and crossed the injury site in other sections. 

Unlike in cohort F1, no 5-HT axons were found in the caudal stump in the F2 cohort, 

although OECs in the rostral stumps and scar border often associated with 5-HT fibers. 

We never detected 5-HT axons that associated with transplanted GFP-positive FBs either 

rostral to the injury site or in the lesion core. The different associations between the two 

transplanted cell types and axons provide further evidence that surviving OECs, unlike 

transplanted FBs, likely contribute to 5-HT axonal outgrowth.  

 

Both 5-HT- and NF-positive axons crossed the lesion core on OEC bridges in a 

completely transected rat  

One OEC-treated rat in the F1 cohort had an area where OECs filled the lesion core and 

created multiple bridges between the spinal stumps. We asked if axons used these 

bridges to cross the lesion core. In spinal sections of this rat, we found several 5-HT-

positive axons associated with OECs that crossed the lesion core and penetrated into the 

caudal stump (Fig. 12A-F, red, arrowheads). In a section 100 µm lateral to the section in 
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Fig. 12A-F, many neurofilament (NF)-positive axons (Fig. 12G-L, red) also appeared to 

project across the lesion core along OEC bridges (Fig. 12G-L, arrowheads). These two 

examples suggest that the surviving OECs may have played a direct role in protecting 

and promoting outgrowth of 5-HT- and NF-positive axons across the GFAP-negative 

lesion core. 

 

OEC-treated rats had a greater density of NF-positive axons in the lesion core than 

either media- or FB-treated rats 

To further assess general axonal outgrowth, we measured the area of NF-positive axons 

in the lesion core and normalized it to the total area of the lesion core in each rat to provide 

an area density measurement (Fig. 13A-E, NF-positive axons in white). Consistent with 

our previous findings (Thornton et al., 2018), OEC-treated rats had a greater amount of 

NF in the lesion core in both cohorts compared to controls and when combined (Fig. 13F-

H). For cohort F1, OEC-treated rats had a greater overall density of NF (32.5 +/- 4.5%, 

Fig. 13F) than media-treated rats (18.8 +/- 6.0%, *p = 0.011). For cohort F2, the density 

of NF was also greater in OEC- ( 27.9 +/- 4.1%, Fig. 13G) than in FB-treated rats (15.2 

+/- 8.0%, *p = 0.023). When combined, the same trend remained where the density of NF 

was greater in OEC-treated rats (30.2 +/- 4.7%, Fig. 13H) compared to either media (*p 

= 0.025) or FB controls (**p = 0.002). These results further emphasize the potent effects 

that OEC transplantation has on axonal outgrowth. 
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NF-positive axons in the lesion core were more frequently associated with the 

myelin protein MAG in OEC- compared to media- and FB-treated rats 

Axon myelination is another important target for SCI repair. Sparing or regeneration of 

myelin is important for axon health and function (Taniike et al., 2002; Lopez et al., 2012; 

Goldman & Osorio, 2014). As a potential indicator of axon myelination, we assessed 

whether or not axons in the injury site associated with myelin-associated glycoprotein 

protein (MAG). As we did not conduct electron microscopy, the gold standard to confirm 

that myelination has occurred, we cannot definitively conclude that these axons are 

myelinated based solely on their association with MAG. This association, however, is 

suggestive that myelin is present. We calculated the percentage of the area of NF-positive 

axons in the lesion core (Fig. 13A-E, white) that overlapped with MAG-positive 

immunoreactivity (Fig. 13A-E, MAG shown in red, arrows). The percent of MAG- and NF-

positive area in OEC-treated rats (86.6+/- 4.3%, Fig. 13I) in cohort F1 was greater than 

in media-treated rats (73.4 +/- 6.3%, *p = 0.013). In cohort F2, MAG/NF overlap did not 

differ between OEC- (79.3 +/- 4.8%) and FB-treated rats (71.7 +/- 6.2%, p = 0.13, Fig. 

13J). When the cohorts were combined, OEC treatment (82.9 +/- 5.8%) increased 

MAG/NF overlap compared to media- and FB-treatment (*p = 0.027, **p = 0.0064, Fig. 

13K). The increased association between axons and MAG in OEC-treated rats, therefore, 

suggests that OECs may influence the presence of myelin in the core of the injury site. 
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Areas of the lesion core containing transplanted OECs, but not FBs, had a greater 

percent density of NF-positive axons than areas without cells 

When analyzing the amount of NF and MAG in the GFAP-negative lesion core, we noticed 

that areas with OECs typically contained a high density of axons compared to areas 

without OECs. This contrast of NF density with and without OECs in the lesion core is 

shown in Fig. 13B-D (areas with NF and OECs are indicated by yellow arrowhead) and 

even more convincingly in Fig. 14A-F (areas with NF and OECs are indicated by 

arrowheads, whereas NF in areas without OECs are marked by arrows). Conversely, we 

found that areas with transplanted FBs rarely had NF immunoreactivity, as shown in Fig. 

14G-L. Although this image shows FBs that are near, rather than directly in, the lesion 

core, the difference in the pattern of NF immunoreactivity in areas with GFP-positive FBs 

(Fig. 14G-L) is in stark contrast to the pattern associated with OECs (Fig 14A-F). 

Surprisingly, MAG immunoreactivity remained high in areas with FBs despite the lack of 

axons. Accumulated growth-inhibitory MAG-positive myelin debris near the transplanted 

FBs may have contributed to the low levels of axon growth into areas with FBs 

(McKerracher et al., 1994). 

When we compared NF density in areas of the lesion core that contained OECs 

(76.5 +/- 2.6%, Fig. 14M, green dots) to areas where OECs were absent (25.1 +/- 4.5%, 

dark grey dots) in cohort F1, we found that there was a distinct and significant increase 

in the density of NF-positive axons (***p = 0.0006). Although the total density of NF-

positive axons was greater in OEC- than in media-treated rats (reported in Fig. 13), the 

areas without OECs in the OEC-treated rats (25.1 +/- 4.5%) had similar NF densities as 

the media-treated lesion cores (18.8 +/- 6.0%, Fig. 14M, grey dots). This suggests that 
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the differences seen between these two groups are due to the direct presence of the 

OECs in the lesion core. 

 For cohort F2 we also assessed the NF density in areas with transplanted FBs in 

addition to areas with OECs (Fig. 14N). As in cohort F1, the density of NF in areas with 

OECs (64.7 +/- 5.3%, Fig. 14N, green dots) was significantly greater than areas without 

them (26.2 +/- 2.9%, **p = 0.005, dark grey dots). The density of NF in OEC areas was 

also greater than the NF density in lesion core areas where transplanted FBs were 

present (26.2 +/- 3%, *p = 0.016, Fig. 14N, red dots). Unlike areas with OECs, areas with 

and without FBs did not differ in the density of NF detected (Fig. 14N, red and dark grey 

dots), however FBs were only detected in the injury sites of 2 of the 6 rats. As reported in 

Fig. 13, the overall density of NF was greater in OEC- than in FB-treated rats, and unlike 

in cohort F1, this was also true even in areas without OECs (26.2 +/- 2.9) compared to 

areas without FBs (*p = 0.014, Fig. 14N, dark grey dots).  

 Finally, when the OEC-treated rats from both cohorts were combined, the same 

trends were seen. The average percent area of NF in the entire lesion core was greater 

in OEC- than in either media- or FB-treated rats. Areas with OECs (70.6 +/- 25.7%) had 

a greater density of NF than areas without them (25.7 +/- 3.6%, ***p = 0.0001, Fig. 14O) 

in the same lesion core. Together we found that NF-labeled axons associated with OECs 

significantly more than with FBs in the injury core (32.4 +/- 13.6, **p = 0.0025, Fig. 14O). 
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Areas with transplanted OECs have higher expression of peripheral, Schwann cell-

like myelin than areas without OECs 

After finding that OEC-transplantation increased the amount of NF that associated with 

MAG in the lesion core, and therefore possibly myelinated axons, we next sought to 

determine the cellular origin of the myelin. SCI can cause de-differentiation of local 

Schwann Cells (SCs) that then migrate into the injury site. These SCs either provide 

trophic support for axon growth (non-myelinating SCs), or re-differentiate to myelinate 

axons in the injury site and reportedly even in the spinal stumps (myelinating SCs; Guest 

et al., 2005; Lu et al., 2007; Nagoshi et al., 2011). We thus assayed the average area of 

p0 immunoreactivity, a peripheral myelin marker of myelinating SCs, in the lesion core of 

the spinal rats (Fig. 15A-I, red). Fig. 15 shows examples of p0 expression 300 µm lateral 

from the same OEC- and FB-spinal cord sections shown in Fig. 14. The large group of 

OECs on the caudal side of the injury had high levels of p0 expression (Fig. 15A-E, yellow 

arrow), whereas areas with FBs usually had lower levels of p0 immunoreactivity (Fig. 15F-

I, yellow arrow). In certain conditions, OECs can produce p0-positive myelin and therefore 

p0 expression may not be limited solely to SCs (Franklin et al., 1996; 2003; Sasaki et al., 

2006).  

 In cohort F1 we found that OEC-treated rats had a similar percent area of p0 in the 

entire lesion core (28.6 +/- 3.7%, Fig. 15J, light grey dots) compared to media-treated rats 

(24.7 +/- 8.1%, Fig. 15J, light grey dots).  In areas where OECs were present, however, 

there was an increase in the density of p0 immunoreactivity (48.5 +/- 7.5%, Fig. 13J, 

green dots) compared to areas without them (26.0 +/- 3.1%, **p = 0.0027, Fig. 13J, dark 

grey dots). Because of the close association of OECs and SCs in these areas, it is difficult 
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to distinguish which cell type expresses p0 at this magnification. Possibly, therefore, this 

increase may be due to the presence of myelinating SCs and/or myelin-producing OECs.  

 

Areas with transplanted OECs contain high levels of p75 immunoreactivity 

compared to areas without OECs or with FBs 

Non-myelinating SC infiltration into the lesion core and spinal stumps can be beneficial to 

recovery due to their abilities to promote axonal outgrowth, clear debris, and differentiate 

into myelinating SCs (Frostick et al., 1998; Griffin & Thompson, 2008; Sanchez et al., 

2015). To analyze the level of SC infiltration into the injury core, we quantified the area of 

p75 expression, a marker of both non-myelinating SCs and OECs, in the lesion core (Fig. 

15A-I, dark blue). Importantly, OECs commonly express p75 and can closely integrate 

with SCs. Therefore, it was difficult to distinguish infiltrating SCs from the transplanted 

OECs (Fig. 15A-E, yellow arrowhead) at low magnification.  Areas in the caudal stumps 

with FBs had low levels of p75 immunoreactivity (Fig. 15F-I, yellow arrowhead) compared 

to surrounding regions (Fig. 15F-I, thin white arrowhead), a result suggesting that there 

are low levels of non-myelinating SC infiltration into the transplanted FB grafts.  

  In cohort F1 we found that OEC-treated rats had similar levels of p75 in the total 

lesion core (48.53 +/- 6.51%) compared to media-treated rats (43.3 +/- 12.5%, Fig. 15K, 

light grey dots).  In areas without OECs, this was also true (37.2 +/- 6.3%, Fig. 15K, dark 

grey dots), however in areas where OECs were present, there was a large increase in 

p75 immunoreactivity (87.6 +/- 8.0%, ***p = 0.0006, Fig. 15M, green dots). Because of 
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the close association of the GFP-positive OECs and GFP-negative SCs in these areas, it 

is difficult to distinguish which cell type is expressing p75 in this analysis.  

 

Transplanted OECs vary in their expression of p75 and p0 

Because we initially transplanted p75-positive OECs, we asked if they continued to 

express p75 or if some surviving cells instead expressed p0 at 5-6 months post-

transplantation. To address these questions, we examined confocal images of OECs in 

the lesion core. Fig. 16A-E shows an example of GFP-positive OECs (green) that also 

expressed p0 (Fig. 16 A-E, red and green overlap, yellow arrows) or p75 (blue and green 

overlap, yellow arrowheads), or did not express either marker (green only, small white 

arrows). We did not detect any cells that expressed both p0 and p75, however. In this 

area, p0-positive myelinating SCs (red) and p75-positive non-myelinating SCs (blue) are 

also present and interact with the different types of OECs. Many of the OECs in the spinal 

stumps also appeared to express p75 or p0 (not shown). This suggests the originally p75-

positive OECs were able to modulate their expression levels of different markers, possibly 

indicating the presence of at least 3 subtypes of OECs associated with the injury sites. 

 

The density of oligodendrocytes and OPCs at the glial scar border did not differ 

between OEC- and media-treated rats 

After SCI, there is widespread cell death of oligodendrocytes in addition to neurons. This 

results in demyelination of axons around the injury (Almad et al., 2011; Black et al., 1991; 
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Totoiu & Keirstead, 2005). After injury, OPCs proliferate and contribute to the glial scar 

but often fail to efficiently differentiate into mature oligodendrocytes to promote recovery 

of myelination (Goldman & Osorio, 2014; Hesp et al., 2015). Oligodendrocytes and their 

progenitors vary in their expression levels of GSTpi and CC1 (Bhat et al., 1996; Tamura 

et al., 2007). OPCs can be identified by the expression of nuclear GSTpi and the lack of 

expression of the CC1 antigen (Fig. 17, green, yellow arrowheads), whereas 

oligodendrocytes typically express the CC1 antigen, and varying levels of GSTpi, in the 

cytoplasm (Fig. 17B-E, yellow arrows). To determine if OEC treatment had any effect on 

the density of oligodendrocytes or OPCs in the spinal stumps close to the injury core, we 

counted the number of CC1-positive oligodendrocytes (Fig. 17A-E, red, yellow arrows) 

and nuclear GSTpi-positive, CC1-negative OPCs (Fig. 17A-J, green and grey overlap, 

yellow arrowheads) within 500 µm to the injury site epicenter. Cell counts were normalized 

to tissue area to get an approximate density measurement. When compared, we found 

no differences in the density of CC1-positive oligodendrocytes (Fig. 17K) or nuclear 

GSTpi-positive OPCs (Fig. 17L) between OEC- and media-treated rats in cohort F1. 

 

Oligodendrocytes and OPCs are in the lesion cores of some OEC-treated rats 

While p0-positive SCs and OECs may account for the presence of myelin in the injury 

site, another alternative is that the CNS-derived oligodendrocytes could provide a source 

of myelin for axons in the lesion core. Oligodendrocytes and OPCs are typically only found 

in the GFAP-positive spinal cord tissue. In our study, however, we detected a small 

number of OPCs and oligodendrocytes in the lesion core of some of the spinal rats. 
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Confocal images shown in Fig. 17F-J depicts an area of the GFAP-negative lesion core 

with CC1-positive oligodendrocytes (red and green overlap, yellow arrows) and nuclear 

GSTpi-positive, CC1-negative OPCs (green and grey overlap, yellow arrowhead) in an 

OEC-treated rat. The presence of CC1- and GSTpi-double positive oligodendrocytes (red 

and green overlap, yellow arrows) is particularly interesting; as oligodendrocytes mature, 

GSTpi expression moves to the cytoplasm until it eventually gets downregulated in fully 

mature oligodendrocytes (Bhat et al., 1996; Tamura et al., 2007). This finding suggests 

that OECs may have enhanced the differentiation and survival of new oligodendrocytes 

in the injury site. While these sections were not labeled for OECs, adjacent sections 

confirmed that OECs were present in this area and associate with oligodendrocytes and 

OPCs in the lesion core and spinal stumps (data not shown).  

 

Axons may be partially myelinated by newly differentiated oligodendrocytes in 

areas of spared ventral white matter in incomplete spinal cord injuries 

As mentioned earlier, several rats in cohort F1 contained regions of ventral white matter 

that were likely spared during the initial injury. An example of an incomplete injury in an 

OEC-treated rat is shown in two nearby sections in Fig. 18A and F. The presence of 

straight, continuous NF-positive axons (Fig. 18A-E, white, arrows) in the ventral GFAP-

positive tissue (Fig. 18A-E, light blue) is consistent with an incomplete injury (Steward et 

al., 2003). Many of the axons in this region are closely associated with MAG (Fig. 18A-E, 

red, yellow arrow), and therefore are likely myelinated. 
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When we examined oligodendrocyte and OPC markers in a spinal section 125 µm 

lateral to the one seen in Fig. 18A, we found several CC1-positive oligodendrocytes (Fig. 

18G-J, red, yellow arrow and arrowhead) in organized columns in the intact ventral white 

matter. This suggests that the MAG seen in Fig. 18A-E may be derived from local 

oligodendrocytes. We also found several CC1- and GSTpi-double positive immature 

oligodendrocytes (Fig. 18G-J, red and green overlap, yellow arrowhead) that may indicate 

that oligodendrocyte differentiation occurred at 5.5 months post-injury. Many GSTpi-

positive, CC1-negative OPCs were detected around the dorsal scar borders (Fig. 18G-J, 

green, small white arrows) and in the GFAP-negative lesion core (Fig. 18G-J, thin white 

arrowhead). These may provide continual sources of new oligodendrocytes or may 

contribute to the inhibitory glial scar. Media-treated rats with incomplete injuries also 

appeared to contain mature and immature oligodendrocytes along the intact spinal cord 

with many OPCs in similar locations (data not shown). 

 

Transplanted OECs closely associate with myelinating cells in the lesion core 

OEC interactions with myelinating cells after transplantation are generally not well 

documented. Several papers reported OEC and SC interactions and co-transplanted both 

cell populations together (Au et al., 2007; Zhang et al., 2017), however only a few studies 

have considered OEC effects on oligodendrocytes and OPCs (Lamond & Barnett, 2013; 

Carvalho et al., 2014). In our study we found evidence of transplanted OECs interacting 

with axons co-localized with the myelin protein MAG, myelinating SCs, and 
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oligodendrocytes in the lesion core. Confocal images of such interactions in the lesion 

core are illustrated in Fig. 19.  

In Fig. 19A-F, GFP-positive OECs (green) interact with and wrap around NF-

positive axons (white) in the lesion core. In addition, many of these axons are also 

associated with MAG (red) as numerous OECs are seen intertwined with the MAG-

positive cells (yellow arrowheads). Images from the lesion core of an OEC-treated rat 

(Fig. 19G-K) depict GFP-positive OECs in close association with myelinating, p0-positive 

cells (red, yellow arrows) and non-myelinating, p75-positive cells (blue, small white 

arrows). Both p75-positive and p75-negative OECs (green, yellow arrowheads) were 

entwined with the GFP-negative SCs. In Fig. 19L-P, OECs (green, yellow arrowhead) are 

closely associated with immature oligodendrocytes (CC1- and GSTpi-labeled, red and 

blue, yellow arrows) and OPCs (GSTpi only, blue, small white arrow) in the lesion core. 

Together, these results suggest that OECs associate with axons and with myelinating 

cells and their progenitors within the normally hostile lesion core and suggest that OECs 

facilitate the association between axons and myelin proteins in addition to axonal 

outgrowth.  
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CHAPTER 3.2. FIGURES AND LEGENDS 

Figure 1: 
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Figure 1 Legend: Experimental design with Fischer 344 rats. 

A: The diagram shows a rat with a headplug (grey cylinder) affixed to the skull. The 

headplug is attached to EMG electrodes that were implanted bilaterally into the soleus 

and tibialis anterior (TA, grey and black wires) and an epidural stimulation wire was 

implanted at spinal level L2-S1 (red wire). Rats also received a transection at spinal level 

T8/T9 (black mark on the spinal cord) followed by a delayed cell transplantation of GFP-

expressing OECs, media, or FBs (cells, green syringe). At the end of the study, GFP- and 

RFP-expressing PRV was injected into the TA and contralateral soleus muscles, 

respectively (green and red syringes). B: Study timelines for cohorts F1 and F2 of the 

surgeries, electrical epidural stimulation (EES) and climb training therapy, and behavioral 

tests. Note the differences in the transection methods, control transplants, frequency of 

behavioral testing, and study endpoints between the two cohorts. 
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Figure 2: 
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Figure 2 Legend: BBB scores showed improvement over time for all groups in both 

cohorts. 

A: In the F1 cohort, OEC-treated rats (green diamonds) showed a significant increase in 

BBB performance between months 1 and 2. Scores at months 3, 4, and 5 were also 

greater than scores at month 1 but did not differ from month 2 scores. The media-treated 

rats (blue circles) did not change from months 1 to 2 but showed improvements at month 

3 that continued through month 5. OEC- and media-treated rats did not differ at any 

timepoint. B: BBB scores for the F2 cohort showed improvements between month 4 

compared to month 1 for OEC-treated rats (green diamond) that persisted to month 6. 

FB-treated rats (red circle) improved between months 1 to 2 and the improvement 

remained through month 6. The F2 transplant groups also did not differ. Data represents 

group means +/- standard error measurements (SEM) in this and subsequent figures. 

Statistical significance is compared to month 1 scores (* p < 0.05, ** p < 0.01, *** p < 

0.001). 
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Figure 3:  

 

  



77 
 

Figure 3 Legend: Few differences in the number of grid pushoffs were found 

between groups while climbing at 60- or 90-degree inclines.  

A-B: When climbing at a 60- or 90-degree incline (A and B, respectively), the average 

number of pushoffs did not change for OEC-treated rats (green bars, n=5) in cohort F1 

either over time or with electrical epidural stimulation (EES, dark green bars). The 

average number of pushoffs in media-treated rats (blue bars, n= 6) decreased from month 

2 to 5 when climbing a 60-degree grid but only when combined with EES (dark blue bars). 

C-D: The average number of pushoffs for OEC-treated rats in the F2 group (green bars, 

n= 8) also did not change over time. EES appeared to increase pushoff numbers in FB-

treated rats at month 6 at 60-degrees (C, light and dark red bars, n= 7) and at month 2 at 

90-degrees (D). Note the overall low number of pushoffs for both cohorts. (* p < 0.05, ** 

p < 0.01). 
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Figure 4: 

  



79 
 

Figure 4 Legend: Videos of grid climbing were used to develop a scoring sheet and 

point distribution guide for the climbing-adapted BBB (cBBB).  

A: A series of 10 sequential video still frames viewed from below an intact rat climbing a 

grid at a 60-degree angle during a pre-injury test. Five different colored arrowheads 

indicate specific features that were analyzed. An example of the full range of motion of 

the knee and hip joints are indicated in frames A1-A5 by the cyan arrowheads (top right). 

The red arrowheads (frames A1-A5, bottom right) mark the movement of the left foot and 

ankle as the rat steps to a higher rung. The yellow arrowheads (frames A4-A8, bottom 

left) point to the hindpaw grasping the bar with curled toes (A4), followed by the 

coordinated and extensive movement of all three hindlimb joints in a full step. Note that 

the weight shifts to the left hindpaw between frames A5 and A6 (magenta arrowhead). 

The magenta arrowheads show the rat in a “weight-bearing” posture (frames A6-A8) 

followed by a “pushoff” of the grid (frames A8-A9). The green arrowheads (frames A7-

A10) mark the tail that remains stable and centered as the rat steps onto the platform. B-

C: An example of the cBBB scoring sheet (B) and point distribution (C) used to assess 

changes in climbing features after injury. Scoring is divided into five categories based on 

climbing features: 1) joint movement, 2) paw placement, 3) weight bearing, 4) pushoffs 

and steps, and 5) body control. The top of the scoring sheet has an area to record trial 

information and tally scores. Detailed descriptions of the scoring system are described in 

Appendix Item 1. Sub-scores for categories 1-4 are averaged between both legs and 

added to the sub-score of category 5. Final scores are reported out of a total of 33 points. 
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Figure 5:  
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Figure 5 Legend: cBBB scores showed few differences between groups or 

stimulation conditions at months 2 and  5 or 6. 

A-B: When climbing at a 60-degree incline (A), the average cBBB scores did not change 

for OEC- or media-treated rats in cohort F1 either over time or with EES. When climbing 

at a 90-degree incline (B), the cBBB scores increased with EES in OEC-treated rats 

compared to scores without EES at the same timepoint. C-D: The cBBB scores 

decreased slightly for OEC-treated rats in cohort F2 between months 2 and 6 at a 60-

degree incline when EES was administered (C).  EES appeared to decrease average 

cBBB scores in FB-treated rats at month 2 at 60-degrees compared to those without EES. 

Scores for FB-treated rats without EES decreased from months 2 to 6. At a 90-degree 

incline (D), scores increased with EES in FB-treated rats at 2 months post-injury. This 

differed from what was seen at 60 degrees. (* p < 0.05, *** p < 0.001). 
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Figure 6:  
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Figure 6 Legend: Example traces of EMG patterns of the right and left soleus and 

TA of OEC- and media-treated rats indicated few changes with EES and 

inconsistent recordings over time.  

A, B: Traces of muscle EMG patterns during a step or “pushoff” at 0-, 2-, and 5-months 

post-injury of OEC- (A) and media- (B) treated rats climbing at a 90-degree incline. Traces 

from the left soleus (L SOL) are illustrated in yellow, left tibialis anterior (L TA) in purple, 

right soleus (R SOL) in blue, and right TA (R TA) in orange. Co-activation plots of the L 

SOL and L TA and R SOL and R TA are shown to the right of each graph and indicate 

the frequency that the two muscles are activated concurrently. On co-activation plots, 

data points mapped in red indicate high frequency and dark blue indicate lower frequency 

of occurrence. Traces at month 0 show a typical pattern of activation during stepping. At 

2 months post-injury, either with or without EES the activation patterns for both rats were 

more erratic with shorter burst periods. More co-activation also occurred after injury 

between the ipsilateral TA and SOL of both hindlimbs compared to the month 0 

recordings. At month 5, bursts of activation are higher in amplitude and longer than at 

month 2 and show improved coordination with contralateral muscles. Two muscles for 

each rat appear relatively inactive at month 5, likely due to electrode malfunction. These 

patterns do not change with EES administration. Note the y-axis scale is the same for 

each image, but the x-axis varies depending on the amount of time the rat took to 

complete the step or pushoff.  
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 Figure 7: 

 



85 
 

Figure 7: GFP-positive OECs and FBs survived 5-6 months post-transplantation. 

A: An example of GFP-expressing OECs (green) that survived in both the injury core and 

in the astroglial scar border (GFAP, light blue) in a transplanted spinal rat for 5 months. 

The same color-scheme for the glial scar (light blue) and GFP-positive cells (green) is 

used in this and subsequent figures unless otherwise noted. B-C: Enlargement of the box 

in A shows that OECs (B) created “bridges”, marked by yellow arrowheads, that 

connected the rostral and caudal stumps. The two stumps are otherwise fully separated 

as seen when the OECs are removed digitally (C, asterisk). D: An example of GFP-

expressing FBs (FBs, green) that survived for 6 months. FBs were generally found in 

large clumps within the spinal cord stumps rather than in the lesion core (asterisk). E-F: 

Boxed area in D is enlarged in E and shows a dense clump of GFP-FBs (E, green) in the 

caudal stump. When FBs are removed from the image (F), little GFAP immunoreactivity 

is associated with FBs in the spinal cord stump. No FBs were found in the lesion core. 

Rostral (R) is toward the top and dorsal (D) to the left in this and subsequent spinal cord 

images unless otherwise stated (see directional in A, bottom right; ventral, V, caudal, C). 

The top right of each panel indicates the transplantation group and cohort. Scale bars: A, 

D = 500 μm, B-C = 50 μm, E-F: 100 μm. 
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Figure 8: 
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Figure 8 Legend: 3-D reconstructions of rat injury sites were used to determine that 

the percent spared tissue did not differ between groups. 

A:  Five 25 µm sagittal spinal cord sections spaced 400 µm apart (arranged left to right) 

from an OEC-treated rat in cohort F1 at 5.5-months post-injury. The GFAP-positive 

astroglial scar (light blue) shows spared spinal cord tissue with fluid filled cysts (holes) 

and the lesion core. Yellow arrowhead indicates the dorsal part of the lesion core. 

Surviving OECs (green) were present near the injury site. B: The 3-D reconstruction (B) 

is shown at the same orientation as the last section in the sequence in A. Traces of the 

spared tissue (light blue), cysts (white), lesion core (red), and transplanted cells (green) 

within 5 mm rostral and caudal to the injury epicenter were compiled to create a 3-D 

reconstruction of the spinal cord spared tissue. C-F: Representative injury sites from 

OEC-, and media-treated rats from cohort F1 (C and D respectively) and OEC- and FB-

treated rats from F2 (E and F, respectively) at 5.5-6.5 months post-injury. The GFAP-

positive astroglial scar (blue) shows the spared spinal cord tissue and the borders of fluid 

filled cysts and the lesion core (asterisks and yellow arrowheads). Some surviving 

transplanted cells (GFP, green) are shown in all images except D. G-I: Estimates of the 

spared tissue volume were calculated using the 3-D reconstructions. Spared tissue was 

defined as the GFAP-positive tissue volume minus the cyst and lesion volumes divided 

by the total tissue volume. No differences were seen in OEC-treated rats compared to 

controls in either cohort F1 (G) or F2 (H). The presence or absence of surviving cells 

(OECs or FBs) also did not affect spared tissue volume (I). Small dots represent data 

points from individual rats and diamonds represent group means +/- SEM in this and 

subsequent images. Scale bars: A-F = 500 μm.  
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Figure 9: 
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Figure 9 Legend: Areas of GFAP-positive tissue continuity indicate incomplete 

injuries in spinal cords from both cohorts. 

A-C:  Spinal cord sections from 3 different rats show continuity of the astrocytic scar 

border (GFAP, light blue) across the ventral spinal cord (yellow arrowheads). In cohort 

F1, many rats had evidence of incomplete injuries with the largest incomplete injury in 

OEC-treated rats shown in A (OECs were removed digitally). Most commonly, 

incompletely injured rats had evidence of small ventral connections (B). One incompletely 

transected rat in cohort F2 had a thin, continuous section of GFAP (C). Large cysts that 

open into the caudal stump are seen in B and C. Scale bars: A-C = 1000 μm. 
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Figure 10:  
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Figure 10 Legend: The density of NeuN-positive neurons near the injury site did not 

differ between transplant groups. 

A-F: Representative images of OEC- (A, B), media- (C, D), and FB-treated (E, F) rats. 

The GFAP-labeled scar border (blue) is removed in B, D, and F to better visualize the 

NeuN-positive cell density (red, cells/mm2). To determine neuronal survival near the injury 

site, NeuN-positive cells were counted within the spared tissue traced 1 mm rostral and 

caudal to the injury epicenter (asterisks). Transplanted cells and some PRV-positive 

neurons are labeled with GFP (green). Yellow arrowheads mark NeuN-positive cells 

closest to the rostral and caudal scar borders. (Background labeling of the pia and lateral 

scar tissue is evident.) G-I: The number of NeuN-positive cells were normalized to the 

tissue area. NeuN cell density did not differ between OEC- and media-treated controls 

(G, F1 cohort), nor between OEC- and FB-treated rats (H, F2 cohort). When the two OEC 

cohorts were combined, OEC-treated rats did not differ from either media- or FB- treated 

controls (I). Scale bars: A-F = 500μm. 
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 Figure 11: 
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Figure 11  Legend: Serotonergic axon outgrowth into the lesion core was greater 

in OEC-transplanted rats than controls. 

A-D: The injury site of an OEC-treated rat was immunolabeled for serotonergic motor 

axons (5-HT, red), OECs (green), and the glial scar border (GFAP, light blue). The 

rectangular box in A is enlarged in B-D. Arrows mark bundles of 5-HT-positive axons in 

the injury core. The GFAP-negative lesion core is indicated by asterisks. E-H: 

Enlargement of the square box in A shows numerous OECs (green) associated with 5-

HT-positive axons on the caudal border of the injury. Arrowheads indicate areas of OEC, 

and 5-HT axon overlap in the GFAP-negative lesion core. I-K: The normalized area of 5-

HT-positive axons in the lesion core was greater in OEC- than media-treated rats (I) in 

the F1 cohort and greater than FB-treated rats (J) in the F2 cohort. When OEC-treated 

rats from both cohorts were combined, the 5-HT area did not differ from media-treated 

rats but had more 5-HT-labeled axons than FB-treated rats (K). Scale bars: A-D = 500 

μm, E-H = 100 μm. (* p < 0.05, ** p < 0.01). 
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Figure 12: 
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Figure 12 Legend: Serotonergic and neurofilament-positive axons crossed the 

lesion core on OEC bridges in an OEC-treated rat.   

A: The injury site of an OEC-treated rat was immunolabeled for serotonergic 5-HT-

positive axons (red), OECs (green), and the glial scar border (GFAP, light blue). B-F: 

Enlargement of the box in A shows 5-HT axons (yellow arrowheads) crossing the GFAP-

negative lesion core (asterisk) on GFP-OEC bridges (green). G: Injury site section 100 

µm lateral to the section shown in A-F was labeled for neurofilament (NF)-positive axons 

(red), OECs (green), and the glial scar (light blue). H-L: Enlargement of the box in G 

shows NF-positive axons that filled the GFAP-negative lesion core (asterisk) in 

association with OEC bridges. Arrowheads mark examples of axon bundles crossing the 

caudal scar border. Scale bars: A, G = 500 μm, B-C, H-L = 100 μm. 
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Figure 13: 
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Figure 13 Legend: More axonal and myelin markers were present in the lesion 

core of OEC-treated rats than controls. 

A-E: The injury site of an OEC-treated rat labeled for neurofilament-positive axons (NF, 

white), myelin (MAG, red), OECs (GFP, green), and the glial scar border (GFAP, light 

blue). An enlargement of the injury site in A is shown in B-E. Arrows indicate NF/MAG-

positive axons in the GFAP-negative lesion core (asterisks) and the arrowhead marks 

axons associated with OECs. F-H: NF-positive axons were found in a larger percentage 

of the lesion core area (average percent density of NF) in OEC- than in media-injected 

rats (H, F1 cohort) and in OEC- than in FB-treated rats (G, F2 cohort). When the OEC-

treated rats from both cohorts were combined, they also had a greater average density 

of NF-positive axons than either media or FB controls (H). I-K: Of the total NF axons in 

the lesion core, a higher percentage overlapped with the myelin marker, MAG, in OEC- 

compared to media-treated rats (I, F1 cohort) but not in OEC- compared to FB-treated 

rats (J, F2 cohort). When data from the two cohorts were combined, OEC-treated rats 

had a greater NF/MAG overlap than media and FB controls (K). Scale bars: A = 500 

μm, B-E = 250 μm. (* p < 0.05, ** p < 0.01). 
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Figure 14:  
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Figure 14 Legend: Neurofilament density in the lesion core varied depending on 

the presence of transplanted cells.  

A-F: The injury site of an OEC-treated rat was immunolabeled for neurofilament-positive 

axons (NF, white), myelin (MAG, red), OECs (GFP, green) and the glial scar border 

(GFAP, light blue). GFAP-negative lesion core is marked by an asterisk. Enlargement of 

the boxed area of the lesion core in A is shown in B-F. Arrowheads indicate NF/MAG-

positive axons in areas containing OECs whereas arrows indicate NF/MAG-positive 

axons in areas of the lesion core without OECs. G-L: An image of a spinal section from 

an FB-treated rat from cohort F2 labeled for NF, MAG, OECs, and GFAP. Although we 

did not find FBs in the lesion core (asterisk), enlargement of the box in G illustrates 

surviving FBs that formed large clumps within the caudal stump and have a low density 

of NF-labeled axons (K, white). Arrows show MAG-positive, NF-negative areas within the 

transplanted FBs, and arrowheads mark regions of MAG/NF overlap. M: NF-positive 

axons in the F1 cohort were denser in areas with OECs (green dots) than the remainder 

of the lesion core (grey dots). Areas without OECs had a similar NF density as media-

treated rats (grey dots, OEC vs. Media). N: Data from the F2 cohort shows a higher 

density of NF with OECs than without (green vs. grey dots). Areas with FBs in the lesion 

core did not differ from areas without cells (red vs. grey dots). Compared to areas with 

OECs, the NF density was lower in areas with FBs (green vs. red). O: When the OEC-

treated rats from cohorts were combined, the same differences were apparent. Scale 

bars: A, G = 500 μm, B-F, H-L = 100 μm. (* p < 0.05, ** p < 0.01, *** p < 0.001) 
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Figure 15:  
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Figure 15 Legend: Schwann cell and OEC markers present in the lesion core did 

not differ between groups but were more highly expressed in areas with OECs than 

those without. 

A-E: A region of the lesion core in an OEC-treated rat. The box in A is enlarged in B-E. 

Myelinating and non-myelinating Schwann cells (SCs) in the lesion core (asterisk) were 

identified using antibodies against p0 (red, small white arrow) and p75 (dark blue, thin 

white arrowhead), respectively. Some OECs (green) either closely associated with or 

expressed p0 (yellow arrow) and p75 (yellow arrowhead). F-I: A clump of surviving 

transplanted FBs (green) is associated with low levels of immunoreactivity for p0 and p75 

(yellow arrowhead). The areas surrounding the FBs contain high levels of both SC 

markers (p0, small white arrow, and p75, thin white arrowhead).  J: Graphical 

representation of the density of p0-immunoreactivity in the lesion core. The overall density 

of p0 expression did not differ between OEC- and media-treated rats in cohort 1 (light 

grey dots). Areas with OECs had a higher density of p0 than those without (green vs dark 

grey dots). K: Density of p75-expression in the caudal stump of rats in cohort F1 did not 

differ between OEC- and media-treated rats (light grey). Immunoreactivity of p75 was 

more highly concentrated in areas with OECs than those without (green vs. dark grey). 

Scale bars: A-I = 100 μm. (** p < 0.01, *** p < 0.001) 
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Figure 16: 
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Figure 16 Legend: Transplanted OECs varied in their expression of different 

markers and intermingled with Schwann cells in and around the injury core. 

A-E: Some OECs (green) in the injury core colocalized with p0- (green and red, yellow 

arrows), whereas other OECs appeared as p75-positive (green and blue, yellow 

arrowheads). GFP-positive, and p0- and p75-negative OECs (small white arrows) were 

also observed. OECs were also found intertwined with each other and with both 

myelinating (p0, red) and non-myelinating (p75, blue) Schwann cells. Scale bars: A-E = 

50 μm. 
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Figure 17: 
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Figure 17 Legend: The density of oligodendrocytes and OPCs at the scar border 

did not differ between OEC- and media-treated rats. 

A: Low magnification of an injury site labeled for CC1-positive oligodendrocytes (red), 

GSTpi-positive oligodendrocyte progenitor cells (OPCs, green), and the glial scar border 

(GFAP, light blue). The boxes from the rostral stump and scar border in A are enlarged 

in B-E and F-J. Asterisk indicates the lesion core. B-E: Cytoplasmic CC1 is a marker for 

oligodendrocytes and nuclear GSTpi marks OPCs. Multiple CC1-positive 

oligodendrocytes (red, yellow arrows) and nuclear GSTpi-positive OPCs (green and grey 

overlap, yellow arrowheads) are illustrated from the rostral spinal stump. Hoechst-labeled 

nuclei are grey. F-J: Oligodendrocytes (yellow arrows) and OPCs (yellow arrowheads) 

were found in the lesion core with areas of low GFAP-immunoreactivity (light blue). K, L: 

Quantification of the number of CC1-positive cells (K) and cells with CC1 nuclear GSTpi 

(L) was normalized to the GFAP-positive tissue area within 500 µm of the lesion core. 

The density of either CC1- or GSTpi-positive cells did not differ between OEC- and media-

treated rats in cohort F1. Scale bars: A = 500 μm, B-J = 50 μm.  
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Figure 18: 
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Figure 18 Legend: Axons were likely myelinated by oligodendrocytes present in 

the spared ventral white matter of an OEC-treated rat with an incomplete lesion. 

Dorsal is toward the top and rostral to the left in this image. A: Spared NF-positive axons 

(white) were closely associated with MAG (red) in the intact ventral white matter (GFAP, 

light blue) in this incomplete injury of an OEC-treated rat. OECs are shown in green. The 

box in A is enlarged in B-E. B-E: Most axons in the intact ventral white matter were 

straight, well organized, and typically associated with MAG (yellow arrow). Some MAG-

positive axons also associated with OECs (yellow arrowhead) in the GFAP-negative 

lesion core (asterisk).  F: In a section 125 µm lateral to A, CC1-positive oligodendrocytes 

(red), GSTpi-positive OPCs (green), and the glial scar border (GFAP, light blue) also were 

present in the spared ventral white matter. The box in F is enlarged in G-J. G-J: A large 

area of intact spinal tissue contained many mature (red, yellow arrow) and immature (red 

and green overlap, yellow arrowhead) oligodendrocytes in organized rows. GSTpi-

positive OPCs were more concentrated around the dorsal lesion border (green, small 

white arrow), and in the lesion core (thin white arrowhead, asterisk). Scale bars: A = 200 

μm, C-E, G-J = 50 μm, F = 250 μm. 
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Fig 19: 
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Figure 19 Legend: OECs were closely associated with myelinating cells in the 

lesion core. 

A-E: OECs (green) in the injury site associated with NF-positive axons (white) and MAG 

(red). Yellow arrowheads indicate OECs that did not appear to express MAG intermingled 

with MAG-positive axons, and the yellow arrow indicates an area of close OEC and MAG 

overlap. F-J: Myelinating SCs (p0, red, yellow arrows) and p0-negative OECs (green) 

were found intertwined in the lesion core. Most OECs were p75-positive (blue, yellow 

arrowhead) and interacted with a few GFP-negative p75-positive non-myelinating SCs 

(blue, small white arrow). K-O: CC1- and GST-pi-positive oligodendrocytes (red and blue, 

yellow arrows) are shown associated with OECs (green, yellow arrowhead) in the lesion 

core. CC1-negative, GST-pi-positive OPCs were also present (blue, small white arrow). 

Hoechst-labeled nuclei are shown in grey (K). Scale bars: A-E = 100μm, F-J, K-O = 50μm. 
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CHAPTER 4. DISCUSSION 

 

In this study we found that OEC treatment combined with EES and climb training had a 

slight effect on functional recovery but a substantial impact on the architecture of the injury 

site. While the spinal rats in both cohorts improved on the BBB locomotor test over time, 

there were very few consistent changes seen in their climbing performance. This study 

marks the first time we found that GFP-positive OECs and FBs survived in or near the 

injury site for 5-6 months post-transplantation. Although OEC treatment did not affect 

tissue sparing or neuron survival near the injury site, we did detect strong positive effects 

on axonal outgrowth and the association of axons and myelin in the lesion core compared 

to media- or FB-treated controls. Not only was the overall amount of NF- and 5-HT-

positive axons in the lesion core greater in OEC- versus control-treated rats, but we also 

found evidence that surviving OECs strongly stimulated axonal outgrowth by directly 

associating with axons in the lesion core. OEC treatment also affected myelin and 

myelinating cells by increasing NF-positive axon association with MAG and interacting 

with SCs and oligodendrocytes in the lesion core. While OECs did not affect overall SC 

infiltration into the injury site or oligodendrocyte and OPC density at the scar border, the 

OECs exhibited distinct interactions with both the SCs and oligodendrocytes within the 

lesion core. We also observed differences in p0 and p75 expression in OECs, a finding 

that suggests there may be several OEC subtypes at the injury site.  
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Functional improvements occurred in open exploratory behavior, but analyses of 

motivated behavior during climbing tests were inconsistent 

The BBB is widely used to measure gains in motor function in moderate, rather than 

severe, models of rat SCI (Basso et al., 1995; Barros Filho & Sleiman Molina, 2008). Here 

we saw modest improvements on the BBB compared to scores at month 1 in all groups 

of rats. As all of our spinal rats began the EES and climb training treatments after the first 

BBB test (1-month post-injury), it suggests that the EES contributed to the functional 

recovery measured by the BBB test. We did not, however, have controls without long-

term EES and therefore cannot definitively conclude that EES plus climb training alone 

contributed to this change. As the BBB is not a task-based test, we also used the grid 

climbing task to ask if there were treatment effects on a motivated locomotor task. 

Previous studies used grid climbing as a test of motor performance after injury and 

found that the number of grid pushoffs improved with OEC treatment (Ramon-Cueto et 

al., 2000; Ziegler et al., 2011). In the current study we found only a few examples of grid 

pushoffs for each trial and we thus developed a BBB-style evaluation of grid climbing (the 

cBBB) to obtain more information about changes in their motor function from the climbing 

data. Despite revisions to improve observer reliability, we did not find many differences 

between the groups of spinal rats in our study. The lack of consistent trends in these 

results for both the number of pushoffs and cBBB scores suggest either that OEC and 

EES treatment did not have a strong effect on climbing abilities or that the evaluative 

measures need further development and validation. The small size of our animal groups 

that completed the study and the variability in spinal cord transections, both likely 

contributed to these inconclusive findings.  
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Additionally, we analyzed the climbing tests using EMG recordings from hindlimb 

muscles. Ziegler et al. (2011) used similar embedded EMG wires to assess recovery 

during treadmill stepping. In the current study, however, the EMG recordings obtained 

were difficult to compare between transplant groups, timepoints, and stimulation 

conditions. This is likely due to several factors: 1) most rats (~80%) had evidence of at 

least one broken EMG wire determined by the lack of EMG signal despite movement on 

the video or vice versa, 2) the number of steps and pushoffs were low and inconsistent 

for each condition and therefore the number of EMG recordings analyzed per rat varied, 

3) the timing of the breach periods that were analyzed were variable and some included 

bouts of inactivity, and 4) the approaches to climbing varied greatly for each rat. For 

example, many rats leaned to one side and dragged their bodies while climbing, which 

created noise in the recordings. Thus, we were unable to accurately assess changes in 

EMG patterns across groups. 

 

Grid climb training may not be an optimal locomotor task for EES therapies in 

rodent models of SCI 

EES has potent effects on motor recovery, especially when paired with specific locomotor 

tasks such as treadmill stepping (Gerasimenko et al., 2007; Ichiyama et al., 2008; 

Ichiyama et al., 2005). In the current study and in Thornton et al. (2018) we not only 

combined EES with a cell transplant therapy for the first time, but we also paired EES 

with a different motor task, i.e., climb training, rather than treadmill stepping. Neither study 

showed evidence of functional recovery of OEC- versus FB-treated rats.         
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 Here we found that because all groups received EES and improved on the BBB 

over time, there may have been a stimulation effect. Unlike in other studies from the 

Edgerton lab, however, in which direct EES administration was able to stimulate stepping 

in fully transected rats (Ichiyama et al., 2008; Courtine et al., 2009; Gad et al., 2013), EES 

failed to have a clear, direct effect on behavioral results when combined with climb 

training. There may, therefore, be important therapeutic aspects of the treadmill task that 

are not replicated during climbing. Treadmill stepping requires on-going activation of 

repetitive movements that rely heavily on proprioceptive feedback, whereas grid climbing 

occurs in short bursts and requires complex movements and coordination. Climb training 

with EES also resulted in periods when the rat received stimulation while inactive or 

climbing incorrectly, thereby potentially reinforcing negative behavior. While grid climbing 

may be an attractive alternative to test cortical circuit recruitment, based on our findings, 

it may not be the most appropriate training regimen to pair with EES.  

 

Changes in transplantation and injury methodology increased transplanted cell 

survival but had other unintended effects  

There are few studies in the OEC field that have examined OEC transplant survival after 

injury and the latest time-point that transplanted OECs were observed was 4 months post-

injury (Barbour et al., 2013; Lu et al., 2006; Roet et al., 2012). In our previous long-term 

studies  (Kubasak et al., 2010; Takeoka et al., 2012; Ziegler et al., 2011), we could not 

explicitly determine OEC survival as there are no unique markers for OECs to distinguish 

them from other glial cells. In a recent short-term study we were able to track transplanted 
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cell survival by using GFP-expressing OECs and FBs and found that the cells died 

between 1-2 months post-transplantation, unless the rats were treated with cyclosporine 

A (Khankan et al., 2016). In the current study we made a number of changes to improve 

transplant survival. After conducting multiple pilot studies, we chose the inbred Fischer 

344 rat model to reduce non-autologous transplant rejection, a microaspiration injury 

technique to reduce immune cell infiltration and tissue damage, and a delayed transplant 

paradigm to avoid the acute immune response that occurs after injury. Together, these 

changes had a marked effect on cell survival as OECs were identified in all OEC-treated 

rats at 5- and 6-months post-transplant. Unfortunately, some of these changes also had 

unintended effects on the study. 

Unlike in our other previous work in outbred rats, some of our Fischer 344 rats died 

spontaneously during the study. After searching the literature, several publications 

reported that Fischer 344 rats frequently developed spontaneous leukemias that led to 

sudden death (Moloney et al., 1970; Thomas et al., 2007). We also found several 

incomplete injuries in the F1 cohort due to the microaspiration method that led to highly 

variable motor function. Due to the unexpected spontaneous deaths and variability of 

injuries, our sample sizes are small and do not include the controls we initially proposed. 

These small sample sizes limit significant results from behavioral analyses, but we 

detected a number of differences between transplant groups in anatomical analyses of 

the injury site. 
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OECs and FBs that survived over 5 months post-injury showed potent effects on 

axonal outgrowth and regeneration 

Many studies report that OECs promote axonal outgrowth in vitro and in vivo and 

ensheathe and protect axons in the injury site at early time-points post-transplantation 

(Barbour et al., 2013; Khankan et al., 2016; Khankan et al., 2015; Roet & Verhaagen, 

2014; Runyan & Phelps, 2009). Indeed, we found this was also true in the current study, 

however, the extent of NF-positive axon density in areas with OECs in the lesion core 

was much greater than previously reported. In addition, our finding that axons extend 

across the hostile lesion core on OEC bridges provides strong evidence that the OECs 

directly stimulated axon regeneration, rather than axonal sprouting (Steward et al., 2003). 

5-HT-positive axons that crossed into the caudal glial scar border did not project far into 

the caudal stump. This result is consistent with an interpretation that the axons were 

severed during the initial injury and later regenerated across the lesion core associated 

with OECs. These findings suggest that OECs retain their growth-promoting abilities for 

at least 6 months post-transplantation and therefore are likely to provide continued 

benefits to axon regeneration over time. 

Conversely, transplanted FBs appeared to have the opposite effect on axonal 

outgrowth; axons occasionally associated with a few FBs found in the lesion core, but 

larger areas with FBs in the spinal stumps characteristically had a stark absence of axonal 

markers such as NF and 5-HT. The lack of axon integration into grafts of FBs may be due 

to the axon growth-inhibitory molecules expressed by FBs such as chondroitin sulfate 

proteoglycans. Surprisingly, areas with surviving FBs had high levels of MAG 

immunoreactivity despite the lack of axons. These data suggest that dermal FBs may 
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promote the accumulation of inhibitory myelin debris, as opposed to OECs which can 

phagocytose and thus clear myelin fragments (Khankan et al., 2016; Lankford et al., 

2008). These findings perhaps are not surprising given the dermal origin of the 

transplanted FBs that normally would not associate with the central nervous system. FBs 

from different origins, such as meningeal FBs, could have a different effect on axon 

growth and myelin protein accumulation (Toft et al., 2013).  

 

OECs that survived over 5 months in the spinal cord revealed distinct interactions 

with myelinating cells and their progenitors  

In addition to their effects on axonal outgrowth, OECs are used in transplantation 

therapies because of their beneficial effects on other cells around the injury site. OECs 

integrate well with astrocytes and therefore make the glial scar permissive for axon 

growth, signal to infiltrating macrophages to increase clearance of inhibitory debris, and 

even surround and protect neuronal cell bodies in the lesion core (Chuah, et al., 2011; 

Khankan et al., 2016, 2015). Here we also showed that the transplanted OECs integrated 

well with astrocytes and formed bridges across the lesion core to provide preferential sites 

for axons to project into the caudal stump. 

Our study also focused on examining the poorly understood interactions of OECs 

with myelinating cells and their progenitors. We found that axons in the lesion core of 

OEC-treated rats more frequently associated with MAG than the axons in the media or 

FB controls. Although the association of axons with MAG may be indicative of axon 

myelination, MAG is known to be inhibitory to axon growth (McKerracher et al., 1994). 
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Despite their effects on increasing myelin in the injury core, we found that it did not appear 

to inhibit OEC-stimulated axonal outgrowth. 

We then asked if the source of MAG was due to increased presence of either SCs 

or oligodendrocytes or if it was expressed by the OECs themselves. Based on our 

findings, the presence of OECs did not affect SC infiltration into the lesion core overall, 

but we frequently found that OECs closely intermingled with both myelinating and non-

myelinating SCs in the lesion core and in the spinal stumps. This finding suggested that 

there may be a higher density of SCs in areas where OECs are present. Because SCs 

have similar morphologies, express similar markers, and associate closely with OECs, 

however, it was difficult to distinguish the two types of SCs from the OECs at low 

magnification in large areas of the lesion site. Despite higher levels of SC markers (p0 

and p75) we were unable to definitively determine that SC infiltration into areas with OECs 

was greater than in other areas of the lesion core. High magnification confocal images 

revealed the intertwining relationships between the OECs and SCs, particularly in areas 

with high axon density, suggesting that the OECs and SCs may have synergistic effects 

on axon growth and myelination. 

We also examined OEC interactions with oligodendrocytes and OPCs. Little is 

known about the effects of OECs on OPC proliferation and differentiation and the few 

studies that were conducted focused mainly on in vitro experiments (Carvalho et al., 2014; 

Lamond & Barnett, 2013; Sorensen et al., 2008). Results from this study, however, found 

that OECs may directly influence survival of oligodendrocytes and OPCs in the toxic 

lesion core. We found examples of OPCs and even some immature oligodendrocytes in 

the GFAP-negative lesion core, but almost exclusively in areas where OECs were 
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present. This finding suggests that OECs may interact with oligodendrocytes that 

contribute to axon myelination in the injury core itself. The presence of immature 

oligodendrocytes also suggests that the OECs may directly support newly differentiated 

oligodendrocytes in the injury core and promote the differentiation of oligodendrocytes in 

the spinal stumps and potentially contribute to remyelination. Further study on OEC and 

oligodendrocyte interactions is needed to determine if there are effects in areas other 

than the scar border, such as areas in the spinal stumps that contain OECs.  

 

Differences in morphology and gene expression suggest that multiple subtypes of 

transplanted OECs are present at the injury site 

The long-term transplant survival achieved in this study also provided the opportunity to 

better observe variations in OECs at the injury site. Interestingly, OECs cultured from the 

olfactory bulb upregulate their expression of p75 in vitro even though OECs in the 

olfactory bulb rarely express p75 in adults. In addition, cultured OECs also vary in 

morphology, ranging from flat, fibroblast-like cells to thin, spindle-shaped cells (Ramón-

Cueto & Nieto-Sampedro, 1992; Khankan et al., 2015). Other studies of OECs describe 

“astrocyte-like” OECs that express GFAP and “myelinating, SC-like” OECs that express 

p0 (Ebel et al., 2013; Sasaki et al., 2006; Yao et al., 2018). In the current study we 

specifically examined immunolabeling of p75 and p0 in the GFP-positive transplanted 

OECs and found evidence of three subtypes based on their levels of protein expression: 

1) p75-positive, 2) p0-positive, and 3) p75- and p0-negative. These OEC subtypes may 

or may not each carry out different functions, such as promoting axon outgrowth, 
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myelinating axons, and phagocytosing debris (Sasaki et al., 2006; Lankford et al., 2008; 

Khankan et al., 2016). 

Beyond protein expression, OECs also exhibited different morphologies as they 

associated with each other. We found OECs in both the lesion core and spinal stumps in 

disorganized clusters (Fig. 14A-F and Fig. 15A-E), organized mesh-like patterns (Fig. 

11E-H), chain-like structures (Fig. 12), and twisting and intertwining, rope-like formations 

(Fig. 16 and Fig. 19). These varying OEC interactions could also be related to different 

functions, such as providing substrates for axonal outgrowth, integrating into the glial 

scar, phagocytosing debris, or myelinating axons. Further comparisons of OECs in the 

lesion core and OECs in the spinal stumps may further reveal differences that are related 

to their proximity to the injury site and their interactions with surrounding cells. 
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CHAPTER 5. CONCLUSIONS 

 

This thesis reports a complex long-term study combining treatments for severe rodent 

spinal cord injury (SCI) that used two different therapeutic mechanisms: olfactory 

ensheathing cell (OEC) transplantation that targeted the injury site, and electrical epidural 

stimulation (EES) and climb training that targeted spinal circuit reorganization. We found 

that the EES treatment likely had modest effects on the recovery of motor function 

whereas the OEC treatment was able to affect several factors in the lesion core that are 

beneficial for SCI recovery, particularly in areas where OECs survived. The discovery and 

analysis of the transplanted OECs in the lesion core provided particularly interesting 

insights into the long-term effects of OECs in the injury site; surviving OECs had robust 

effects on axonal outgrowth and increased axon association with myelin in the lesion core. 

We also discovered unique interactions between OECs and myelinating cells such as 

Schwann cells (SCs) and oligodendrocytes in the lesion core and detected several 

different types of OECs at the injury site. These findings have revealed further insights 

into the mechanisms behind OEC transplantation after SCI. 

In addition to many studies in the field, the findings in this thesis expand and build 

specifically on data found in five previous studies from our labs and thus contribute to the 

larger picture of the efficacy of OEC transplantation therapies (Kubasak et al., 2008; 

Takeoka et al., 2011; Ziegler et al., 2011; Khankan et al., 2015; Thornton et al., 2018). 

Here, we will compare some of the previous findings with the recent contributions of the 

current study to provide a better understanding of the effects of OEC transplantation. As 

outlined in Table 3, each of these studies has somewhat different methodology that built 
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on the previous study. Therefore, due to the different experimental factors and sample 

sizes, our results have varied. For example, effects on functional recovery in this study 

did not replicate findings from Takeoka et al. (2011) or Ziegler et al. (2011). There are 

several common threads, however. In all these studies we found substantial and positive 

effects of OECs on axon regeneration and connectivity at the injury site.  

In this thesis we detected improvements in functional recovery on the BBB test 

(Basso et al., 1995) after beginning EES and climb training treatment. While we found 

that there were moderate improvements in functional recovery over time, these changes 

did not appear to be affected by OEC treatment. This is contrary to evidence found in 

some previous long-term studies conducted in our labs (Kubasak et al., 2008, Takeoka 

et al., 2011, and Ziegler et al., 2011). While working on the current project we finished a 

manuscript on a long-term pilot study that also evaluated OEC-transplantation combined 

with EES and climb training in completely transected rats. Unlike the previous long-term 

studies, Thornton et al. (2018) found no differences in functional recovery over time. 

There were several important differences between the first three studies and the two most 

recent ones: 1) sample sizes were between 9-10 vs. 4-6 rats/group, 2) controls included 

transplant and no-training controls vs. only transplant controls, and 3) OEC treatment was 

paired with treadmill stepping vs. EES and climb training (Table 3). In the current study 

the sample sizes and controls were originally intended to match those in previous studies, 

however due to the poor health of the Fischer 344 rat strain, we were unable to complete 

the experiment as planned. Most likely, the inbred Fischer 344 rats were not appropriate 

for long-term complete transection studies. It is important to note that all the studies in 

our lab were conducted in a complete spinal cord transection model that typically has 
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limited possibilities for functional recovery. Therefore, in future studies, OEC effects in 

more moderate injury models such as a double hemisection or contusion may provide a 

more appropriate and interesting comparison. 

Thornton et al. (2018) also evaluated OEC-transplantation combined with EES and 

climb training in completely transected rats. The injury and transplantation methods were 

identical to those in our only short-term study in which we found that the transplanted 

cells survived less than 2 months post-injury (Khankan et al., 2016). Similar to Thornton 

et al. (2018), the current study also used the same transsynaptic retrograde tracer, 

pseudorabies virus (PRV) and careful analysis of axon and astrocyte bridging at the injury 

site to assess connectivity with hindlimb motor circuits. Despite the lack of OEC survival 

in Thornton et al. (2018), compelling evidence of regenerated axonal connectivity above 

the injury site was detected in one OEC-treated rat. In addition to this rat, Thornton et al 

also found that one control FB-treated rat had substantially more PRV-positive cells 

rostral to the injury site than any other spinal rat. After careful examination of the injury 

sites, however, differences were discovered that indicated tissue sparing, rather than 

axon regeneration had occurred in the FB-, but not the OEC-treated rat. Specifically, we 

discovered an area of ventral spinal cord that was intact and contained axons that 

appeared straight and organized in the FB-treated rat. Conversely, the OEC-treated rat 

had axons that bridged the two halves of the spinal cord in a twisting and tortuous path 

on thin areas of tissue. The observation of disorganized axon growth fulfilled one of the 

several criteria of regenerated axons described in Steward et al. (2003) and we thus 

concluded that the connectivity was due to axon regeneration.  The FB-treated rat, 
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however, failed to meet these requirements and our conclusion was that axon sparing 

had occurred due to an incomplete injury. 

The establishment of methods used to distinguish regenerated versus spared 

axons in Thornton et al. (2018) proved invaluable in distinguishing the incompletely 

injured rats in this thesis. Here, we discovered several incompletely transected rats using 

similar methods that helped to determine the extent of axonal outgrowth. Unlike areas 

with evidence of incomplete injuries, in areas where axons associated with OEC bridges 

in the lesion core, axons did not appear straight or continuous. As in the previous study, 

we also further delineated axon connectivity by analyzing PRV-positive cells rostral to the 

lesion core. These data, however, are part of a thesis by a current master’s student in the 

lab and thus do not appear in this dissertation.  

One of the strengths of this thesis compared to the five previous studies was the 

long-term survival of the transplanted OECs. Because OECs do not have unique markers 

that can distinguish them from SCs and other cells at the injury site, we were previously 

unable to detect the transplanted cells before using GFP-labeled OECs. In the short-term 

study reported in Khankan et al. (2016) we transplanted GFP-labeled OECs and 

examined their direct effects on the injury site over time. We found that the OECs directly 

interacted with neuron cell bodies, neurofilament-positive and serotonergic axons, 

chondroitin sulfate proteoglycans, and myelin debris in the lesion core. We also found 

that some, but not all, of the beneficial effects of OECs at the injury site disappeared at 

later time points after the OECs had died. In Thornton et al. (2018) we did not find any 

surviving cells at 7-months post-injury, however there were some modest effects on 

axonal outgrowth and regeneration at the injury site which may have occurred while the 
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OECs were still alive. This suggests that OECs may have early effects on the injury site 

that are maintained over time. We believe, however, that improved OEC survival would 

be required to optimize the benefits of OEC transplantation. 

Of the five previous studies that looked at changes at the injury site, all found that 

OEC treatment had some positive effect on axonal outgrowth, particularly of the 5-HT-

positive serotonergic axons. This was also true in the current study, however the effects 

of OECs on axonal outgrowth were far more striking than seen previously. While we found 

both 5-HT- and neurofilament (NF)-positive axons that extended into the lesion core with 

OECs in Khankan et al. (2016), in the current study we observed 5-HT- and NF-positive 

axons that crossed the entire lesion core on OEC bridges. We also found that areas with 

OECs had a substantially greater density of axons than other areas in the lesion core, a 

finding that we had not observed previously. This suggests that OECs maintain their 

ability to promote axon regeneration even months after transplantation and that long-term 

OEC survival can have a dramatic impact on axonal outgrowth. 

Beyond the direct interactions between OECs and axons, this dissertation also 

investigated the interactions between OECs and other cells in the lesion core. For the first 

time in our lab, we report the effects of OEC transplantation on myelin and myelin-

producing cells. Much of our earlier work was focused on OEC effects on tissue sparing 

and axonal outgrowth, however axon myelination is an important therapeutic target that 

we had previously not assessed. Thus, in the current study we discovered that OEC-

transplantation enhanced the association between axons and myelin in the lesion core. 

Additionally, Khankan et al. (2016) showed that OEC treatment decreased the presence 

of myelin debris and that OECs did phagocytize myelin fragments. In the current study, 
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we observed myelinating and non-myelinating SCs and oligodendrocytes in the glial scar 

borders and lesion core and found that they were able to integrate with surviving OECs. 

Possibly, the interactions between OECs and myelinating SCs could have increased 

axon-myelin association in the lesion core. Further, interactions with the non-myelinating 

SCs, which are also known to have benefits on axonal outgrowth, may have contributed 

to the substantial axon growth we detected in areas with OECs. Another surprising finding 

was the presence of oligodendrocytes associated with OECs in the lesion core. Similar 

to the neuron cell bodies found in the lesion core with OECs in Khankan et al. (2016), 

oligodendrocytes would not normally be found in the hostile lesion core environment. 

These results suggest that further studies on the OEC effects on myelin would be 

productive.  

Although OECs do not myelinate axons in their native environment, several studies 

reported that OECs can myelinate axons when transplanted into the spinal cord (Sasaki 

et al., 2006, 2011; Lankford et al., 2008). We have not, however, had the opportunity to 

observe OECs that may have differentiated into a myelin-producing phenotype. In this 

study, not only did we find evidence of OECs that produced peripheral, SC-like myelin, 

but we also found evidence of two other subtypes of OECs based on their expression 

patterns. Despite the difference in expression of specific OEC markers, we were unable 

to further delineate the functions of these different subtypes. This discovery of different 

subtypes of OECs is an area of interest that we plan to pursue. In particular, we plan to 

further distinguish other markers or OEC subtypes and to study potential differences in 

function to determine if there are subtypes that may be more beneficial for SCI 

transplantation therapies than others. 
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In summary, our findings suggest that long-term survival of transplanted OECs 

may provide multiple benefits to changes at the lesion site after severe SCI. The effects 

of OEC treatment on axon growth and myelination seen in this study provide promising 

evidence for the use of OEC transplantation therapies. Clearly, further optimization is 

needed to maximize the therapeutic benefits of OEC transplantation combined with EES 

and climb training, and this study will provide a foundation for future study of multi-faceted 

combinatorial treatments for SCI. 
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Table 3 Legend: Comparison between the current study and previous complete 

spinal cord injury studies in our lab.  

Summary comparison of six OEC studies conducted in our lab: Kubasak et al. (2008), 

Takeoka et al. (2011), Ziegler et al. (2011), Khankan et al. (2016), Thornton et al. (2018), 

and the current study. Abbreviations: serotonergic axons (5-HT), electrical epidural 

stimulation (EES), electromyography (EMGs), fibroblasts (FBs), motor-evoked potentials 

(MEPs), neurofilament-positive axons (NF), olfactory ensheathing cells (OECs), pseudo-

rabies virus (PRV). Findings are summarized as having positive OEC effects (+), negative 

effects (-), and no significant effects (0). (*PRV data on this study not reported in this 

thesis).  



129 
 

APPENDIX ITEM 1. CLIMBING ASSESSMENT GUIDE 

The Climbing Assessment is split into 5 categories: 
  

 

 

 

 

 

1) Limb Movement 

 Limb movement measures are similar to those in Basso et al.  (1995). 
 To assess limb movement, look for range of motion (RoM) of 3 hindlimb joints: 

o Hip: The change in angle from the body and the femur (between 1 + 2). 
o Knee: The change in angle from the femur and the tibia (between 2 + 3). 
o Ankle: The change in angle from the tibia and the foot (between 3 + 4). 

 

 

 

 

 

 

 

 Determining joint movement: 
o Depending on the angle of the rat, hindlimb joint extension and flexion can 

be difficult to determine. Some examples are given below: 
o Ankle movement is the easiest to see, especially from a side view, but if 

you are having trouble, look for subtle changes in distance from the grid. 
Is the foot moving further or closer to the grid while the tibia does not 
move? 

o Knees are more challenging but look for subtle changes in the tibia and 
ankle position as good indicators, both towards and from the grid and 
vertically. Is the body remaining in the same location while the foot, but not 
the ankle, is moving up and down?  

o Hips are the most challenging. These require some practice to assess 
movement. Look for patterns similar to those in the ankle and knee 
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assessments but focus more on the knee, femur, and leg as a whole. Is 
the knee changing positions? 
 

 Extent of range of motion: 
o Full RoM for each joint is depicted above . 

 More challenging while climbing 
o Score of 0 indicates no movement of the joint was detected. 
o Score of S indicates slight movement of the joint . 

 <50% RoM, changes in joint angles are small. 
o Score of E indicated extensive movement of the joint. 

 >50% to full RoM, changes in joint angles are large. 
o If you see it once, you circle that score (ex., You saw extension of the 

knee one time but slight the others, you would still circle “E”). 
o Score each leg individually. 

 
 Sweeps: 

o A sweep is defined as coordinated movement of all 3 joints (such as a 
frog kick). 

o Score as a yes or no. 
 

2) Paw Placement 

 Paw placement is considered a somewhat “active” movement of the foot onto a 
bar: 

o Dorsal: The placement of the dorsal surface of the foot on the bar. 
o Back: The placement of the plantar surface of the heel on the bar. 
o Mid-Front: The placement of the middle, front, or toes of the plantar 

surface of the foot on the bar. 
 

 Determining paw placement: 
o Active placement is difficult to determine- some form of limb movement 

should occur beforehand. 
o Random placement would include: 

 Limb dragging on grid and passively touching a grid bar. 
 Rat falls or slips backward, and foot happens to fall on a bar (no 

limb movement associated with the placement). 
 Rat is placed by the experimenter onto the grid intentionally. 

o Higher score takes precedent over a lower score. 
o Score as a yes or no for each foot 

 
 Determining frequency: 
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o Score of O indicates occasional placement of the foot at the location of the 
highest score to the left (more than once, between 2-5 occurrences). 

o Score of F indicates frequent placement of the foot (between 6-9 
occurrences). 

o Score of C indicates consistent placement of the foot  (10 or more 
occurrences). 

 

3) Weight Bearing 

 Weight bearing occurs when a rat is using a hindleg to support some of its 
weight: 

o Back: The placement of the heel of the bottom plantar of the foot on the 
bar, with ankle and knee in a “loaded” position (see below). 

o Mid-Front: The placement of the middle, front, or 1-2 toes of the bottom 
surface of the foot on the bar, with ankle and knee in a “loaded” position. 

o Curled: The wrapping or grasping of 2 or more toes around the bar, with 
ankle and knee in a “loaded” position (see image below). 
 

 Determining weight bearing: 
o Weight bearing may require additional confirmation, as it is often 

challenging determine. It can be subjective to decide if the legs are in a 
“loaded position”. 

o Weight bearing begins with some form of paw placement, so as previously 
noted, watch out for random placement: 

 Limb dragging on grid and passively touching a grid bar. 
 Rat falls or slips backward, and foot happens to fall on a bar (no 

limb movement associated with the placement). 
 Rat is placed by the experimenter onto the grid intentionally. 

 
o To determine “loading of muscles” (see image): 

 Observe bend in joints as the rat rests her 
weight on the bar. During that time, look for 
slight movements that might indicate there 
is weight supported by that foot. 

 Determine where the animal is resting her 
weight. Is she leaning to one side and 
simply resting her other foot on the grid?  

 Determine if the rat is supporting her weight 
mainly with the forelimbs. 
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o Weight bearing may need further confirmation with the EMG pattern of the 
rat. Please record the frame number of each incidence you observe so 
confirmation can be obtained. 

o As above, a higher score takes precedent over a lower score. 
o Score as a yes or no for each foot. 

 
 Determining frequency: 

o Score of O indicates occasional weight bearing (more than once, between 
2-5 occurrences). 

o Score of F indicates frequent weight bearing  (between 6-9 occurrences). 
o Score of C indicates consistent weight bearing  (10 or more occurrences). 
o The exact number and corresponding video frames of weight-bearing 

incidents should also be recorded at the bottom of the scoring sheet for 
future reference. 

4) Steps 

 “Steps” are considered as a fluid movement of the foot from one bar to the next. 
o Pushoff: The rat begins with the foot placed on a bar and either moves 

the leg off the bar in a fluid manner or pushes leg off the bar but does not 
try to extend the rest of the leg to complete the stepping movement. 

o Miss: The rat begins with the foot placed on a bar and either moves the 
leg off the bar in a fluid manner or pushes leg off of the bar and attempts 
to move it higher up the grid but is unsuccessful and misses the next bar. 

o Completion: Same as above, however the attempt is successful and the 
rat is able to move her leg from one bar to another higher up the grid. 
 

 
 Determining a step: 

o Like weight bearing, steps are vulnerable to subjectivity and it is difficult to 
decide what a fluid movement may be. 

o Stepping begins with some form of paw placement, usually with weight 
bearing (but not always).  

o To determine if a “step” has occurred: 
 Observe if the step begins with some form of paw placement, or 

weight bearing. 



133 
 

 Observe the joint movements. Are all three joints moving? Is there 
a coordinated movement?  

 Determining fluid movement requires distinguishing fluid vs spastic 
movements. Look at the real time video, is the movement very fast? 
Does the rat have a big response to the movement (jumping back)? 
Or does it seem controlled? 

 Images above show the stages of a pre-injury step completion, 
beginning with placement, stretch, flexion, extension, shift in 
weight, and final foot placement on the grid. Not every step looks 
the same, however. (Consult pre-injury videos for more examples.) 

 Look closely at the change in position of the ankle relative to the 
bars. 
 

o Steps almost always need further confirmation with the EMG pattern of the 
rat. Please record the frame number of each incidence you observe so 
confirmation can be obtained. 

o A step may also be considered as a “pushoff” if you observe clear 
evidence of the rat pushing her hindlimb off of the grid instead of simply 
lifting it. Make a note at the corresponding frames on the scoring sheet. 

o You may also write “potential step” if you are not sure and consult others. 
 

 Determining frequency: 
o Score of O indicates occasional steps at least once, between 1-5 

occurrences) *Note this is different than above. 
o Score of F indicates frequent steps (between 6-9 occurrences). 
o Score of C indicates consistent steps  (10 or more occurrences). 
o The number of steps should also be recorded at the bottom of the scoring 

sheet as pushoff and steps can be reported as individual measures. 

5) Body Control 

 Body control is determined through three different measures: 
o Trunk Stability: The relative control and position of the body trunk 

(hindlimbs and abdomen) while the rat is climbing. 
o Tail Stability: The relative control and position of the tail while the rat is 

climbing. 
o Abdomen Location: The location of the abdomen in relation to the grid 

while the rat is climbing. 
 

 Determining body control: 
o  For trunk stability, focus on the position of the lower body in relation to the 

upper body and in relation to a vertical bar on the grid.  
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 Is the body moving from side to side a lot, is the rat leaning on one 
side, or is it staying mostly centered relative to her arms and head? 

o For the tail, it is similar to trunk stability, except you should focus on the 
tail movement in relation to the body.  

 Is the tail trailing behind, leaning to one side, flailing about, or 
staying centered and controlled? 

o Abdomen location refers to the way an animal moves up the grid. Pre-
injured rights assume a “high” posture as in they are supporting their 
weight with their limbs and therefore the abdomen is supported further 
from the surface of the grid. Injured animals more often drag their bellies 
or have them only slightly off of the grid surface. 

 How close is the trunk to the grid while the rat is moving? Is it 
dragging, fairly close but not quite dragging, or is it pushed further 
away? 

o Only consider body posture while the rat is moving (note that they may 
lean as they rest but perform better as they climb). 
 

 How to score body control: 
o Leaning: The rat has one side closer to the grid than the others the 

majority of the time while climbing (circle which side on the scoring sheet). 
o Wobbly: The relative position of the body or tail is often moving from side 

to side while climbing. 
o Stable: The rat has good control of her body and is centered most of the 

time. 
 

o Drag: The abdomen is touching the grid as the rat moves. 
o Parallel: The rat is not dragging her abdomen but is pushed slightly away 

from the grid. The body does not touch the grid as she moves. 
o High: The rat is most often supporting weight on her limbs and is pushed 

further back from the grid as she climbs. 
 

General advice: Go slowly- move through points of interest by moving forward and 
reverse frame by frame, but also play in real time to distinguish spasticity from control. 
You can generally fast forward through areas where the rat is not moving at all. 

 

Reference: 

Basso, D. M., Beattie, M. S., & Bresnahan, J. C. (1995). A sensitive and reliable 
locomotor rating scale for open field testing in rats. J. Neurotrauma 12, 1–21. 
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