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EPIGRAPH 

 

 

 

 

Although the neuron doctrine and single neuronal techniques have focused on the 
exhaustive analysis of the individual 'pixels' of the brain, it is possible that the function of 
neural circuits may not be apparent unless one can visualize many, or most, 'pixels' in 

the screen. 
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Neural progenitor cell/neural stem cell (NPC/NSC) grafts integrate into sites of 

spinal cord injury (SCI) and show anatomical and electrophysiological evidence of 

forming neuronal relays across lesions. To determine how signals may be propagated 

through grafts, we performed ex vivo and in vivo calcium imaging of NPC grafts and 
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host spinal cord neurons in mice. Following optogenetic stimulation of corticospinal tract 

axon terminals ex vivo, we detected consistent calcium responses throughout grafts. 

Grafts exhibited spontaneous activity in both independently-firing neurons and emergent 

neuronal networks, which were also activated by corticospinal stimulation. These 

patterns of activation resembled those present in intact spinal cord. In turn, optogenetic 

stimulation of graft axons extending out of lesion sites triggered excitatory post-synaptic 

responses in caudal host spinal cord neurons. Finally, distinct sensory stimuli elicited 

responses in the dorsal aspect of grafts in vivo. Thus, NPC/NSC grafts form local 

networks that are activated by host inputs and can activate host neurons on the distal 

side of spinal cord lesions. 

In order to properly assess the potential benefit of neural stem cell grafts in 

humans, we sought to understand the rate at which human grafts mature in the injury 

site. We grafted human NSCs into sites of SCI in immunodeficient rats and assessed 

anatomical and functional outcomes over a 1.5-year period. Although mature neuron 

markers appeared 3 months after grafting; neurogenesis, neuronal pruning, and 

neuronal soma enlargement progressed over the next year. Graft size remained stable 

as axons emerged in large numbers early on, with half of these projections persisting 

after 1.5 years. Astrocytes expressed mature markers after 6 months, while 

oligodendrocytes did not display mature markers until 1 year after grafting. A slow 

migration of astrocytes from graft sites into host tissue was observed. Importantly, 

functional improvement did not occur until over 1 year after grafting. Thus, human NSCs 

mature at their intrinsic rate even when grafted into a rodent environment, and they 



xiv 
 

support functional recovery only at this delayed timepoint, a key finding in human 

clinical trial planning. 
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CHAPTER 1 

 

Introduction 

 

 

Spinal Cord Injury 

 Spinal cord injury (SCI) encompasses both traumatic and non-traumatic damage 

to the spinal cord that results in changes to its function. These changes arise from both 

primary injuries that occur with the initial insult and secondary damage from the injury 

response. The clinical manifestations of these changes may be temporary or permanent 

and include partial or complete loss of sensorimotor and sympathetic nervous system 

function below the level of injury, with many resulting complications (Ahuja et al., 2017). 

In the United States, which has the highest incidence of SCI, approximately 291,000 

people are currently living with the condition (NSCISC, 2019), while a similar number of 

new injuries occur worldwide every year (WHO, 2013). In addition to placing an 

incredible emotional toll on patients and their friends and families, SCI represents a 

significant economic burden that can result in over $5 million of lifetime expenses 

(NSCISC, 2019). Currently, there is no cure for SCI, but recent studies have shown 

promise for several new therapeutic approaches. 

The spinal cord extends from the brainstem at the base of the brain to the lumbar 

region of the vertebral column (Principles of Neural Science). It is made up of gray 

matter that contains neuronal cell bodies and surrounding white matter containing 

myelinated axons. When viewed in transverse section, the gray matter appears as a 

pair of butterfly wings on an oval of white matter. This organization stands in contrast to 



2 
 

the brain, in which cortical gray matter envelops underlying white matter. A central canal 

runs through the middle of the cord and provides circulation of supportive cerebrospinal 

fluid (CSF) to the tissue. Sensory nerves enter the spinal cord bilaterally at the dorso-

lateral aspect (dorsal roots), while motor nerves exit the spinal cord at the ventro-lateral 

aspect (ventral roots). This follows the organization of the gray matter neurons, which 

generally encode sensory information in the dorsal gray and motor information in the 

ventral gray. Neurons of the central and ventral gray matter are involved in integrating 

sensory and motor information and forming the central pattern generators (CPGs) and 

reflex circuits intrinsic to the spinal cord. The white matter is organized into many 

ascending and descending tracts, with sensory axons slightly more concentrated 

dorsally and motor axons more ventrally. While many of these axons connect with cells 

in the brain and periphery, some are propriospinal axons that serve to relay information 

between neuron populations within the cord (Watson and Kayalioglu, 2009). Motor 

signals are sent from the spinal cord to muscles by motor neurons that project axons 

out of the cord through the ventral roots. In contrast, sensory neuron cell bodies are 

located in the dorsal root ganglia (DRG) that lie along each of the dorsal roots. The 

axons of DRG neurons bifurcate, sending one branch to the periphery and one to the 

spinal cord, where it may terminate or project to the brainstem (Gardner and Johnson, 

2013) 

Protecting the spinal cord with encircling bone and ligament, the vertebral column 

is organized into 7 cervical, 12 thoracic, 5 lumbar, and 5 sacral vertebrae. Intervertebral 

discs allow neighboring vertebrae to move smoothly with respect to one another, giving 

the spine flexibility. Compared to the cranium, much more space exists between the 
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bone of the vertebrae and the meninges surrounding the spinal cord. This space is 

comprised of connective and lymphatic tissue, fat, spinal nerve roots, and a 

concentration of veins termed the internal venous plexus. Meningovertebral ligaments 

attach the outer meninges of the spinal cord, the dura mater, to the vertebral column. 

This allows a limited range of movement of the cord within the column. The dura is a 

stiff membrane composed of longitudinally oriented collagen fibers and fibroblasts. 

Closely attached to the dura is the arachnoid mater, a thinner and more pliable 

membrane of collagen and elastic fibers with several cell layers. A loose layer of 

leptomeningeal cells is attached to the inner surface of the arachnoid and forms 

trabeculae that bridge the subarachnoid space to connect to the pia mater. About one 

third of the vertebral canal is occupied by the subarachnoid space, which is filled with 

CSF and provides hydromechanical protection of the spinal cord from the vertebral 

walls. The pia mater is the final meninge separating the spinal cord from the CSF and is 

made up primarily of collagen and elastic fibers, fibroblasts, and small vessels. It 

connects to a layer of foot processes formed by spinal cord astrocytes, known as the 

glia limitans. Together, these layers form a redundant system of protection of the spinal 

cord, but they also play important roles in the occurrence and ongoing pathophysiology 

of SCI (Sakka et al., 2016; Watson and Kayalioglu, 2009). 

In cases of traumatic SCI, the injury-causing event produces forces strong 

enough to disrupt and dislocate the vertebral column, causing compression or 

transection of the spinal cord. The outcomes of these insults can be grouped into four 

categories:  solid cord injury, contusion/cavity, laceration, and massive compression 

(Bunge et al., 1993). Solid cord injury (10% of cases) refers to a site in the spinal cord 
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that appears normal by gross morphology but shows signs of damage when examined 

by histology. The most common classification at 49%, contusion/cavity shows intact 

surface anatomy and no adhesion of the spinal cord to the dura. However, the cord 

parenchyma displays regions of hemorrhage and necrosis that eventually progress into 

cystic cavities referred to as syringomelia, and the damage is often spread in a tapering 

manner rostrally and caudally from the core injury site. Twenty-one percent of injures 

are lacerations, usually caused by sharp bone fragments or penetrating missiles. Clear 

disruption of the cord surface is observed, but damage is generally restricted to the 

immediate vicinity of the penetration site. Complete transections of the spinal cord are 

rare. The collagenous connective tissue that invades the lesion is often connected to 

the overlying meninges. Maceration or pulpification of the cord is termed massive 

compression (20% of cases). These injuries are typically seen with major vertebral body 

fractures and display similar pathology to laceration, with invading fibrous tissue and in 

some cases nerve root fragments present in the lesion site. The extent of all four types 

of injury can vary dramatically, and in some cases injuries at multiple spinal levels are 

present. Depending on the location, even a relatively small injury can have severe 

clinical outcomes (Norenberg et al., 2004). 

Though the leading cause of traumatic SCI in the United States has long been 

automobile accidents, this figure has dropped from 47.0% in the 1970s to 38.1% 

between 2010 and 2014. Other major causes include falls (31.0%, increasing with the 

aging population), violence (13.5%), sports (8.9%), and medical/surgical (4.7%) (Chen 

et al., 2016). Non-traumatic SCI results from disease processes that affect the 

environment in or around the spinal cord, such as infection, tumor growth, or spine 
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malformations (New and Marshall, 2014). Perhaps because non-traumatic SCI is seen 

as a side effect other disease conditions, far less data is available for its overall 

prevalence than for traumatic SCI, and the two have not been compared within a single 

demographical study. However, studies from Canada and Australia indicate that non-

traumatic SCI is far more common. In Canada, 1,227 cases per million people were 

reported for non-traumatic SCI, whereas 39 cases of traumatic SCI were reported per 

million North Americans. Australia had lower numbers for both classes, but the same 

trend appeared in the ratio between them, with 364 non-traumatic vs 16 traumatic cases 

per million (New et al., 2013; Noonan et al., 2012). While these statistics indicate the 

importance of non-traumatic cases within the field of SCI, this dissertation focuses on 

traumatic SCI.  

The majority of traumatic SCI cases occur in males (79.8%), but the difference in 

incidence between males and females is more marked among young adults than old. 

Although the highest incidence of new cases is in young adults (34.4% ages 16-30), this 

figure has nearly halved since the 1970s, whereas the incidence in adults aged 46-60 

increased from 9.0% to 25.2% in the same time period. This increased incidence among 

older Americans was seen across all injury etiologies except for violence, with the 

largest increases occurring in falls and vehicle accidents. Incidence among different 

ethnic backgrounds in the United States reflects the proportions of the general 

population, though blacks have a higher overall incidence rate than whites, and, 

together with Hispanics, were affected by a spike in violence-related SCI in the 1990s 

(Chen et al., 2016). A decline in the marriage rate in the overall population is 



6 
 

compounded by a lower rate specifically among SCI patients, who benefit 

psychosocially from the support of a marriage partner (Cao et al., 2015). 

Diagnoses of SCI are initially made by first responders, who attempt to stabilize 

the patient with standard life support measures and immobilization of the spinal column 

with a cervical collar and backboard. Once at the hospital, patients typically undergo a 

voluntary neurological examination, and X-ray or computed tomography (CT) scans are 

performed to evaluate damage to the spinal column (Acheson et al., 1987). Magnetic 

resonance imaging (MRI) is used to assess the soft tissue of the spinal cord, nerve 

roots, intervertebral discs, and ligaments (Lammertse et al., 2007). Determining the 

extent and location of edema or laceration of these tissues is an important step in 

surgical planning and developing a prognosis. Electrophysiological measurements are 

often taken and appear to be promising tools to understand the function of the spinal 

cord in different states of injury, providing direct information about spared connectivity, 

but they have not been shown to consistently improve the accuracy of outcome 

predictions in awake and alert patients (Curt et al., 2008). Once sufficient information 

about the state of the spinal column and soft tissue integrity has been gathered, 

surgeons perform spinal decompression, removing any bone or foreign objects that may 

be impinging on the spinal cord or nerve roots. Early decompression has been shown to 

improve impairment scores in prospective studies. Hardware may be installed to realign 

and stabilize the spinal column thereafter (Ahuja et al., 2017). Even after stabilization, 

SCI patients may persist in a state of spinal shock for weeks to months after the injury 

event. Spinal shock begins as a depression of spinal reflexes below the injury in the 

immediate aftermath of the traumatic event. Reflexes begin to return 1-3 days later but 
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then progress to spasticity and hyper-reflexia over the following days to months, which 

may persist up to a year. These symptoms can prevent an accurate assessment of the 

true extent of the injury (Ditunno et al., 2004). 

The clinical outcomes of SCI depend on the level and severity of injury. Although 

vertebral fractures are defined by the vertebral level, the neurological injury to the spinal 

cord is defined by the level at which the nerve roots emerge from the spinal column. 

The discrepancy between levels becomes more pronounced at the lower thoracic 

vertebrae; a fracture of the thoracic level 12 (T12) vertebra could results in damage to 

the sacral level 1 (S1) spinal cord. In terms of sensorimotor function, the cervical level 5 

(C5) through T1 spinal cord segments communicate with the arms and hands, thoracic 

segments innervate the trunk, and the lumbar level 1 (L1) through L5 segments connect 

with the legs and feet (Watson and Kayalioglu, 2009). Bowel, bladder, and sexual 

function may all be affected by injuries even as low as the sacral segments, though 

most dysfunction is seen with injuries at or above L1-L2 (Benevento and Sipski, 2002; 

Hess and Hough, 2012). More immediately critical to patient survival, innervation to the 

diaphragm may be disrupted by injuries above C5, and injuries between C5 and T12 

can affect chest and abdominal muscle innervation, all potentially leading to respiratory 

problems (Tator, 1972). The distribution of injury levels of new cases is roughly even for 

C1-4, C5-8, and T1-12 (each about 30%), whereas L1-S3 injuries are more rare at 9.1% 

(Chen et al., 2016). In addition to sensorimotor systems, the autonomic nervous system, 

with preganglionic neurons throughout the spinal cord, is susceptible to SCI. Disruptions 

to sympathetic outflow to the heart cause decreased heartrate (bradycardia) and 

cardiac output. The imbalance between sympathetic and parasympathetic output can 
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result in acute episodes of both hypotension and hypertension under different 

circumstances. Furthermore, disrupted connectivity to the lymphatic organs can result in 

secondary immunodeficiency (immune paralysis), increasing susceptibility to infections 

(hwab et al., 2014). Otherwise treatable conditions such as urinary tract infections or 

pneumonia are often fatal in SCI patients (Ahuja et al., 2017).  

SCIs are graded on three scales developed by the American Spinal Injury 

Association (ASIA) and adopted by the international SCI communities in the form of the 

International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI). 

The motor and sensory scores evaluate muscle power and light touch and pinprick 

sensation, respectively, at each nerve root level. The impairment scale (AIS) is a more 

direct evaluation of injury severity, relying on the presence or absence of spared 

functions to assess the completeness of the lesion. Grade A injuries are the most 

severe, with complete loss of sensorimotor function, while Grade E indicates normal 

function at all levels in patients with previous deficits (Kirshblum et al., 2011). Though 

AIS A injuries are most common in the total SCI population (45.6%), only 33.7% of 

cases from 2010-2014 were of the highest severity. This change was accounted for by 

rises in the incidence of all grades B through D. Improvements in the medical and 

surgical management (van Middendorp et al., 2013), as well as changing epidemiology 

may account for this trend.  

 Across injury levels and severities, several common comorbidities affect SCI 

patients. Spasticity, a state of increased muscle tone due to exaggeration of the stretch 

reflex that contracts muscles in response to their stretching, occurs in 65-78% of chronic 

SCI cases. This condition arises from hyperexcitability of spinal reflex circuits following 
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the loss of inhibition from supraspinal inputs (Adams and Hicks, 2005). Three types of 

spasticity may occur:  intrinsic tonic (increased muscle tone in response to passive 

stretch), intrinsic phasic (exaggerated reflex to tendon tap, known as hyper-reflexia; or 

clonus, an involuntary rhythmic contraction) and extrinsic spasticity (exaggerated flexion 

or extension reflexes to perceived noxious stimuli outside the muscle) (Decq, 2003). 

These symptoms can be detrimental to mobility, performance of daily living activities 

and sleep. Neuropathic arthropathy, the destruction of a joint over time due to 

microtraumas not felt after loss of sensory innervation, can cause deformity as well as 

ulcerations of the skin overlying the joint (Alpert et al., 1996). Similarly, pressure ulcers 

may result from prolonged sitting or lying with no sensation of discomfort to induce 

patients to reposition themselves. Resulting infections can be fatal. Heterotopic 

ossification, the buildup of ectopic bone in the connective tissue around joints, affects 

10-53% of patients and begins within months of SCI. This may contribute to spasticity 

as well as cause localized pain, redness, and low-grade fever (van Kuijk et al., 2002). 

Finally, neuropathic pain is present in 40% of SCI patients, significantly affecting their 

mental health and quality of life. This inappropriately triggered and sometimes chronic 

pain can be present at the level of injury, due to sprouting sensory fibers around 

damaged nerve roots, or below the injury, hypothetically from the loss of spinal and 

supraspinal inhibition and simultaneous hyperexcitability of pain responsive areas in the 

brain (Cardenas and Felix, 2009). 

 To prioritize treatment goals, a number of studies have been performed 

surveying SCI patients regarding the functions they most desired to regain. Across 

these studies, patients with tetraplegia placed highest priority on arm and hand function, 
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while improved mobility was more important to patients with paraplegia. In one study of 

681 patients, sexual function ranked as the highest priority for paraplegic patients. 

Restoring bladder and bowel function was important to both injury groups (Anderson, 

2004). As the most researched functions have historically been motor and bladder 

function, a clear need is present for more research on bowel and sexual function 

(Simpson et al., 2012). 

 Rehabilitation is a critical component in the ongoing management of SCI 

complications and restoration of function that can improve quality of life and 

independence. Exercise focused on cardiovascular and respiratory conditioning are 

important for patients that may be immobilized for much of the day, and transfer and 

mobility training are key to allowing the patient move between their bed and a 

wheelchair or walker to go about their daily activities. Strength training and stretching 

support spared function and prevent muscle shortening as well as maintain the potential 

use of limbs that have lost functional input (Ahuja et al., 2017). Although it has been 

observed that changes in cell signaling and expression of growth factors that result from 

early mobilization after injury can increase axon regeneration in animal models (Hwang 

et al., 2014), ventilator dependence, acute SCI comorbidities, and resource limitations 

limit the amount of early rehabilitation that can logistically occur in the clinical setting 

(Ahuja et al., 2017). Once patients’ conditions have stabilized after initial injury, more 

specialized rehabilitation programs may be employed that target their particular deficits 

and daily living tasks. Many exercises can be performed at home, but rehabilitation in 

walking requires weight support from physical therapists and/or assistive devices. Such 

weight-supported locomotor training (WSLT) devices include Hocoma’s Lokomat and 
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HealthSouth’s AutoAumbulator, which provide adjustable levels of weight support during 

walking on a treadmill or over open ground. Though no difference in functional 

improvement between WSLT and similar-intensity traditional physical therapy was seen 

in a study of patients with incomplete SCI, both groups improved significantly with 

training (Dobkin et al., 2006). These results highlight the importance of rehabilitation in 

enhancing the strength of spared connectivity between above-lesion inputs and CPGs 

below the injury that retain the capacity to generate locomotor patterns. 

 

Cellular Events in Spinal Cord Injury 

 Mechanical trauma to the spinal cord causes transection of axons and direct 

strain at the tissue and cellular level. The limited capacity for regeneration of the central 

nervous system was has been noted since the early days of neuroscience (Cajal, 1928). 

Once cut, both the proximal and distal ends of axons die back hundreds of microns from 

the lesion site, as seen in in vivo imaging experiments of sensory axons 

(Kerschensteiner et al., 2005). The proximal axon segment may then undergo further 

retraction, but this often stabilizes over time. The distal segment invariably is destroyed 

through an active process known as Wallerian degeneration (Rotshenker, 2011; Waller, 

1851). Strain at the cell soma may take the form of extensional strain (compression or 

stretch) or shear strain, in which the force is tangential to the surface upon which it is 

applied. While both types of strain are capable of disrupting the plasma membrane of a 

cell, shear strain has been shown to cause more damage at a given strain, and it is 

thought to be the primary mode of CNS tissue failure (LaPlaca et al., 2007; Sahay et al., 

1992). Once the integrity of the plasma membrane of a cell has been compromised, 
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uncontrolled ion flux across the membrane leads to cell death or dysfunction (such as 

excitotoxicity in neurons) and pro-apoptotic signaling. Local ischemia due to disrupted 

microvascular supply can further exacerbate these effects. Additionally, breakdown of 

the blood-spinal cord barrier (BSCB) leads to destructive inflammatory responses. The 

BSCB, the spinal cord ortholog of the blood-brain barrier, is made up of nonfenestrated 

endothelial cells, pericytes, basal lamina, and astrocyte foot processes. Together, these 

structures prevent blood-borne molecules and cells from entering the CNS, protecting it 

from pathogens and cytotoxins while allowing the passage of O2, CO2, and other small 

molecules. Many of the ongoing forms of secondary damage in SCI result from BSCB 

disruption (Bartanusz et al., 2011). 

 Hemorrhage in the spinal cord permits the invasion of inflammatory cells and an 

influx of proinflammatory cytokines, such as tumor necrosis factor (TNF) and IL-1β 

(Pineau and Lacroix, 2007). Combined with the activity of inflammatory cells such as 

macrophages, neutrophils, and lymphocytes; these factors cause an overwhelming 

inflammatory response that can persist past the acute injury phase (<48 hours) and into 

the subacute phase (48 hours to 14 days). The resulting swelling within the cord can 

cause further compression and mechanical damage that in turn leads to additional 

secondary damage; ultimately, significant rostro-caudal expansion of the lesion can 

occur (Ahuja et al., 2017). Neurons and glia that do not die during the acute injury 

phase may still suffer the effects of excitoxicity and ischemia, which disrupt ion 

homeostasis both intracellularly and extracellularly. Elevated intracellular calcium levels 

activate calpains, which can trigger mitochondrial dysfunction and eventual cell death 

(Kwon et al., 2004; Schanne et al., 1979). As cells die, they release ATP, DNA, and 
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potassium; potent activators of microglia. Activated microglia and other inflammatory 

immune cells exacerbate the immune response and contribute to further apoptosis of 

neurons and oligodendrocytes. In the process of clearing cellular debris, phagocytes 

release cytotoxic by-products such as free radicals, which cause oxidative damage to 

DNA, proteins, and lipids (Dizdaroglu et al., 2002). The numerous feedforward 

mechanisms of secondary insults can lead to greater secondary damage to the spinal 

cord than the original mechanical injury. However, this damage is not evenly spread 

throughout the spinal cord tissue. For example, studies in humans have shown that 

ischemia has a greater effect on gray matter than white matter, partially accounting for 

the sparing of below injury level functions (Benton and Hagg, 2011; Ng et al., 2011). 

 As the subacute phase shifts into the intermediate phase (14 days to 6 months 

post-injury), further damage as well as attempts at self-repair begin to take place. In the 

wake of massive cell death, cystic cavitations of extracellular fluid, macrophages, and 

thin bands of connective tissue form (Norenberg et al., 2004). These spaces do not 

support the regrowth of axons and prevent cell migration that could otherwise create a 

more hospitable environment (Tator, 1995). The solid tissue of the lesion core develops 

as cellular debris is cleared and an influx of fibroblasts, pericytes, and other stromal or 

mesenchymal cells arrives. Ultimately, the mature lesion core consists of non-neural 

stromal cells and extracellular matrix molecules, such as proteoglycans, collagens, 

laminins, and fibronectins (Burda and Sofroniew, 2014; O’Shea et al., 2017). This non-

neural lesion core has also been termed the fibrotic scar, stromal scar, and 

mesenchymal scar.  
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Separating these regions from viable neural tissue, an astrocycte scar forms from 

elongated astrocytes derived from local astroglial progenitor cells. The borders of the 

astrocyte scar are similar in structure and function to the glia limitans that border the 

meninges and blood vessel surfaces. The term ‘glial scar’ has been a point of 

controversy in its meaning within the SCI field, often being used in a general sense that 

encompasses non-neural cells and may generate confusion as to its pathological role. 

Thus, ‘astrocyte scar’ presents a clearer, cell type-based terminology (Sofroniew, 2018). 

Only several cells thick, the astrocyte scar typically surrounds the lesion core by 2-3 

weeks post-injury, and disruptions to it can lead to prolonged secondary damage 

(Wanner et al., 2013). While during the acute stage the signaling of reactive astrocytes, 

microglia, and macrophages causes secretion of extracellular matrix (ECM) proteins 

that inhibit axonal growth, astrocytes also express molecules known to enhance axon 

growth. In one RNA sequencing study of astrocytes and non-astrocytes harvested from 

SCI lesions, both groups downregulated more axon growth inhibitors than they 

upregulated and upregulated more axon-permissive molecules than they downregulated 

(Anderson et al., 2016). Dissecting the dual role of the astrocyte scar is an ongoing 

endeavor. 

Outside the lesion, the proximal ends of injured axons swell into spherical 

retraction bulbs within 1 day after injury and may persist several months. In a study in 

mice, the majority of corticospinal axons stopped dieback after 4 weeks at a distance of 

approximately 2.5 mm from the lesion, though some retraction bulbs were seen as far 

as 19 mm after 16 weeks (Seif et al., 2007). In vivo imaging of sensory axons showed 

that one mechanism that can stabilize damaged axons is the presence of an intact 
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branch proximal to the lesion. As previously discussed, neurons of the dorsal root 

ganglia project an axon that bifurcates, with one branch innervating the peripheral target 

organ and the other innervating the spinal cord. Once in the spinal cord, the CNS 

portion of the axon bifurcates again, with a descending branch targeting spinal cord 

neurons and an ascending branch targeting the brain. Dieback of both ascending and 

descending branches in the spinal cord usually halted at this second bifurcation point. 

Interestingly, axotomy of the main branch (proximal to the spinal cord bifurcation), 

resulted in more frequent regeneration than axotomy of either the ascending or 

descending branches alone. Combined, these results suggest that a surviving branch 

may act as a stabilizer, suppressing both degeneration and regeneration (Lorenzana et 

al., 2015). In addition to dieback, axons around the injury site can also undergo 

demyelination, slowing conductance of action potentials and exposing them to further 

injury (Fehlings and Tator, 1995). Although local oligodendrocyte precursors can 

differentiate into mature oligodendrocytes and remyelinate these axons, this process is 

inefficient due to inhibition by molecules of the injury milieu, including the debris of the 

very myelin in need of replacement (Kotter et al., 2006; Syed et al., 2016).  

Despite historical pessimism regarding the ability of the central nervous system 

to regenerate, partial regeneration can occur to a limited extent through endogenous 

mechanisms. Patients with incomplete SCI can show substantial spontaneous 

improvements in function, which are maximized with rehabilitation (Ahuja et al., 2017; 

Curt et al., 2008; Dietz et al., 1998). This is in large part a result of the preservation of 

CPGs below the lesion that contain much of the circuitry encoding movement 

paradigms. Experiments in spinalized cats (with complete spinal cord transection above 
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the hindlimb motor neuron pools) have shown that, once activated, CPGs are capable 

of generating coordinated stepping on a treadmill even in the complete absence of 

supraspinal input, although the same capacity has not been observed in humans 

without additional stimulus (Barbeau and Rossignol, 1987; Hodgson et al., 1994; de 

Leon et al., 1998). Plasticity of spinal cord circuits allows detour connections to be made 

around partial injuries, restoring some behavioral function. For instance, following a mid-

thoracic hemisection (transection of one half of the spinal cord), injured corticospinal 

axons sprout laterally across the midline of the spinal cord and form new synapses onto 

long descending propriospinal neurons (PSNs). These long PSNs in turn make 

connections onto lumbar motor neurons, effectively restoring corticospinal connectivity 

to the original target neuron population via a PSN relay. Electrophysiological and 

behavioral testing confirm the function of these relays (Bareyre et al., 2004). Such 

detour circuits are well documented, and they can also include descending supraspinal 

projections from the brainstem (Ballermann and Fouad, 2006; Courtine et al., 2008; 

Rosenzweig et al., 2010; Ruder et al.; Takeoka and Arber, 2019; Takeoka et al., 2014; 

Zörner et al., 2014).  

In addition to new circuitry, new neural tissue can form from the ependymal layer 

lining the central canal. Neural progenitor cells (NPCs) contained within are capable of 

generating neurons, oligodendrocytes, and astrocytes in vitro. It is populations of these 

cells that allow primitive vertebrates such as zebrafish and lizards to regenerate spinal 

tissue, including motor neurons, that supports remarkable functional recovery after 

severe spinal cord injury (Becker et al., 2004; Fisher et al., 2012; Reimer et al., 2008, 

2013). However, mammalian NPCs only generate glial subtypes after SCI in vivo, which 
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contribute mostly to the inflammatory response and astrocyte scar formation (Barnabé-

Heider et al., 2010; Mao et al., 2016; Meletis et al., 2008). Thus, endogenous spinal 

cord regeneration is limited to stabilization of the injury site and the rewiring of existing 

neurons to compensate for lost connectivity. 

 

Barriers to Regeneration 

As previously stated, the CNS is far more refractory to regeneration than the 

peripheral nervous system (PNS), and it is this contrast that has been the basis of many 

discoveries in the mechanisms that prevent CNS axon regeneration. These include 

extrinsic factors in the CNS environment as well as intrinsic deficiencies in the 

regenerative potential of CNS axons. Extrinsically, lack of proper growth substrate, the 

presence of inhibitory factors in the environment, and loss of neurotrophic support 

combine to impede growth. Within CNS neurons, genetic programs for regeneration fail 

to sufficiently activate following injury. Understanding these barriers to regeneration is 

key to developing new therapeutics for SCI. 

 

Axon regeneration vs axon sprouting 

Before discussing in detail the regulation of axon regeneration, it is important to 

define precisely what is meant by this term, as not all new axon growth is considered 

regeneration. Under normal conditions of neural plasticity such as motor learning, axon 

branches may sprout to form new connections with post-synaptic targets. Sprouting also 

occurs after injury as part of the previously discussed endogenous repair that allows 

compensatory connections with spared circuitry to mediate functional recovery. 
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Tuszynski and Steward differentiate sprouting from regeneration with the requirement 

that regeneration must occur as new growth from a cut axon into or beyond a lesion 

(Tuszynski and Steward, 2012). Sprouting, on the other hand, is defined as new growth 

from uninjured axons. Regeneration can be further divided into subtypes that distinguish 

the fundamentally different processes that may occur. Canonical regeneration is new 

growth from the transected axon tip that leads to reinnervation of its normal target 

neuron population. New growth from an injured axon near the injury or remote from it 

has been labeled “regenerative sprouting,” but both cases may be considered subtypes 

of regeneration because they initiate from damaged axons. Ultimately, both sprouting 

and regeneration can support functional improvement following injury, so each merits 

examination in assessing outcomes. However, clear descriptions of observed 

phenomena (indicating the exact origin, path, and termination of axons whenever 

possible) are more useful than general terminology and can help to avoid confusion and 

misleading claims that may set back progress in the field. 

 

Physical barriers 

Perhaps the most obvious obstacles facing successful regeneration following 

spinal cord injury are the physical barriers created by the disruption of intact tissue. As 

described earlier, the cystic cavities formed within many injuries are not permissive to 

axon growth. Dense collagenous scar tissue made by invading fibroblasts at the lesion 

core also exclude axon penetration in a simple mechanical fashion (Berry et al., 1983; 

Norenberg et al., 2004). While many small animal models of spinal cord injury are able 
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to reproduce these lesion structures, the size of human injuries is much greater, making 

the anatomy of the injury a formidable barrier in its own right (Zhang et al., 2014). 

 

CNS vs PNS injury environment 

Even in the presence of a physical substrate upon which to grow, however, a 

permissive molecular environment is also required for axon regeneration. Aguayo and 

colleagues showed in the 1980s that while peripheral nerve axons regenerate poorly 

into the glial milieu of the optic nerve (part of the CNS), CNS axons can regenerate 

robustly into a transplanted peripheral environment (Aguayo et al., 1978; David and 

Aguayo, 1981; Richardson et al., 1980). In one experiment, sciatic nerve “bridges” were 

grafted between the medulla oblongata and the lower cervical or upper thoracic spinal 

cord of rats. Prior to sacrificing the animals, the graft was transected at the rostral or 

caudal end and horseradish peroxidase (HRP) was applied to the exposed ends of the 

grafts. Twenty-four to 48 hours later, animals were killed, and the number of labeled 

neurons in the brainstem or spinal cord distal from the graft transection site was 

assessed. In each animal, tens to hundreds of cells were seen in both regions, 

indicating that ascending and descending CNS axons grew over 30 mm through 

peripheral nerve grafts, far further than any regeneration seen within a CNS 

environment. Light and electron microscopy showed that these axons were often 

ensheathed by peripheral Schwann cells (David and Aguayo, 1981). These results 

provided striking evidence of the limiting effect of the CNS environment on the 

regenerative potential of CNS axons. 
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Scar-associated molecules 

In the years following, several groups sought to uncover the molecular 

mechanisms by which the CNS environment impedes axon regeneration. Early on, the 

astrocyte scar and CNS myelin were both found to contain axon growth inhibitors 

(Davies et al., 1999; McKeon et al., 1991; Rudge and Silver, 1990; Schwab and Caroni, 

1988). In vitro experiments of axon outgrowth from retinal ganglion neurons 

demonstrated that, while nonreactive astrocytes supported axon outgrowth, reactive 

astrocytes explanted from lesions in adult animals did not. Previously known inhibitors 

of axon growth, cytotactin/tenascin (CT) and chondroitin-6-sulfate proteoglycan were 

found to be present around the lesion and associated with reactive astrocytes (McKeon 

et al., 1991). Subsequently, other chondroitin sulfate proteoglycans (CSPGs) were 

found to be secreted by reactive astrocytes after injury (Jones et al., 2003; McKeon et 

al., 1999; Tang et al., 2003) and to contribute to the inhibition of axon growth (Dou and 

Levine, 1994; Mckeon et al., 1995; McKeon et al., 1999). In mature synaptic circuits, 

CSPGs from neurons and astrocytes contribute to the formation of perineuronal nets 

that regulate synaptic plasticity (Wang and Fawcett, 2012). During development, 

CSPGs provide guidance cues for the initial extension of axons, directing them away 

from inappropriate targets (Cole and McCabe, 1991; Katoh-Semba et al., 1995; 

Pindzola et al., 1993; Snow et al., 1990). Reflecting developmental axon guidance, 

growth inhibition by CSPGs is dependent on their concentration relative to growth 

promoters; they are not absolute inhibitors (Tom et al., 2004). It should also be noted 

that the astrocyte scar is not the only source of CSPGs after SCI. Prevention of 

astrocyte scar formation in one set of studies in transgenic mice did not significantly 
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change total CSPG levels or CSPG immunolabeling density in or around spinal cord 

lesions, nor did it increase axon growth into lesions (Anderson et al., 2016). Indeed, 

astrocyte bridges are the only viable endogenous substrate for axon growth into the 

lesion core (Sun et al., 2011; Zukor et al., 2013). The inhibitory role of CSPGs is highly 

dependent on the specific subtype and relative concentration and varies in different 

lesion compartments. It may be that CSPGs don’t directly inhibit axon growth; rather, 

they may interfere with action of growth enhancers such as laminin (Silver and Miller, 

2004). 

Although CSPGs are the most widely researched, other scar-associated 

inhibitors of axon growth are produced in spinal cord lesions. The ligand-receptor pair 

Ephrin-B2 and EPHB2 are important for cell migration, axon guidance, and tissue 

patterning during development. Expression of ephrin-B2 increases in astrocytes 

following injury, and its binding to EPHB2 on fibroblasts facilitates the formation of the 

glial/mesenchymal scar (Bundesen et al., 2003). Another group of cell migration and 

axon guidance regulators, the slit proteins, are upregulated along with their glycipan 1 

receptors, in reactive astrocytes (Hagino et al., 2003). To date, though, neither ephrin 

nor slit proteins have been directly implicated as inhibitors of axon regeneration after 

SCI. In contrast, repulsive guidance molecule (RMG) binding to neogenin has been 

reported to inhibit axon sprouting and/or regeneration through the RhoA-Rho kinase 

signaling pathway (Hata et al., 2006). It is expressed by oligodendrocytes and neurons, 

and it appears at elevated levels around spinal cord injury sites. Finally, the 

chemorepellent semaphorin 3, which acts through its receptor neuropilin 1, is present in 

the CNS injury environment and has demonstrated potent axon growth inhibiting 
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properties in several studies (Mecollari et al., 2014). SEMA3A has also demonstrated its 

role as an inhibitor of axon growth after SCI (Kaneko et al., 2006). 

 

Myelin-associated molecules 

Myelin-associated proteins are the final major class of known axon regrowth 

inhibitors, and, like CSPGs, are the center of much controversy in the field. Over thirty 

years ago, isolated myelin from adult rat spinal cord was observed to inhibit axon 

outgrowth, whereas myelin from sciatic nerve promoted growth, narrowing down an 

important factor in the differing CNS and PNS environments (Schwab and Caroni, 

1988). Interestingly, Davies and colleagues later showed that transplanted DRG 

neurons can extend into both intact and degenerating adult myelinated white matter 

tracts if astrocyte scarring is minimized, emphasizing the growth-limiting effects of 

reactive astrocytes and calling into question the inhibitory properties of CNS myelin 

(Davies et al., 1997, 1999). Despite ongoing debate over the overall role of myelin in 

axon regeneration, several myelin-associated inhibitors (MAIs) have been identified, 

including myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein 

(OMgp), and neurite outgrowth inhibitor (Nogo), all of which bind to the Nogo Receptor 

(NgR) (Geoffroy and Zheng, 2014; Sofroniew, 2018). MAG, a myelin maintenance 

protein produced by both Schwann cells and oligodendrocytes, was the first MAI 

characterized, with the dual effect of promoting axon growth in newborn DRG neurons 

while inhibiting growth in older neurons, in a neuron type-dependent manner 

(Mukhopadhyay et al., 1994). A glycosylphosphatidylinositol (GPI)-linked protein, OMgp 

is expressed by both oligodendrocytes and adult CNS neurons. It has roles in 
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developmental axon sprouting as well as the regulation of synaptic strength and 

plasticity (Chang et al., 2010; Raiker et al., 2010), and it has a specific inhibitory effect 

on axon sprouting (Ji et al., 2008).  Nogo and NgR are the most widely studied MAIs. 

Three subtypes of Nogo are expressed through alternative splicing: Nogo-A, Nogo-B, 

and Nogo-C; though Nogo-A has been most thoroughly researched. Through activation 

of the signal transducer RhoA and ROCK, Nogo-A binding to NgR1 induces axonal 

growth cone collapse and arrest of neurite outgrowth (Chivatakarn et al., 2007). Other 

Nogo-A signaling pathways through multiple domains of the protein have been 

proposed but are less well characterized (Schwab and Strittmatter, 2014). In a 

comprehensive study of MAG, OMgp, and Nogo deletion in mice, single mutants 

showed enhanced sprouting of corticospinal and raphespinal serotonergic fibers after 

injury, but no synergistic effect on sprouting or improvement in axon regeneration was 

observed with any mutant combination, indicative of their redundant actions in binding 

to NgR (Lee et al., 2010). Several studies have confirmed that MAIs have an important 

role in limiting axon sprouting and experience-dependent plasticity, but they do not 

seem to be a primary cause of axon regeneration failure (Geoffroy and Zheng, 2014; 

Schwab and Strittmatter, 2014).  

  

Lack of neurotrophic support 

 Neurotrophic factors are secreted proteins critical not only for axon regeneration, 

but for the very survival of neurons. In the 1970s, Campenot found that distal neurites of 

sympathetic neurons in culture required nerve growth factor (NGF) for their growth and 

survival, but NGF was not required around the neuron soma or proximal portions of 
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neurites (Campenot, 1977). A decade later, a well-established theory of the 

dependence of neurites on neurotrophic factors produced by their target cells was in 

place, with NGF remaining the prime example of such a factor (Purves, 1986). This 

doctrine had mainly been developed with assays of the PNS, but it soon became clear 

that CNS axons also required trophic support in much the same way. Following up on 

the studies of Aguayo, experiments manipulating peripheral nerve grafts in the CNS 

found that viable Schwann cells were an essential component of grafts for CNS axon 

regeneration unless substituted with NGF (Hagg et al., 1991; Smith and Stevenson, 

1988). In another study, corticospinal neuron survival was completely restored by brain-

derived neurotrophic factor (BDNF) and partially enhanced by neurotrophin-3 (NT-3) 

following axotomy at the level of the internal capsule, which killed 46% of neurons within 

one week without intervention (Giehl and Tetzlaff, 1996). As axons transected by SCI 

retract, they become separated from their target cells and thus lose neurotrophic 

support. While collaterals of these axons may be able to maintain the surviving 

structures by finding trophic support from other targets, the lesion site lacks 

neurotrophic factors. Induction of regeneration into SCI lesions through delivery of these 

factors by gene therapy or cell transplantation has demonstrated their necessity (Alto et 

al., 2009; Blesch et al., 2002; Kadoya et al., 2009).  

 

Insufficient activation of intrinsic growth programs 

 One factor contributing to the inconsistent results seen between studies 

manipulating the environment of CNS axon regeneration is the varying age and subtype 

of the neurons examined. A growth permissive extracellular milieu for one set of 
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neurons may not prove as permissive for another set due to the intrinsic growth 

potential of each. Separating the cellular changes after injury that are due to intrinsic 

properties vs extrinsic influences is difficult, as they are often interdependent. 

Nevertheless, clever approaches have provided some insights into the innate growth 

capacity of CNS neurons. Evidence that dormant regenerative programs could be 

reactivated to induce CNS axon regeneration came from studies in DRGs showing that 

a conditioning lesion of the peripheral branch could prime the neuron for regeneration 

following a subsequent lesion of the central branch (Kadoya et al., 2009; McQuarrie and 

Grafstein, 1973; Richardson and Verge, 1986). Laser axotomies that sever axons while 

causing little damage to the surrounding tissues allow researchers to observe the 

intrinsic ability of different neuron types to regenerate their axons with minimal injury 

response in the environment (Canty et al., 2013; Lorenzana et al., 2015). While most 

CNS axons do not regenerate, 55% of layer 6 cortical neurons initiated regeneration 

from the axon stump, whereas only 20% of axons from other cortical layers and 

thalamus showed such regrowth (Canty et al., 2013). Comparing different neuron 

populations that undergo axotomy from the same lesion allows direct assessment of the 

relative regenerative capacity of injured axons in same environment. Optic nerve crush 

experiments, which disrupt the axons of retinal ganglion cells (RGCs) revealed that, 

although alpha-RGCs and M1 RGCs preferentially survive following lesion compared to 

other RGC subtypes, only alpha-RGC axons regenerate following inhibition of 

phosphatase and tensin homolog (PTEN).  Among supraspinal projection neurons that 

send axons to the spinal cord, serotonergic axons from the brainstem have shown 

remarkable resistance to astrocyte scar-associated inhibitors and response to pro-
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regenerative interventions compared to glutamatergic corticospinal axons (Hawthorne et 

al., 2011; Hellal et al., 2011; Lang et al., 2014; Ruschel et al., 2015). In addition to 

differing neuron subtypes, the age of injured neurons plays a large role in injury 

response across all neurons (He and Jin, 2016). Despite a life-cycle of only 3 days, the 

microscopic nematode C. elegans shows age-dependent axon regeneration, which can 

be reversed by manipulation of insulin signaling (Byrne et al., 2014). Similarly, age-

dependent effects of PTEN deletion on corticospinal and reticulospinal axon 

regeneration after SCI has also been shown (Geoffroy et al., 2016). 

 Several mechanisms have been proposed to explain varying intrinsic 

regeneration potential. When an axon is cut, it must first seal the ruptured membrane 

and form a growth cone. Whereas developing neurons form growth cones near the 

soma or a branch point, transected axons must form growth cones from the freshly 

sealed stump, often in the middle of a degenerating white matter tract. One of the 

primary injury signals that induces changes within the damaged cell is a flux of calcium 

into the injured axon tip, which triggers several signaling cascades. In C. elegans, 

elevated calcium levels can increase the activity of dual leucine zipper kinase-1 (DLK-

1), which in turn activates the mitogen-activated protein kinase (MAPK) cascade that 

mediates neuronal survival as well as axonal transport and growth (Holland et al., 2016; 

Huntwork-Rodriguez et al., 2013; Watkins et al., 2013; Yan and Jin, 2012). Leucine 

zipper-bearing kinase (LZK), which shares much sequence similarity with DLK, has 

similar activations patterns and downstream effects, suggesting they act through a 

common pathway (Chen et al., 2016b). Another important pathway implicated in 

neuronal survival and axon growth is JAK/STAT signaling, which is activated by 



27 
 

cytokines produced by glia in the injury site such as ciliary neurotrophic factor (CNTF) 

and is inhibited by suppressor of cytokine signaling 3 (SOCS3) (Bareyre et al., 2011; Jin 

et al., 2015; Müller et al., 2007; Smith et al., 2009). Finally, the mammalian target of 

rapamycin (mTOR) pathway, a central regulator of cell metabolism that is notably 

inhibited by PTEN, has been shown to influence the growth-competency of neurons, 

with marked effects on axon regeneration in spinal cord injury (Belin et al., 2015; Liu et 

al., 2010; Park et al., 2008). Even if primed for axon growth, mature neurons face major 

hurdles when attempting to achieve long-distance axon regeneration. Much of the 

length of adult axons is derived from “tethered growth,” in which the axon lengthens with 

the increasing size of the organism while already synapsed onto its target(s). In 

contrast, injured axons must grow much further from their distal ends than occurs during 

development. This places a large metabolic requirement at a location far from the cell 

soma (He and Jin, 2016). Thus, axonal transport of the building blocks of new growth; 

such as neurofilaments, tubulin, membranous organelles, and actin; may be a rate-

limiting process in axon regeneration that differs in the PNS and CNS (Wujek and 

Lasek, 1983). Many other neuron-intrinsic pathways are involved in injury response 

signaling and subsequent axon regeneration, and understanding the complex 

interactions of all these processes is the subject of numerous ongoing proteomics, 

transcriptomics, and epigenomics studies (He and Jin, 2016). 

   

Therapeutic approaches 

 Due to the multifaceted nature of SCI, from the molecular to the gross 

morphological and systems level changes that occur, it is now the general consensus 
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that an accordingly comprehensive approach to treatment will likely yield the best 

functional outcome. Although standard practice SCI treatment is currently limited to the 

stabilizing measures previously described in addition to rehabilitation, many therapeutic 

avenues have shown promise in preclinical studies and are now in various stages of 

clinical testing. These include interventions aimed at neuroprotection, 

neuroregeneration, augmenting plasticity of spared circuitry, and tissue replacement. 

Translation from preclinical results to clinical efficacy has proven difficult due to 

interspecies differences in lesion size and pathology as well as the heterogeneity of 

injuries among human patients. Each SCI is unique and occurs in a unique individual; 

thus, each SCI patient has a different potential to respond to treatment. This leads to 

high variability in the observed efficacy in clinical trials, and subgroup analyses that 

attempt to account for some variables may draw scrutiny (Bracken, 1997). Therefore, 

the best approach may be to only move forward with treatments that have shown 

efficacy in multiple animal models while narrowing recruitment requirements to patients 

most likely to respond to treatment, based on clinical factors and biomarker assessment 

(Ahuja et al., 2017; Kwon et al., 2010). 

 

Neuroprotection 

 The first step in any comprehensive treatment approach to SCI is avoiding as 

much secondary damage to perilesional tissue as possible. Perhaps the most 

controversial neuroprotective intervention in the field of SCI to date is the acute 

intravenous administration of methylprednisolone sodium succinate (MPSS). A steroid 

of the glucocorticoid class, MPSS is thought to attenuate lipid peroxidation and 
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subsequent tissue destruction that results from ischemia and hemorrhage immediately 

following SCI (Braughler and Hall, 1984; Hall and Braughler, 1982a, 1982b). Despite 

association with substantial recovery and structural preservation in animal models of 

SCI (Braughler and Hall, 1984; Green et al., 1980; Hall and Braughler, 1982a), human 

clinical trials showed marginal efficacy of 24-hour acute MPSS administration, while 

increased incidences of gastrointestinal hemorrhage, wound infection, and other serious 

side effects were observed alongside higher mortality rates in MPSS-treated groups 

(Ahuja and Fehlings, 2016; Bracken, 1997; Bracken et al., 1990; Fehlings et al., 2014; 

Hurlbert, 2000, 2014). In light of the limited benefit and risk of morbidity, MPSS has 

fallen out of favor with many physicians, and its administration is now only 

recommended as a treatment option with 8-hours of acute SCI at the discretion of the 

physician (Ahuja et al., 2017; Hurlbert, 2014). 

 Several new pharmaceuticals with neuroprotective effects in preclinical studies 

are currently in the clinical trial phase. Minocycline, a synthetic derivative of the 

antibiotic tetracycline, is proposed to reduce oligodendrocyte apoptosis, local 

inflammation, and neuronal excitotoxicity (Lee et al., 2003; Wells et al., 2003). Seven-

day delivery of minocycline resulted in a 6-point improvement in ASIA motor score over 

one year in a phase II placebo-controlled, randomized clinical trial, with minimal side-

effects observed (Casha et al., 2012). A phase III multi-center trial is currently underway 

(NCT01828203). The sodium channel blocker riluzole may attenuate neuronal swelling, 

excitotoxicity, and death by preventing continuous activation of voltage-gated sodium 

channels (Wilson and Fehlings, 2014). In a Phase I trial comparing riluzole treatment to 

matched patient records, motor and impairment scores improved more in riluzole-
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treated patients with cervical injuries, while no serious adverse events or deaths were 

reported (Grossman et al., 2014). A phase II/III multi-center, randomized trial of 14-day 

riluzole treatment in acute SCI patients is ongoing (NCT01597518). Other small 

molecules undergoing clinal trials for neuroprotection include glyburide (NCT02524379), 

which blocks cation influx after CNS injury (Jeffery et al., 2018), and imatinib 

(NCT02363361), a tyrosine kinase inhibitor that modulates the inflammatory response 

after SCI (Abrams et al., 2012). Finally, two growth factors with neuroprotective 

properties are currently being evaluated in clinical trials: granulocyte-colony stimulating 

factor (G-CSF, IRCT201108297441N1) and basic fibroblast growth factor (bFGF, 

delivered as the structural analogue SUN13837, NCT01502631). 

 Systemic hypothermia has also shown neuroprotective potential through an anti-

inflammatory effect (Batchelor et al., 2010). While decompression of the spinal cord is 

critical to preventing further damage after the initial injury, many hours may elapse 

before surgery can be performed. Hypothermia slows the basal metabolic rate of the 

CNS and thereby delays contusive damage caused by compression until 

decompression can be performed. A small phase I study of intravascular hypothermia in 

14 patients with complete cervical SCI (AIS A) demonstrated safety and increased 

conversion to lower impairment scores compared to age- and injury-matched historical 

controls (Levi et al., 2010). Currently, a multi-center study is in the recruitment phase 

(NCT0299169). 

 

Neuroregeneration 
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 As discussed previously, the adult spinal cord does not produce new neurons 

following injury. Thus, most neuroregeneration research has focused on axon 

regeneration or sprouting in existing neurons. However, neurogenesis is observed in the 

spinal cord regeneration of adult zebrafish and other lower vertebrates, and post-

mortem studies have suggested that neurogenesis may occur in the hippocampus of 

adult humans (Eriksson et al., 1998; Moreno-Jiménez et al., 2019; Spalding et al., 

2013). While the existence of meaningful adult human neurogenesis has been 

challenged (Cipriani et al., 2018; Sorrells et al., 2018), these findings have inspired 

research aimed at inducing neurogenesis from endogenous neural progenitor cells to 

regenerate spinal cord tissue after SCI. A few groups have reported in vivo induction of 

neurogenesis from adult spinal cord ependymal cells using various interventions, but 

these studies relied on expression of immature neuronal markers alone to substantiate 

their findings, failing to perform rigorous cell fate tracking techniques to show newly-

born, mature neurons (Carelli et al., 2019; Guo et al., 2014; Zhang et al., 2018). 

Following a similar trend of insufficient evidence, an actively recruiting clinical trial for 

the endothelin B receptor agonist sovateltide claims that the drug aids in damage repair 

through the formation of new neurons (NCT04054414). Published animal studies report 

increases in vascular endothelial growth factor (VEGF), neuroprotective effects, and 

increased in angiogenesis with sovateltide delivery in stroke models; however, no 

evidence of neurogenesis associated with the drug is presented (Gulati, 2015; Leonard 

et al., 2015). As research progresses in the molecular mechanisms of primitive spinal 

cord regeneration and human cell reprogramming, new approaches to endogenous 

tissue regeneration may emerge. Even if this can be achieved at some level, though, 
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the large volume of human SCIs may prove difficult to replace with endogenously 

derived tissue alone. 

 Remarkable progress has been made in recent years in overcoming extrinsic and 

intrinsic barriers to induce axon regeneration across lesion sites and into intact tissue on 

the distal side (termed “bridging”). To combat the axon-repellant properties of CSPGs, a 

CSPG-degrading bacterial enzyme called chondroitinase ABC has been administered in 

sites of SCI in animal models (Bartus et al., 2014; Bradbury et al., 2002; Cafferty et al., 

2007; Kanno et al., 2014; Muir et al., 2019; Nori et al., 2018; Wu et al., 2017). Because 

CSPGs are only one form of axon growth inhibitor, chondroitinase is often used as a 

component in combinatorial treatment strategies. When growth-promoting interventions 

are employed, chondroitinase can aid in maximizing the growth potential while opening 

perineuronal nets to new synaptic connections that mediate functional recovery (Muir et 

al., 2019; Soleman et al., 2012; Wang and Fawcett, 2012; Wu et al., 2017). This 

mechanism can likewise benefit rehabilitation programs (García-Alías and Fawcett, 

2012). Chondroitinase also aids in survival and integration of cell transplants to sites of 

SCI, and it may enhance remyelination of spared axons (Kanno et al., 2014; Nori et al., 

2018; Suzuki et al., 2017). The optimal delivery method and timing for chondroitinase is 

still unclear, and it will likely depend on the nature of the other treatments with which it is 

combined. Intrathecal infusion (Bradbury et al., 2002), intraspinal injection (Zhao et al., 

2013), and lentiviral gene therapy (Bartus et al., 2014) have all shown positive 

outcomes in SCI. In a recent clinical trial in naturally occurring canine SCI, lipid 

microtube-embedded chondroitinase showed safety as well as mild improvements in 

forelimb-hindlimb coordination (Hu et al., 2018). Besides directly degrading CSPGs, one 
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may simply disrupt their binding to axonal membranes. For instance, a peptide that 

blocks CSPG binding to protein tyrosine phosphatase σ (PTPσ) has been shown to 

restore serotonergic axon innervation below spinal cord lesions, resulting in 

improvements to locomotor and urinary function (Lang et al., 2014). 

 As one of the classic sets of environmental inhibitors of axon regeneration, Nogo 

and other MAIs have been the target of many preclinical therapeutic approaches in SCI 

(Freund et al., 2006, 2009; Geoffroy et al., 2015; Merkler et al., 2001; Zhao et al., 2013; 

Zörner and Schwab, 2010). When combined with chondroitinase treatment, anti-Nogo-A 

antibodies resulted in more sprouting and greater improvements in forelimb function after 

cervical SCI than either of the two treatments alone (Zhao et al., 2013). Two strategies for 

disrupting NgR activation have moved to clinical trials. A recombinant human antibody 

against Nogo-A, ATI355 is thought to sterically hinder the inhibitory domain of Nogo-A 

as well as downregulate its protein levels (Weinmann et al., 2006). In animal studies 

anti-Nogo-A antibodies enhanced sprouting of CST axons and contributed to locomotor 

recovery (Brösamle et al., 2000; Freund et al., 2006, 2009; Merkler et al., 2001). A first-

in-human trial of intrathecal administration of ATI355 demonstrated safety (Kucher et 

al., 2018), and a phase II trial of repeat bolus injections is currently recruiting 

(NCT03935321). Another approach, termed “Nogo Trap” by makers ReNetX uses a 

decoy Nogo receptor to capture MAIs and prevent them from binding to NgR (Wang et 

al., 2014). A phase I clinical trial is recruiting patients to undergo repeat dosage of 

lumbar puncture and slow bolus infusion of the Nogo Trap molecule (NCT03989440). 

Potentially concerning for the promise of Nogo-based therapies is the recent failure of a 

phase II/III clinical trial of VX-210, also known as Cethrin. This Rho GTPase antagonist 
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disrupts RhoA-mediated inhibition of axon growth, which is initiated by NgR signaling 

(Fehlings et al., 2011). Despite demonstrating significant motor improvement in the 

absence of safety issues in Phase I/IIa trial (NCT0050081), the follow-up trial of a single 

dose in 71 patients was terminated early (NCT02669849).  

 A more mechanical approach, microtubule stabilization provides the dual benefit of 

reducing fibroblast scarring and directly promoting axon growth (Ertürk et al., 2007; Hellal 

et al., 2011; Witte et al., 2008). By stabilizing microtubule networks, taxol administration 

can interfere with transforming growth factor–β (TGF-β) signaling, an important fibrosis 

pathway that is increased after SCI (Hellal et al., 2011). Microtubule stabilization within 

damaged axons prevents retraction bulb formation and decreases axonal degeneration in 

vivo, and it increases axon growth through myelin in cultured neurons (Ertürk et al., 2007). 

Because taxol does not cross the blood-brain barrier, it lacks clinical potential for use in 

SCI. Therefore, a recent study aimed to determine whether the blood-brain barrier-

permeable drug epothilone B delivered intraperitoneally (I.P.) could recapitulate the effects 

of taxol. Indeed, epothilone B reduced fibrotic scarring and promoted both sensory and 

serotonergic axon growth in rats after dorsal hemisection (Ruschel et al., 2015). These 

anatomical improvements were associated with increased accuracy in horizontal ladder 

stepping that was abrogated when serotonergic innervation was pharmacologically ablated, 

emphasizing the functional benefit of serotonergic axon regeneration. 

  One of the most consistently effective manipulations of intrinsic growth capacity 

is activation of the mTOR pathway, which is negatively regulated by PTEN (Bei et al., 

2016; Du et al., 2015; Geoffroy et al., 2016; Jin et al., 2015; Liu et al., 2010; Sun et al., 

2011; Zukor et al., 2013). However, the role of PTEN as a tumor suppressor does not 
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make it an ideal candidate for clinical application. The mediation of the activity of growth 

factors by the mTOR pathway led the He group to seek growth factors that could 

similarly enhance axon regeneration. Upregulation of receptors for insulin-like growth 

factor 1 (IGF-1) and the mTOR-activating secreted protein osteopontin (OPN) in 

regeneration-competent α-RGCs made these proteins attractive targets (Ahmed and 

Kundu, 2010; Duan et al., 2015). Although delivery of either IGF-1 or OPN with adeno-

associated viruses (AAVs) had little effect, combinatorial delivery of both resulted in 

extensive axon regeneration and sprouting as well as improved functional recovery in 

both SCI and cortical stroke models (Liu et al., 2017). The behavioral improvement was 

significantly enhanced by administration of 4-amino-pyridine-3-methanol (4-AP-3-

MeOH), which enhances conduction in unmyelinated axons such as those that 

underwent regeneration (Bei et al., 2016). 

  

Electrical stimulation 

 While restoring neuronal connectivity within the spinal cord is the obvious means 

for a true cure for SCI, several electrical stimulation approaches directly address 

functional deficits with quick and sometimes lasting results. Devices for functional 

electrical stimulation (FES) of peripheral nerves or muscles below the level of SCI are 

already on the market, while stimulation of the brain and spinal cord transcutaneously or 

with epidural or penetrating electrodes is showing promise in the preclinical and clinical 

stages. Implementation of closed-loop feedback is being actively researched and has 

the potential to dramatically increase the functionality and efficiency of all these 

methods (Ahuja et al., 2017).  
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FES has enjoyed clinical success in augmenting several functions. Patients with 

cervical injuries often have difficulty grasping objects, which makes even the most basic 

activities challenging. Skin surface electrodes on the forearm can produce muscle 

contractions that aid in grasping and releasing. One such device utilizes a splint-like 

design, is completely wireless while in use, and is currently on the market (Bioness 

H200). Another device that used electrodes implanted in the muscles of the forearm and 

hand, the Freehand (Cleveland Functional Electrical Stimulation Center/NeuroControl 

Corp.), allowed users to modulate grasp opening and closing by changing the elevation 

of their contralateral shoulder. This device went to market, but production was 

discontinued despite clinical success (Ho et al., 2014). A clinical trial with an updated 

version named IST-12 that uses myoelectric signals to control grasp is currently 

underway (NCT00583804). The Parastep I from Sigmedics, Inc. facilitates ambulation 

with a walker in SCI patients through sequential, user-controlled stimulation of the 

quadriceps muscles and reflex-generating sensory nerves. Although not intended as a 

replacement for a wheelchair, the Parastep I allows walking for short distances and 

standing in some patients, which can aid in rehabilitation and daily living tasks. Similar 

devices have been created for rehabilitation with stationary bicycles, such as ERGYS 3 

by Therapeutic Alliances, Inc. and RT300 by Restorative Therapies. Surgical 

implantation of electrodes on the anterior sacral nerve roots allows modulation of bowel 

and bladder function. For example, Finetech Medical’s Bladder Control System 

(branded as VOCARE in the US) gives users remote control over muscle contractions 

that primarily aid in emptying the bladder, but some control over bowel evacuation and 

penile erection is also possible. Proper device function has typically required surgical 
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lesioning of dorsal sensory roots to eliminate interfering sensory feedback-induced 

reflexes of the bladder and urethra (Ho et al., 2014), but a clinical trial is currently 

underway to circumvent this procedure (NCT02978638).  

 A major disadvantage of FES is that it requires a large amount of current to 

activate muscles and can quickly lead to muscle fatigue. A few different approaches to 

stimulation of the spinal cord itself have been taken address these issues. 

Transcutaneous stimulation using cathodes and anodes placed on the skin has been 

demonstrated to facilitate locomotor-like movements in paraplegic patients with 

incomplete injuries but no voluntary control of rhythmic stepping movements 

(Gerasimenko et al., 2015). Stepping-like movements could be generated with 

stimulation alone during the first session, and after 18 weeks of weekly training, patients 

could perform such movements voluntarily with or without stimulation, suggesting that 

transcutaneous stimulation can augment spared brain-spine connectivity. Functional 

improvements after transcutaneous stimulation were also seen in chronic cervical SCI 

patients (Gad et al., 2018). This clinical trial (NCT01906424) emphasized the use of 

stimulation levels that did not evoke movements directly, but rather modulated the 

supraspinal-spinal networks to improve voluntary task performance with a protocol 

termed transcutaneous enabling motor control (tEmc). In addition to increased 

amplitude of electromyography (EMG) responses in proximal and distal arm muscles 

and improved grip strength, some patients also experienced improvements in 

autonomic function including recovery of the ability to perspire, bowel function, bladder 

fullness sensation, and penile erection duration. Patients additionally reported a variety 

of quality of life improvements resulting from improved strength and sensation at and 
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even below the level of stimulation. These improvements outside the clinic demonstrate 

the lasting benefit of tEmc in promoting functional plasticity in spared spinal cord 

circuitry. 

 Epidural electrical stimulation (EES) is a more invasive method of spinal cord 

stimulation that in turn allows more precise functional control. First used in a human 

patient in 1971 (Shimoji et al., 1971), this technology has since seen widespread use for 

pain management (Kumar et al., 1998). In more recent years, its application in restoring 

motor function has been explored extensively in animal and human trials and 

demonstrated remarkable efficacy (Alam et al., 2017; Angeli et al., 2018; Capogrosso et 

al., 2016; Courtine et al., 2009; Gill et al., 2018; Mishra et al., 2017; Moxon and 

Knudsen, 2017; Wagner et al., 2018). Theoretical modeling and experimental studies 

suggest that EES activates motor neurons of the spinal cord trans-synaptically through 

proprioceptive afferent fibers in the dorsal roots and dorsal columns (Capogrosso et al., 

2013; Gerasimenko et al., 2006; Sayenko et al., 2014). Through precise placement on 

the dural surface, an array of electrodes can engage distinct muscle groups in a 

temporally-controlled fashion to elicit rhythmic locomotion patterns that, combined with 

intensive weight-support training, enable over-ground walking and provide stability 

during standing (Wagner et al., 2018; Wenger et al., 2016). Despite additional technical 

challenges due to increased movement of the spinal cord at the neck level, cervical 

EES has shown promise in improving arm and hand function (Alam et al., 2017; Lu et 

al., 2016; Mishra et al., 2017). However, the complex and diverse movements of the 

upper motor systems, especially single digit manipulation, will require more advanced 
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stimulation protocols and more electrode contacts, possibly supplemented with 

peripheral FES. 

 A more invasive but potentially more beneficial stimulation method is intraspinal 

microstimulation (ISMS), which uses fine microwires inserted into the anterior horn of 

the spinal cord (Holinski et al., 2016; Sunshine et al., 2018). Although ISMS electrodes 

are placed in lamina IX of the spinal cord, in the vicinity of lower motor neurons, the 

mechanism of action of ISMS is thought to be mostly trans-synaptic, through activation 

of pre-synaptic axons with lower activation thresholds than motor neurons (Holinski et 

al., 2016; Roberts and Smith, 1973). In addition to enabling even greater precision 

stimulation than EES, ISMS can produce comparable muscle forces to FES and EES 

with 1/100th the stimulus amplitude while inducing far less muscle fatigue (Ho et al., 

2014; Holinski et al., 2016; Lemay and Grill, 2004). In an anesthetized cat, ICSMS in the 

hindlimb motor pools produced over 1 kilometer of walking without appreciably fatiguing 

muscles (Ho et al., 2014). Beneficial effects of ICMS have also been observed in 

forelimb and respiratory function (Kasten et al., 2013; Sunshine et al., 2018). ICMS is a 

relatively new therapeutic approach to SCI, and its particularly invasive nature presents 

unique challenges to its clinical implementation. Work is underway in optimizing surgical 

techniques and fabrication of mechanically stable electrode arrays for use in humans 

(Toossi et al., 2017). Meanwhile, significant financial backing is accelerating 

development of more flexible and electrode-dense “threads” and robotic devices to 

implant them (Musk and Neuralink, 2019). Mimicking the pliant nature of the nervous 

tissue will likely prove critical to the long-term functionality of implants in the brain and 

spinal cord, as encapsulation and ultimate failure of electrodes is partially mediated by 
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the inflammatory response to objects of foreign mechanical properties (Adewole et al., 

2016). 

 All of these electrical stimulation methods can enhance activity-dependent 

plasticity, and they may also enhance neuronal survival and new axon growth (Al-Majed 

et al., 2000; Mondello et al., 2018; Yang et al., 2014). Maximizing the benefits of 

stimulation will require thoughtful design of each component to generate a durable, 

user-friendly device that keeps patients engaged with assisted rehabilitation. While 

current devices and those close to market allow users and their physical therapists to 

program tailored stimulation protocols, it is likely that brain-spine interfaces that allow 

users to naturally control neuroprosthetic stimulation could further improve functional 

outcomes (Bonizzato et al., 2018; Capogrosso et al., 2016). Tightly synchronized 

stimulation of motor areas in the brain and spinal cord could have a similar benefit 

(Mishra et al., 2017). Clinical application of these technologies will depend their proven 

safety and success rates, as patients with varying levels and severity of SCI must 

decide if the risk of such an intervention is worth the potential functional gains. 

 

Non-neuronal tissue replacement 

 Regardless of interventions to promote axon regeneration or plasticity of spared 

circuitry, replacement of fibrotic, necrotic, and/or cystic volumes of spinal cord tissue 

with a growth permissive substrate is necessary to restore connectivity across complete 

lesions and may provide additional benefit even to patients with partial lesions. Such a 

substrate may be prefabricated or injected as a liquid suspension before forming a more 

stable structure once in the lesion site.  The amount and type (healthy or necrotic/scar) 
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of tissue that should be removed from the injured area to facilitate substrate integration 

varies among injuries and is still a matter of debate. Additionally, substrates may simply 

act as a bridge for axon regeneration, or they may contain cells that form neurons 

capable of relaying signals from regenerated axons which synapse onto them (Ahuja 

and Fehlings, 2016). Non-neuronal substrates will be discussed first. 

  Biomimetic scaffolds can be custom-made to conform to unique lesion 

morphologies (as determined by MRI or lesion model parameters) and may contain 

linear channels or mesh-like structures (Koffler et al., 2019; Pawar et al., 2015; Stokols 

and Tuszynski, 2006; Stokols et al., 2006; Theodore et al., 2016; Wen et al., 2015; Xiao 

et al., 2016). Hydrogels and other polymers such as fibrin can also be injected to 

perfectly fill a lesion cavity before gelling into a stable structure (Anderson et al., 2018; 

Lu et al., 2012; Nowak et al., 2002). While scaffolds alone may have scar-attenuating 

and tissue-sparing properties (Koffler et al., 2019; Teng et al., 2002), they are often 

seeded with growth factors, cells, or other therapeutics aimed at enhancing axon 

regeneration and neuroprotection. For example, hydrogels containing fibroblast growth 

factor 2 (FGF2) and epidermal growth factor (EGF) injected into the center of severe 

crush SCIs increased levels of axon growth-supportive laminin in the lesion core. When 

combined with additional interventions to increase intrinsic growth capacity of 

propriospinal neurons and hydrogel deposits containing chemoattractants on the distal 

side of lesions, this substrate allowed robust descending propriospinal axon 

regeneration across a complete lesion, a remarkable result for a noncellular substrate 

(Anderson et al., 2018).  
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 Non-neuronal cell grafts are a widely-used substrate to support regeneration. 

These can include bone marrow stromal cells (BMSCs), Schwann cells, olfactory 

ensheathing cells (OECs), oligodendrocyte precursor cells (OPCs), and neural 

progenitor cells/neural stem cells (NPC/NSCs) (Assinck et al., 2017). BMSCs have 

been a popular cell type for transplants due to their ease of access for autologous 

transplantation and ability to support certain types of axon regeneration and enhance 

neuroprotection (Assinck et al., 2017; Parr et al., 2007). Early reports concluded that 

BMSCs, which include mesenchymal stem cells, could differentiate into neurons in vitro 

and could potentially replace damaged spinal cord tissue (Black and Woodbury, 2001; 

Woodbury et al., 2000), but the bulk of in vivo studies have shown that BMSCs do not 

form substantial numbers of neurons when grafted into sites of spinal cord injury or 

delivered intravenously or intrathecally (Parr et al., 2007; Tetzlaff et al., 2011). Some 

studies have suggested that BMSCs enhance endogenous neural progenitor cell 

proliferation and neurogenesis, but not to the point of contributing to functional 

improvement by cell replacement (Hofstetter et al., 2002; Mahmood et al., 2004; Wu et 

al., 2003). The beneficial effects of BMSCs seem to most likely stem from formation of 

cellular bridges to support axon growth, the scar-modifying properties of the proteins 

they secrete (such as fibronectin), upregulation of astrocytic expression of growth 

factors (such as BNDF, VEGF, and FGF2), and through remyelination of injured axons 

(Gao et al., 2005; King et al., 2006; Parr et al., 2007; Sasaki et al., 2001; Zurita and 

Vaquero, 2004). BMSCs can also be combined with additional therapeutics and grafted 

in scaffolds for structural stability and mitigation of potentially tumorigenic ectopic cell 

growth. For example, Koda and colleagues grafted BMSCs infected with a BDNF 
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expression adenovirus and embedded in Matrigel into a complete removal of the T8 

spinal segment (Koda et al., 2007). This intervention resulted in increased motor and 

sensory axon growth into the lesion/graft site and small improvements in hindlimb 

function. In another study, delivery of the chemoattractant growth factor neurotrophin 3 

(NT-3), combined with a conditioning peripheral nerve lesion, elicited sensory axon 

regeneration across a marrow stromal cell graft placed in a C1 dorsal column lesion  

(Alto et al., 2009). Remarkably, these axons formed synapses onto their appropriate 

brainstem targets on the distal side of the lesion, although they did not enhance post-

synaptic potentials in the brainstem after sciatic nerve stimulation in lesioned animals. 

Several clinical trials involving BMSCs for SCI have been conducted, but none resulted 

in approved therapies despite demonstrating safety and modest benefit (Parr et al., 

2007). A trial of autologous BMSCs delivered to the injury site concluded this year and 

showed improvements in sensation and somatosensory stimulation-evoked potentials 

(NCT01909154). 

One potential fate of BMSCs is Schwann cell differentiation. Inspired by the 

success of peripheral nerve grafts in supporting CNS axon regeneration, the Bunge 

laboratory began to implant cultured Schwann cells into SCI in the 1990s (Xu et al., 

1995, 1997). Although these grafts supported modest levels of axon regeneration on 

their own, combinatorial strategies with growth factors and scar-modifying agents such 

as chondroitinase yielded the most axon regeneration, Schwann cell survival, and 

remyelination of regenerated axons (Enomoto et al., 2013; Golden et al., 2007; Kanno 

et al., 2014; Xu et al., 1995). Many studies did not show functional improvement, 

possibly due to the failure of regenerating axons to exit the caudal end of the graft 
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(Bunge, 2016). Locomotor gains and reduction of allodynia (pain responses to normally 

non-noxious stimuli) were seen with induced expression of a modified neurotrophin that 

mitigated an apoptosis-triggering side effect as well as chondroitinase to allow better 

integration of the graft in the lesion site (Kanno et al., 2014). Two safety studies of 

autologous Schwann cell grafts derived from patients’ peripheral nerve tissue have 

recently completed and are pending results (NCT02354625 and NCT01739023). 

Olfactory ensheathing cells are specialized glia that form fascicles around the 

unmyelinated axons of olfactory neurons (Yao et al., 2018). While the cell bodies of 

olfactory neurons lie in the periphery, the axons terminate in the CNS. These neurons 

are unique in that they undergo continuous, lifelong neurogenesis. It was therefore 

proposed that OECs aid in axon guidance and extension into the adult CNS 

environment, which made them an intriguing potential therapy for SCI. OECs have, 

however, had a controversial history. Several studies that made claims of robust 

regeneration of several axon types were not replicated by other groups, and the 

anatomical outcomes have been similarly variable (Tetzlaff et al., 2011; Yao et al., 

2018). For instance, olfactory nasal mucosa transplant into a T10 complete transection 

model was reported to support regeneration of serotonergic raphespinal axons across 

the transplant site and substantial open field locomotion recovery (Lu et al., 2002), but 

these results were not reproduced by a formal replication study (Steward et al., 2006). 

Human trials have also been plagued by high outcome variability, perhaps due to the 

fact that most trials have reported little to no purification of OECs prior to grafting, 

leading to inconsistent graft cell composition (Yao et al., 2018). A follow-up clinical trial 

to a study that made international headlines with claims of marked improvement in 
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motor and sensory function (Tabakow et al., 2014) is currently recruiting to test 

autologous olfactory bulb-derived OECs in complete lesions (NCT03933072). 

Finally, oligodendrocyte precursor cells, which proliferate endogenously after 

SCI, may also be grafted to sites of SCI to further support remyelination (Parr et al., 

2007; Tetzlaff et al., 2011a). Several studies have shown that both rodent- and human-

derived OPCs are capable of remyelinating axons after SCI with correlated functional 

improvements (Cao et al., 2013; Kawabata et al., 2016; Keirstead et al., 2005; Nori et 

al., 2015). Interestingly, a study of moderate thoracic contusion SCI in which 

endogenous oligodendrocyte differentiation was genetically ablated just prior to injury 

concluded that spontaneous recovery of hindlimb stepping occurs before remyelination 

normally takes place and is not affected when remyelination is prevented (Duncan et al., 

2018). These results suggest that it may be the neuroprotective properties of OPCs 

rather than remyelination by differentiated oligodendrocytes that provide therapeutic 

benefit (Filous et al., 2014; Kang et al., 2013). Indeed, demyelinated axons remain 

capable of conduction over at least 2.5 mm (Felts et al., 1997), and regions of 

demyelination are generally focalized around the lesion site (Powers et al., 2012). 

Notwithstanding this controversy, a Phase I/IIa clinical trial of OPCs grafted in subacute 

cervical SCI has recently been completed, with results pending (NCT02302157). 

 

Neurogenic grafts 

 Reports of successful transplantation of developing neural tissue into the injured 

CNS were made throughout the first half the 20th century, but extensive and 

reproducible integration of fetal spinal cord tissue into the injured adult spinal cord was 
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not achieved until the studies of Reier and colleagues in the 1980s (Reier, 1985). 

Anatomical tracing techniques revealed bidirectional axon projections between host 

spinal cord and transplant tissue, providing the first evidence that graft neurons could 

potentially relay signals across lesions rather than the graft merely acting as a tissue 

bridge for host axons across the injury site (Jakeman and Reier, 1991). However, it may 

be said that the modern era of grafts aimed at neuronal replacement began with the 

implantation of dissociated cells from embryonic substantia nigra into the adult rat 

neostriatum (Björklund et al., 1980). The use of dissociated cells rather than pieces of 

tissue allowed superior graft integration and opened the door to grafts of more clinically 

relevant cultured cells, which could be expanded, genetically manipulated, and purified 

prior to grafting (Bjorklund and Stenevi, 1984). This early study also showed a marked 

reduction in amphetamine-induced turning (a behavior characteristic of unilateral lesions 

of the nigro-striatal dopamine system) in mice with grafts that was dependent on 

survival of graft neurons in the target area. Later, using human telencephalic 

neuroblasts that allowed species-specific antibody labeling of grafts in rats, the 

Björklund group showed that grafts extended axons up to 20 mm from a lesion site in 

the striatium (Wictorin et al., 1990). Furthermore, these axons innervated their normal 

target regions in the brain and spinal cord. These results showed that, not only do 

developing neurons have the ability to extend axons long distances in the injured adult 

CNS, but at least some of the guidance cues that facilitate their proper pathfinding 

remain present long after development. Similar results were seen with GFP-expressing 

mouse embryonic cortical neurons grafted into the damaged motor cortex, including 
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confirmation of host-to-graft and graft-to-host synapses by electron microscopy (Gaillard 

et al., 2007).  

 Despite success in grafting developing neural cells in the brain, sites of spinal 

cord injury proved to be a difficult location in which to achieve high cell survival and 

extensive axon outgrowth of grafts. Human neural stem cell grafts derived from fetal 

brain showed only modest survival in a mild spinal cord contusion site and supported 

very small improvements in hindlimb locomotor function (Cummings et al., 2005). 

Human induced pluripotent stem cells (iPSCs) differentiated toward a neuroepithelial 

fate also failed to completely fill a spinal cord contusion site (Fujimoto et al., 2012).  In 

another mild injury model of the lateral spinal cord white matter (lateral funiculus), 

dissociated rodent NPCs from embryonic day 14 (E14) rat spinal cords filled lesion 

cavities well but only extended axons a few millimeters from the lesion site (Lepore and 

Fischer, 2005). Targeting restoration of sensory function, the same group performed a 

unilateral lesion of the dorsal columns at C1 and acutely grafted E14 NPCs into the 

lesion site (Bonner et al., 2011). In addition, they delivered a chemoattractant gradient 

of BDNF expression via lentivirus to the dorsal column nuclei (DCN) of the brainstem, 

the normal target of many ascending sensory axons of the spinal cord dorsal columns. 

Graft axons innervated and made synaptic contacts in the (DCN), and host afferents 

regenerated into grafts and made synaptic contacts onto graft neurons. Electrical 

stimulation of the sciatic nerve resulted in responses in the (DCN) with a delayed 

latency, suggesting the presence of a polysynaptic relay through the graft. Additionally, 

electrical responses to pinching/stroking of the forelimb ipsilateral to the injury were 
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observed in the dorsal column nuclei of grafted animals, indicating functional sensory 

restoration. Again, however, axon extension from grafts was limited to a few millimeters. 

 In 2012, Lu and colleagues demonstrated that both rat E14 spinal cord NPCs 

and human fetal spinal cord-derived neural stem cells could fill a T3 complete 

transection site when grafted with a cocktail of growth factors in a fibrin matrix (Lu et al., 

2012). These grafts supported regeneration of host reticulospinal and serotonergic 

(raphespinal) axons and extended axons long-distances both rostrally and caudally from 

the lesion site. Graft axons grew 1-2 mm/day and ultimately reached distances of over 

25 mm from the upper thoracic lesion site, innervating both cervical and lumbar spinal 

cord gray and white matter. The number of axons emerging caudally from the graft was 

counted stereologically at a site 0.5 mm below the graft. Though many axons 

overlapped and could not be individually counted, a conservative approach resulted in 

an estimate of 29,000 graft axons extending caudally, an extraordinarily high number. 

Host-to-graft and graft-to-host synapse formation was confirmed by 

immunohistochemistry and electron microscopy, including graft axon synapses on host 

motor neurons below the injury. Reminiscent of the sensory relay grafts described 

previously (Bonner et al., 2011), the response latency caudal to the lesion to electrical 

stimulation of the dorsal spinal cord rostral to the injury was increased, indicative of a 

neuronal relay through the graft. Significant improvement was observed in hindlimb 

locomotor function, a rare finding in complete transection models, which leave no fibers 

intact through which spontaneous recovery may be mediated. Similar anatomical results 

were observed with induced pluripotent stem cells (iPSCs) generated from fibroblasts of 

an 87-year-old man and differentiated to NSCs (Lu et al., 2014). However, this study 
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and a formal replication of the previous study did not show functional improvement, 

likely due to the presence of collagenous rifts in the center of most grafts, which could 

interrupt relays through grafts (Lu et al., 2014; Sharp et al., 2014). While these results 

highlight the importance of continuity of neural tissue through entire grafts, they may 

have been largely an artifact of the complete transection model. Though useful as an 

unambiguous model for assessing anatomical and functional gains, complete 

transections are rare in human patients (Norenberg et al., 2004), and the extensive 

disruption of the meninges around the spinal cord allows excessive infiltration of 

fibroblasts that can generate rifts. In line with this hypothesis, behavioral improvement 

with NSC/NPC grafts has since been more consistent in more clinically relevant injury 

models that do not completely disrupt the meninges (Brock et al., 2017; Kadoya et al., 

2016; Kumamaru et al., 2018; Lu et al., 2017) or with scaffolds that physically prevent 

fibroblast invasion (Koffler et al., 2014).  

 The exciting promise of stem cells throughout the field of regenerative medicine 

has provided momentum to push neural stem cell preparations from two U.S. 

companies; Stem Cells, Inc. and Neuralstem; into clinical trials (NCT01772810, 

NCT02163876, NCT01321333, NCT01725880). These trials have employed 

perilesional cell injections (as opposed to intraslesional injections) while providing little 

justification for this approach (Cummings et al., 2005, 2013; Curtis et al., 2018; Levi et 

al., 2018). Additionally, relatively low-density cell suspensions were used (~71,400 

cells/µl in Stem Cells, Inc. trials and 20,000 cells/µl in the Neuralstem trial vs 200,000 

cells/µl in rodent studies that demonstrate superior lesion site filling in several injury 

models (Brock et al., 2017; Kadoya et al., 2016; Kumamaru et al., 2018; Lu et al., 2012). 
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It is important to perform dose escalation studies in human trials from a safety 

perspective, but meaningful spinal cord repair may be precluded with insufficient graft 

cell numbers. In the case of Stem Cells, Inc.’s human neural stem cell (HuCNS-SC) 

line, rodent studies of the clinical cell line to be grafted into humans showed no neuronal 

differentiation and reduced oligodendroglial differentiation in sites of SCI compared to 

research cell lines (Anderson et al., 2017). Additionally, the previously observed 

functional benefit of research cell lines was not observed in the clinical cell line. Despite 

this lack of efficacy, Stem Cells, Inc. initiated a clinical trial of these cells in cervical SCI. 

Ultimately, the trial was terminated after less than two years due to lack of efficacy, 

though no safety concerns were reported (Anderson et al., 2017). Stem Cells, Inc. 

defended their decision to move forward with a clinical trial despite concerns about the 

clinical cell line by stating that the fate of the cells in a human injury environment might 

not necessarily be the same as in the rodent. As the Neuralstem clinical trial continues, 

having reported safety in four subjects (Curtis et al., 2018), an ambitious clinical trial of 

allogenic iPSC clones differentiated to NPC/NSCs is in preparation in Japan (Tsuji et 

al., 2018).  

 

Toward a Neuronal Relay Mechanism 

Many ascending and descending axons regenerate into NPC/NSC grafts; thus 

many pathways may form neuronal relays through grafts. This dissertation focuses on 

the corticospinal tract (CST) of axons that descends from the cerebral cortex to the 

spinal cord. It is the most important pathway for fine, dexterous movements in humans, 

and it is also one of the most refractory to regeneration (Liu et al., 2011; Tuszynski and 
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Steward, 2012). Boosting the intrinsic growth capacity of CST neurons with genetic 

manipulations such as PTEN deletion has induced growth of modest numbers of CST 

axons across partial lesion sites, but this growth only occurred in very narrow lesions 

with intact tissue bridges (Liu et al., 2011). In contrast, CST axons regenerate robustly 

into rodent spinal cord NPC or human fetal spinal cord-derived NSC grafts, even in 

complete transections (Dulin et al., 2018; Kadoya et al., 2016; Kumamaru et al., 2019). 

Importantly, it was determined that grafts must be of caudal spinal cord identity to elicit 

such regeneration; E14 NPC grafts from hindbrain or telencephalon did not support 

substantial regeneration (Kadoya et al., 2016). Significant evidence of functional 

synapse formation by CST axons onto graft neurons now exists. Immunofluorescence, 

electron microscopy, and retrograde transsynaptic tracing have shown such synapses 

anatomically (Adler et al., 2017; Kadoya et al., 2016; Kumamaru et al., 2018), and 

optogenetic stimulation of CST axons and single unit records from graft cells has shown 

functional connectivity both in vivo (Jayaprakash et al., 2019) and ex vivo (Kadoya et 

al., 2016). As previously discussed, field recordings from below grafts detected 

responses to stimulation above with an increased latency compared to intact animals, 

likely due to the signal being relayed through one or more synapses with graft cells (Lu 

et al., 2012). Behaviorally, spinal cord NPC grafts support significant improvements in 

skilled forelimb function, as measured by a pellet retrieval task, indicating partially 

restored CST function (Brock et al., 2017; Kadoya et al., 2016). These experiments do 

not, however, address the nature of the neuronal networks that form within grafts and 

the activity patterns they generate. Understanding the mechanism by which activity 
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propagates across grafts requires techniques for specific stimulation of defined host 

inputs and recording of a large population of graft neurons simultaneously. 

 

Techniques for Interrogation of Host-Graft Connectivity 

 In classical electrophysiological connectivity experiments, populations of neurons 

in gray matter or axon tracts are stimulated with electrodes, and responses are 

recorded with electrodes in the cells of interest. Although these techniques have been 

used to build much of our understanding of nervous system function, their accuracy 

relies heavily on measurements of well-characterized anatomical structures. Even in 

rodent models, spinal cord lesions are variable in both size and structure, and grafts into 

them are correspondingly unique, with the added inconsistencies of cell survival and 

integration with host tissue. Furthermore, scar tissue formation over the injury site can 

often make it difficult to determine the precise boundaries of a lesion/graft. Therefore, 

electrical recording from grafts, particularly in vivo, is a matter of guesswork and post-

hoc tissue analysis to determine electrode location (Jayaprakash et al., 2019). 

Additionally, the number of single units (neurons) from which recordings can be made 

depends on the number of electrodes that can fit in the tissue without causing excessive 

damage.  

 Over the past few decades, calcium imaging has emerged as a powerful tool to 

optically record from defined populations of up to thousands of neurons simultaneously 

(Grienberger and Konnerth, 2012; Prevedel et al., 2016; Tian et al., 2012). Purified from 

the hydromedusan, Aequorea, aequorin was the first molecule identified to change its 

light-emitting properties when bound to Ca2+ ions (Shimomura et al., 1962). It was used 
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shortly after to monitor calcium flux during muscle contraction (Ashley and Ridgway, 

1968), but Tsien and colleagues brought calcium imaging to the wider biological field 

with the introduction of highly sensitive synthetic calcium indicators that could be readily 

loaded into cells (Grynkiewicz et al., 1985; Tsien, 1980). One of these dyes, fura-2, was 

used to demonstrate that neuronal activity could be optically traced by calcium imaging 

(Yuste and Katz, 1991). During electrical activity, intracellular calcium concentrations 

transiently increase 10- to 100-fold from baseline, which dramatically increases the 

proportion of calcium indicator molecules bound to calcium and in turn the overall 

brightness of cell fluorescence (Grienberger and Konnerth, 2012). The advent of 

genetically encoded calcium indicators (GECIs) allowed imaging of neural activity in 

genetically defined populations of neurons, a major breakthrough in dissecting neural 

circuitry (Miyawaki et al., 1997; Tian et al., 2012). Single-fluorophore GECIs, such as 

the GCaMP family, combine an enhanced green fluorescent protein (EGFP) domain 

with a calmodulin and a M13 domain that change conformation upon calcium binding, 

increasing EGFP fluorescence (Grienberger and Konnerth, 2012). Recently, highly 

sensitive GCaMPs that rival the fast kinetics and bright fluorescence of synthetic dyes 

were developed (Chen et al., 2013). The fastest of this generation, GCaMP6f, can 

resolve individual action potentials separated by 50-75 ms in vivo.  

 Stimulation of neurons can also be performed in an optical, genetically restricted 

manner with channelrhodopsins (Fenno et al., 2011; Yamawaki et al., 2016). First 

described in 2003, Channelrhodopsin-2 is a light-gated ion channel produced in the 

unicellular green alga Chlamydomonas reinhardtii (Nagel et al., 2003). Boyden and 

colleagues quickly adapted this protein for use in the mammalian nervous system by 
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incorporating its gene into a lentivirus and infecting cultured cells (Boyden et al., 2005). 

Stimulation with 10 ms pulses of blue light could drive spiking in high expression 

neurons with 1:1 spike-to-pulse ratio at 5 Hz, an unprecedented level of optical control. 

These results set off an explosion in the field of optogenetics, leading to the 

development of many opsin variants and stimulation methods in vivo. In addition to 

depolarizing (neuron-exciting) channelrhodopsins, hyperpolarizing (neuron-silencing) 

halorhodopsins and G-protein coupled receptor rhodopsins (OptoXRs) allowed 

bidirectional control of excitability on short and long timescales (Fenno et al., 2011). 

Red-shifted channelrhodopsins; such as C1V1 (Yizhar et al., 2011), ReaChR (Lin et al., 

2013), and Chrimson (Klapoetke et al., 2014); enabled robust stimulation with longer 

wavelengths of light that penetrate tissue more efficiently due to decreased light 

scattering. Importantly, channelrhodopsin-expressing axons can be efficiently stimulated 

at the location of their post-synaptic targets, far from their parent cell bodies. In fact, 

axons can be stimulated even after being severed from the soma, as often occurs in 

acute slice preparations (Petreanu et al., 2007). Fusion of fluorophores such as 

tdTomato to membrane-bound channelrhodopsins provides excellent visualization of 

axonal processes by native fluorescence. 

 Optogenetic methods for both recording and stimulation may be combined to 

perform all-optical circuit mapping (Emiliani et al., 2015; Packer et al., 2014). Several 

important considerations exist when designing such an approach. First, the wavelength 

of light used for stimulation must not significantly overlap with either the excitation or 

emission spectrum of the calcium indicator; otherwise, a stimulation artifact could mask 

potential responses, and light used for excitation of the calcium indicator or the light 
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emitted by the indicator itself could potentially stimulate the opsin-expressing axons. 

This naturally leads to two options: stimulate with short-wavelength light and record at 

longer wavelengths, or vice versa. Although several red-shifted GECIs have been 

developed, those with the best sensitivity and kinetics display photoconversion to a 

bright state following exposure to blue light, complicating their combination with 

optogenetic stimulation (Emiliani et al., 2015). The blue excitation and green emission of 

GCaMPs can be combined with orange to far-red light stimulation of red-shifted 

channelrhodopsins, but the blue light must be held at low intensity due to the long tails 

of the action spectrums of these opsins in the blue-to-green range. For example, 

although subthreshold currents can be induced in Chrimson-expressing neurons at low 

blue light intensities, in acute slices spiking is not induced until the intensity reaches 0.5 

mW/mm2, considerably higher than that needed for calcium imaging of modern 

GCaMPs (Chen et al., 2013; Klapoetke et al., 2014).  

 Light-scattering white matter overlying much of the spinal cord as well as 

significant respiratory motion artifacts has made it a particularly challenging a structure 

in which to perform calcium imaging. Recently, spinal stabilization hardware has been 

developed that allows chronic in vivo imaging of superficial spinal cord structures 

through a glass coverslip window in adult mice (Farrar et al., 2012). These techniques 

have been used to perform 2-photon calcium imaging in restrained mice and widefield 

calcium imaging with miniaturized microscopes in freely-behaving animals (Sekiguchi et 

al., 2016). Two-photon imaging provides superior resolution in a thin focal plane, but 

wide-field imaging results in a larger depth of field, allowing imaging of neurons in 

multiple z-planes simultaneously, albeit with more background fluorescence. Sensory 
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stimuli as well as grooming and locomotion induced reproducible calcium transients in 

ensembles of dorsal horn neurons and astrocytes. Some neurons responded to only a 

single stimulus, whereas others responded to multiple stimuli, with varying stimulus 

strength thresholds, providing unique insight to the complex patterns of sensory 

encoding in the adult mammalian spinal cord. 

 The limited depth at which in vivo imaging may currently be performed prevents 

access to much of the spinal cord and likewise to grafts placed therein. In contrast, 

acute slice preparations provide unobstructed access to any region of the spinal cord 

under highly controlled extracellular conditions (Husch et al., 2011; Mitra and 

Brownstone, 2012). A block of the spinal column containing the site of interest and 

several spinal cord segments rostral and caudal is removed from a deeply anesthetized 

animal, and the spinal cord is quickly dissected from the column while submerged in a 

slurry of superoxygenated artificial cerebrospinal fluid (aCSF). Slices of a few hundred 

micron thickness are then cut with a vibrating microtome and allowed to recover before 

being placed into a recording chamber perfused with continuously oxygenated aCSF. 

Stable recordings of neuronal activity can then be performed for many hours, during 

which time optogenetic stimulation and bath application of drugs can be used to dissect 

the properties of synaptic connections within the slice. While the dense network of 

myelinated axons in the spinal cord can make whole-cell patch recordings difficult, 

calcium imaging provides immediate access to neurons deeper in the slice, which tend 

to be healthier and with better-preserved axonal and dendritic processes (Flynn et al., 

2011). In this dissertation, acute slice and in vivo calcium imaging are combined with 

optogenetic and physiological sensory stimulation to uncover the mechanism(s) of graft 
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activation and signal propagation. Additionally, the maturation of human NSC grafts is 

assessed over 18-months, providing important information concerning the expectations 

for the timeline of graft functional development in human translation. 

 

Rationale and Hypotheses 

 Host axons, including those of the CST, regenerate into NPC/NSC grafts in sites 

of SCI and make functional synaptic contacts onto graft neurons. Graft neurons in turn 

extend axons long distances rostral and caudal to lesion sites and make synaptic 

connections with host neurons. Gross electrophysiological recordings suggest the 

presence of neuronal relays within grafts that can partially restore connectivity across 

lesion sites. However, the mechanism of graft activation and signal propagation remains 

unknown. Host inputs may affect graft activity through three possible mechanisms. First, 

single regenerating host axons may contact single graft neurons and form 

circumscribed connections that function independently of the graft as a whole. Second, 

regenerating host axons may activate assemblies of multiple or dozens of graft cells 

that act as units of a larger graft network. Third, areas of dense axon regeneration may 

act as initiation points of high frequency spiking activity that then activates neighboring 

populations of neurons. This would result in a slow spread of excitation across the graft, 

reminiscent of the slow waves of activation or depression that occurs in epilepsy and 

other neural disorders (Bikson et al., 2003; Pinto et al., 2005; Wenzel et al., 2017). 

Elucidating which of these mechanisms may contribute to propagation of activity across 

grafts is critical for optimizing both graft content and rehabilitation programs that seek to 

maximize the functional benefit of NPC/NSC grafts.  
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 In this dissertation, spontaneous activity patterns and the effects of corticospinal 

input on E12 mouse spinal cord NPC graft activity were assessed through optogenetic 

stimulation of CST axons expressing the red-shifted channelrhodopsin ChrimsonR and 

simultaneous calcium imaging of graft neurons expressing GCaMP6f. Next, the 

influence of axons extending from grafts on host spinal cord neuron activity below the 

lesion was assessed by expressing Chrimson in graft neurons and GCaMP6f in host 

neurons. An acute slice preparation in the sagittal plane was used to access the entire 

dorso-ventral and rostro-caudal extent of the graft. Additionally, in vivo calcium imaging 

was performed to assess graft activity in response to sensory stimulation. A dorsal 

column lesion model of SCI was used because it causes disruption of both descending 

CST and ascending sensory axons (Weidner et al., 2001) and NPC grafts consistently 

survive and fill these lesion sites with minimal disruption of graft continuity by 

collagenous rifts (Adler et al., 2017; Kadoya et al., 2016). Furthermore, neither growth 

factors nor fibrin matrices are required for cell filling of these lesions, allowing direct 

assessment of graft cell function alone.  

 To assess human stem cell maturation in rodent SCI, we grafted the widely 

available H9 human NSCs (Gibco) into a C5 lateral hemisection 2 weeks after injury. 

These cells are derived from embryonic stem cells and differentiate into neurons, 

oligodendrocytes, and astrocytes (Chang et al., 2013). Cells were embedded in a fibrin 

matrix containing a growth factor cocktail to promote retention in the lesion site and cell 

survival. Animals were sacrificed at intervals of 1 month, 3 months, 6 months, 12 

months, and 18 months for histological analysis. Function of the affected forelimb was 
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tested monthly in grafted animals that survived 12 or 18 months and control animals 

that received only fibrin and growth factors and survived 12 months. 

 

 In Chapter 2, we test the hypothesis that regenerating host neurons directly 

activate both single neurons and established clusters of neurons in grafts through 

synaptic connections, and that outgrowing graft axons directly activate populations of 

host neurons through synaptic connections. 

 

 In Chapter 3, we test the hypothesis that human neural stem cell grafts follow an 

intrinsic human timeline of maturation when grafted into an injured rodent environment. 
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Summary 

Neural stem/progenitor cell grafts integrate into sites of spinal cord injury (SCI) 

and form anatomical and electrophysiological neuronal relays across lesions. To 

determine how grafts become synaptically organized and connect with host systems, 

we performed calcium imaging of neural progenitor cell grafts within sites of SCI, using 

both in vivo imaging and spinal cord slices. Stem cell grafts organize into localized 

synaptic networks that fire spontaneously with a predominance of excitatory activity. 

Following optogenetic stimulation of host corticospinal tract axons regenerating into 

grafts, distinct and segregated neuronal networks respond throughout the graft. 

Moreover, optogenetic stimulation of graft axons extending out from the lesion into the 

denervated spinal cord also trigger responses in local host neural networks. In vivo 

imaging reveals that behavioral stimulation of host elicits focal synaptic responses 

within grafts. Thus, remarkably, neural progenitor cell grafts form functional synaptic 

subnetworks in patterns paralleling the normal spinal cord.  

 

INTRODUCTION 

Eliciting regeneration of the injured adult central nervous system (CNS) is, 

despite recent progress, extraordinarily difficult. While experimental approaches 

targeting multiple mechanisms can succeed in promoting injured host axonal 

regeneration into and even beyond sites of spinal cord injury (SCI) (Alto et al., 2009; 

Assinck et al., 2017; Bráz et al., 2012; Jayaprakash et al., 2019b; Liu et al., 2010; Lu et 

al., 2012), the number and distance of host axonal regeneration is limited: typically, only 

hundreds of host axons regenerate for distances that rarely exceed 1-2 mm. In contrast, 



89 
 

recent reports indicate that neural progenitor cells (NPCs) or neural stem cells (NPCs) 

implanted into sites of SCI support quite extensive host axon regeneration into grafts 

occupying the lesion site, while axons emerging from the grafted neurons extend into 

the distal host spinal cord in very large numbers (tens to hundreds of thousands of 

axons) and for long distances (up to 50 mm) (Kadoya et al., 2016; Lu et al., 2012, 2014; 

Rosenzweig et al., 2018). Indeed, even after complete spinal cord transection, NPC and 

NSC grafts support significant functional improvement (Koffler et al., 2019; Lu et al., 

2012), and this functional improvement is abolished if the spinal cord is re-transected 

immediately rostral to the lesion site, suggesting that novel synaptic relays have formed 

from host-to-graft-to-host across the lesion site. 

Little is known, however, regarding the synaptic architecture generated in NPC 

and NSC grafts placed in host spinal cord lesion sites. It is clear that host axons 

regenerating into grafts form synaptic contacts onto graft neurons (Adler et al., 2017; 

Dulin et al., 2018; Kumamaru et al., 2019; Lu et al., 2012; Rosenzweig et al., 2018) and 

are capable of generating post-synaptic currents (Jayaprakash et al., 2016; Kadoya et 

al., 2016; Tornero et al., 2017) that can increased the firing rate of graft neurons 

(Jayaprakash et al., 2019). Similarly, graft neurons in sites of stroke in the cerebral 

cortex respond to optogenetic stimulation of thalamo-cortical axons as well as 

physiological tactile stimulation (Tornero et al., 2017). Graft neurons can also modulate 

activity in host neuron populations (Etlin et al., 2016; Steinbeck et al., 2015). However, 

how host axons regenerating into grafts influence graft activity has not been described, 

and several possibilities exist. First, regenerating host axons may form circumscribed 

synaptic connections that represent single axon-to-graft single neuronal relays, 
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representing highly circumscribed host-graft pairings. Second, regenerating host axons 

may recruit larger networks of graft neurons, activating multiple or dozens of graft 

neurons, functioning as a network that parallels previously described patterns of cortico-

spinal projections in the intact spinal cord (Lemon, 2008; Ueno et al., 2018). A third 

possibility is that the graft functions as a transmitter of slow neural activation, as 

described in spreading depression or activation of the cortex (Bikson et al., 2003; Pinto 

et al., 2005; Wenzel et al., 2017); in this case, one would predict that activation of host 

motor axons regenerating into grafts would elicit a wave of excitation in the graft that 

could be slowly propagated across the graft in the lesion site. Given the benefit of 

NPC/NSC grafts in improving functional outcomes after SCI in both rodents (Brock et 

al., 2017; Kadoya et al., 2016; Koffler et al., 2019; Kumamaru et al., 2018; Lu et al., 

2012, 2017) and primates (Rosenzweig et al., 2018) it is important to gain an improved 

understanding regarding which of these mechanisms may be operative. 

Thus, to gain insight into the nature of synaptic connectivity and functionality 

between regenerating host axons and graft neurons in a spinal cord lesion, we 

optogenetically stimulated host corticospinal axons regenerating into NPC grafts placed 

into sites of mid-cervical SCI in rats. Graft neurons expressed a genetically encoded 

calcium indicator (Anderson et al., 2018; Kadoya et al., 2016; Liu et al., 2017; Lu et al., 

2012), allowing whole-graft imaging of activity in up to hundreds of cells simultaneously 

in spinal cord slices. In addition, we performed live in vivo imaging of calcium activity 

during host stimulation. Finally, we probed the nature of graft-to-host synaptic 

connectivity by optogenetically stimulating graft-derived axons in host spinal cord 

neurons caudal to the lesion site that expressed calcium indicators, in slices. We now 
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find that regenerating host corticospinal axons elicit robust and widespread calcium 

responses in graft neurons, generating synchronous activity in assemblies of graft 

neurons that resemble physiological patterns of corticospinal inputs to intact spinal 

cords. In turn, stimulation of graft axons extending caudal to the lesion site also 

activates networks of host spinal neurons in slices. Moreover, in vivo calcium imaging 

reveals that graft neurons respond to sensory stimuli delivered to the host, including 

light touch, pinch, and cold air puff. These findings show that neural progenitor cells 

grafts form active synaptic networks within sites of SCI.     

 

RESULTS 

Experimental Design 

We expressed the red-shifted channelrhodopsin Chrimson in corticospinal 

neurons using adeno-associated viral vectors (AAV) containing the pan-neuronal 

synapsin promoter (AAV-Syn-ChrimsonR-tdTomato) (Klapoetke et al., 2014). AAV-Syn-

ChrimsonR-tdTomato was injected bilaterally into the motor cortices of postnatal day 

zero (P0) wild-type C57BL/6 mice, resulting in robust expression in corticospinal axons 

in the lumbar spinal cord (Figure 1A-D).  Six to eight weeks later, mice underwent T12 

dorsal column spinal cord lesions to transect the corticospinal motor projection. In the 

same session, embryonic day 12 (E12) spinal cord multipotent neural progenitor cells 

that expressed the calcium indicator GCaMP6f were grafted directly into the lesion site 

(Chen et al., 2013) (Figure 1D,E; Figure S1; see Methods). Six to ten weeks post-

injury/grafting, animals were prepared for either live spinal cord slice observations (N =  
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Figure 2.1:  Chrimson-expressing corticospinal axons regenerate robustly into 
GCaMP6f-expressing neural progenitor cell grafts 

(A) Experimental timeline. Animals received cortical injections of AAV-ChrimsonR at 
postnatal day 0 (P0). T12 dorsal column lesions and acute NPC grafting were 
performed at 6 – 8 weeks of age. Calcium imaging was performed 6 – 8 weeks later. (B) 
Sagittal section of adult whole brain shows abundant expression of ChrimsonR-
tdTomato in cortex following neonatal AAV injections. Neurons labeled with NeuN. Inset 
in (B) shown at higher magnification in (C). (D-E) Chrimson-labeled CST main tract 
axons (D) regenerate robustly into neural progenitor cell grafts expressing GCaMP6f in 
neurons (E) in a graft-specific, Cre-dependent manner. In all images, the dorsal aspect 
of the slice is at the top and the rostral aspect is at left. Scale bar, 2 mm (B); 200 µm (C-
E). Brightness and contrast adjusted for clarity across entire images (B-E).
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27 animals) or in vivo calcium imaging (N = 15 animals), as described below. For 

animals undergoing slice preparation, most of the thoracic and lumbar cord was 

prepared in the sagittal plane.  

 

Spinal Cord Slices 

Using a custom filter set and a standard widefield electrophysiology microscope, 

corticospinal axons regenerating into neural progenitor cell grafts were stimulated with a 

617 nm LED through the objective lens, and graft activity was imaged for neural activity 

(Figure S2A). Regions of interest (ROIs) with neuronal morphology and dynamic 

fluorescence were manually outlined (Figure S2B-C). The number of detectably active 

neurons in a field of view was in the range of 10-100 cells. In standard artificial 

cerebrospinal fluid (aCSF) recording solution, grafts displayed spontaneous activity and 

responses to stimulation of corticospinal axons regenerating into the lesion site filled 

with graft (Figure S2D). Addition of the potassium channel blocker 4-aminopyridine (4-

AP, 100µM) (Blight et al., 1991; Liu et al., 2017; Strupp et al., 2017), a drug approved 

for human use, to the aCSF increased detectable spontaneous activity and responses 

to corticospinal stimulation (Figure S2E-G), and was used in most recordings. Episodes 

of activity in individual neurons were defined as periods of increasing fluorescence 

(positive first derivative of  the change in fluorescence over time, ΔF/F, after noise 

subtraction) during fluorescence transients considered significantly above noise (based 

on a dynamic threshold incorporating the individual cell’s calculated noise model and 

the decay kinetics of the calcium reporter) (Romano et al., 2017).   
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Spontaneous Activity: Grafts are Organized into Networks of Synchronously Active 

Neurons 

Graft neurons exhibited spontaneous activity in single cells as well as in clusters 

of cells that were activated in broad, synchronous events at a rate of 2.33 ± 1.10 

activations/min (n = 15 clusters in N = 4 animals) (Figure 2A-C, Figure S3). These 

groups consisted of 5.72 ± 0.46 cells that tended to neighbor one another 

topographically, although some clusters included more distantly spaced neurons (mean 

inter-ROI distance = 118 ± 27 µm; Figure 2B). The PCA-promax method of clustering 

synchronously active cells (Hendrickson and White, 1964; Peyrache et al., 2010; 

Romano et al., 2017) demonstrated that most individual neurons within grafts belonged 

to only a single cluster of cells, rather than contributing to multiple, distinct cell clusters 

(mean 4.7 ± 3.1% of cells belonging to more than one cell cluster). This largely 

independent arrangement of clusters suggests a degree of compartmentalization in the 

functional topography of grafts. 

To confirm the validity of cell clusters that we identified based on patterns of 

concurrent spontaneous activity, we generated control “surrogate” clusters from the total 

pool of ROIs in each slice (Romano et al., 2017). At the beginning of the analysis 

pipeline, neurons are numbered by their location in the field of view from left to right. A 

cluster of synchronously active neurons is defined by a list of the numerical indices of 

the neurons belonging to that cluster. Surrogate clusters were generated by preserving 

these lists but shuffling the original neuron indexing. Thus, sets of surrogate clusters 

contained the same number of neurons in each cluster as the original set, and overlap 

between clusters was preserved. These surrogate control clusters were either  
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Figure 2.2: Clusters of graft neurons display episodes of synchronous activity 
and respond to CST stimulation 

(A) Fluorescence traces of 93 graft cells exhibiting spontaneous activity. Red portions of 
traces indicate periods of significant activity as determined by first derivative 
rasterization. (B) Standard deviation projection of the run shown in (A) with all ROIs 
outlined in yellow and clusters of neurons with similar activity dynamics indicated by fill 
color. (C) First derivative raster plot (top) of traces from (A), with cells grouped into the 
clusters shown in (B). Cells above red line belonged to clusters. Significant activations 
of color-coded clusters are plotted below. (D) The mean activity of cells belonging to 
clusters was not significantly different from that in randomly (RSC) or topographically 
(TSC) generated surrogate clusters (N = 4 animals). (E) Cells in clusters showed 
significantly more pairwise correlation than those of surrogate clusters (N = 4 animals). 
(F) Same graft as in (B) with clusters extracted from a run with optogenetic CST 
stimulation. (G) As in (C), during a run with four trials of 500 ms, 20Hz CST stimulation. 
Scale bar, 200 µm (B,F). In all images, the dorsal aspect of the slice is at the top and 
the rostral aspect is at left. Brightness and contrast adjusted for clarity across entire 
images. Data are represented as mean ±SEM with significance determined by Welch’s 
t-test (*p<0.05; NS, not significant). 
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completely random groupings or topographically similar to the originally identified 

clusters in terms of the distances between cells within the clusters. One hundred 

random and 100 topographical surrogate controls were generated for each original 

cluster, and these control data sets were compared to experimentally-identified clusters. 

Experimentally identified clusters had similar levels of mean activity per cell compared 

to surrogates, but much higher pairwise activity correlation between cells, indicating that 

the clusters were not merely groups of cells with increased activity but assemblies of 

cells grouped either by direct connectivity or shared pre-synaptic inputs (Carrillo-Reid et 

al., 2016; Yuste, 2015) (Figure 2D-E).  

 

Corticospinal Input-Evoked Network Activity: Graft Neuronal Clusters Fire 

Synchronously 

Next, we sought to identify patterns of synaptic organization in grafts following 

stimulation of host corticospinal axons regenerating into grafts. Optogenetic stimulation 

of corticospinal axons within grafts activated the same graft neuronal clusters that were 

identified based on spontaneous activity. Indeed, 22.5 ± 13.2% of clusters that 

displayed spontaneous activations in a 50 s imaging run also responded to stimulation 

with cluster-wide activation of neurons in the same run (n = 18 clusters in N = 4 animals, 

Figure 2F-G), suggesting specificity in response patterns to corticospinal stimulation 

rather than all-or-nothing graft activation. Cluster responses began immediately 

following stimulus onset and decayed quickly; slow patterns of graft excitation and 

propagation through grafts were never observed. Grafts therefore efficiently encode 

inputs within preexisting neural networks. To compare these activity patterns to normal 
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spinal cord processing of CST inputs, we also performed these experiments in intact 

spinal cord slices (Figure S4). In parallel with graft responses, spinal cord neurons of 

the medial and dorsal gray matter displayed spontaneous activity in individual neurons 

and synchronously active clusters, both of which could be activated by optogenetic CST 

stimulation. 

 

Graft neuron response properties 

Graft neurons displayed robust calcium responses to corticospinal optogenetic 

stimulation within hundreds of milliseconds of stimulus onset (Figure 3A-C). At the low 

magnification used for population calcium imaging, subthreshold fluctuations in 

membrane potential are not generally detectable above noise, whereas single action 

potentials can be resolved with modern genetically encoded calcium indicators such as 

GCaMP6f (Emiliani et al., 2015; Lin and Schnitzer, 2016). We therefore interpret the 

fast-rising and slow-decaying fluorescence transients observed in response to 

corticospinal stimulation to be the result of one or more action potentials firing in graft 

neurons. The fluorescence traces in responding cells began to rise immediately 

following stimulus onset and reached their temporal midpoint to peak fluorescence less 

than halfway through the 500 ms stimulus (Figure 3E), indicating that the responses 

saturate in less than half a second. These responses were mediated through excitatory 

transmission, as indicated by their disappearance in the presence of the glutamatergic 

blocker 6,7-dinitroquinoxaline-2,3-dione (DNQX) (Figure 3E,F). The magnitude of 

response strength (average ΔF/F over 1 s following stimulus onset) and percent of 

responding cells (ΔF/F ≥ 100%) increased with increasing power of the LED stimulation  
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Figure 2.3:  Graft neurons are activated by optogenetic stimulation of regenerated 
CST axons 

(A) One second average of ΔF/F video immediately prior to stimulation onset shows a 
small number of spontaneously active graft neurons. (B-C) As in (A), immediately 
following stimulation onset. GCaMP6f fluorescence in several graft cells increases in 
response to stimulation of regenerated CST axons (cyan numbered arrows in C). (D) 
Example traces from cells labeled in (C) during a 50 s period over which four CST 
stimuli (vertical cyan bars) were delivered. Stimuli consisted of 500 ms-long 20 Hz trains 
of 10 ms pulses of 617 nm light. Irradiance at the slice was 4.49 mW/mm2. Significant 
fluorescence transients are highlighted in red. Cells display varying response strengths 
as well as spontaneous activity. (E) Mean response traces with ±SEM shade of n = 7 
cells in one slice to 12 trials in standard recording conditions, + 100 µM 6,7-
dinitroquinoxaline-2,3-dione (DNQX), and after DNQX washout. Responses were 
abolished by the AMPA and kainite receptor antagonist DNQX, indicating the presence 
of excitatory synaptic connections from CST axons onto graft neurons. (F) Mean 
response strengths from (E), quantified over one second following stimulus onset. (G) 
Mean response strength quantified as in (G) in response to increasing 617 nm LED 
irradiance. Responses in n = 16 cells in one slice increased in strength with increasing 
irradiance but began to plateau at higher irradiance. (H) The percentage of cells 
activated (activation threshold = 100% ΔF/F) by CST stimulation also increased with 
increasing 617 nm LED irradiance. In all images, the dorsal aspect of the slice is at the 
top and the rostral aspect is at left. Brightness and contrast adjusted for clarity across 
entire images. Scale bar, (A-C), 200 µm. Two-group comparisons were tested with 
Welch’s t-test (**p<0.01; NS, not significant). Data are represented as mean ±SEM 
unless otherwise indicated. 
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(Figure 3G,H), demonstrating that graft responses encode stimulus strength. When 

AAV-Chrimson was not injected into the cortex, graft cells did not respond to LED 

stimulation in the absence of opsins (N = 6 animals; Figure S2H), indicating that graft 

responses to are not artifacts of direct photoactivation by the light stimulus. 

Cells throughout grafts responded to corticospinal stimulation, even at the most 

caudal aspect, furthest from the point at which the main tract of corticospinal axons 

enters the graft (Figure 4A-C). While the density of ChrimsonR-tdTomato-labeled axons 

varied throughout different regions of grafts, as previously observed (Dulin et al., 2018; 

Kumamaru et al., 2019), response strength to corticospinal stimulation in a given cell 

was uncorrelated with the brightness of tdTomato signal in the corresponding region of 

interest (n = 68 cells in N = 3 animals; response strength and tdTomato brightness 

normalized to their respective maximum in each imaging field; Figure 4D-E). Thus, graft 

cells are activated by corticospinal stimulation in all regions of grafts, including the distal 

aspect that contains the preponderance of caudally-projecting cells (Lu et al., 2019). 

 

Graft axon stimulation of host neurons 

Having observed this activation of clusters of cells throughout grafts following 

stimulation of regenerating corticospinal axons, we next sought to determine whether 

grafts could in turn activate host spinal neurons caudal to the injury site. We mixed 

AAV-Syn-FLEX-ChrimsonR-tdTomato vectors with Syn1-Cre neural progenitor cells just 

prior to grafting acutely into T12 dorsal column lesions. This yielded graft-specific 

expression of ChrimsonR-tdTomato, which was readily detectable in axons extending 

out from the graft borders and into the distal host spinal cord (Figure 5A-B). Three to  
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Figure 2.4: Graft neurons respond to CST stimulation even in areas of low 
Chrimson expression and in sensory neuron clusters. 

(A) Overview of an exceptionally large graft with three cells in the most caudal area that 
responded to CST stimulation outlined in yellow. (B) Higher magnification of inset from 
(A) showing attenuation of Chrimson axon presence rostral to location of responding 
cells. (C) Mean ±SEM shade traces of the responses of the three cells in (A-B) to 12 
trials of the same optogenetic stimulation (vertical cyan bar) as in Figure 2D. (D) 
Overlay of response strength in graft cells on native ChrimsonR-tdTomato fluorescence 
showing responsive cells in areas of both high and low Chrimson brightness. (E) No 
correlation was seen between the response strength and Chrimson brightness in n=68 
cells from N=3 animals. Response strength and Chrimson brightness were normalized 
to the respective maximums in each field of view. A least-squares linear fit to the data is 
shown. In all images, the dorsal aspect of the slice is at the top and the rostral aspect is 
at left. Brightness and contrast adjusted for clarity across entire images. Scale bars, 300 
µm (A); 150 µm (B, D). 
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four weeks after grafting, AAV9-Syn-GCaMP6f was injected 1.2 mm caudal to grafts 

into host central gray matter (Figure 5A-B). When imaged 6-8 weeks after grafting, a 

total of 15 host neurons were detected (in 2 out of 18 animals) that responded to whole-

field stimulation of graft axons (Figure 5C-F). Responding cells were located in the 

medial and dorsal gray matter, but no responses could be detected in ventral motor 

pools. This may have been a result of poor GCaMP6f expression in more ventral 

regions, however, as numerous graft axons were visible in these areas, whereas 

minimal spontaneous cell activity or anti-GFP immunoreactivity was observed (Figure 

5B). Responses were eliminated with DNQX administration, indicating that host 

responses to graft axon stimulation were mediated through excitatory synaptic 

transmission (Figure 5G). The latency of these responses was less than 200 ms, 

showing that, as in grafts, responses peaked before the end of the 500 ms light 

stimulus. Thus, neural progenitor cell grafts are capable of activating host neurons 

below spinal cord lesions. 

 

In vivo imaging of graft activity 

Preceding studies in slices demonstrated that host axons stereotypically 

activated clusters of graft neurons when stimulated optogenetically. To examine 

activation of graft neurons by behavioral stimulation of the host, we turned to in vivo 

imaging of graft activity (Farrar et al., 2012; Sekiguchi et al., 2016). Animals underwent 

T12 dorsal column spinal cord lesions followed by placement of E12 neural progenitor 

cell grafts expressing GCaMP6f into the lesion site. Six to ten weeks later, spinal 

stabilization hardware and imaging windows were implanted over the dorsal surface of  
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Figure 2.5: Host neurons are activated by optogenetic stimulation of axons 
extending from grafts 

(A) Grafts expressing Chrimson extended axons into host gray and white matter rostral 
and caudal to the lesion site. (B) Inset from (A) showing graft axon innervation of 
regions of GCaMP6f-expressing host spinal cord neurons caudal to the lesion. Note the 
attenuation of GCaMP6f labeling in more ventral gray matter (bottom). (C) One second 
average ∆F/F image of host spinal cord neurons just prior to stimulus onset. (D) As in 
(C), one second following onset of 500 ms optogenetic stimulation of graft axons. (E) 
Mean response strength map of host neurons over one second following stimulus onset. 
(F) Individual cell fluorescence traces of the cells in (E) show abundant spontaneous 
activity as well as consistent responses in some cells to graft axon stimulation. (G) 
Mean ±SEM traces of n = 5 responding cells from one slice before and after wash-in of 
100 µM DNQX, showing that grafts form excitatory synaptic connections with host 
neurons below the lesion. In all images, the dorsal aspect of the slice is at the top and 
the rostral aspect is at left. Brightness and contrast adjusted for clarity across entire 
images. Scale bars, 300 µm (A); 100 µm (B-E). 
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grafts, as previously described (Farrar et al., 2012; Sekiguchi et al., 2016). Grafts were 

imaged one hour after window implantation. With a detectable depth of imaging of 

approximately 100 µm into grafts, we observed spontaneous activity of graft neurons 

(Figure 6A-C). When the host was stimulated by hindpaw pinch (Figure 6D-E), light 

touch of the lower back (Figure 6F-G), or passive movement of the hindlimb (Figure 

6H),individual graft neuronal responses were detected in four out of seven animals with 

detectable graft activity. These responses could be consistently reproduced without 

diminishing in strength over repeated stimuli. Cells typically responded to a single 

stimulus type, though two neighboring ROIs responded to both hindlimb movement and 

light touch of the lower back in one animal (Figure 6F-H). Thus, host sensory systems 

functionally connect to grafts and elicit synaptic responses.  

 

DISCUSSION 

Calcium imaging reveals that host axons regenerating into neural progenitor cell 

grafts placed into sites of SCI activate clusters of responsive graft neurons. 

Regenerating host axons do not appear to nonspecifically activate slow waves of 

activity through grafts; instead, host activation of graft neuronal clusters is a pattern that 

recapitulates responses of intact spinal systems (Johannssen and Helmchen, 2013; 

Sekiguchi et al., 2016). Considering the highly anomalous milieu that we are studying, 

i.e., “developing” neural tissue placed in an adult spinal cord lesion site, it is remarkable 

that the resulting patterns of synaptic connectivity resemble intact spinal cord 

responses.  Moreover, we show that grafts not only respond to optogenetic stimulation 

of regenerating host axons, but to behavioral stimulation of the host. Graft neurons  
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Figure 2.6: Graft neurons respond to sensory stimuli in vivo 

(A-C) Baseline average ΔF/F image of a graft neuron over a one second period just 
prior to (A) and one second following onset of a spontaneous calcium transient (B) in a 
single graft neuron with transgenic GCaMP6f expression in an anesthetized animal. (C) 
Fluorescence trace of the calcium transient shown in (C). (D) Maximum projection 
image of in vivo calcium activity during a period of three hindpaw pinch stimuli. ROIs 
(yellow outlines) include both neuronal soma and processes. (E) Fluorescence traces of 
the activity in the ROIs shown in (D) during hindpaw pinch stimuli (purple trace). Graft 
neurons showed variable response latency and consistency. (F) Standard deviation 
projection of viral GCaMP6f expression in vivo over a period of light touch stimuli. ROIs 
are highlighted in yellow. (G) Several ROIs responded consistently to light touch stimuli. 
(H) Two cropped ROIs from the same field of view as (E) responded consistently to 
movement of the hindlimb through its range of motion by the experimenter. These ROIs, 
which may be part of a single neuron or neuron cluster, were on the left side of the graft 
and responded to left hindlimb movement (green bars) but not right hindlimb movement 
(pink bars). Brightness and contrast adjusted for clarity across entire images. Scale 
bars, (A-B), 25 µm; (D), 30 µm; (F), 50 µm. 
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respond to corticospinal input as quickly as is detectable with calcium imaging methods. 

The latency of the temporal midpoint to peak response amplitude was 100-300 msec, 

and cell fluorescence began to increase within one to two imaging frames (about 30 -60 

ms) of stimulus onset cells throughout grafts. These findings indicate that, rather than 

gradually ‘turning on’ the graft through a slowly spreading wave of excitation, 

corticospinal input is capable of activating graft neurons on a timescale of tens to 

hundreds of milliseconds. Similar response latencies were obtained for host neurons 

below the lesion to graft axon stimulation. While the underlying electrical activity which 

gives rise to GCaMP6f fluorescence spikes occurs on a much shorter timescale (Chen 

et al., 2013), even an extremely conservative fluorescence-based estimation would 

place the time for a full relay across the lesion at no more than a few hundred 

milliseconds. 

In the dorsal column lesion model employed in this study, regenerating 

corticospinal axons were present throughout the rostro-caudal length of the graft, and 

responses to corticospinal stimulation were also observed over this rostral-to-caudal 

range. Similarly, response strength did not depend on local density of Chrimson-

expressing fibers. These widespread responses to light stimulation could be due to the 

dendritic processes of graft neurons extending into areas of denser Chrimson-

expressing axon innervation or through polysynaptic connections with other graft cells 

receiving direct corticospinal input. Among all spontaneously active neuron clusters in 

grafts, approximately one-fourth responded to corticospinal stimulation. This limited 

responsiveness could reflect an incomplete extent of axonal regeneration, but it could 

also indicate that regenerating corticospinal axons may elicit responses from 
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subdomains of grafts containing appropriate corticospinal target neurons, as suggested 

in recent studies (Kumamaru et al., 2019; Dulin et al., 2018).  

Findings of this study suggest that host axons regenerating into neural stem cell 

grafts recapitulate synaptic patterns of organization of the intact spinal cord. Future 

experiments will aim to address some of the limitations of this study. First, the depth of 

calcium visualization in our in vivo imaging experiments was ~100µm, which is too 

superficial to visualize most of the regenerating corticospinal axons, which tend to 

penetrate deeper regions of the grafts. New imaging methods, including the use of 

intraspinal prisms, may in the future allow assessment of graft responses to motor 

behaviors in aware, behaving animals after SCI (Andermann et al., 2013; Chia and 

Levene, 2010). Second, levels of calcium reporter expression likely varied among 

individual graft neurons, and more equivalent expression levels in grafts derived from 

transgenic rats expressing GCaMP using CRISPR may improve graft imaging. Third, 

development of more sensitive calcium indicators may also improve imaging methods. 

Finally, we note that the continued development of red-shifted optogenetic tools may 

present the exciting future possibility of stimulating graft neurons either transdermally or 

with implanted actuators, allowing assessment of whether synchronizing of graft activity 

with motor behaviors in awake animals may further improve the functional efficacy of 

grafts. 

 

CONCLUSION 

Calcium imaging combined with optogenetic stimulation is a novel and viable 

approach to interrogate synaptic connectivity between host and neural stem/progenitor 
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cell graft neurons. We now find that grafts receive synaptic inputs from regenerating 

host axons, forming clusters of synchronously active neurons, and graft axons also form 

synaptically active outputs onto host neurons below the lesion. In vivo calcium imaging 

shows the functional integration of host inputs to grafts. These findings lend further 

support to the potential feasibility of transplanting neural stem cells to treat spinal cord 

injury. 
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Figure 2.S1:  Functional GCaMP6f expression is seen in more graft cells with non-
Cre-dependent expression; graft boundaries can be conservatively delineated by 
morphology under differential interference contrast (DIC) 

(A) DIC image of an intact spinal cord slice in the sagittal plane. (B) DIC image of a 
spinal cord slice with a dorsal column lesion and NPC graft (g). Note the clear disruption 
to the host (h) tissue continuity and differing texture of the graft and host. (C) Standard 
deviation projection of 50 s calcium imaging video from the same field of view as in (B) 
showing graft cells with dynamic GCaMP6f fluorescence. Graft cells transgenically 
expressed Cre recombinase under the synapsin promoter and were mixed with a Cre-
dependent GCaMP6f AAV prior to grafting for graft-specific GCaMP6f expression. (D) 
Same image as in (B) with graft border drawn based on morphology under DIC. (E) 
Same image as in (C) with border drawn in (D) superimposed, showing that the border 
drawn based on gross morphology does not extend beyond the area of graft-specific 
GCaMP6f expression. In all images, the dorsal aspect of the slice is at the top and the 
rostral aspect is at left. Scale bars, 300 µm (A-C). Brightness and contrast adjusted for 
clarity across entire images (A-E). 
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Figure 2.S2:  4-AP increases graft spontaneous activity and response to CST 
stimulation 

(A) Light path for widefield, all-optical stimulation and imaging in acute slice prep. A 470 
nm LED excites GCaMP6f for imaging neuronal activity, while a 617 nm LED stimulates 
regenerated CST axons expressing Chrimson. LED1, 470 nm mounted LED; LED 2, 
617 nm mounted LED; LPD, long-pass dichroic mirror; DM, deflecting mirror; BPD, 
band-pass dichroic mirror. Condensers and excitation and emission filters not shown for 
simplicity. (B,C) Standard deviation projection of GCaMP6f fluorescence in a NPP graft, 
with regions of interest (ROIs) outlined in yellow in (C). ROIs, referred to 
interchangeably as cells or neurons, were identified based on activity in calcium imaging 
videos and outlined on the standard deviation projection of the video to find the precise 
boundaries of dynamic GCaMP6f fluorescence. (D) Traces of the change in 
fluorescence over baseline of the 93 cells outlined in (C) in recording solution with no 
drug added. Over the 50 s shown, 4 trials of optogenetic CST stimulation (vertical cyan 
bars) were performed at 10 s intervals. Stimulation consisted of two 10 ms pulses from 
a 617 nm LED with a 50 ms start-to-start separation. Modest levels of spontaneous 
activity were observed and responses to stimulation were rare. (E) As in (C), after wash-
in of 100 µM 4-AP. Extensive spontaneous activity was observed, as well as robust 
responses to CST stimulation. (F) Quantification of mean activity (imaging frames with 
significant upward fluorescence transients divided by total frames – see Methods for 
neuronal activity deconvolution procedure) before and after 4-AP wash-in in n=123 cells 
in N=3 animals during runs without stimulation. (G) Quantification of mean response 
strength to 8 trials of CST stimulation (same protocol as in C-D, but with longer 500 ms 
train at 20Hz) before and after 4-AP wash-in in n=53 cells in N= 3 animals. (H) Traces 
of change in fluorescence over baseline of 28 graft cells from an animal that did not 
receive AAV-Chrimson injections. While cells exhibited abundant spontaneous activity, 
no response to light stimulation was observed in N = 6 six animals with no AAV-
Chrimson injections, indicating that the responses seen in graft neurons to optogenetic 
stimulation of regenerated CST axons are not the result of direct photostimulation of 
non-opsin-expressing graft cells. Scale bar, 200 µm (B). In both images, the dorsal 
aspect of the slice is at the top and the rostral aspect is at left. Brightness and contrast 
adjusted for clarity across entire images (A-B). Two-group comparisons were tested 
with Welch’s t-test (**p<0.01). Data are represented as mean ±SEM. 
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Figure 2.S3:  Graft neurons exhibit spontaneous activity in individual neurons 
and groups of synchronously active neurons 

(A) Fluorescence traces of all graft neurons analyzed in Figure 2 displaying varying 
frequencies and patterns of activity. Traces are ordered from lowest mean activity (top) 
to highest mean activity (bottom). 
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Figure 2.S4:  Optogenetic stimulation of corticospinal axons activates individual 
neurons and neuron clusters in intact host spinal cord 

(A) Fluorescence traces of host neurons showing spontaneous activity and responses 
to 500 ms optogenetic stimulation of corticospinal axons. (B) Standard deviation 
projection of the run shown in (A) with all ROIs outlined in yellow and clusters of 
neurons with similar activity dynamics indicated by fill color. (C) First derivative raster 
plot (top) of traces from (A), with cells grouped into the clusters shown in (B). Cells 
above red line belonged to clusters. Significant activations of color-coded clusters are 
displayed below. Scale bar, 200 µm (B). 
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Chapter 2, in full, is currently being prepared for submission for publication of the 

material.  Ceto, Steven; Sekiguchi, Kohei J.; Takashima, Yoshio T.; Nimmerjahn, Axel; 

Tuszynski, Mark H.  The dissertation author was the primary investigator and author of 

this material. He designed and performed the experiments, processed and analyzed the 

data, and wrote the manuscript. 
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Chapter 3 

 

Prolonged human neural stem cell maturation supports recovery in injured rodent 
CNS 

 

This chapter appears in its published form:  Lu P, Ceto S, Wang Y, Graham L, Wu D, 
Kumamaru H, Staufenberg E, and Tuszynski MH (2017) J Clin Invest 127(9):3287-
3299. 
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Chapter 3, in full, is a reprint of the material as it appears in The Journal of 

Clinical Investigation 2017 Sep 1; 127(9): 3287–3299. Lu, Paul; Ceto, Steven; Wang, 

Yaozhi; Graham, Lori; Wu, Di; Kumamaru, Hiromi; Staufenberg, Eileen; and Tuszynski, 

Mark., American Society for Clinical Investigation, 2017. The dissertation author was the 

second author of this paper. He captured images, designed analysis methods, 

processed and analyzed data, wrote a portion of the manuscript, and edited the 

manuscript. 

  



153 
 

Chapter 4 

 

 

General Discussion 

 

Discussion 

Many host axon populations regenerate into NPC/NSC grafts placed in sites of 

spinal cord injury, and graft cells mature into neurons which extend axons long 

distances into host tissue. To determine the nature of host activation of graft neurons 

and graft activation of host neurons, we employed optogenetic stimulation and recording 

techniques in acute spinal cord slices and performed in vivo imaging of spontaneous 

and sensory-evoked graft activity. This dissertation has demonstrated that stimulation of 

regenerating CST axons evokes excitatory synaptic responses in both individual graft 

neurons and clusters of spontaneously active graft neurons, while no evidence of slowly 

spreading excitation was observed. In turn, stimulation of graft axons elicits excitatory 

synaptic responses in host neurons caudal to the injury site.  Individual graft neurons 

also respond to multiple sensory stimuli in vivo. Low sample sizes of responding 

neurons prevented analysis of the network-level effects of both graft axon stimulation on 

host neurons and sensory stimulation on graft neurons. Finally, human NSCs grafted 

into rodent SCI continue to mature over 18 months and support functional recovery at 

accordingly late time points. Below, the major findings of this dissertation will be 

discussed, and future directions to build on this work will be outlined. 
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Optical stimulation and recording is a novel and robust method for interrogating 

host-graft connectivity. 

 Previously used methods of testing synaptic connectivity between host and graft 

neurons are prone to artifacts and limited in scope. Gross extracellular stimulation and 

recording on either side of a graft, even when guided stereotactically, is ambiguous with 

regard to the exact cell populations being tested due to the unrestricted spread of 

current through tissue. It is also possible that stimulation of the spinal cord at one level 

may cause muscle twitches and associated body movement that could result in reflex 

responses in the spinal cord on the distal side of the lesion, potentially confounding 

results that indicate the presence of a neuronal relay. Implantable electrodes and 

electrode arrays offer more precise recording of single neurons, but it is not always 

clear exactly which cells are being recorded, especially in grafts of variable morphology. 

While whole-cell electrophysiology provides unrivaled precision in recording of neuronal 

activity, it is limited by the number of cells that can be patched simultaneously and the 

depth at which stable patches can be made. The optogenetic approach used in this 

dissertation circumvents all these shortcomings. Transfection of corticospinal neurons 

with ChrimsonR allowed specific stimulation of CST axons with orange light, while graft-

specific expression of GCaMP6f enabled calcium imaging of dozens of graft neurons in 

the green spectrum. The same approach was then successfully adapted for stimulation 

of graft axons and recording of host neuron responses. Calcium imaging of graft activity 

was possible in both acute slice and in vivo preparations. 

 Although calcium imaging has become a widely used tool in the study of intact 

CNS tissues, it has seen relatively little use in assessing NPC/NSC graft function. 
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Perhaps the best example was the use of chronic 2-photon calcium imaging to track the 

functional integration of late embryonic cortical neurons transplanted into lesions of the 

visual cortex (Falkner et al., 2016). Graft neurons expressing the slow GCaMP6 variant, 

GCaMP6s, responded to visual stimuli in vivo, and the tuning of responses to stimuli of 

different directional orientation sharpened over 15 weeks following transplantation. 

However, the lack of stimulation of specific, identified host inputs into the graft leaves 

some uncertainty regarding the dynamics of host inputs into the graft, and mono- versus 

poly-synaptic nature of such inputs. In a traumatic brain injury model, NPC grafts 

transplanted into cortical lesions were loaded with the synthetic calcium indicator 

Oregon Green Bapta-1 (OGB-1) and imaged in vivo (Lin et al., 2018). Graft cells 

expressed the fluorescent protein DsRed, enabling identification of graft cells by co-

labeling. Spontaneous calcium transients were observed in graft neurons, but neither 

graft responses to host stimuli nor graft activation of host neurons were assessed. 

Another group recently implanted brain organoids grown in culture into an aspirative 

lesion in the retrosplenial cortex of young adult mice and performed in vivo calcium 

imaging of graft cells. In these experiments, the red-shifted genetically encoded calcium 

indicator jRGECO1a was expressed in graft neurons through viral injection into GFP-

expressing graft sites (Mansour et al., 2018). Graft neurons showed synchronous 

spontaneous activity, but connectivity with host systems was not assessed by calcium 

imaging. Finally, an insightful analysis of early NSC graft integration in host circuits used 

an organotypic striatal slice culture combined with calcium imaging to show that, prior to 

neuronal maturation and synapse formation, NSCs communicate with host neurons via 

gap junctions (Jäderstad et al., 2010). Synchronous calcium transients were observed 
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in host and graft cells, and it was proposed that NSC support of host cells through gap 

junctions may enhance host neuron survival after the explant procedure. To our 

knowledge, no other studies have utilized calcium imaging in spinal cord grafts, and no 

studies have combined calcium imaging with optogenetics to probe the synaptic 

connectivity between host and NPC/NSC grafts in any region of the nervous system. 

Thus, the approach taken in this dissertation is entirely novel, and it provides a platform 

to assess many more host-graft connections simultaneously than any other established 

methodology. 

 One of the key advantages of this technique is its simple and cost-effective 

implementation. A standard slice electrophysiology setup (a staple component of many 

neuroscience laboratories) can be readily and inexpensively adapted for all-optical 

experiments. The primary add-ons needed are two light-emitting diodes (LEDs) for 

stimulation and recording, two LED drivers, mounting hardware, and a custom filter 

cube. While advanced cameras for high speed imaging of dim signals can benefit data 

quality, a standard electrophysiology camera is sufficient for most widefield imaging 

experiments. Free, open-source software is available for image acquisition and analysis 

(https://micro-manager.org). 

 Despite the advantages of the all-optical approach, it comes with several 

limitations. First, successful stimulation and recording is highly dependent on 

expression levels of both the opsin and the calcium indicator. Insufficient or off-target 

ChrimsonR expression can prevent efficient stimulation of the desired axon populations, 

regardless of how many axons are physically present in the target location. Switching to 

neonatal AAV-ChrimsonR injections from adult injections dramatically increased the 
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efficiency of CST axon labeling. Using consistent skull positioning and landmarks was 

critical to obtaining robust CST labeling in the lumbar spinal cord, as only one injection 

site per hemisphere was used, leaving little room for error. Lastly, although we 

successfully stimulated CST axons with bright ChrimsonR-tdTomato expression 

induced just after birth, it has previously been reported that high expression levels of 

channelrhodopsins for prolonged time periods can result in altered axonal morphology 

and targeting (Miyashita et al., 2013). These effects were far stronger with in utero DNA 

electroporation than with viral transduction in adult animals, however, perhaps in part 

due to the early stage in development at which expression began. 

Achieving the optimal level of GCaMP6f expression was also a difficult task. We 

initially generated GCaMP6f-expressing grafts by crossing Syn1-Cre males to Floxed-

STOP-GCaMP6f females, and though we obtained some usable data in vivo, the 

expression was quite dim and, after a few generations of breeding, became unusable. 

This led us to use adeno-associated viral vectors, which must be appropriately titrated 

to yield functional expression; too little expression cannot be detected above noise, 

whereas too much expression can saturate cells so that no changes during activity can 

be seen. One must also be mindful of the fact that calcium indicators are also calcium 

buffers, and excessive expression can significantly alter calcium dynamics and cell 

physiology (Grienberger and Konnerth, 2012). We found that, although functional 

expression could be obtained by mixing Cre-dependent GCaMP6f vectors with Syn1-

Cre NPCs just prior to grafting, a higher proportion of graft cells could be imaged by 

injecting non-Cre-dependent vectors intraparenchymally 3-4 weeks after grafting. This 

method sacrifices graft-specificity of GCaMP6f expression, but we found that, when 
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viewing acute slices with graft-specific GCaMP6f expression, graft regions could be 

faithfully delineated under differential interference contrast (DIC) by their notably distinct 

gross morphology compared to intact tissue. While this conservative approach likely 

leaves out some graft cells at the host-graft interface from the analysis, it provides a 

more complete picture of neuronal activity in the interior of the graft. Because the graft-

host borders were not clear from the dorsal surface of the spinal cord, in vivo imaging 

was exclusively performed in animals with graft-specific GCaMP6f expression. 

 

Grafts display spontaneous single-neuron activity as well as synchronous 

bursting activity in clusters of neurons. 

 In standard recording buffer with no drug added, grafts in acute slices displayed 

modest levels of spontaneous activity, both at the single neuron level and in clusters of 

synchronously active cells. The rate of such activity and the number of active neurons 

significantly increased following addition of 100 µM 4-AP. This concentration is roughly 

100 times the plasma concentration after a typical 10 mg dose in human patients 

(Alviña and Khodakhah, 2010; Strupp et al., 2017); thus, we do not equate our slice 

recording conditions to a therapeutic use of the drug.  Though addition of high 

concentration 4-AP clearly creates non-physiological conditions, it reveals a greater 

activity potential than would have otherwise been observable. Indeed, some acute 

slices appeared to be mostly silent prior to 4-AP wash-in.  The seemingly random 

activation of individual neurons spread throughout the graft, interspersed with cluster 

activity, closely resembled that observed in intact spinal cord slices in the presence of 4-

AP. This was particularly apparent in the most dorsal laminae, where large synchronous 
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bursts occurred across the entire field of view. Dorsal horn neuron activity rates were 

lower and more in line with in vivo calcium imaging studies prior to 4-AP wash-in 

(Johannssen and Helmchen, 2010; Sekiguchi et al., 2016), though synchronous activity 

was still observed.  

Electrophysiological studies of superficial dorsal horn neurons in monkeys, cats, 

and rodents have demonstrated the presence of both irregular and regular spontaneous 

firing patterns (Hentall, 1977; Kumazawa and Perl, 1978; Sandkühler and Eblen-Zajjur, 

1994). In an acute slice study using microelectrode arrays to record from up to four 

superficial dorsal horn neurons simultaneously, only 10% of cells showed correlated 

firing (Roza et al., 2016). Interestingly, every group of neurons displaying such activity 

contained at least one irregular fast-bursting (IFB) neuron, which sporadically 

discharged short (usually 2 – 5 spikes) bursts at ~100 Hz, suggesting that such neurons 

may play a role in coordinating synchronous activity. The same group later showed that 

while spontaneous activity was inhibited by cocktails including antagonists of both 

excitatory and inhibitory synaptic transmission in irregular fast-bursting neurons, clock-

like neurons with regular firing patterns were mostly unaffected by this treatment 

(Lucas-Romero et al., 2018). Clock-like neurons were, however, often inhibited by 

specific ion channel blockers of persistent sodium and hyperpolarization-activated 

currents. These results may explain the presence of sporadic high amplitude calcium 

transients in some cells (putative irregular fast-bursting neurons) and rhythmic, low 

amplitude transients in other cells (putative clock-like neurons) in both graft and host 

tissue. Synchronously active clusters may then be driven by the activity of one or more 

irregular fast-bursting neurons contained within. 
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Spontaneous, synchronous activity has also been observed in more ventral 

neurons in neonatal and young (postnatal day 6-14) rodent spinal cord preparations 

(Kwan et al., 2010; Wilson et al., 2007, 2010; Zhong et al., 2010). In whole cord or thick 

slice neonatal and young preparations, spontaneous activation of central pattern 

generator (CPG) neurons can be observed in synchrony with activity in attached nerve 

root fibers with bath application of excitatory agonists such as N-methyl-D-aspartate 

(NMDA) or 5-hydroxytyptamine (5-HT), a phenomenon termed “fictive locomotion” 

(Cazalets et al., 1992). Central pattern generator circuits consist of both excitatory 

neurons involved in motor neuron activation (Kwan et al., 2010; Wilson et al., 2007) and 

inhibitory neurons involved in suppressing activity of motor neurons innervating 

opposing muscles (Wilson et al., 2010). As NPC grafts in this dissertation were 

generated from whole embryonic spinal cords, it is possible that the spontaneous 

activity patterns observed in these grafts contain contributions from both dorsal sensory- 

and medial/ventral motor-like networks that self-assemble in the presence of both 

sensory and motor axon innervation from the host.  

 

Regenerating corticospinal axons form functional synapses with graft neurons 

that can elicit single neuron and neuronal cluster activity. 

 Optogenetic stimulation of ChrimsonR-expressing corticospinal axons 

regenerating into grafts resulted in calcium transient responses in graft neurons that 

began immediately after stimulation onset.  Although we generally stimulated with trains 

of light pulses for 500 ms, responses began decaying prior to the end of the stimuli, 

indicating responses had already saturated by this point. Whether this saturation was 
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initiated in the presynaptic CST axons or the postsynaptic graft neurons was unclear. 

While continuous light pulses fail to drive action potentials in ChrimsonR-expressing 

cells after only a few spikes, trains of short pulses, such as those used in our 

experiments, can continuously drive action potentials with each pulse over several 

seconds (Klapoetke et al., 2014). Thus, it is likely that graft neurons either stopped firing 

or the total population of GCaMP6f molecules in graft neurons became saturated with 

calcium prior to the end of the stimulus. We did not observe consistent calcium 

responses with substantially longer latencies than the immediate responses reported. 

Although calcium transients that began several hundred milliseconds or longer after a 

single stimulus were sometimes observed, such transients never occurred with a 

consistent latency, indicating that they were likely coincidental spontaneous transients. 

Likewise, we did not see any slowly spreading waves of activity or depression, such as 

those observed in the cortex (Bikson et al., 2003; Pinto et al., 2005; Wenzel et al., 

2017).    

 Graft neurons activated by CST stimulation showed diverse patterns of 

spontaneous activity. Some of these neurons were rarely if ever active without 

stimulation, whereas others exhibited spontaneous calcium transients either in an 

independent fashion or as part of synchronous bursts of activity in clusters of cells. In 

addition to pointing to different levels of connectivity among graft neurons, this may also 

indicate a diversity in the cell types responding to CST stimulation. Roughly a quarter of 

spontaneously active neuron clusters were activated by CST stimulation, suggesting 

that the majority of these clusters do not receive extensive corticospinal input. 

Supporting this hypothesis, clusters of dorsal horn-like sensory neuron clusters that self-
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assembled in NPC grafts were previously reported to be avoided by regenerating CST 

axons (Dulin et al., 2018), which mostly innervated areas of more dispersed motor 

interneurons (Kumamaru et al., 2019). Importantly, CST stimulation activated neurons 

throughout the graft volume, even in caudal regions where fewer CST axons were 

observed. Due to the slow dynamics of calcium imaging relative to electrophysiological 

recordings, it was impossible to determine if these caudal responses (or, indeed, any 

graft responses) were the result of monosynaptic connections with corticospinal fibers 

or a polysynaptic relay with either graft cells or CST-activated host neurons that also 

innervated grafts; the sparsity of observable CST axons in these regions, however, 

supports the latter possibility. Blockade of excitatory synaptic transmission with 6,7-

dinitroquinoxaline-2,3-dione (DNQX) ablated responses, confirming that they were in 

fact synaptic in nature. While bath application of tetrodotoxin (TTX) in addition to 4-AP 

can be used to confirm that responses are monosynaptic (continued 4-AP-enhanced 

response after TTX addition indicates a monosynaptic connection, because TTX blocks 

action potential propagation) (Cho et al., 2013), this technique relies on the detection of 

subthreshold responses by electrophysiological recordings, which precludes its use with 

calcium imaging. 

 Our findings of fast synaptic responses in graft cells to host stimulation parallel 

those of previous studies in the spinal cord (Etlin et al., 2016; Jayaprakash et al., 2019; 

Kadoya et al., 2016) and brain (Tornero et al., 2017; Wuttke et al., 2018) using 

optogenetic stimulation and electrophysiological recordings. For example, acute slice 

whole-cell patch recordings made from NPC graft neurons in a similar dorsal column 

lesion model in rats showed short latency excitatory post-synaptic currents (EPSCs) in 
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response to light stimulation of CST axons expressing Channelrhodopsin-2 (ChR2) 

(Kadoya et al., 2016). However, the present study was limited by the fact that only the 

most superficial neurons in the slice could be patched due to the high density of cell 

bodies in the graft compared to intact tissue. Responding cells were rare and EPSC 

amplitudes low, possibly due to the severing of a large fraction of the dendritic 

architecture of these superficial cells during the slicing procedure. In a preprint released 

this year using the same injury and graft model, in vivo recordings were made from a 

32-channel shank electrode inserted into injury site (Jayaprakash et al., 2019). Eleven 

percent of spontaneously active units showed an increase in firing rate during 

optogenetic CST stimulation, compared to 65% of spontaneously active units located 

0.5 mm rostral to the lesion center. While it is likely that at least some of the lesion site 

recordings were from NPC graft-derived neurons, the precise locations of the electrodes 

displaying responses in the injury/graft site were not determined by post-hoc tissue 

analysis, leaving open the possibility that these recordings were from spared host 

neurons. Therefore, assuming the widely validated premise that fast-rising, high-

amplitude calcium transients in neurons are the result of cell firing (Chen et al., 2013; 

Emiliani et al., 2015; Grienberger and Konnerth, 2012), the findings of the present 

dissertation are the first unambiguous demonstration that regenerating CST axons can 

drive action potentials in graft targets. 

 

Outgrowing graft axons form functional synapses onto host neurons below 

lesions. 
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An essential component of the neuronal relay hypothesis is that graft neurons not 

only receive synaptic input from the host, but in turn extend axons and form synapses 

onto distal host targets. Indeed, we found that stimulation of ChrimsonR-expressing 

graft axons resulted in post-synaptic responses in host neurons caudal to the injury. As 

in CST-to-graft connections, responses began immediately following stimulus onset and 

peaked prior to the end of the 500 ms stimulus, indicating response saturation. While 

we could not determine if these particular responses were monosynaptic or 

polysynaptic, logic dictates that if any host response is observed to graft-specific 

stimulation, at least some connections (observed or not) must be monosynaptic. 

Additionally, the neuropil damage created in the acute slice preparation makes 

detection of polysynaptic responses less likely with each additional synapse. Due to the 

low number of responding cells, we were not able to assess the cell cluster activation 

patterns of graft stimulation in the host. Additionally, poor GCaMP6f expression in 

ventral host spinal cord regions precluded observation of graft connectivity to these 

areas. Although we did observe graft axon innervation of ventral spinal cord, the dorsal 

column lesion does not provide the maximum opportunity for ventral graft axon 

outgrowth, as most of the white matter disrupted by this lesion is in the dorsal half of the 

spinal cord, and graft axons preferentially grow along both intact and degenerating 

white matter tracts (Poplawski et al., 2018).  

 Several factors may have contributed to the low number of responding host 

neurons. First, because NPC grafts into dorsal column lesions are relatively small 

compared to other lesion models (Brock et al., 2017; Kadoya et al., 2016; Lu et al., 

2012), fewer neurons were present from which axons could extend. Furthermore, these 
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axons grew both rostrally and caudally into white and gray matter, distributing the total 

output. In contrast, the dorsal column lesion severs ~98% of corticospinal axons 

(Weidner et al., 2001), which are then in direct apposition to subsequently placed NPC 

grafts. This provided a much greater opportunity for dense innervation of ChrimsonR-

expressing axons in the imaging site during CST-to-graft connectivity experiments. 

While such dense innervation may not be necessary to elicit post-synaptic responses in 

vivo, with all connections intact, the requirement for suprathreshold responses for 

detection by calcium imaging in acute slice preparations could set an artificially high bar 

for the strength of observable connectivity. Another important difference in assessing 

connectivity from host to graft and graft to host is that graft cells are substantially 

younger than host cells, as they are grafted at an embryonic development stage into 

adult hosts. We and others have noted that slice tissue health and electrical recording 

access/stability declines with increasing age of the animal (Husch et al., 2011; Mitra and 

Brownstone, 2012), so it is possible that fewer host neurons receiving graft input were 

healthy enough to display robust calcium responses than graft neurons receiving CST 

input. In agreement with findings that larger ventral spinal cord neurons are more 

vulnerable to ischemia in slice preparations than dorsal horn neurons (Mitra and 

Brownstone, 2012; Nohda et al., 2007), we observed notably more active neurons in the 

dorsal aspect of slices, particularly in the superficial dorsal laminae with the smallest 

neuronal cell bodies. Finally, the strength of graft synapses onto host neurons simply 

may not be as strong as those from corticospinal axons onto graft neurons. Little is 

currently known about these synapses, and it may be that persistent cortical output 

through regenerating CST axons strengthens host-to-graft connections, as observed in 
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connections made by sprouting CST axons (Jiang et al., 2019; Mishra et al., 2017; 

Zareen et al., 2017), but such stimulation is not present to the same degree in caudally 

projecting graft axons.   

 Earlier investigations of graft modulation of host circuitry were performed with 

electrophysiological recordings from host neurons and optogenetic stimulation of graft 

neurons (Etlin et al., 2016; Mansour et al., 2018; Wuttke et al., 2018). Embryonic 

cortical neurons transplanted into intact cortex evoked low-amplitude, subthreshold 

responses with millisecond-scale latency in host neurons in both ipsilateral and 

contralateral cortical hemispheres (Wuttke et al., 2018). In another study, stimulation of 

brain organoids grafted into retrosplenial cortex resulted in short-latency local field 

potential responses in host tissue rostral to the graft (Mansour et al., 2018). However, 

channelrhodopsin-2 viral vector expression was not genetically limited to graft cells, 

raising questions about possible direct stimulation of host neurons. Lastly, ChR2-

expressing GABAergic progenitor cells from the medial ganglionic eminence (MGE) 

transplanted into intact spinal cord produced low-latency post-synaptic 

hyperpolarizations in adjacent host neurons when light-stimulated (Etlin et al., 2016). 

Because these grafted neurons were inhibitory, they could not by definition drive action 

potentials in host neurons. Thus, our findings of fast activation of host neurons by 

optogenetic stimulation of NPC graft axons are in line with previous analyses of graft 

synaptic output, and they represent the first direct evidence of such functional 

connections made by grafts placed into sites of spinal cord injury. 
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Sensory stimulation activates graft neurons in vivo 

 Two-photon calcium imaging through a glass coverslip mounted on the dorsal 

surface of the spinal cord enabled detection of graft neuron activity in vivo. Transgenic 

expression of GCaMP6f ensured graft-specific calcium imaging. While spontaneous 

activity in graft neurons was occasionally observed, much of the activity seen was 

evoked by sensory stimuli. Graft cells responded to hindpaw pinch, hindlimb movement, 

and light touch of the lower back. Such responses could be consistently driven by 

repeated stimulation trials, and the majority of responding cells only responded to a 

single type of stimulus, suggesting the presence of circumscribed connections from 

sensory afferents onto individual graft neurons. While we did not quantify response 

latency due to the imprecise timing of manual stimuli, our qualitative impression was 

that the latency of in vivo responses was longer and more variable than in acute slices, 

perhaps due to differing stimulus strength thresholds required to elicit responses. Pilot 

experiments of CST stimulation in vivo did not yield detectable graft responses (data not 

shown), and large motion artifacts in the z-plane during awake imaging prevented 

analysis of calcium activity during locomotion or other voluntary behaviors. These 

motion artifacts may have been due to the different surgical procedures required for 

imaging previously injured and grafted regions of the spinal cord compared to imaging 

of intact cord (Sekiguchi et al., 2016). In intact animals, laminectomies over the imaging 

area were performed by drilling down and cutting laminae after spinal column 

stabilization with imaging chamber hardware, whereas laminectomies were performed 

with rongeurs prior to spinal stabilization in injured animals. Additionally, laminectomies 

were centered at the T12 vertebra in injured animals, a point at which there is far more 
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curvature of the spine than the L4-L5 laminectomies performed in intact animals, which 

made aligning multiple vertebral segments in a single plane for hardware mounting 

virtually impossible. 

 A major limitation of in vivo imaging was the superficial depth at which neuronal 

activity could be detected. At this depth of no more than 100 µm below the surface of 

the spinal cord, many fewer graft neurons were present than in more ventral regions, as 

seen by NeuN immunofluorescent labeling. We could not, therefore, analyze population 

activity among graft neurons to verify whether or not the synchronously active clusters 

observed in acute slices were also present in vivo. Additionally, fewer CST axons 

innervate these superficial regions, which could potentially explain why responses were 

not seen to CST stimulation in vivo. 

 As previously discussed, no studies of which we are aware have assessed host 

input to grafts in sites of SCI by calcium imaging. However, the responses to sensory 

stimulation which we observed in graft neurons were similar to those reported in dorsal 

horn neurons of the intact spinal cord (Johannssen and Helmchen, 2010; Sekiguchi et 

al., 2016). In both of these studies and in ours, neurons responded to hindpaw pinch 

with comparable calcium transient waveforms. Sekiguchi and colleagues reported that 

dorsal horn neurons exhibited a much higher mean activity rate in awake animals than 

those under isoflurane anesthesia, which could explain why we saw modest levels of 

activity in our experiments, which were all performed in anesthetized animals. 

Interestingly, in one animal with transgenic GCaMP6f expression in all graft cell types 

(including glia) due to germline recombination in a Synapsin-Cre male breeder (Rempe 

et al., 2006), large-scale, spontaneous calcium transients were observed that appeared 
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similar to coordinated transients seen in dorsal horn astrocytes (Sekiguchi et al., 2016) 

(data not shown). The high density of small, active processes was unique to this non-

neuronally-restricted expression of GCaMP6f, indicating that it was likely astrocyte 

activity. Thus, in vivo calcium imaging in NPC grafts recapitulated spontaneous activity 

and sensory responses seen in intact spinal cord, suggesting that these grafts integrate 

with host circuits and reconstitute damaged spinal cord. 

 

Human neural stem cell grafts mature at an intrinsic rate and support functional 

recovery at accordingly later timepoints when grafted into rodent SCI 

 In a second study, we analyzed the maturation of human neural stem cells over 

an 18-month time period following grafting into cervical hemisection SCI in rats. We 

found that, despite a dramatic decline in the number of dividing graft cells over time, 

graft size did not significantly change between time points, an important demonstration 

of the long-term safety of this line of human NSCs. Despite this static gross morphology, 

interesting changes took place among the cells within the grafts. Both the total number 

of human nuclei and the number of neurons in the graft dropped from 1 – 6 months after 

grafting, but then rose significantly between 6, 12, and 18 months. Mature neurons 

labeling for NeuN did not appear until three months, and the size and neuronal marker 

labeling intensity of neurons continued to increase up to 18 months. Following a 

similarly prolonged course of maturation, mature astrocytes did not appear until 6 

months, and mature oligodendrocytes did not appear until 12 months. The number of 

graft-derived axons in the host white matter steadily declined over the entire 

experiment, but axon numbers in gray matter were more stable, suggesting that axons 
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which form synapses in host gray matter are protected from pruning, as occurs in 

normal development (Low and Cheng, 2006). Importantly, improvement in forepaw 

placement in gridwalk testing was not seen until 18 months post-grafting, indicating that 

human NSC grafts may require much longer periods of time to fully mature and 

functionally integrate with host circuitry than rodent grafts. In addition, human NSC-

derived glia migrated long distances from lesion sites into host white matter. While an 

interesting finding that matched previous studies of human grafts into rodents (Chen et 

al., 2015; Windrem et al., 2008), we did not observe this phenomenon in a subsequent 

study of human NSCs implanted into primate SCI (Rosenzweig et al., 2018), suggesting 

human glial migration in rats may be a result of the larger phylogenetic difference 

between these species. 

 The human gestational period of 280 days is over 13 times longer than the 21 

days of rats (Semple et al., 2013). The present results indicate that placement into a 

novel environment did not prevent human NSCs from undergoing a normal human rate 

of maturation. Neither the traumatic, adult, nor rodent nature of the surrounding 

environment altered the intrinsic developmental programs within these cells. This 

prolonged maturation and the associated late functional improvements have important 

implications for future studies of NSC grafts in both animal models and human clinical 

trials. Prior studies of NSC grafts have only evaluated outcomes over weeks to a few 

months (Lu et al., 2012; Nori et al., 2011; Nutt et al., 2013; Tsuji et al., 2010), but our 

results indicate that time points of well over one year post-grafting must be included for 

a proper assessment to be made of the full potential of grafts to improve functional 

outcomes. 
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Future Directions 

 The present work has shown that NPC grafts are activated by host synaptic input 

and can in turn drive activity in distal host neurons. While understanding these steps 

individually is an important achievement, it must now be determined to what extent such 

grafts truly relay electrophysiological signals across sites of SCI, and in what manner. 

Perhaps the most clear-cut method of evaluating the contribution of graft-mediated relay 

circuits is to stimulate inputs on one side of the graft and record from host neurons 

below, before and after silencing graft activity. Genetic tools for silencing specific cells 

are already available. For example, inhibitory designer receptors exclusively activated 

by designer drugs (DREADDs), such as hM4Di (Armbruster et al., 2007), can 

hyperpolarize neurons when bound to an administrable ligand. This hyperpolarization 

effectively silences neuronal activity, and circuit interrogation can then reveal the 

contribution of the silenced population. Such a strategy has been employed to 

demonstrate the function of detour circuits and compensatory sprouting in SCI (Chen et 

al., 2018; Siegel et al., 2015). If silencing of grafts reduced or eliminated signals 

transmitted across lesions and also abrogated functional improvements, this would 

provide definitive evidence of a functional relay. 

 Such experiments would benefit from a more severe lesion model than the dorsal 

column lesion to properly evaluate function deficits and graft-mediated improvements, 

as compensation by other descending pathways can restore substantial function 

spontaneously in rodents (Krajacic et al., 2010; Whishaw et al., 1998). One such lesion, 

the lateral hemisection (Lu et al., 2017; Robinson and Lu, 2017), would both allow 
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assessment of unilateral limb function with less spontaneous recovery and create a 

wider rostro-caudal lesion that would enable calcium imaging studies of how activity 

spreads across larger distances more similar to human injury (Norenberg et al., 2004). 

Because few CST axons regenerate further than 1 mm into NPC grafts (Kadoya et al., 

2016), a large hemisection in which a 1.5-2 mm rostro-caudal block of tissue is 

aspirated would likely require polysynaptic relays through grafts for signals from CST 

axons to reach caudal host targets. Additionally, complete removal and replacement of 

endogenous tissue with grafted cells might increase the number of graft cells accessible 

with in vivo imaging, as host tissue can often close around the dorsal aspect of grafts 

into narrow wire knife lesions. Graft activity should also be assessed in more clinically 

relevant lesions such as contusions (Brock et al., 2017), which can result in some white 

matter sparing but also exhibit large rostro-caudal spread. Finally, calcium imaging of 

graft cells implanted in biomimetic scaffolds would be of great value in deciphering how 

signals are propagated through linear channels (Koffler et al., 2019) compared to 

unrestricted volumes.  

 To achieve optical access to deeper regions of grafts in vivo, new approaches 

are necessary. For instance, implantable microprisms have been used in the cerebral 

cortex to image multiple dorso-ventral layers simultaneously (Andermann et al., 2013; 

Chia and Levene, 2010; Wenzel et al., 2017). Microprisms are essentially glass cubes 

cut in half diagonally, with a reflective coating on the inside surface of the hypotenuse 

that reflects excitation and fluorescence emission light to produce a vertical imaging 

plane. If placed such that the vertical surface of the prism faces to the right or left in the 

spinal cord, the resulting imaging plane would be similar to the sagittal sections 
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prepared in our acute slice experiments. In fact, we tried this approach in the dorsal 

column lesion model, but we found that the injury site was too tough for smooth 

insertion of the prism. One way to avoid this issue would be to perform a unilateral 

lesion such as a hemisection, so that the prism could be inserted in the intact half of the 

spinal cord and then used to image the injured/grafted side. 

 New activity indicators could also improve the number of neurons with detectable 

activity, the imaging depth, and the temporal resolution of activity dynamics. The 

recently published jGCaMP7 series of genetically encoded calcium indicators (GECIs) 

improves upon the in vivo performance of the GCaMP6 family by increasing the signal 

to noise ratio and fraction of cells with detectable activity (Dana et al., 2019). New red-

shifted GECIs have also been developed with the improved dynamics, one of which 

(jRCaMP1a) does not display photoswitching with blue light illumination, allowing its 

combined used with blue light stimulation of channelrhodopsins (Dana et al., 2016). Red 

calcium indicators allow greater imaging depths due to the decreased scattering of 

longer wavelength light. This could prove especially beneficial for in vivo imaging, 

though slice imaging could also benefit because deeper regions of the slice could 

contain cells with better-preserved connections after cutting. Finally, genetically 

encoded voltage indicators (GEVIs), whose fluorescence changes with the 

transmembrane potential of expressing cells, are continuing to improve (Abdelfattah et 

al., 2019; Lin and Schnitzer, 2016; St-Pierre et al., 2015). Voltage-based imaging allows 

detection of both action potentials and subthreshold changes in membrane potential, 

which could be of particular interest in slice preparations for visualization of 

subthreshold responses not visible with calcium imaging. Additionally, the millisecond 
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timescale of voltage indicator dynamics could allow much more precise visualization of 

the spread of activity through grafts, potentially revealing the presence of both mono- 

and polysynaptic connections. However, a major disadvantage of these fast dynamics is 

that they require accordingly fast imaging (>300 Hz for imaging of 2 ms action 

potentials), which necessitates the use of high excitation intensity that could cause 

thermal or photochemical tissue damage and cross-talk in all-optical stimulation and 

recording (Emiliani et al., 2015; Lin and Schnitzer, 2016). Recording at such high 

framerates also requires an expensive high-speed camera and a large amount of 

computational power for data processing and analysis.  

 New optogenetic actuators are also improving the sensitivity and temporal 

resolution of light stimulation. A novel red-shifted channelrhodopsin developed by 

structure-based genome mining, ChRmine drives substantially higher amplitude 

photocurrents than Chrimson (Marshel et al., 2019). Remarkably, it was used to 

individually stimulate, in 3-dimensional volumes, populations of neurons whose activity 

was associated with specific visual stimuli. Stimulation of these representative neurons 

drove the same behavioral response in mice as when they saw the visual stimulus. 

Another group developed a variant of Chrimson, vf-Chrimson, with such fast kinetics 

that it could be used to drive action potentials in fast interneurons to their frequency limit 

of ~250 Hz (Mager et al., 2018a, 2018b). A second variant, f-Chrimson, which had 

slower channel-closing kinetics but increased sensitivity to lower light intensity, was 

used in the implementation of an optogenetic cochlear implant to restore some hearing 

function in deaf mice (Mager et al., 2018a). These studies inspire the use of red-shifted 

opsins not just for circuit interrogation, but also for functional stimulation to strengthen 
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new circuitry during rehabilitation. For example, optogenetic stimulation of graft neurons 

could be combined with epidural stimulation of the spinal cord and/or motor cortex to 

facilitate Hebbian plasticity between graft and host (Capogrosso et al., 2016; Hebb, 

1949; Mishra et al., 2017).  

 Graft-host circuitry could be further dissected with cell type-specific expression 

methods. While we restricted expression of both ChrimsonR and GCaMP6f to neurons 

via expression from the pan-neuronal Synapsin promoter, many transgenic mouse lines 

are available that express Cre recombinase in specific neuronal subtypes (Daigle et al., 

2018; Harris et al.). These mice can be crossed to mice with Cre-dependent transgenic 

expression of calcium indicators or injected with Cre-dependent viruses. Unfortunately, 

the expression patterns of many available Cre lines have not been characterized in the 

spinal cord, but some important spinal cord neuron types have been specifically labeled 

by Cre drivers, such as V2a interneurons in Chx10-Cre mice (Hayashi et al., 2018). The 

advent of CRISPR/Cas9 gene editing tools has made generation of transgenic lines 

much quicker and cheaper (Adli, 2018), thus making it simpler to acquire custom strains 

based on desired spinal cord expression patterns, which can be viewed for many genes 

in the atlas created by the Allen Institute (http://mousespinal.brain-map.org/). 

Uncovering which cell types contribute (or don’t contribute) to distinct activity patterns 

within grafts would aid in the optimization of cell culture conditions to direct 

differentiation of stem cells toward the most beneficial classes of neural stem cells, as 

was achieved in the development of spinalized NSCs (Kumamaru et al., 2018). 

 Finally, future experiments, especially those with human cells, should incorporate 

longer timepoints to allow grafts to fully mature and functionally integrate with host 
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circuitry. Methods such as calcium imaging and extracellular recordings with 

microelectrode arrays that can measure graft activity could be used to assess how 

spontaneous activity patterns and responses to host stimulation change as graft 

neurons mature, and to see whether such changes correlate with improvements in 

behavioral function. Studies in the brain suggest that this is likely the case (Avaliani et 

al., 2014; Falkner et al., 2016; Niclis et al., 2017). With the great sacrifice of animal 

lives, experimenter time, and research funds that go into each study of NPC/NSC grafts 

in spinal cord injury and other disorders of the central nervous system, it is a shame to 

potentially misinterpret the results of an experiment due to insufficient study length. As 

much as we would like a quick fix, the nervous system matures slowly, and therapeutic 

strategies that rely on the transplantation of developing neural tissue should not be 

expected a priori to elicit functional improvements on an accelerated timescale. 

 

Conclusion 

 Understanding the neurophysiological effects of synaptic connectivity between 

neural stem cell grafts and host circuitry is essential to evaluating and improving the 

efficacy of neuronal relays as a mechanism of spinal cord injury repair. The present 

works demonstrates the utility of all-optical circuit interrogation in this endeavor, 

showing that graft neurons spontaneously self-assemble into synchronously active 

subnetworks, respond to motor and sensory stimuli, and can activate distal host 

neurons. Given sufficient time to completely mature and strengthen connections with 

host circuitry, neural stem cells indeed form the functional building blocks of a neuronal 

relay. 
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