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Abstract

The therapeutic benefit of cell transplantation has been assessed in a host of central nervous 

system (CNS) diseases, including disorders of the spinal cord such as traumatic spinal cord injury 

(SCI). The promise of cell transplantation to preserve and/or restore normal function can be aimed 

at a variety of therapeutic mechanisms, including replacement of lost or damaged CNS cell types, 

promotion of axonal regeneration or sprouting, neuroprotection, immune response modulation, 

and delivery of gene products such as neurotrophic factors, amongst other possibilities. Despite 

significant work in the field of transplantation in models of SCI, limited attention has been 

directed at harnessing the therapeutic potential of cell grafting for preserving respiratory function 

after SCI, despite the critical role pulmonary compromise plays in patient outcome in this 

devastating disease. Here, we will review the limited number of studies that have demonstrated the 

therapeutic potential of intraspinal transplantation of a variety of cell types for addressing 

respiratory dysfunction in SCI.
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Spinal cord injury

Spinal cord injury (SCI) represents a heterogeneous set of conditions resulting from trauma 

to the spinal cord. The specific collection of functional deficits after SCI depends on factors 

such as location, type, and severity of the traumatic event (McDonald and Becker, 2003). 

Greater than half of all SCI cases occur in the cervical region. Damage in this location can 

result in respiratory compromise that is physically and psychologically debilitating, because 

injury frequently disrupts the neural circuitry that controls critical muscles such as the 
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diaphragm (Lane et al., 2008a). Even injuries at more caudal levels, such as those in the 

thoracic spinal cord, can result in significant and persistent pulmonary dysfunction, 

including compromised breathing and effects on critical non-ventilatory functions, like 

coughing (Warren and Alilain, 2014).

The pathophysiology of SCI is complex and multi-factorial due to both the variety of cell 

types and the complexity of the neuronal connections affected. However, this also provides a 

number of potential therapeutic mechanisms to target with transplantation (Goulao and 

Lepore, 2016) specifically in the context of respiratory dysfunction post-SCI. These 

mechanisms include the obvious but challenging replacement of injured long-distance 

projecting neurons of the circuits controlling breathing. To date, transplantation-based 

interventions have been used to promote plasticity of axonal connections that are part of 

these respiratory circuits (Alilain et al., 2011; Decherchi and Gauthier, 2002; Decherchi et 

al., 1996; Li et al., 2003; Polentes et al., 2004; Stamegna et al., 2011), replacement of glial 

cell types (Li et al., 2015a; Li et al., 2015b) and local respiratory interneurons (Lee et al., 

2014; White et al., 2010) of the cervical spinal cord, delivery of neurotrophic factor support 

(Gransee et al., 2015), and restoration of neurotransmitter signaling (Dougherty et al., 2016; 

Li et al., 2015a; Li et al., 2015b). While this list only represents a few of the possible 

benefits that transplantation can provide, the fact that only a limited number of studies have 

to date been conducted in this field means that many of the potential mechanistic benefits of 

transplanted cells have yet to be explored for targeting respiratory dysfunction in SCI.

Promoting axonal regrowth

Regeneration of damaged axons and reconnection with appropriate post-synaptic structures 

is a major therapeutic goal for SCI treatment. In addition, promoting sprouting of damaged 

and/or spared fibers is another important and possibly more easily achievable goal, which 

would involve generation of novel connections that could underlie meaningful recovery of 

function (Bareyre et al., 2004). Unfortunately, a host of neuronal-intrinsic (Luo and Park, 

2012) and environmental (Bradbury et al., 2002; Giger et al., 2010) factors limit or prevent 

robust axonal regrowth in CNS diseases such as SCI. A number of studies have used 

transplants to induce plasticity of axonal populations that are involved in controlling 

breathing (Alilain et al., 2011; Decherchi and Gauthier, 2002; Li et al., 2003; Polentes et al., 

2004; Stamegna et al., 2011). The premise behind these approaches is that a variety of cell 

types, some of which are not derived from the CNS, appear to have properties that can 

promote robust axonal growth, even in the injured spinal cord.

Many of these studies focused on axonal regrowth targeting a specific neural circuit that is 

central to inspiration via diaphragmatic control (Figure 1A). Each hemi-diaphragm is 

separately innervated by a pool of phrenic motor neurons (PhMNs) located at mid-cervical 

levels (Lane et al., 2009). These PhMNs are not spontaneously active; instead, they receive 

primarily monosynaptic drive from bulbospinal axonal input from neurons whose cell bodies 

are located ipsilaterally in a medullary nucleus called the rostral Ventral Respiratory Group 

(rVRG), in addition to some contralateral input from the crossed phrenic pathway 

(Boulenguez et al., 2007; Goshgarian et al., 1991; Lane et al., 2009). Cervical SCI can result 

in damage both to PhMNs and to descending rVRG connections to spared PhMNs (Zimmer 
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et al., 2007). There is also growing appreciation for the important role that intraspinal 

respiratory interneuron populations play in diaphragm function (Lane et al., 2008b).

Several neuroanatomical mechanisms associated with restoration of this circuit have been 

targeted using cell transplantation to achieve recovery of diaphragm function in rodent 

models of unilateral cervical SCI. Though technically challenging due to intrinsic (Luo and 

Park, 2012) and extrinsic (Bartus et al., 2012) inhibitors of axonal growth, transplants could 

be used to promote regeneration of injured rVRG axons through and/or around the lesion 

and back toward PhMNs and/or local respiratory interneuron populations. Spared 

contralateral rVRG input has also been shown to be a potential substrate for diaphragm 

recovery - even spontaneously - through mechanisms that promote plasticity such as 

activation of latent contralateral rVRG synaptic input to denervated PhMNs located 

ipsilateral to the lesion (Warren et al., 2014). Futhermore, cell transplants could be used to 

activate latent connections from the crossed phrenic pathway by modulating synaptic 

transmission between contralateral rVRG fibers and PhMNs and/or by promoting actual 

sprouting of these contralateral rVRG axons toward the ipsilateral PhMN pool. Transplant 

cells may also have the capacity to promote growth of other descending axonal populations 

that are important to respiratory function, such as serotonergic fibers that can affect PhMN 

excitability by modulating, for example, synaptic input from rVRG axons (Dale-Nagle et al., 

2010).

Researchers in the field have primarily employed two major models of cervical SCI to study 

the value of transplantation-based therapies on respiratory recovery. The C2 hemisection 

model involves surgical cutting of the entire hemi-cord in order to completely interrupt 

bulbospinal input from the ipsilateral rVRG, while the ipsilateral PhMN pool is completely 

spared as these neurons reside at levels caudal to the lesion, i.e. C3-C5 (Figure 1B) (Lee et 

al., 2013). Mid-cervical hemi-contusion models (conducted mostly at C3 or C4) have been 

more recently employed as they provide the advantage of closely modeling many aspects of 

the human condition (Li et al., 2014; Nicaise et al., 2013; Nicaise et al., 2012a; Nicaise et 

al., 2012b). Cervical contusion results in damage to both PhMN cell bodies/dendrites and 

rVRG axons (Figure 1C), which can make it challenging to determine the mechanistic basis 

of any observed improvement, particularly with studies aimed at promoting axonal growth. 

Furthermore, the contusion results in significant sparing of ipsilateral tissue at the level of 

the lesion, including rVRG fibers running in the ventrolateral white matter, while the 

hemisection provides the advantage of being able to completely remove all ipsilateral rVRG 

input and spare all PhMNs. Additionally, a model introduced by Awad and colleagues uses a 

C3/C4 hemi-contusion injury followed by C2 contralateral hemi-section (Awad et al., 2013). 

In this manner, it is possible to determine the contribution of descending ipsilateral pathways 

to any observed recovery (in regards to the hemi-contusion). One model is not superior to 

another for studying respiratory dysfunction; instead, all should be used by investigators in 

the field as valuable tools to test cell-based therapies and to understand the mechanism(s) by 

which these cells can exert their effects.
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Peripheral nerve graft

Compared to the CNS, the adult peripheral nervous system (PNS) is relatively permissive for 

axon regrowth after injury (Wright et al., 2014). Decherchi and Gauthier attempted to 

harness the regenerative capacity of the PNS for promoting growth of descending respiratory 

axon populations. In a first attempt, Decherchi and colleagues inserted a peripheral nerve 

graft (PNG) into level C2 of the uninjured spinal cord at the location of bulbospinal 

projections within the ventrolateral white matter (Decherchi et al., 1996). By conducting 

electrophysiological recording of individually-stimulated nerve strands, the authors reported 

that axons originating from respiratory neurons in the medulla grew into the PNG. As the 

PNG was transplanted in a blind-end fashion, they did not assess regrowth back into the host 

spinal cord. Next, Decherchi and Gauthier tested the feasibility of a PNG as a conduit or 

bridge for regenerating axons around a site of injury, thereby transferring the permissive 

PNS environment to the CNS after SCI (Decherchi and Gauthier, 2002). They found that 

respiratory-associated projections assessed electrophysiologically could grow into a PNG 

when transplanted acutely or at 3 weeks or 3 months after C3 hemisection. However, greater 

ingrowth was noted when the PNG was delivered acutely or at 3 weeks after injury, rather 

than with a long delay of 3 months. About 37.5% of regenerated axons within the PNG 

transplanted acutely, 47% of axons regenerated within the PNG transplanted at 3 weeks, and 

30% regenerated axons within the PNG transplanted at 3 months exhibited neuronal firing 

patterns. Of those, approximately 13% of the axons from the acute transplantation, 11% of 

axons from the transplantation at 3 weeks, and 8% of axons from the transplantation at 3 

months had activity consistent with respiratory neurons. While the authors conducted 

histological analysis of the graft, the level of synapse formation between PNG fibers and 

PhMNs was not analyzed, perhaps underestimating the degree of ingrowth and/or incorrectly 

determining the cell body source of axons in the PNG. Though these studies did not assess 

functional diaphragm recovery, the results indicate that PNG transplantation can elicit 

regrowth of respiratory-associated axons and, therefore, PNG transplantation is a clinically-

relevant method in which respiratory recovery might be achieved, even when delivered with 

a delay post-injury. Furthermore, these studies reveal that the timing of PNG transplantation 

post-injury has a significant effect on the amount of regrowth of injured respiratory-

associated axons. Another study by Gauthier and colleagues fully integrated the PNG from 

the medulla to the spinal cord just caudal to a C3 hemi-section (Gauthier et al., 2002). Here, 

they found that descending PNG fibers had electrophysiological patterns similar to 

respiratory neurons and were able to reconnect within the ventral horn caudal to the injury. 

This reconnection coincided with phrenic nerve bursting, which suggests that the PNG was 

able to bridge medullary respiratory axons with PhMNs.

A common theme in SCI therapeutics is the need for combinatorial strategies to achieve 

robust recovery, particularly for achieving axonal regeneration given the large number of 

sources of growth inhibition. Toward this end, Alilain and colleagues used a PNG while 

simultaneously removing the growth-inhibitory environment of the CNS by injecting 

chondroitinase ABC (ChABC), which degrades the glycosaminoglycan (GAG) side chains 

of chondroitin sulfate proteoglycans (CSPGs) that limit axon extension in the CNS 

(Bradbury et al., 2002). The authors combined ChABC injection with the PNG immediately 

following C2 hemisection and then reconnected the graft one week later caudal to the injury 
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at C4 along with another injection of ChABC. Functional recovery in the ipsilateral hemi-

diaphragm was achieved and was greater than the effects of ChABC or PNG treatments 

alone (Alilain et al., 2011). Electromyography (EMG) recordings demonstrated that the peak 

inspiratory amplitude of the ipsilateral hemi-diaphragm reached and often surpassed 

recordings from the uninjured contralateral hemi-diaphragm of the same animal and of 

uninjured control animals; however, on average, the bursting duration was less on the 

ipsilateral side. By tracing axons from the medulla, the authors were able to show 

bulbospinal axonal regrowth into the PNG and surrounding cervical spinal cord. Co-

localization of these axons with synapsin puncta suggests that regenerating axons could 

form synaptic connections. Axonal tracing from the PNG also revealed a subset of axons in 

the PNG originating from respiratory locations in the medulla, including the rVRG (but also 

other nuclei such as serotonergic neurons of the raphe). Ipsilateral hemi-diaphragm activity 

ceased only when the PNG was transected, suggesting that diaphragm recovery was 

mediated by input from respiratory centers in the brainstem exclusively via regrowth through 

the PNG. Interestingly, an increase in tonic EMG recordings occurred after PNG transection, 

suggesting that local interneurons and/or intersegmental propriospinal neurons also played a 

role in rearranging respiratory circuitry controlling PhMN activation. The authors found that 

the recovery observed with ChABC treatment alone was associated with increased 

serotonergic (5-HT) fiber input. However, the densities of 5-HT fibers between ChABC 

treatment alone and PNG+ChABC injection were similar (despite greater EMG responses 

with the combination group), suggesting that the PNG contributed distinctly to functional 

recovery possibly through regrowth of respiratory axons originating in the brainstem.

Olfactory ensheathing cells

The evidence described thus far supports the ability of a PNG to promote rewiring of 

damaged respiratory neural circuitry after SCI. The use of PNG therapy is technically 

challenging in clinical practice, particularly inserting these relatively large pieces into spinal 

cord parenchyma; however, the use of isolated Schwann cell transplants may be a powerful 

approach for harnessing the benefits of the PNG without the practical difficulties (Guest et 

al., 2013). A significant number of defined cell types that provide practical advantages over 

PNG have been characterized in vitro and tested in vivo in SCI models (Li and Lepski, 

2013). Advantages include greater ease of derivation, extensive capacity for in vitro 
expansion without losing phenotypic potential or therapeutic properties, and ability for long-

term storage, amongst other benefits. These include multipotent stem cells (Lepore et al., 

2004) and lineage-restricted progenitors (Lepore et al., 2005; Lepore and Fischer, 2005; 

Lepore et al., 2006) obtained from the CNS, PNS and even non-nervous system sources, as 

well as more mature cell classes such as differentiated neurons.

One such class of cells that has received extensive attention in the SCI field is the olfactory 

ensheathing cell (OEC), a type of glia that ushers axons of olfactory receptor neurons across 

the PNS-to-CNS transition even in the adult (Richter and Roskams, 2008). This normal 

function of the OEC combined with its ease of derivation, including in an autologous 

fashion, makes it a potentially useful candidate for promoting axonal growth in SCI. Despite 

the potential of OECs, only a small number of studies have analyzed the effects of OEC 
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transplantation on recovery of respiratory function following SCI (Li et al., 2003; Polentes et 

al., 2004; Stamegna et al., 2011).

Li and colleagues transplanted an equal ratio of rat OECs and olfactory nerve fibroblasts to 

serve as a supportive matrix for the OECs into the lesion site at the time of C2 hemisection 

(Li et al., 2003). Two months later, the majority of transplanted rats exhibited respiratory 

bursting in the phrenic nerve during spontaneous breathing. The authors showed that this 

effect was not due to activation of the CPP. This study was the first to demonstrate the 

therapeutic power of OEC transplantation for promoting plasticity of neural connections 

involved in respiratory control after SCI; however, these experiments did not conduct any 

assessment of whether improvement occurred because severed ipsilateral supraspinal 

connections had regenerated and/or spared fibers had sprouted.

Polentes and colleagues transplanted a more purified population of cells (approximately 

75% OECs) immediately after C2 hemisection (Polentes et al., 2004). The authors showed 

partial recovery with OEC transplantation via EMG and phrenic nerve recordings ipsilateral 

to the lesion. They also showed some degree of spontaneous recovery post-injury; however, 

OEC transplantation resulted in an even greater effect. Using a variety of targeted lesions of 

the ipsilateral, contralateral or midline spinal cord after recovery, the authors demonstrated 

that the observed beneficial effect of OECs was primarily due to the contribution of 

descending ipsilateral respiratory pathways and not to spared contralateral input (though 

some contralateral contribution was likely), whereas contralateral pathways were responsible 

for the observed spontaneous recovery. Detailed histological analyses such as axonal tract 

tracing from the ipsilateral and contralateral brainstem were not conducted; therefore, the 

specific neuroanatomical effects of OECs on axonal growth are unknown.

Stamegna and colleagues followed up these previous studies by investigating the extent of 

recovery of descending respiratory pathways when transplants, purified to contain more than 

90% OECs, were delayed to two weeks after C2 hemi-contusion (Stamegna et al., 2011). 

The authors found that, compared to non-transplanted injured controls, OEC transplantation 

resulted in increased recovery in phrenic nerve and diaphragm EMG recordings, as well as 

improvements in overall ventilatory behavior as assessed by whole-body plethysmgraphy. 

Similar to the study by Polentes and colleagues, the therapeutic effects of OECs appeared to 

be due to contribution of descending ipsilateral pathways. This study was the first to 

demonstrate the therapeutic effects of OECs on respiratory function in the clinically-relevant 

cervical contusion model.

Collectively, the studies published to date in models of SCI-induced respiratory dysfunction 

demonstrate that OECs hold potential to enhance axonal regrowth and sprouting following 

SCI, including from critical respiratory neuronal populations. However, more work is 

necessary to understand the neuroanatomical basis of this plasticity in the cervical 

hemisection and contusion paradigms, as well as to investigate whether combinatorial 

approaches with other interventions can enhance the benefit of OECs on axonal regrowth 

and functional recovery.
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Neuronal replacement

Replacement of mature CNS cell types, particularly neurons, is a promising yet challenging 

endeavor for achieving recovery of damaged neural circuitry. Replacement of PhMNs using 

transplanted multipotent neural stem cells (NSCs) or lineage-restricted neural progenitor 

cells (NPCs) has not yet been attempted and faces many challenges, including integration of 

MNs in the ventral horn, long-distance extension of axonal projections to the periphery, and 

correct innervation of target muscle. Cell replacement of bulbospinal neurons in areas 

responsible for respiratory drive faces similar challenges of axonal growth through the 

brainstem and spinal cord and correct innervation of neurons at various spinal cord regions 

where MNs that control respiratory muscles are located.

Researchers in this field have also considered relay formation via delivery of transplant-

derived interneurons to establish novel connections to bridge and restore damaged 

respiratory circuits in SCI (Lee et al., 2014; White et al., 2010). These cells have the 

potential to integrate into the recipient CNS and mature into neurons with the capacity to fire 

action potentials and make synaptic connections with host neurons and other transplanted 

cells. However, integration of these neuronal transplants into host tissue raises questions, 

including how afferent and efferent connections to and from these cells, respectively, would 

form to complete appropriate relays. With the complex network of connections present in 

the CNS, it will be challenging to guide desired connections between host and graft neurons; 

nevertheless, strategies toward this end are being developed (Bonner et al., 2011). In 

addition to the biological issue of achieving appropriate host-graft connectivity, a challenge 

involves actually being able to experimentally determine whether the transplanted cells are 

forming meaningful connections and whether these connections are even contributing to any 

observed recovery. For example, the benefit elicited by transplanted cells might not be 

resulting from neuronal integration, but instead from the fulfillment of a different role 

entirely (such as neuroprotection) that is not necessarily even associated specifically with a 

neuronal identity.

Fetal spinal cord

To date, neuronal transplantation in the context of SCI-induced respiratory compromise has 

primarily been tested using grafts of rodent fetal spinal cord (FSC) tissue. Although the use 

of human fetal-derived cells for clinical translation is associated with ethical issues, 

investigating FSC grafts provides valuable information about how various classes of NSCs 

and NPCs (the predominant cell types that make up these grafts) can aid in the restoration of 

function (Anderson et al., 1995). It also represents a powerful tool both to define the 

candidate populations of cells most useful in restoring damaged neural circuitry and to 

understand whether a particular combination of cell types (e.g. specific neuronal subtypes, 

glia, NSCs, NPCs) is necessary (Lepore and Fischer, 2005).

To investigate whether cells derived from particular anatomical regions of the developing 

spinal cord differentially affect respiratory recovery after SCI, White and colleagues 

transplanted either dorsal (FSCD) or ventral (FSCV) subregions of rat spinal cord obtained 

from embryonic day 13.5-14 directly into the lesion cavity immediately post C2 hemisection 

(White et al., 2010). SCI-only and FSCV transplanted animals showed recovery in ipsilateral 
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phrenic nerve bursting under conditions of eupnea, while this response was absent in a 

subset of FSCD transplanted rats. Furthermore, enhanced phrenic nerve bursting was 

observed in response to hypercapnic and hypoxic challenge in the FSCV groups, but not in 

the FSCD or injury-only animals. These findings demonstrate that the anatomical source of 

FSC tissue (and presumably the makeup of NSCs and NPCs) can exert significant effects on 

the therapeutic properties of these transplants. Histological observation of FSCD and FSCV 

revealed relatively dramatic differences in the neuronal populations comprising these grafts 

and their anatomical organization; however, the authors did not examine the contribution of 

the diverse NSC/NPC types present in each graft type to differences in transplant fate in vivo 
or functional effect. It will be critical going forward to systematically determine the most 

appropriate class(es) of NSCs/NPCs needed for transplantation, which will likely differ 

depending on factors such as the type and location of SCI and the therapeutic mechanism 

being targeted. Using the trans-synaptic tracer pseudo-rabies virus (PRV), the authors also 

reported that transplant-derived neurons made synaptic connections with host neurons, 

including those in the phrenic nucleus (PhMNs and/or interneurons) and brainstem. While 

these initial studies were able to show integration of transplanted cells into host neural 

circuitry, the mechanistic contribution of this integration (if it is even relevant to functional 

recovery – as discussed above) was not examined.

Lee and colleagues continued to explore the potential of neuronal integration – and 

potentially host-graft relay formation – with FSC transplants in the C2 hemisection model 

(Lee et al., 2014). Transplant-derived cells displayed firing activity in a non-random burst 

pattern, suggesting possible connectivity with host neuronal circuitry, though this bursting 

was not synchronous with respiratory behavior. Interestingly, grafted cells increased their 

burst frequency upon exposure to hypoxic challenge but not significantly during 

hypercapnia, suggesting the existence of some respiratory-associated afferent input to the 

transplanted cells. This bursting was also associated with increased tidal volume and 

decreased respiratory frequency in the FSC transplanted animals in response to hypoxia. 

These findings suggest that transplant-derived neurons can synaptically integrate with host 

neuronal populations and can significantly modulate functional respiratory output after 

severe SCI. The response of the transplanted cells to respiratory-associated stimuli, for 

instance hypoxia, also suggests that regimens such as intermittent hypoxia could be used to 

strengthen graft-host connectivity and possibly even recruit and “train” exogenous cells into 

host respiratory circuitry. Similar to the previous study by White and colleagues (White et 

al., 2010), these results represent proof-of-principle for the potential of neuronal 

transplantation and point toward some mechanisms by which these graft-derived cells can 

exert functional benefit. However, it will be important to follow up with experiments aimed 

at determining critical details, including the appropriate NSC/NPC types to employ, whether 

these graft-host connections are actually relevant to recovery, and, if so, the exact 

neuroanatomical basis of this novel circuitry.

Glial replacement

Replacement of various glial lineages also holds great promise (Falnikar et al., 2015). 

Astrocytes play a host of key roles in the CNS, including regulation of extracellular ionic 

and neurotransmitter homeostasis, active participation in synaptic transmission, delivery of 

Charsar et al. Page 8

Exp Neurol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



energy substrates to neurons, regulation of blood vessel dynamics and blood brain barrier, 

generation of extracellular matrix molecules, and expression of neurotrophic factors, 

amongst a long list of other critical functions (Pekny and Nilsson, 2005). Oligodendrocyte 

replacement can also be used to remyelinate denuded hosts axons, as well as potentially the 

projections of transplant-derived neurons (Faulkner and Keirstead, 2005).

Astrocyte replacement with glial progenitors

A number of previous studies employed astrocyte and glial progenitor transplantation in SCI 

models mostly for harnessing the axonal growth promoting properties of astrocytes (Davies 

et al., 2006; Davies et al., 2008; Davies et al., 2011; Haas et al., 2012; Shih et al., 2014; 

Smith et al., 1986; Smith et al., 1990; Smith and Silver, 1988). However, these studies did 

not target the normal homeostatic functions of astrocytes in the CNS. To begin to utilize 

astrocyte replacement in a mechanistically-targeted fashion based on their crucial functions 

in the intact nervous system, we have used glial-restricted precursor (GRP) transplantation to 

restore extracellular glutamate uptake in the injured spinal cord. Astrocytes are responsible 

for the vast majority of glutamate uptake throughout the CNS via expression of the plasma 

membrane transporter, glutamate transporter 1 (GLT1), thereby playing a central role in 

maintaining normal synaptic communication and preventing glutamate-mediated 

excitotoxicity (Maragakis and Rothstein, 2004; Maragakis and Rothstein, 2006). Following 

SCI, astrocyte GLT1 expression and function are severely compromised, which contributes 

to excitotoxicity-induced cell death and consequent functional loss during the delayed 

secondary injury phase (Lepore et al., 2011a; Lepore et al., 2011b; Li et al., 2014). In 

unilateral C4 contusion, we injected rodent GRP-derived astrocytes engineered to 

overexpress GLT1 into the cervical ventral horn as a therapeutic strategy for achieving 

transplantation-based delivery of astrocytes, reconstituting GLT1 function, preventing 

excitotoxicity, and consequently protecting PhMNs and preserving diaphragm function (Li 

et al., 2015a). Unmodified transplants robustly survived but expressed relatively low levels 

of GLT1 in the injured cervical spinal cord, suggesting that the injured host spinal cord 

exerts similar effects on GLT1 expression by these cells as on endogenous astrocytes. On the 

contrary, GLT1 overexpressing cells expressed persistently high levels of GLT1 protein 

(which was accompanied by an increase in functional glutamate uptake capacity) following 

transplantation into the injured spinal cord, including at early time points post-injection 

during the time frame of PhMN loss. In addition, these overexpressing astrocyte transplants 

significantly promoted survival of PhMNs, preservation of diaphragm neuromuscular 

junction (NMJ) innervation, and protection of diaphragmatic respiratory function as assessed 

by EMG and compound muscle action potential (CMAP) recordings. GLT1 overexpression 

did not change the in vivo properties of the cells (compared to control transplants), such as 

proliferation and efficient astrocyte differentiation, suggesting that the therapeutic benefit 

was a product of increased GLT1 levels and not some other changes in transplanted cell 

function. Our findings demonstrate the therapeutic value of targeting specific mature 

astrocyte properties using cell transplantation for preserving respiratory function after SCI. 

Given the long list of important astrocyte functions, our approach represents only one 

example of this powerful method for treatment in SCI.
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Pluripotent stem cells

Pluripotent embryonic stem (ES) cells have been used extensively as a source for deriving 

large numbers of homogenous CNS cell types for transplantation into the injured spinal cord 

(Tetzlaff et al., 2011). The relatively recent discovery of induced pluripotent stem (iPS) cells 

(Takahashi et al., 2007) has generated great excitement as they represent a clinically-relevant 

source of pluripotent cells generated from adult somatic cell types, avoiding ethical issues of 

ES cell derivation. This technology also allows for homogeneous derivation of mature cell 

types in large quantities, potentially in an autologous fashion from the eventual transplant 

recipient (Das and Pal, 2010; Kiskinis and Eggan, 2010). Despite the promise of this 

approach, the iPS cell field is in its infancy with respect to evaluating in vivo graft 

integration and therapeutic usefulness in relevant SCI models (Goulao and Lepore, 2016; 

Salewski et al., 2010), particularly in the context of respiratory dysfunction (Li et al., 

2015b).

As an extension of our work targeting astrocyte GLT1 using rodent GRPs (Li et al., 2015a), 

we took a similar approach with human iPS cells. We derived pluripotent iPS cells from 

non-diseased human donors, generated glial progenitors and then differentiated these cells 

into astrocytes prior to transplantation into the unilateral C4 contusion model (Li et al., 

2015b). Similar to rodent GRPs, human iPS cell-derived transplants survived for long 

periods of time in the injured cervical spinal, did not form tumors or show uncontrolled 

proliferation, differentiated into only GFAP-positive astrocytes, and did not localize to 

ectopic locations or differentiate into unexpected lineages. In addition, these cells could be 

engineered to overexpress GLT1, resulting in robust and persistent transporter expression in 

the injured spinal cord. Importantly, GLT1-overexpressing human iPS cell-derived astrocytes 

decreased lesion size within the injured cervical spinal cord, morphological denervation by 

PhMNs at the diaphragm NMJ, and functional diaphragm denervation as measured by 

EMGs and CMAPs. These findings show that clinically-relevant populations of human iPS 

cells can be used as a safe and therapeutically efficacious source of transplants for targeted 

astrocyte replacement in SCI. It will now be important to test transplantation of additional 

classes of NSCs, NPCs and more mature lineages derived from iPS cells in models of SCI-

induced respiratory dysfunction, including studies of long-term integration and safety and 

potential variability in therapeutic outcomes associated with various donor cell lines.

Gene delivery

Cell transplantation can be used as a vehicle to deliver therapeutic molecules to the injured – 

or even surrounding intact – spinal cord. A number of candidate cell types, including NSCs, 

NPCs and mesenchymal stem cells (MSCs), naturally express therapeutically-relevant 

molecules such as trophic (Neuhuber et al., 2005), immunomodulatory (Pluchino et al., 

2003) and axonal growth-inducing (Shih et al., 2014) factors. In addition, cells can be 

engineered in vitro prior to transplantation to modify or enhance their expression profile. As 

described earlier, we employed such an approach to boost glutamate transporter expression 

in transplant-derived astrocytes and achieved robust protection of diaphragm function 

following cervical contusion SCI (Li et al., 2015a; Li et al., 2015b).
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Neurotrophic factor delivery using mesenchymal stem cells

Stable cell integration into host tissue is often an important requirement for transplantation-

based gene delivery. Cells native to the CNS would presumably be the optimal candidates 

for such an approach. However, long-term survival may not always be necessary, such as 

when only transient delivery of a given factor is desired. In such cases, cells derived from 

sources outside the nervous system may also be useful.

Along these lines, Gransee and colleagues engineered bone marrow-derived rat MSCs to 

express brain-derived neurotrophic factor (BDNF) at concentrations significantly above 

normal spinal cord levels (Gransee et al., 2015). A large body of work in the SCI field has 

illustrated the therapeutic potential of MSC transplantation (Oliveri et al., 2014). MSCs 

provide advantages that include expression of a number of trophic factors, the potential for 

autologous derivation, and limited proliferation after engraftment (thereby avoiding tumor 

formation issues) (Dasari et al., 2014). Transdifferentiating into mature CNS lineages is 

likely not occurring with MSCs; therefore, MSCs are not a candidate for cell replacement 

(Wright et al., 2011). The authors intraspinally transplanted BDNF-MSCs at the time of C2 

hemisection, resulting in diaphragm EMG recovery starting several weeks after injury 

(Gransee et al., 2015). An interesting aspect of this study was that functional improvement 

occurred despite most MSCs not surviving beyond the initial week post-transplantation, 

suggesting that BDNF delivery was only necessary at very early time points. However, the 

mechanism by which the BDNF-MSCs exerted their benefit was not examined. BDNF is 

associated with neuronal survival, axonal regrowth and sprouting, effects on neuronal 

excitability, and synaptic plasticity (Weishaupt et al., 2012). It is possible that BDNF exerted 

a number of potential effects on PhMN properties such as cell body size, dendritic 

morphology or even survival, which would have possible effects on excitability, synaptic 

input from rVRG axons and diaphragm innervation, respectively (Boyce and Mendell, 

2014). The BDNF-MSCs may have modified synaptic transmission at the diaphragm NMJ, 

as this same group has also shown BDNF effects on NMJ transmission (Mantilla et al., 

2004) and on diaphragm activation in the C2 hemisection using intrapleural AAV-BDNF 

injection (Gransee et al., 2013). Mitchell and colleagues have systematically demonstrated 

that BDNF plays a key role in plasticity of synaptic input to PhMNs from spared rVRG 

axons after hemisection (Dale-Nagle et al., 2010). Therefore, it is possible that the BDNF-

MSCs strengthened input from the latent contralateral rVRG input that is mostly inactive 

prior to injury, though the study by Gransee and colleagues did not test this. As BDNF has 

neurotropic properties (Weishaupt et al., 2012), the MSC transplants may have induced 

axonal plasticity, such as a collateral sprouting response from spared contralateral rVRG 

axons and innervation of ipsilateral PhMNs and/or respiratory interneuron populations (Lane 

et al., 2008b).

5-HT expressing neurons

Descending serotonergic input is important in PhMN activation, including in synaptic 

plasticity mechanisms that mediate diaphragm recovery due to strengthening of spared 

rVRG input to PhMNs after cervical SCI (Dale-Nagle et al., 2010). Dougherty and 

colleagues transplanted embryonic midline brainstem (MB) cells that contain significant 

numbers of serotonin-producing raphé neurons one week after C2 hemisection (Dougherty 
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et al., 2016). In response to respiratory challenge, MD-transplanted rats exhibited an 

increased ventilatory response as assessed with plethysmography, as well as increased 

phrenic nerve activity. Importantly, recovery was only noted in animals in which the MB 

transplants survived out to six weeks post-engraftment, suggesting the need for persistent 

integration and 5-HT production. This study demonstrates the potential of restoring 

neurotransmission in order to modulate the activation of neurons within the respiratory 

circuit. Going forward, it may be important to develop ways to regulate neurotransmitter 

release as these transplanted neurons were injected into the spinal cord and not into their 

endogenous location, a place where they normally receive afferent input to appropriately 

control their activity and 5-HT release.

Clinical trial assessing effect of transplantation on respiratory function

A number of clinical trials have been conducted or are currently in progress with SCI 

patients using a variety of cell types for transplantation, including MSCs, macrophages, 

NSCs/NPCs, OECs, Schwann cells, and ES cell-derived oligodendrocyte progenitors (Zhu et 

al., 2014). While the pre-clinical studies detailed in this review have demonstrated the utility 

of transplantation for targeting breathing compromise, almost no data on respiratory 

outcome are available in these patient studies.

In a very preliminary assessment, Jarocha and colleagues described a case in which stem cell 

transplantation may have aided in respiratory recovery (Jarocha et al., 2014). Patients 

received a combination of intraspinal (at the site of injury), intravenous and lumbar puncture 

injections of autologous bone marrow nucleated cells (BMNCs). Of the five pediatric 

patients who had undergone transplantation, one showed promising effects. A 2.5-year-old 

female patient sustained a SCI at C2-C4 that caused loss of the swallowing reflex and 

respiratory drive, resulting in the need for continuous mechanical ventilation. This patient 

showed no recovery for more than a year before receiving a total of six cell transplantations 

over four years. After the fifth transplantation (50 months from the first injection), the 

authors stated that active tongue movements reappeared and the swallowing and cough 

reflexes were restored. The authors also described beneficial effects on respiratory function, 

as assessed by the Spinal Cord Independence Measure scale that takes into account 

respiratory and sphincter management. Although the authors stated that no negative 

consequences were associated with transplantation, evidence was not provided to 

demonstrate that the recovery in respiratory function in this one patient was actually due to 

the BMNC transplants, as there was no control group. Although there was a year of no 

recovery prior to transplantation, the pediatric population, which was the focus of this study, 

is likely more prone to spontaneous improvement than adults. Therefore, any observed 

recovery may have been due to spontaneous recovery mechanisms. Alternatively, the 

developing nervous system may be more therapeutically responsive to the BMNC 

transplants. This trial was focused on safety rather than efficacy, leaving a number of 

questions for further evaluation. Though preliminary, this study does support the potential 

feasibility of cell transplantation in human SCI for targeting respiratory dysfunction and also 

stresses the critical need to test pulmonary functions in SCI clinical trials going forward, 

particularly in transplantation studies targeting spinal cord regions involved in respiratory 

control.
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Conclusions

The studies to date that have investigated the therapeutic potential of transplant-based 

strategies for addressing respiratory compromise represent only a small fraction of the major 

body of work that has tested transplantation in models of SCI, despite the critical relevance 

of breathing dysfunction to patients. Nevertheless, this relatively small number of studies has 

demonstrated both the power of such an approach and the success of transplantation to target 

multiple cellular mechanisms for achieving recovery of respiratory function. These 

mechanisms include promotion of axonal regrowth and sprouting, replacement of neurons 

and glia, relay formation, generation of novel neural circuitry, neuroprotection, and delivery 

of trophic factors and neurotransmitters. Furthermore, the studies discussed in this review 

evaluated only a small subset of the various classes of cell types that could potentially be 

used for transplantation. Future work needs to assess additional classes of stem and 

progenitor cells and mature cell types derived from nervous system and non-neural tissues, 

as well as derived from clinically-relevant sources such as iPS cells. Given the growing 

appreciation for studying respiratory dysfunction in models of SCI, we expect that this 

important body of work will rapidly expand in the coming years, which we anticipate will 

translate to much-needed therapies for patients suffering from this debilitating outcome of 

SCI.

Acknowledgments

Contributions and funding: B.A.C. and M.W.U.: Manuscript writing.

A.C.L.: Manuscript writing; final approval of manuscript.

This work was supported by the Paralyzed Veterans of America Research Foundation (grant #3054 to A.C.L.) and 
the NINDS (grant #1R01NS079702 to A.C.L.).

References

Alilain WJ, Horn KP, Hu H, Dick TE, Silver J. Functional regeneration of respiratory pathways after 
spinal cord injury. Nature. 2011; 475:196–200. [PubMed: 21753849] 

Anderson DK, Howland DR, Reier PJ. Fetal neural grafts and repair of the injured spinal cord. Brain 
Pathol. 1995; 5:451–457. [PubMed: 8974628] 

Awad BI, Warren PM, Steinmetz MP, Alilain WJ. The role of the crossed phrenic pathway after 
cervical contusion injury and a new model to evaluate therapeutic interventions. Exp Neurol. 2013; 
248:398–405. [PubMed: 23886671] 

Bareyre FM, Kerschensteiner M, Raineteau O, Mettenleiter TC, Weinmann O, Schwab ME. The 
injured spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nature neuroscience. 
2004; 7:269–277. [PubMed: 14966523] 

Bartus K, James ND, Bosch KD, Bradbury EJ. Chondroitin sulphate proteoglycans: key modulators of 
spinal cord and brain plasticity. Exp Neurol. 2012; 235:5–17. [PubMed: 21871887] 

Bonner JF, Connors TM, Silverman WF, Kowalski DP, Lemay MA, Fischer I. Grafted neural 
progenitors integrate and restore synaptic connectivity across the injured spinal cord. J Neurosci. 
2011; 31:4675–4686. [PubMed: 21430166] 

Boulenguez P, Gauthier P, Kastner A. Respiratory neuron subpopulations and pathways potentially 
involved in the reactivation of phrenic motoneurons after C2 hemisection. Brain Res. 2007; 
1148:96–104. [PubMed: 17379194] 

Boyce VS, Mendell LM. Neurotrophic factors in spinal cord injury. Handb Exp Pharmacol. 2014; 
220:443–460. [PubMed: 24668482] 

Charsar et al. Page 13

Exp Neurol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bradbury EJ, Moon LD, Popat RJ, King VR, Bennett GS, Patel PN, Fawcett JW, McMahon SB. 
Chondroitinase ABC promotes functional recovery after spinal cord injury. Nature. 2002; 416:636–
640. [PubMed: 11948352] 

Dale-Nagle EA, Hoffman MS, MacFarlane PM, Satriotomo I, Lovett-Barr MR, Vinit S, Mitchell GS. 
Spinal plasticity following intermittent hypoxia: implications for spinal injury. Ann N Y Acad Sci. 
2010; 1198:252–259. [PubMed: 20536940] 

Das AK, Pal R. Induced pluripotent stem cells (iPSCs): the emergence of a new champion in stem cell 
technology-driven biomedical applications. Journal of tissue engineering and regenerative 
medicine. 2010; 4:413–421. [PubMed: 20084623] 

Dasari VR, Veeravalli KK, Dinh DH. Mesenchymal stem cells in the treatment of spinal cord injuries: 
A review. World J Stem Cells. 2014; 6:120–133. [PubMed: 24772239] 

Davies JE, Huang C, Proschel C, Noble M, Mayer-Proschel M, Davies SJ. Astrocytes derived from 
glial-restricted precursors promote spinal cord repair. Journal of biology. 2006; 5:7. [PubMed: 
16643674] 

Davies JE, Proschel C, Zhang N, Noble M, Mayer-Proschel M, Davies SJ. Transplanted astrocytes 
derived from BMP- or CNTF-treated glial-restricted precursors have opposite effects on recovery 
and allodynia after spinal cord injury. Journal of biology. 2008; 7:24. [PubMed: 18803859] 

Davies SJ, Shih CH, Noble M, Mayer-Proschel M, Davies JE, Proschel C. Transplantation of specific 
human astrocytes promotes functional recovery after spinal cord injury. PLoS One. 2011; 
6:e17328. [PubMed: 21407803] 

Decherchi P, Gauthier P. Regeneration of acutely and chronically injured descending respiratory 
pathways within post-traumatic nerve grafts. Neuroscience. 2002; 112:141–152. [PubMed: 
12044479] 

Decherchi P, Lammari-Barreault N, Gauthier P. Regeneration of respiratory pathways within spinal 
peripheral nerve grafts. Exp Neurol. 1996; 137:1–14. [PubMed: 8566201] 

Dougherty BJ, Gonzalez-Rothi EJ, Lee KZ, Ross HH, Reier PJ, Fuller DD. Respiratory outcomes after 
mid-cervical transplantation of embryonic medullary cells in rats with cervical spinal cord injury. 
Exp Neurol. 2016; 278:22–26. [PubMed: 26808660] 

Falnikar A, Li K, Lepore AC. Therapeutically targeting astrocytes with stem and progenitor cell 
transplantation following traumatic spinal cord injury. Brain Res. 2015; 1619:91–103. [PubMed: 
25251595] 

Faulkner J, Keirstead HS. Human embryonic stem cell-derived oligodendrocyte progenitors for the 
treatment of spinal cord injury. Transpl Immunol. 2005; 15:131–142. [PubMed: 16412957] 

Gauthier P, Rega P, Lammari-Barreault N, Polentes J. Functional reconnections established by central 
respiratory neurons regenerating axons into a nerve graft bridging the respiratory centers to the 
cervical spinal cord. J Neurosci Res. 2002; 70:65–81. [PubMed: 12237865] 

Giger RJ, Hollis ER 2nd, Tuszynski MH. Guidance molecules in axon regeneration. Cold Spring Harb 
Perspect Biol. 2010; 2:a001867. [PubMed: 20519341] 

Goshgarian HG, Ellenberger HH, Feldman JL. Decussation of bulbospinal respiratory axons at the 
level of the phrenic nuclei in adult rats: a possible substrate for the crossed phrenic phenomenon. 
Exp Neurol. 1991; 111:135–139. [PubMed: 1984430] 

Goulao M, Lepore AC. iPS cell transplantation for traumatic spinal cord injury. Curr Stem Cell Res 
Ther. 2016; 11:321–328. [PubMed: 26201863] 

Gransee HM, Zhan WZ, Sieck GC, Mantilla CB. Targeted delivery of TrkB receptor to phrenic 
motoneurons enhances functional recovery of rhythmic phrenic activity after cervical spinal 
hemisection. PLoS One. 2013; 8:e64755. [PubMed: 23724091] 

Gransee HM, Zhan WZ, Sieck GC, Mantilla CB. Localized delivery of brain-derived neurotrophic 
factor-expressing mesenchymal stem cells enhances functional recovery following cervical spinal 
cord injury. J Neurotrauma. 2015; 32:185–193. [PubMed: 25093762] 

Guest J, Santamaria AJ, Benavides FD. Clinical translation of autologous Schwann cell transplantation 
for the treatment of spinal cord injury. Curr Opin Organ Transplant. 2013; 18:682–689. [PubMed: 
24220051] 

Charsar et al. Page 14

Exp Neurol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Haas C, Neuhuber B, Yamagami T, Rao M, Fischer I. Phenotypic analysis of astrocytes derived from 
glial restricted precursors and their impact on axon regeneration. Exp Neurol. 2012; 233:717–732. 
[PubMed: 22101004] 

Jarocha D, Milczarek O, Kawecki Z, Wendrychowicz A, Kwiatkowski S, Majka M. Preliminary study 
of autologous bone marrow nucleated cells transplantation in children with spinal cord injury. 
Stem Cells Transl Med. 2014; 3:395–404. [PubMed: 24493853] 

Kiskinis E, Eggan K. Progress toward the clinical application of patient-specific pluripotent stem cells. 
The Journal of clinical investigation. 2010; 120:51–59. [PubMed: 20051636] 

Lane MA, Fuller DD, White TE, Reier PJ. Respiratory neuroplasticity and cervical spinal cord injury: 
translational perspectives. Trends in neurosciences. 2008a; 31:538–547. [PubMed: 18775573] 

Lane MA, Lee KZ, Fuller DD, Reier PJ. Spinal circuitry and respiratory recovery following spinal 
cord injury. Respiratory physiology & neurobiology. 2009; 169:123–132. [PubMed: 19698805] 

Lane MA, White TE, Coutts MA, Jones AL, Sandhu MS, Bloom DC, Bolser DC, Yates BJ, Fuller DD, 
Reier PJ. Cervical prephrenic interneurons in the normal and lesioned spinal cord of the adult rat. 
The Journal of comparative neurology. 2008b; 511:692–709. [PubMed: 18924146] 

Lee KZ, Dougherty BJ, Sandhu MS, Lane MA, Reier PJ, Fuller DD. Phrenic motoneuron discharge 
patterns following chronic cervical spinal cord injury. Exp Neurol. 2013; 249:20–32. [PubMed: 
23954215] 

Lee KZ, Lane MA, Dougherty BJ, Mercier LM, Sandhu MS, Sanchez JC, Reier PJ, Fuller DD. 
Intraspinal transplantation and modulation of donor neuron electrophysiological activity. Exp 
Neurol. 2014; 251:47–57. [PubMed: 24192152] 

Lepore AC, Bakshi A, Swanger SA, Rao MS, Fischer I. Neural precursor cells can be delivered into 
the injured cervical spinal cord by intrathecal injection at the lumbar cord. Brain Res. 2005; 
1045:206–216. [PubMed: 15910779] 

Lepore AC, Fischer I. Lineage-restricted neural precursors survive, migrate, and differentiate following 
transplantation into the injured adult spinal cord. Exp Neurol. 2005; 194:230–242. [PubMed: 
15899260] 

Lepore AC, Han SS, Tyler-Polsz C, Cai J, Rao MS, Fischer I. Differential fate of multipotent and 
lineage-restricted neural precursors following transplantation into the adult CNS. Neuron Glia 
Biology. 2004; 1:113–126. [PubMed: 16520830] 

Lepore AC, O'Donnell J, Bonner JF, Paul C, Miller ME, Rauck B, Kushner RA, Rothstein JD, Fischer 
I, Maragakis NJ. Spatial and temporal changes in promoter activity of the astrocyte glutamate 
transporter GLT1 following traumatic spinal cord injury. J Neurosci Res. 2011a; 89:1001–1017. 
[PubMed: 21488085] 

Lepore AC, O'Donnell J, Kim AS, Yang EJ, Tuteja A, Haidet-Phillips A, O'Banion CP, Maragakis NJ. 
Reduction in expression of the astrocyte glutamate transporter, GLT1, worsens functional and 
histological outcomes following traumatic spinal cord injury. Glia. 2011b; 59:1996–2005. 
[PubMed: 21882244] 

Lepore AC, Walczak P, Rao MS, Fischer I, Bulte JW. MR imaging of lineage-restricted neural 
precursors following transplantation into the adult spinal cord. Exp Neurol. 2006; 201:49–59. 
[PubMed: 16764862] 

Li J, Lepski G. Cell transplantation for spinal cord injury: a systematic review. Biomed Res Int. 2013; 
2013:786475. [PubMed: 23484157] 

Li K, Javed E, Hala TJ, Sannie D, Regan KA, Maragakis NJ, Wright MC, Poulsen DJ, Lepore AC. 
Transplantation of glial progenitors that overexpress glutamate transporter GLT1 preserves 
diaphragm function following cervical SCI. Mol Ther. 2015a; 23:533–548. [PubMed: 25492561] 

Li K, Javed E, Scura D, Hala TJ, Seetharam S, Falnikar A, Richard JP, Chorath A, Maragakis NJ, 
Wright MC, Lepore AC. Human iPS cell-derived astrocyte transplants preserve respiratory 
function after spinal cord injury. Exp Neurol. 2015b; 271:479–492. [PubMed: 26216662] 

Li K, Nicaise C, Sannie D, Hala TJ, Javed E, Parker JL, Putatunda R, Regan KA, Suain V, Brion JP, 
Rhoderick F, Wright MC, Poulsen DJ, Lepore AC. Overexpression of the astrocyte glutamate 
transporter GLT1 exacerbates phrenic motor neuron degeneration, diaphragm compromise, and 
forelimb motor dysfunction following cervical contusion spinal cord injury. J Neurosci. 2014; 
34:7622–7638. [PubMed: 24872566] 

Charsar et al. Page 15

Exp Neurol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Li Y, Decherchi P, Raisman G. Transplantation of olfactory ensheathing cells into spinal cord lesions 
restores breathing and climbing. J Neurosci. 2003; 23:727–731. [PubMed: 12574399] 

Luo X, Park KK. Neuron-intrinsic inhibitors of axon regeneration: PTEN and SOCS3. Int Rev 
Neurobiol. 2012; 105:141–173. [PubMed: 23206599] 

Mantilla CB, Zhan WZ, Sieck GC. Neurotrophins improve neuromuscular transmission in the adult rat 
diaphragm. Muscle Nerve. 2004; 29:381–386. [PubMed: 14981737] 

Maragakis NJ, Rothstein JD. Glutamate transporters: animal models to neurologic disease. Neurobiol 
Dis. 2004; 15:461–473. [PubMed: 15056453] 

Maragakis NJ, Rothstein JD. Mechanisms of Disease: astrocytes in neurodegenerative disease. Nat 
Clin Pract Neurol. 2006; 2:679–689. [PubMed: 17117171] 

McDonald JW, Becker D. Spinal cord injury: promising interventions and realistic goals. Am J Phys 
Med Rehabil. 2003; 82:S38–49. [PubMed: 14502038] 

Neuhuber B, Timothy Himes B, Shumsky JS, Gallo G, Fischer I. Axon growth and recovery of 
function supported by human bone marrow stromal cells in the injured spinal cord exhibit donor 
variations. Brain Res. 2005; 1035:73–85. [PubMed: 15713279] 

Nicaise C, Frank DM, Hala TJ, Authelet M, Pochet R, Adriaens D, Brion JP, Wright MC, Lepore AC. 
Early phrenic motor neuron loss and transient respiratory abnormalities after unilateral cervical 
spinal cord contusion. J Neurotrauma. 2013; 30:1092–1099. [PubMed: 23534670] 

Nicaise C, Hala TJ, Frank DM, Parker JL, Authelet M, Leroy K, Brion JP, Wright MC, Lepore AC. 
Phrenic motor neuron degeneration compromises phrenic axonal circuitry and diaphragm activity 
in a unilateral cervical contusion model of spinal cord injury. Exp Neurol. 2012a; 235:539–552. 
[PubMed: 22465264] 

Nicaise C, Putatunda R, Hala TJ, Regan KA, Frank DM, Brion JP, Leroy K, Pochet R, Wright MC, 
Lepore AC. Degeneration of phrenic motor neurons induces long-term diaphragm deficits 
following mid-cervical spinal contusion in mice. J Neurotrauma. 2012b; 29:2748–2760. [PubMed: 
23176637] 

Oliveri RS, Bello S, Biering-Sorensen F. Mesenchymal stem cells improve locomotor recovery in 
traumatic spinal cord injury: systematic review with meta-analyses of rat models. Neurobiol Dis. 
2014; 62:338–353. [PubMed: 24148857] 

Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. Glia. 2005; 50:427–434. [PubMed: 
15846805] 

Pluchino S, Quattrini A, Brambilla E, Gritti A, Salani G, Dina G, Galli R, Del Carro U, Amadio S, 
Bergami A, Furlan R, Comi G, Vescovi AL, Martino G. Injection of adult neurospheres induces 
recovery in a chronic model of multiple sclerosis. Nature. 2003; 422:688–694. [PubMed: 
12700753] 

Polentes J, Stamegna JC, Nieto-Sampedro M, Gauthier P. Phrenic rehabilitation and diaphragm 
recovery after cervical injury and transplantation of olfactory ensheathing cells. Neurobiol Dis. 
2004; 16:638–653. [PubMed: 15262276] 

Richter MW, Roskams AJ. Olfactory ensheathing cell transplantation following spinal cord injury: 
hype or hope? Exp Neurol. 2008; 209:353–367. [PubMed: 17643431] 

Salewski RP, Eftekharpour E, Fehlings MG. Are induced pluripotent stem cells the future of cell-based 
regenerative therapies for spinal cord injury? Journal of cellular physiology. 2010; 222:515–521. 
[PubMed: 20020443] 

Shih CH, Lacagnina M, Leuer-Bisciotti K, Proschel C. Astroglial-derived periostin promotes axonal 
regeneration after spinal cord injury. J Neurosci. 2014; 34:2438–2443. [PubMed: 24523534] 

Smith GM, Miller RH, Silver J. Changing role of forebrain astrocytes during development, 
regenerative failure, and induced regeneration upon transplantation. The Journal of comparative 
neurology. 1986; 251:23–43. [PubMed: 3760257] 

Smith GM, Rutishauser U, Silver J, Miller RH. Maturation of astrocytes in vitro alters the extent and 
molecular basis of neurite outgrowth. Dev Biol. 1990; 138:377–390. [PubMed: 2318341] 

Smith GM, Silver J. Transplantation of immature and mature astrocytes and their effect on scar 
formation in the lesioned central nervous system. Prog Brain Res. 1988; 78:353–361. [PubMed: 
3247435] 

Charsar et al. Page 16

Exp Neurol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Stamegna JC, Felix MS, Roux-Peyronnet J, Rossi V, Feron F, Gauthier P, Matarazzo V. Nasal OEC 
transplantation promotes respiratory recovery in a subchronic rat model of cervical spinal cord 
contusion. Exp Neurol. 2011; 229:120–131. [PubMed: 20633558] 

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S. Induction of 
pluripotent stem cells from adult human fibroblasts by defined factors. Cell. 2007; 131:861–872. 
[PubMed: 18035408] 

Tetzlaff W, Okon EB, Karimi-Abdolrezaee S, Hill CE, Sparling JS, Plemel JR, Plunet WT, Tsai EC, 
Baptiste D, Smithson LJ, Kawaja MD, Fehlings MG, Kwon BK. A systematic review of cellular 
transplantation therapies for spinal cord injury. J Neurotrauma. 2011; 28:1611–1682. [PubMed: 
20146557] 

Warren PM, Alilain WJ. The challenges of respiratory motor system recovery following cervical spinal 
cord injury. Prog Brain Res. 2014; 212:173–220. [PubMed: 25194199] 

Warren PM, Awad BI, Alilain WJ. Drawing breath without the command of effectors: the control of 
respiration following spinal cord injury. Respiratory physiology & neurobiology. 2014; 203:98–
108. [PubMed: 25149585] 

Weishaupt N, Blesch A, Fouad K. BDNF: the career of a multifaceted neurotrophin in spinal cord 
injury. Exp Neurol. 2012; 238:254–264. [PubMed: 22982152] 

White TE, Lane MA, Sandhu MS, O'Steen BE, Fuller DD, Reier PJ. Neuronal progenitor 
transplantation and respiratory outcomes following upper cervical spinal cord injury in adult rats. 
Exp Neurol. 2010; 225:231–236. [PubMed: 20599981] 

Wright KT, El Masri W, Osman A, Chowdhury J, Johnson WE. Concise review: Bone marrow for the 
treatment of spinal cord injury: mechanisms and clinical applications. Stem Cells. 2011; 29:169–
178. [PubMed: 21732476] 

Wright MC, Mi R, Connor E, Reed N, Vyas A, Alspalter M, Coppola G, Geschwind DH, Brushart 
TM, Hoke A. Novel roles for osteopontin and clusterin in peripheral motor and sensory axon 
regeneration. J Neurosci. 2014; 34:1689–1700. [PubMed: 24478351] 

Zhu T, Tang Q, Gao H, Shen Y, Chen L, Zhu J. Current status of cell-mediated regenerative therapies 
for human spinal cord injury. Neurosci Bull. 2014; 30:671–682. [PubMed: 24817389] 

Zimmer MB, Nantwi K, Goshgarian HG. Effect of spinal cord injury on the respiratory system: basic 
research and current clinical treatment options. The journal of spinal cord medicine. 2007; 30:319–
330. [PubMed: 17853653] 

Abbreviations

BDNF brain-derived neurotrophic factor

BMNC bone marrow nucleated cell

C2 3, 4, etc., cervical level 2, 3, 4, etc

ChABC chondroitinase ABC

CMAP compound muscle action potential

CNS central nervous system

CPP crossed phrenic phenomenon

CSPG chondroitin sulfate proteoglycan

EMG electromyography

ES cells embryonic stem cells

FSC fetal spinal cord
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GAG glycosaminoglycan

GLT1 glutamate transporter 1

GRP glial-restricted precursor

iPS cell induced Pluripotent Stem cell

MB cell embryonic midline brainstem cell

MSC mesenchymal stem cell

NMJ neuromuscular junction

NPC lineage-restricted neural progenitor cell

NSC multipotent neural stem cell

OEC olfactory ensheathing cell

PhMN phrenic motor neuron

PNG peripheral nerve graft

PNS peripheral nervous system

PRV pseudo-rabies virus

rVRG rostral Ventral Respiratory Group

SCI spinal cord injury

5-HT 5-hydroxytryptamine (serotonin)
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Highlights

• Cell transplantation is a promising therapeutic strategy for SCI.

• Respiratory dysfunction plays a critical role in patient outcome 

following SCI.

• Transplant-based targeting of respiratory compromise has not been 

extensively explored.

• A small number of studies to date have shown the potential power of 

such an approach.
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Figure 1. Animal models of cervical SCI used to study diaphragm dysfunction
Intact rVRG-PhMN-diaphragm circuitry (A). C2 hemisection SCI (B). Unilateral C4 

contusion SCI (C). Contralateral bulbospinal input is illustrated in light blue dashed lines in 

all panels. rVRG: rostral Ventral Respiratory Group. PhMN: phrenic motor neuron. NMJ: 

neuromuscular junction. SCI: spinal cord injury site. C2, C3, C4, C5: cervical spinal cord 

levels 2, 3, 4 and 5.
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