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Abstract

Due to the nature of the biological response to traumatic spinal cord injury, there are very limited 

therapeutic options available to patients. Recent advances in cell transplantation have 

demonstrated the therapeutic potential of transplanting supportive cell types following spinal cord 

injury. In particular, pluripotent stem cell derived neural cells are of interest for the future 

investigation. Use of pluripotent stem cells as the source allows many cell types to be produced 

from a population that can be expanded in vitro. In this review, we will discuss the signaling 

pathways that have been utilized to differentiate spinal neural phenotypes from pluripotent stem 

cells. Additionally, we will highlight methods that have been developed to direct the differentiation 

of pluripotent stem cells to specific neural fates. Further refinement and elaboration of these 

techniques might aid in elucidating the multitude of neuronal subtypes endogenous to the spinal 

cord, as well as produce further therapeutic options for spinal cord injury recovery.
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Spinal Cord Injury:

Spinal cord injury (SCI) affects over 250,000 individuals in the US alone and has poor 

functional recovery due to glial scar formation and limited endogenous stem or progenitor 

cell pools(NSCISC, 2016). Current advances in medical care have prolonged the lives of 

individuals with SCI; however, SCI is typically unpreventable and frequently results from an 

accident. Poor rates of functional recovery result in a life-long cost of greater than $1 million 

for medical care and assistance with daily living tasks; therefore, it is important to continue 

to investigate therapeutic methods that will increase functional recovery after SCI.

SCI presents in two phases, the first of which is necrosis that occurs following trauma to the 

spinal cord(Lukovic et al., 2015; Ronaghi et al., 2010). Damage of the individual neurons in 

the spinal cord following SCI leads to excitotoxic chemical release in the surrounding tissue 

and, subsequently, the toxic environment leads to death in the surrounding tissue(Lukovic et 

al., 2015). Astrocytes react to the toxic environment by migrating to the injury site and 

producing an inhibitory extracellular matrix that forms the glial scar and serves to contain 

the spreading injury. In many cases, this scar tissue acts as a physical and biochemical 

barrier that prevents axon growth through the site of injury(Liddelow and Barres, 2017). 

There have been numerous strategies investigated to promote regeneration after SCI, but 
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there has been little to no translation of these therapies to clinical application. There have 

been three main approaches for treatment of SCI: stimulation of growth or repair 

mechanisms, scaffolding to promote directed axon growth through the injury site, and/or 

cellular transplantation of neural cell types.

Use of both morphogens and scaffolds to promote directed recovery are desirable as they are 

simple and scalable; however, biomaterial scaffolds have not been integrated as a clinical 

standard of care. Recent studies evaluating rodent functional recovery, to SCI, has due to the 

reorganization of spinal interneurons (INs) into propriospinal relay circuits(Asboth et al., 

2018; Courtine et al., 2009, 2008). Recovery in patients, therefore, might be mitigated more 

efficiently through transplantation of spinal INs or glia. Studies involving autologous or 

allogeneic transplantations of Schwann cells, oligodendrocyte progenitor cells, and olfactory 

ensheathing cells have shown modest increase in recovery in rodent models(Barnett and 

Riddell, 2004; Kanno et al., 2015; Lima et al., 2010; Tetzlaff et al., 2011). However, 

autologous transplantations of Schwann or olfactory ensheathing cells could hinder function 

in patients elsewhere, as it requires removal of tissue from a donor site(Barnett and Riddell, 

2004; Lima et al., 2010; Tetzlaff et al., 2011). Autologous transplantation of these support 

cells would only offer limited trophic support, whereas allogenic use of stem cell sources 

would prove to be much more advantageous, as stem cells could be induced into specific cell 

fates for a variety of patients and injury types.

Since the discovery and isolation of mouse (m) and human (h) embryonic stem cells (ESCs), 

a vast number of different induction protocols to derive numerous cell types have been 

developed. Furthermore, development of induced pluripotent stem cells (iPSCs) has 

expanded the potential for both studying and developing therapeutic strategies for diseases 

or injuries that had no long-term effective treatment method. Pluripotent stem cells (PSCs, 

ESCs and IPSCs) have been cell sources of interest in the research field of SCI due to their 

capacity for self-renewal, as well as their potential to be directed to numerous cell fates, of 

which the spinal cord has many.

There are 12 cardinal classes of spinal INs, eight dorsal and four ventral, each of which 

serve specific roles and functions for proper afferent and efferent signaling(Briscoe and 

Ericson, 2001; Hernandez-Miranda et al., 2017; Jessell, 2000; Lu et al., 2015; Ziskind-

Conhaim and Hochman, 2017). Additionally, motor neurons (MNs) are located in the ventral 

spinal cord, and although they are the most frequently derived and examined neural cell 

type, there has been increased research into investigating the potential therapeutic effects of 

different interneuron classes. Herein, we aim to describe the current methods being utilized 

to derive the various types of neurons that are found in the spinal cord from pluripotent stem 

cell sources.

Spinal Neurons

Within the ventral spinal cord there are the four cardinal classes of (INs) designated V0, V1, 

V2, and V3 based upon their dorsal to ventral locations, respectively. Each of these classes 

originate from progenitor pools (p0 – p3) that are located in similar dorsal to ventral 

orientation and can be identified by their expression of multiple transcription factors that are 
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modulated along the dorsoventral axis by sonic hedgehog (Shh) signaling (Figure 1). Over 

time, these progenitor pools mature, and the subsequent ventral INs, V0, V1,V2, and V3, are 

then identifiable through their expression of Evx1, En1, Chx10/Gata2/3, and Sim1, 

respectively(Francius et al., 2013; Lu et al., 2015; Ziskind-Conhaim and Hochman, 2017). 

Among these four cardinal classes of INs is an ever-increasing number of subtypes being 

discovered and delineated through molecular codes, e.g. V2a, V2b, V2d, that each express 

some markers exclusive to the subtype. In addition to the ventral INs, MNs also develop in 

the ventral horn of the spinal cord arising from a progenitor MN (pMN) pool found between 

p2 and p3 domains. MNs, upon maturation will express Hb9 and eventually migrate toward 

specific motor columns depending on hox gene-mediated rostro-caudal patterning. MNs 

receive synaptic input from the many INs in the spinal cord, as well as descending 

corticospinal tracts from the brain, to provide proper excitation of muscle fibers(Crone et al., 

2012; Francius et al., 2013; Lanuza et al., 2004).

Within the dorsal spinal cord, eight canonical classes of INs are found: dI1 – dI6, dILA, and 

dILB. Of these eight, dI1–3 develop dependent on wingless related integration (WNT) and 

bone morphogenetic protein (BMP) signaling and are often grouped together as Class A 

neurons. Contrastingly, the Class B dorsal INs, dI4–6, arise independent of WNT and BMP 

signaling, and they are considered to be the default fate of INs(Hernandez-Miranda et al., 

2017; Kim et al., 2009). Each of the dorsal INs develop in a very specific temporal pattern, 

with the Class A neurons developing first, followed by the Class B neurons, and lastly the 

dILA/B neurons arise from the dI4 and dI5 progenitor domains, respectively. Dorsal INs are 

known to integrate and interpret the incoming sensory information for either reflexive arc or 

ascending signal transmission(Ziskind-Conhaim and Hochman, 2017).

Spinal neurons can be delineated using various parameters outside of transcriptional codes, 

such as secreted neurotransmitters, direction of axonal projections, frequency of excitation, 

expression of various calcium binding proteins, and location along the rostro-caudal axis. 

Specification of excitatory and inhibitory INs can be determined through expression of 

vesicular transporters for glutamate or glycine and gamma-aminobutyric acid, respectfully. 

Further evaluation of IN subtypes can be conducted with fluorescent lineage tracing in 

combination with fluorescently labelled IN subtypes to illustrate the projections directions of 

neurons through various segments of the spinal cord(Haque et al., 2018). For comprehensive 

reviews regarding those nuances of characterization for INs and MNs please refer to 

Ziskind-Conhaim and Hochman, Francius et al. or Lu et al(Francius et al., 2013; Lu et al., 

2015; Ziskind-Conhaim and Hochman, 2017).

Spinal Glia

Native to the spinal cord are numerous quantities of glial cells, and what was once conceived 

as an amalgamation of support cells that strictly hold together the neuronal networks has 

grown into wider understanding of a vital modulatory and support network. There are two 

primary structurally and metabolically supportive types of glia in the central nervous system 

(CNS), oligodendrocytes and astrocytes. Oligodendrocytes were once considered to only 

serve to produce myelin in the CNS white matter for rapid axon potential conduction; 

however, recently, oligodendrocytes have been shown to also play a role in the metabolic 
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health of neurons by secreting lactate and pyruvate for neuronal consumption(Fünfschilling 

et al., 2012). Further misunderstandings have been made about the astrocyte, as their 

presence at the glial scar after injury was previously considered to be problematic, because 

they produce a variety of inhibitory factors found around the lesion site(Lukovic et al., 

2015). However, in recent years there has been further work elucidating their quiescent 

functions, such as blood-brain barrier maintenance and neural metabolism, as well as 

reframing their reactive functions of inhibitory matrix formation as a protective measure 

following CNS injuries(Bayraktar et al., 2015; Ben Haim and Rowitch, 2016; Lukovic et al., 

2015).

Similar to neurons, both astrocytes and oligodendrocytes develop from the neuroepithelium; 

however, they typically differentiate at a distinctly later time point(Billon, 2002; Tan et al., 

2016). Following neurogenesis, glial restricted precursors differentiate into astrocytes and 

oligodendrocytes(Muroyama et al., 2005). Studies into astrocyte diversity have found 

differences amongst traditional classes of astrocytes, similar to the stratification of 

interneuron cardinal classes(Hochstim et al., 2008). In the spinal cord, there are both grey 

matter, or protoplasmic (A2), astrocytes as well as the white matter, or fibrous (A1), 

astrocytes. While the morphologies of these cells are quite distinct, discrete metrics defining 

astrocyte subpopulations remains elusive(Bayraktar et al., 2015). More frequently, they are 

identified based on their activity states: the quiescent, the inflammatory response, and the 

ischemic response astrocyte(Li et al., 2018; Liddelow et al., 2017; Liddelow and Barres, 

2017). The A1 and A2 reactive astrocytes exhibit different responses to injury, and the field 

of astrocyte biology is growing to assess those nuances, for further information regarding 

this topic please consult Liddelow et al.(Liddelow and Barres, 2017).

Producing Distinct Neural Cell Types

The earliest publication, to our knowledge, regarding neuronal differentiation from an ESC 

source was performed in 1995 by Bain et al. in which, simple application of retinoic acid 

(RA) drove neural phenotype specification(Bain et al., 1995). Their approach was a novel 

adaptation from studying the mechanisms that could produce neurons from an embryonic 

carcinoma population, and since that initial publication there has been broader investigation 

into the underlying mechanisms and methodology to direct differentiation(Bain et al., 1994). 

Early on, there was a focus on the various components, such as morphogens and media 

components that could be utilized in neuronal differentiation to optimize protocols. One 

such example is the work of Okabe et al., which looked at the incorporation of insulin, 

transferrin, selenium, basic fibroblast growth factor (bFGF), and fibronectin to maintain 

neuroepithelium fates to increase the quantity of neural cells produced following 

induction(Okabe et al., 1996). Whereas temporal exposure of bFGF at the neuroepithelial 

stage had been reported as beneficial for proliferation, this was a crucial understanding in 

dissecting neuronal induction into discrete steps.

With advancements in the understanding of the molecular mechanisms driving neural 

developmental processes, as well as further development of small molecule inhibitors and 

activators, there has been wider use of different morphogens in induction. The most 

successful directed differentiation protocols in use for spinal neural populations in vitro 
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exploit the specific developmental processes of neuroepithelialization, caudalization, and 

dorsoventral specification; however, the novelty amongst induction protocols is in 

modulating the strength of the signals involved in each of these steps.

During the neuroepithelialization phase of induction, in recent years, there has been 

expansion of the methods that aid driving various desired phenotypes. In hESC and hiPSC 

(hPSC) neural induction, dual SMAD inhibition is commonly utilized, as it has shown to 

increase the induction efficiency toward neural progenitor fates(Chambers et al., 2009; Su et 

al., 2018). SMAD inhibition is not widely used in mESC neural induction procedures, but 

there has been growth in the field regarding the production of neuromesodermal progenitors 

(NMPs) through modulation of FGF and TGFβ signaling pathways(Gouti et al., 2014). 

Additionally the usage of epidermal growth factor and FGF has been shown effective at 

propagation of the neuroepithelial states in hPSC derived neural progenitors(Borghese et al., 

2010; Koch et al., 2009).

To drive caudalization, typically RA is utilized, as it endogenously originates from the 

somites around the lower hindbrain through the cervical vertebrae in mice(Del Corral et al., 

2003; Ribes et al., 2009). In mammals RA and FGF signaling work through cross-repressive 

means in order to modulate the elongation of the body axis in vivo and as such derivation of 

more posterior spinal identities require FGF signaling(Berenguer et al., 2018; Del Corral et 

al., 2003; Gouti et al., 2014). In particular, NMP formation in vitro exploits these signaling 

modalities to produce caudal fates expressing hoxc8 with a combination of FGF signaling 

and WNT signaling(Gouti et al., 2014).

Ventralization is driven through both RA and the Shh pathway, which functionally 

modulates Gli transcriptional factors to act as repressors or activators through graded 

concentrations of Shh, producing the various ventral neural populations(Briscoe et al., 2000, 

1999; Calder et al., 2015; Dessaud et al., 2010; Ericson et al., 1997; Ribes et al., 2009). 

Whereas RA is inexpensive at concentrations needed for induction, Shh levels required for 

induction of large quantities of cells in vitro could be costly, so Shh signaling typically is 

typically activated using small molecules, such as Smoothened agonist (SAG) or 

purmorphamine, the latter of which is weaker in potency(Sinha and Chen, 2006). 

Dorsalization of neuronal subtypes, as mentioned previously, is driven through WNT and 

BMP signaling, and the single publication (to our knowledge) on producing dorsal INs from 

stem cells relied on recombinant proteins(Gupta et al., 2018). Although it should be noted 

that plenty of small molecule BMP/TGFβ activators and inhibitors exist, and similar to the 

previously mentioned SMAD inhibitors used for hPSC induction(Chambers et al., 2009; Su 

et al., 2018).

Another common reagent used in induction protocols is DAPT ((N-[N-(3,5-

difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester)), which acts as a gamma 

secretase inhibitor preventing the Notch intercellular domain from being cleaved and 

impacting gene expression. As such, investigators have thoroughly elucidated the effect of 

DAPT (Notch inhibition) on the regulation of neurogenesis or gliogenesis, as well as its 

effect on driving subtype specification(Ben-Shushan et al., 2014; Borghese et al., 2010; 

Butts et al., 2017; Tan et al., 2016).
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Motor neurons

The widely adapted MN induction protocol, from Wichterle et al., was one of few initial 

examples of a specific spinal neuron type being induced from a mESC(Renoncourt et al., 

1998; Wichterle et al., 2002). Embryoid body formation for the first two days allowed for 

the production of a three dimensional neuroepithelium. Subsequent caudalization with RA 

and ventralization with SAG demonstrated the simple stepwise process that could produce 

Lhx3+ MNs, similar in gene expression to those MNs of the hypaxial motor column(Peljto et 

al., 2010). This induction strategy produced predominately Lhx3+ MNs and little else, and 

more recently there has been further research conducted to produce specific motor column 

MNs from pluripotent stem cell sources(Peljto et al., 2010; Tan et al., 2016; Wichterle and 

Peljto, 2008). Recently, it has been demonstrated that temporal Notch inhibition can prevent 

the induction of oligodendrocyte fates during the pMN phase of induction(Ben-Shushan et 

al., 2014), as well as induce various MN phenotypes(Tan et al., 2016).

Although the initial methodology has undergone revision and review(Dasen et al., 2008; 

Okada et al., 2004; Peljto et al., 2010), it still paved the way for later extrapolation of these 

protocols to drive human embryonic and induced pluripotent stem cells to MN fates. 

Protocols outlining the induction of hESC/hiPSC derived-MNs frequently utilize SMAD 

inhibitors in the initial stages of differentiation to ensure efficient neurogenesis(Ben-

Shushan et al., 2014; Butts et al., 2017; Chambers et al., 2009; Reinhardt et al., 2013). 

Following neuroepithelialization, RA treatment caudalizes the cells, and SAG is utilized for 

ventral specification. Distinct from the mESC-derived MNs, hPSCs are given two days of 

exclusive RA treatment to caudalize them. Further optimization of the induction protocol of 

hESC-MNs have explored the incorporation of DAPT during the progenitor phases of 

induction to drive progenitor MNs towards MN fates rather than glial lineages, such as 

oligodendrocytes(Ben-Shushan et al., 2014; Borghese et al., 2010). Often times residual glial 

progenitors in these cultures are capable of dividing and further differentiating, and this 

unregulated proliferation can overwhelm post-mitotic neurons. By producing transgenic 

mESC lines containing the antibiotic resistance gene, puromycin N-acetyltransferase (PAC), 

under the control of gene regulatory elements for either Olig2 or Hb9, McCreedy et al. 
produced two selectable cell lines capable of purification of mESC cultures to yield pMNs 

or MNs(McCreedy et al., 2014, 2012).

As a tool to investigate MN disorders, stem cell-derived MNs have been used to investigate 

diseases, such as spinal muscular atrophy and amyotrophic lateral sclerosis (ALS)(Dimos et 

al., 2008; Reinhardt et al., 2013; Sances et al., 2016). Recently, Sances et al. presented a 

review regarding the many attempts at using hiPSC techniques to produce pluripotent cells 

to derive MNs as a novel tool for evaluating ALS in vitro. As a therapeutic for spinal cord 

injury, these populations have been used to a limited capacity, as proper transplantation of 

ESC-derived MNs would require a fine level of integration into existing circuits. A better 

therapeutic option might be utilization of excitatory IN populations, such as V2a and V3 

INs, that possess inherent reorganizational capacity, allowing them to bridge the signal from 

the cortical spinal tracts onto downstream targets(Courtine et al., 2009, 2008).
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Ventral INs:

V3 INs:

A potentially crucial spinal neuron class that could be used for cell transplantation is the 

commissural projecting V3 IN(Borowska et al., 2013). Production of Sim1+ V3 INs has 

been demonstrated twice in the literature, both using mESC cells(Sternfeld et al., 2017; Xu 

and Sakiyama-Elbert, 2015). Initially, Xu and Sakiyama-Elbert demonstrated that the cell 

type could be produced by modulating the concentration of SAG and RA over varying 

induction periods. By evaluating the expression of Sim1 over 6 and 8 days, it was found that 

high levels of SAG with low levels of RA yielded higher expression of the definitive marker 

Sim1. In studies performed by Pfaff et al., a Sim1 driven fluorescent reporter (FR) cell line 

was used, and it indicated high levels of SAG, similar to that of Xu and Sakiyama-Elbert, 

generated the highest percentage of V3 INs.

Xu and Sakiyama-Elbert noted the induction efficiency of V3 INs was low, and as such, they 

produced a Sim1 selectable cell line. They inserted the antibiotic resistance gene PAC into 

the Sim1 locus of a mESC line(Xu et al., 2015). Similar to the MN selectable mESC lines, 

this allowed from selection of V3 INs using puromycin, allowing for scalability and the 

potential for future transplantation for therapeutic studies. Unfortunately, to our knowledge, 

the V3 IN induction procedure has not yet been adapted to hESCs or hiPSCs, nor has there 

been any publications regarding the transplantation of V3 INs.

V2a INs:

V2a INs were first differentiated using mESCs, through adapting the induction strategies 

from MN derivation(Brown et al., 2014). To produce a weaker Shh signal than the MN 

induction methods, Brown et al. investigated the use of both purmorphamine and SAG, 

noting the weaker signal from purmorphamine was ideal to drive the expression of the V2a 

definitive marker Chx10/Vsx2(Brown et al., 2014; Sinha and Chen, 2006). Whereas Brown 

et al. relied on lower levels of RA to drive Chx10 expression, they also demonstrated that the 

RA dosage did have a strong effect on rostro-caudal hox gene expression. To specify V2a 

phenotypes, DAPT was used to inhibit Notch signaling, as the V2 class separates into two 

known subtypes V2a and V2b INs through the Notch signaling pathway(Del Barrio et al., 

2007; Ramos et al., 2010; Rocha et al., 2009). To produce highly enriched V2a IN 

populations, Iyer et al. used similar methods to Xu et al., inserting PAC into the locus of 

Chx10/Vsx2(Iyer et al., 2016). As a potential therapeutic, enriched populations of V2a INs 

could be transplanted in a SCI model to act as a propriospinal relay point for signal 

transmission. Recent transplantation studies involving this cell line have demonstrated 

integration with host tissue in a thoracic dorsal hemisection, and functional recovery in a C4 

contusion hemisection SCI model(Thompson et al., 2018; Zholudeva et al., 2018).

The initial step forward to producing V2a INs from mESCs, as a tool for potential therapy, 

was recently extrapolated to hESC/hIPSCs by Butts et al.(Butts et al., 2017). Briefly, hESCs 

and hiPSCs were differentiated using methods analogous to hESC derived MNs, with 

SMAD inhibitors and basal medium for the first segment of neuro-epithelialization(Ben-

Shushan et al., 2014; Peljto et al., 2010). Subsequently, the hESCs were caudalized with RA, 
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ventralized with purmorphamine, and directed to V2a phenotype with DAPT. Upon 

transplantation of the hESC derived V2a INs into an uninjured mouse spinal cord, the 

authors demonstrated that the transplant was capable of extending axons up to 5 mm through 

the length of the spinal cord. This recent adaptation to the differentiation repertoire of hESC/

hIPSCs has further opened the door for potential cell transplantation techniques for SCI.

V1 INs:

To date, there is only one peer reviewed publication, to our knowledge, that has focused on 

producing V1 INs. Sternfeld et al. attempted to derive the many distinct ventral neuronal 

populations, such as MN, V3 IN, and V1 IN to integrate them into neural 

circuitoids(Sternfeld et al., 2017). To produce V1 INs, they relied upon a FR system to 

evaluate concentrations of SAG for induction. Whereas their En1+ neurons were most likely 

V1 INs, as this is the definitive marker for this IN class in the spinal cord, it is unclear if this 

induction procedure has been optimized or vetted.

V0 INs:

To date, there is no publication outlining a robust, optimized differentiation strategy for V0 

INs. However, in order to evaluate the cell types produced under retinoic acid only induction 

methods, Kim et al. revealed that there was high expression of Evx1+ V0 INs(Kim et al., 

2009). This process also yielded high expression of dI4/6, another cell type that does not 

require strong dorsal or ventral signaling cues.

Dorsal INs:

Class A INs:

In a recent publication by Gupta et al., production of the Class A dorsal INs from hESCs 

relies on similar methods as the hESC induction protocol for MNs, without dual SMAD 

inhibition(Gupta et al., 2018). Maturation occurred through caudalization with RA and 

dorsalization with BMP4. This is the only publication inducing dorsal spinal INs, to our 

knowledge, and no follow-up work has been conducted with either mESCs or 

transplantation. We suspect that, as these Class A INs (dI1–3) arise in development before 

the Class B INs (dI4–6), similar strategies with modulations to the duration of morphogens 

present or the duration of induction might hold the key in producing the Class B dorsal INs.

Oligodendrocytes

The production of oligodendrocytes from mESCs and hESCs has been well-established 

through various protocols. The initial induction protocols from Bain et al. demonstrated the 

potential to produce oligodendrocytes and Liu et al. further demonstrated the potential for 

these oligodendrocytes to mature and incorporate into demyelinated spinal cords(Bain et al., 

1995; Su Liu, Yun Qu, Todd J. Stewart, Michael J. Howard, Shushovan Chakrabortty, 

Terrence F. Holekamp, 2000). As the induction methodology at this point had not been 

refined to specifically induce oligodendrocytes, Billon et al. employed a lineage selectable 

mESC method to yield higher numbers of oligodendrocytic progenitors (OPCs)(Billon, 

2002). Billion et al. used a Sox2 selectable line to ensure a robust, proliferative progenitor 

pool was maintained while differentiated cells were removed from culture. While this work 
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largely demonstrated the shift in the proliferative population over time from a pluripotent to 

a more multipotent cell fate, it helped establish a larger foundation of OPC generation for 

future studies.

Adaptation of the OPC differentiation protocol using hESCs has since been performed by 

several groups, the earliest of which, to our knowledge, was by Nistor et al.(Nistor et al., 

2005). Keirstead et al. further showed that these hESC derived OPCs, when transplanted, 

produced a functionally mature oligodendrocyte phenotype(Keirstead, 2005). When 

transplanted into injured spinal cord models, OPCs matured and helped drive functional 

recovery by myelinating axons. This technique was adapted in a brief phase I clinical trial 

that consisted of five patients before it was quickly cancelled 1 year after inception. The 

decision to cancel the trial was primarily motivated by financial concerns of the sponsoring 

company, Geron. The ESC technology was eventually licensed to Asterias, who later 

reported that there were no adverse events for the 5 patients after 3 years of clinical follow 

up. Asterias Biotherapeutics recently reported the 24 month data for the 25 patients enrolled 

in their Phase I/IIa SciSTAR study. There were no serious adverse events and evidence of 

cell engraftment by MRI. In the ASI-A cohort with the high dose (10 million cells), 83% 

(5/6) of these subjects have recovered improved motor function of two or more motor levels 

on at least one side. They are currently in discussions with the FDA about an expanded 

clinical trial.

Additional work has considered the potential of using pMNs, as this progenitor domain 

produces both MNs and OPCs. Transplantation of pMNs allows for the maturation of the 

progenitor domain into integrated and functional MNs and oligodendrocytes; however, this 

method relies strictly on endogenous signals. Modulation of the ratio of MN:OPCs 

produced, has been demonstrated to be driven through the Notch-Delta signaling pathway. 

Oligodendrocytes, similarly to Schwann cells, have proven to be a potential therapeutic 

option specifically for their capacity to remyelinate axons following SCI, yet this limited 

capacity is far from the only functional recovery deficit in SCI.

Astrocytes:

Directed induction of astrocytes is a recently growing area of interest, though far less robust 

as astrocytes were initially viewed as an unwanted byproduct of neural induction. However, 

it has since been shown that either primary or derived astrocytes might be extremely 

beneficial to the longevity of the neuronal cultures(Johnson et al., 2007; Thompson et al., 

2017). Derivation of astrocytes has been studied in both mESC and hESC cultures, although 

usage of mESCs has led to breakthroughs in enhancing the derivation process(Benveniste et 

al., 2005; Kleiderman et al., 2016; Krencik et al., 2011; Roybon et al., 2013).

In 2011, Krencik et al. published an extended differentiation protocol for hESCs to help 

standardize the differentiation process(Krencik et al., 2011; Krencik and Zhang, 2011). 

Initial differentiation protocols merely demonstrated the expression of glia fibrillary acidic 

protein (GFAP) as a marker for astrocytes following a 12 week induction. GFAP is not a 

strong indicator of the astrocyte population, as it is also expressed in oligodendroglia, and 

varies in its expression levels depending on the reactive state of the astrocyte(Krencik and 

Zhang, 2011; Lukovic et al., 2015). Krencik et al. went on to demonstrate that through an 
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extensive 6 month differentiation process various markers of astrocytes are expressed as the 

astroglia mature into a functionally capable cell type, as determined by calcium waves and 

synaptogenesis. By using mESC derived astrocytes, Roybon et al. demonstrated that 

inclusion of FGF1 could drive further maturation of the derived astrocytes(Roybon et al., 

2013). When Roybon et al. extrapolated this finding to the induction of hPSCs, they 

demonstrated that hPSC derived astrocytes had higher expression of excitatory amino acid 

transporter, suggesting they were more like primary tissue derived astrocytes. Induction 

protocols for specific subtypes of neurons have been demonstrated, as previously mentioned; 

yet, many publications on hPSC derived astrocytes have primarily been concerned with 

generating a monolithic cell type that is simply “an astrocyte”(Kleiderman et al., 2016). 

Since the early 1980s, there was a compelling quantity of research being established 

suggesting that there were various phenotypes amongst astrocytes, such as protoplasmic and 

fibrous astrocytes. Roybon et al. did not examine the formation of protoplasmic and fibrous 

astrocyte subtypes, but did highlight the potential reactive state could be modulated using 

FGF and TNFα(Roybon et al., 2013).

Development of the protoplasmic and fibrous astrocyte phenotypes had been evaluated first 

by Davies et al. and then Thompson et al.(Davies et al., 2008, 2006; Thompson et al., 2017). 

Initial derivation of astrocyte phenotypes relied on driving glial restricted progenitors 

towards either protoplasmic or fibrous astrocytic fate with signaling from either BMP or 

CNTF, respectively. By doing this, Davies et al. demonstrated that protoplasmic astrocytes 

have a higher impact on growth responses when transplanted into injury sites(Davies et al., 

2008). Thompson et al. adapted both the Roybon et al. and Davies et al. protocols to induce 

mESCs toward either protoplasmic or fibrous fates(Thompson et al., 2017). They found that 

over time, protoplasmic and fibrous astrocytes produced different extracellular matrix 

compositions, which greatly affected the growth of neurons on them. Follow-up studies by 

Thompson et al. used ECM produced from mESC-derived astrocytes as a transplantable 

therapeutic for SCI model in rats(Thompson et al., 2018). By transplanting mESC derived 

protoplasmic astrocyte ECM, there was a change to the scar environment and an overall 

increase in neuronal processes into the injury site. By using the astrocyte ECM as a vehicle 

for transplantation of purified V2a INs, transplanted cells demonstrated integration into the 

spinal cord and further increase in neuronal extension into and out of the injury site. 

Investigation into the functional outcomes of the animals was not conducted.

Challenges to overcome:

To date, there has been an expansive evaluation of the transplantation efficacy of various cell 

populations that might influence recovery following SCI. Frequently, the potentially 

therapeutic cell populations being investigated for cell transplantation for support following 

SCI are astrocytes or oligodendrocytes, with the overall goal of promoting recovery through 

neurotrophic support and re-myelination of injured tissues(Davies et al., 2008; Nicaise, 

2015; Su Liu, Yun Qu, Todd J. Stewart, Michael J. Howard, Shushovan Chakrabortty, 

Terrence F. Holekamp, 2000). Both astrocytes and oligodendrocytes are well known for their 

supportive potential following SCI; however, there is interest in the potential usage of 

excitatory INs for propriospinal relay networks in functional recovery(Asboth et al., 2018; 

Courtine et al., 2009, 2008). As mentioned previously, recent work has investigated the 
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potential to transplant specific INs involved in injured tissues such as high cervical SCI 

models and V2a INs, which are required for proper inspiration, with the intention of the 

reorganizational capacity of those INs providing functional recovery(Crone et al., 2012; 

Thompson et al., 2018; Zholudeva et al., 2018). However, these procedures have only been 

conducted on a limited number of excitatory cell types. Transplantation of inhibitory 

neurons, counterintuitively, can also be beneficial to recovery, as mESC and hESC derived 

GABAergic neuron transplantation has shown to reduce neuropathic pain, tactile 

hypersensitivity, and increase bladder functionality following SCI(Fandel et al., 2016; 

Hwang et al., 2016; Kim et al., 2010). As both excitatory and inhibitory neuron 

transplantations potentially could confer functional benefits, it is unclear if there is a 

superior cell type for transplantation in clinical settings based on current research. Glial and 

neuronal transplantations demonstrate integration and functional benefits, but methods 

should be refined in a number of areas before clinical translation occurs, such as population 

heterogeneity.

Heterogeneity in cultures of induced pluripotent sources is a well-documented obstacle, 

typically mediated through cell enrichment procedures. As mentioned previously, two 

popular cell purification and enrichment procedures, in the literature reviewed here, are 

antibiotic resistance and fluorescent reporter methods(Iyer et al., 2016; McCreedy et al., 

2014; Sternfeld et al., 2017; Xu et al., 2015). Both of these methods are limited by the 

expression of definitive markers that are in some instances temporally regulated and might 

have off-target expression. Using an Hb9-eGFP reporter mouse, Caldeira et al. showed that 

Hb9 might be temporally regulated in the development of an unidentified IN 

subtype(Caldeira et al., 2017). It is unclear if the Hb9 INs were present in derived MN 

cultures, yet it demonstrates the potential area for refinement in this technique. Through 

further vetting of induction strategies and the cell types produced these effects likely could 

be mitigated. Enrichment procedures typically involve the enrichment of entire cell classes, 

e.g. V3 IN and MNs. Although Wichterle has highlighted the production of specific MN 

subtypes is possible, subtype induction specificity often times is not heavily scrutinized 

amongst induction procedures(Tan et al., 2016). Induction to a specific IN subtype has been 

demonstrated amongst only one of the classes of INs, V2a INs, which has recently been 

demonstrated to be made up of two subtypes(Hayashi et al., 2018). Furthermore, recent 

studies by Bikoff et al. and Sweeney et al., have suggested that there are possibly >50 V1 IN 

subtypes present in the spinal cord with identities associated with their rostro-caudal hox 

gene expression, similar to MNs(Bikoff et al., 2016; Sweeney et al., 2018). As the diversity 

in subtypes was patterned based on hox codes, similar diversity could be inherent in other IN 

subtypes. Furthermore, the functional roles of many IN subtypes of spinal IN remain 

unknown, or poorly elucidated.

Conclusion:

Many studies have looked to stem cells as a potential therapeutic cell source for spinal cord 

injury. To produce various neural phenotypes, most methods incorporate a development 

inspired induction strategy of driving neuroepithelization, caudalization and dorsoventral 

patterning. Doing so with PSCs often relies on use of morphogens and small molecules to 

drive specific neurogenic pathways. Exploiting inherent graded signal pathways with PSCs 
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yield proper phenotypic specification in vitro. Of the various spinal INs and glia, there are 

few canonical phenotypes that have not been produced using PSCs; however, due to the 

growing delineations that are being made based on molecular codes and gene expression 

profiles there is an abundance in diversity being uncovered. Because of this diversity in 

subtypes, there are many that could be used in a therapeutic capacity for transplantation 

following SCI, as the benefit of any particular phenotype has yet to be elucidated by 

experimentation.
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Figure 1: 
Development of neuronal cell types is modulated by morphogen concentrations.
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