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Examining the properties and therapeutic potential of 
glial restricted precursors in spinal cord injury

Introduction
Astrocytes are the most abundant cell type in the central 
nervous system (CNS), providing crucial support for the de-
velopment and maintenance of CNS function. Nevertheless, 
astrocytes are also involved in the injury process and in a 
variety of neurological disorders, in which they become acti-
vated or dysfunctional (Sloan and Barres, 2014; Ben Haim et 
al., 2015; Khakh and Sofroniew, 2015). Given this dichotomy, 
it is important not only to define their phenotypic and func-
tional properties, but also to identify the molecular mech-
anisms and develop protocols for the preparation of sup-
portive astrocyte subtypes, particularly if these cells are to be 
used as beneficial transplants in the CNS. These supportive 
astrocytes have numerous beneficial effects in the aftermath 
of CNS injury – promoting host axonal regeneration, limit-
ing the inflammatory response, and reducing the inhibitory 
microenvironment of the injury site to create a permissive 
environment for axon growth and synaptic connectivity 
(Hill et al., 2004; Bonner et al., 2011; Jin et al., 2011; Haas 
and Fischer, 2014). Importantly, restoration of functional 
connectivity after spinal cord injury (SCI) has focused on 
promoting host axon regeneration and using neuronal relays 
with graft-derived neurons (Bonner and Steward, 2015), 
strategies that are facilitated by the use of supportive astro-
cytes (Figure 1). The objective of this paper is to summarize 
recent findings pertaining to the properties of glial restricted 

precursors (GRP) and GRP-derived astrocytes and discuss 
how these findings can be translated into a therapeutic strat-
egy that promotes connectivity and recovery following SCI.    

Glial Restricted Precursor (GRP) and 
GRP-derived Astrocytes
During CNS development, astrocytes originate from a vari-
ety of progenitor cells including GRP, which give rise to both 
astrocytes and oligodendrocytes (Rao and Mayer-Proschel, 
1997). GRP, as well as neuronal restricted precursors (NRP), 
can be isolated from the rat spinal cord during embryonic 
development at day (E) 13.5–14 or derived in culture from 
multipotent neuroepithelial stem cells (Cai et al., 2002; Lep-
ore et al., 2004). When GRP are grafted into normal adult 
spinal cord they show robust survival, proliferation, and mi-
gration as well as differentiation into both astrocytes and oli-
godendrocytes, confirming their progenitor properties (Han 
et al., 2004; Lepore and Fischer, 2005). Our previous studies 
have focused on the ability of GRP and GRP-derived astro-
cytes to support regeneration and connectivity following 
SCI (Figure 1). We and others found that GRP and GRP-de-
rived astrocytes have remarkable supportive properties that 
include: 1) reduction of glial scar formation as indicated by 
preventing the upregulation of host glial fibrillary acid pro-
tein (GFAP) and chondroitin sulfated proteoglycan (CSPG) 
expression, 2) supporting axon growth and regeneration, 3) 

Abstract
In the aftermath of spinal cord injury, glial restricted precursors (GRPs) and immature astrocytes offer the 
potential to modulate the inflammatory environment of the injured spinal cord and promote host axon re-
generation. Nevertheless clinical application of cellular therapy for the repair of spinal cord injury requires 
strict quality-assured protocols for large-scale production and preservation that necessitates long-term 
in vitro expansion. Importantly, such processes have the potential to alter the phenotypic and functional 
properties and thus therapeutic potential of these cells. Furthermore, clinical use of cellular therapies may 
be limited by the inflammatory microenvironment of the injured spinal cord, altering the phenotypic and 
functional properties of grafted cells. This report simulates the process of large-scale GRP production and 
demonstrates the permissive properties of GRP following long-term in vitro culture. Furthermore, we de-
fined the phenotypic and functional properties of GRP in the presence of inflammatory factors, and call 
attention to the importance of the microenvironment of grafted cells, underscoring the importance of 
modulating the environment of the injured spinal cord.

Key Words: glial restricted precursor; spinal cord injury; astrocytes; axon regeneration; inflammatory factors; 
long-term culture

INVITED REVIEW

*Correspondence to:
Itzhak Fischer, Ph.D., 
ifischer@drexelmed.edu.

doi: 10.4103/1673-5374.180725

http://www.nrronline.org/

Accepted: 2016-02-29

Kazuo Hayakawa1, 2, Christopher Haas1, Itzhak Fischer1, *

1 Department of Neurobiology and Anatomy, Drexel University College of Medicine, Philadelphia, PA, USA
2 Department of Orthopaedic Surgery, Graduate School of Medical Sciences, Nagoya City University, Nagoya, Japan
  

How to cite this article: Hayakawa K, Haas C, Fischer I (2016) Examining the properties and therapeutic potential of glial restricted precursors 
in spinal cord injury. Neural Regen Res 11(4):529-533.

Funding: This work was supported by NIH PO1 NS055976, Craig H. Neilsen Foundation.



530

Hayakawa K, et al. / Neural Regeneration Research. 2016;11(4):529-533.

promoting the survival and neuronal differentiation of NRP, 
and 4) supporting structural and functional synaptic con-
nectivity and the formation of a neuronal relay (Lepore and 
Fischer, 2005; Bonner et al., 2011; Jin et al., 2011; Haas and 
Fischer, 2014). In summary, transplantation of GRP gener-
ates supportive astrocytes, which can be used as a therapeu-
tic platform in strategies designed for SCI repair in animal 
models and eventually translate into human clinical trials. 

Phenotypic and Functional Characterization 
of GRP and GRP-derived Astrocytes 
GRP are characterized by a refractive, short stellate mor-
phology, the expression of the surface marker A2B5, and the 
neural precursor marker nestin (Rao and Mayer-Proschel, 
1997). Traditionally, astrocytes have been defined by their 
multi-process stellate morphology and expression of GFAP, 
which is commonly used as a marker of mature astrocytes, 
although other markers such as S100β, ALDH1L1, and 
GLAST have also been used. However, there is growing evi-
dence for a heterogeneous population of astrocytes capable 
of performing a diverse array of temporally, regionally, and 
contextually specific functions (Zhang and Barres, 2010; 
Khakh and Sofroniew, 2015). Our previous studies demon-
strated that GRP cultured in serum-free, defined media 
supplemented with basic fibroblastic growth factor (bFGF) 
maintained their phenotypically undifferentiated state (Haas 
et al., 2012). Furthermore, under such conditions, these cells 
were capable of extensive proliferation, allowing for the ex-
pansion and cryopreservation of large, near-homogenous 
cell stocks. We found that in vitro differentiation of GRP 

into astrocytes with BMP4 or CNTF induced distinct mor-
phological and phenotypic changes, with BMP4 generating 
a more mature phenotype and CNTF an intermediate state 
that retained progenitor markers. The use of GRP for prepa-
ration of astrocytes provides considerable advantages over 
isolation and culturing primary astrocytes from the CNS. 
These advantages are underscored by comparable protocols 
developed for human GRP and the availability of embry-
onic stem (ES) and induced pluripotent stem (iPS) cells for 
preparation of neural progenitors (Haas and Fischer, 2013; 
Roybon et al., 2013; Palm et al., 2015).

In vitro co-culture assays are useful tools to evaluate the 
interactions between cell populations and elucidate the mech-
anisms of these interactions. Such interactions can be studied 
by a direct co-culture model (analyzing cell-cell interactions) 
or an indirect model with multi-compartment slides or the use 
of conditioned medium (analyzing secreted factors). Studies 
using co-cultures of astrocytes and dorsal root ganglion (DRG) 
neurons have demonstrated the permissive properties of astro-
cytes with respect to their ability to support axon growth (Smith 
et al., 1990). Importantly, in these studies, only immature as-
trocytes, freshly isolated from early post-natal cerebral cortices, 
but not mature astrocytes, expanded in culture in the presence 
of fetal bovine serum or those isolated from the mature cortex, 
were able to support axon growth (Smith et al., 1990). Similar 
to the effects of immature astrocytes on axon growth, GRP and 
astrocytes pre-differentiated with either BMP4 or CNTF also 
supported axon growth of embryonic and adult rat DRG neu-
rons (Haas et al., 2012). In addition, conditioned media har-
vested from high-density GRP cultures facilitated the growth 

Figure 1 Glial restricted precursor (GRP) transplants provide a supportive environment following spinal cord injury (SCI) and can be used in 
combinatorial strategies to restore connectivity. 
(A) Diagram of the dorsal column hemisection. The lesion border contains reactive astrocytes and a scar of chondroitin sulfated proteoglycans, while 
the lesion core is composed of activated microglia and infiltrating macrophages. Damaged host axons retract from the site of injury and the physical, 
chemical, and inflammatory inhibitors of axon growth. (B) Transplantation of GRP creates a permissive environment that provides for: 1) reduction of 
glial scar formation, 2) reduced activation of microglia/macrophages, and 3) support for axon growth and regeneration into lesion. (C) Transplantation 
of GRP together with NRP allows for the formation of synaptic connections between regenerating sensory host axons and graft-derived neurons. In this 
case, GRP transplants also support: 4) survival and differentiation of NRP into neurons and 5) synaptic connectivity for the formation of a neuronal 
relay. NRP: Neuronal restricted precursors.
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of DRG axons on an inhibitory CSPG-enriched substrate and 
allowed them to cross onto a CSPG-enriched border (Ketschek 
et al., 2012). These data indicate that GRP and immature as-
trocytes, isolated from fetal tissue or derived from GRP, secrete 
trophic factors that support and promote axon growth even in 
the presence of an inhibitory environment, underscoring their 
potential use in SCI.   

To test the data obtained from in vitro experiments in ani-
mal models, we examined the properties of GRP using a C4 
dorsal column hemisection of SCI and found that ascend-
ing sensory axons, labeled with cholera toxin B, regenerated 
into the injury/transplant site as shown in Figure 1 (Hill 
et al., 2004; Haas et al., 2012; Haas and Fischer, 2013). Im-
portantly, both GRP and GRP-derived astrocytes prepared 
with BMP4 or CNTF showed comparable effects, creating 
a permissive environment for host axon growth into but 
not out of the injury site. The finding that GRP transplants 
were capable of inducing only a modest regenerative re-
sponse, which did not extent beyond the injury site, may be 
related to the limited regenerative response of axons in the 
CNS and the permissive nature of the GRP for axon growth 
in absence of directional guidance molecules outside the 
transplant. It is important to note that the regenerative 
capacity of the motor system, particularly that of the cor-
ticospinal tract (CST), is poor even in the presence of GRP 
or astrocytes (Hill et al., 2004, and unpublished data). In 
this setting, GRP were only able to prevent the significant 
CST retraction that occurs in the aftermath of SCI. Taken 
together, GRP and GRP-derived astrocytes create an im-
proved supportive environment for axon regeneration in 
both in vitro and in vivo systems. 

Evaluation of Late Passage GRP
The clinical use of cellular products for transplantation 

requires large-scale preparation, cryopreservation, and a 
strict process of quality assurance to ensure the standard-
ized properties of cellular therapeutics with minimal lot-
to-lot variability. To guarantee a supply of supportive as-
trocytes it will be necessary to expand GRP cultures while 
ensuring that the therapeutic properties of these cells have 
not changed. There have been several reports examining 
the phenotypic and functional properties of neural cells 
cultured for extensive periods of time with respect to their 
supportive properties. For example, multipotent neural stem 
cells isolated from embryonic human spinal cord and grown 
as neurospheres can be expanded for up to 25 passages (over 
350 days) in vitro and maintain their multipotent capaci-
ty in vivo when grafted into an SCI model (Akesson et al., 
2007). Similarly, oligodendrocyte precursor cells (OPC) can 
be maintained as oligospheres for several months and retain 
their ability to differentiate into functional oligodendrocytes 
capable of myelinating axons of primary cortical neurons in 
a co-culture assay (Zhu et al., 2014). In contrast, olfactory 
ensheathing cells (OEC), specialized glial cells with Schwann 
cell and astrocyte-like properties, can lose their ability to 
remyelinate the injured cord after 6 weeks in culture (Radtke 
et al., 2010). These examples emphasize the importance of 
testing and identifying the appropriate temporal parameters 
and culture conditions for expansion of cells to be used in 
transplantation studies. 

In a recent study, we examined the long-term properties of 
GRP following expansion of adherent cultures in serum-free, 
defined media supplemented with the bFGF mitogen (Haya-
kawa et al., 2015). Specifically, we compared the morphologi-
cal, phenotypic, and functional properties of early (10–20 days 
in culture) and late (120–140 days in culture) passage GRP. 
Our results demonstrated that late passage GRP were main-
tained in an undifferentiated state, and more importantly, 

Figure 2 Axon growth-promoting properties of glial restricted precursors (GRP) in vitro. 
Differences in the phenotypic and the functional properties of GRP using in vitro co-culture experiments with dorsal root ganglion (DRG) neurons. (A) 
Comparison of early and late passage GRP. Both early and late passage GRP were characterized by high expression of A2B5 and low expression of glial 
fibrillary acid protein (GFAP) typical of an immature state. Early and late passage GRP promoted comparable axon growth relative to control cultures 
consisting of DRG neurons alone. (B) GRP treated with inflammatory factors and their ability to support axon growth. GRP were exposed to various 
concentrations of Lipopolysaccharide (LPS)/Interferon gamma (IFNγ) for 24 hours and tested in co-culture experiments. GRP treated with low con-
centrations of LPS/IFNγ retained their axon growth supportive properties. In contrast, GRP treated with high concentrations of LPS/IFNγ showed a 
transient GFAP expression that was followed by a loss of A2B5 expression, and displayed an attenuation of their axon growth supporting properties.
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showed comparable axon growth-promoting effects on adult 
DRG axon growth in both direct co-culture and indirect 
conditioned medium experiments (Figure 2A) (Hayakawa 
et al., 2015). Taken together, we established an in vitro cul-
ture protocol that enables GRP to maintain their progenitor 
characteristics and supportive properties relative to axon 
growth even after long-term culture. It is now important to 
confirm that late passage GRP maintain their permissiveness 
in vivo and support axon growth when transplanted into an-
imal models of SCI.

GRP and the Inflammatory Microenvironment
Traumatic injury to the spinal cord initiates an inflammato-
ry cascade mediated by a multitude of signaling molecules 
in a stage-specific manner (Alexander and Popovich, 2009; 
Bowes and Yip, 2014). Astrocytes respond to injury by un-
dergoing a spectrum of morphological, biochemical, and 
functional alterations in a process known as reactive astro-
cytosis (Fitch and Silver, 2008; Sofroniew, 2009). During 
this process, astrocytes become hypertrophic, upregulate 
GFAP expression, and form a glial scar. The consequences 
of reactive astrocytosis depend on the location, severity, and 
temporal relationship to the injury, ranging from reversible 
alterations with preservation of cellular domains and tissue 
structure to, in severe cases, irreversible changes resulting 
in scar formation with permanent rearrangement of tissue 
structure. Accordingly, there is growing evidence for the 
presence of different types of reactive astrocytes with diverse 
morphological, molecular, and functional properties (Bowes 
and Yip, 2014; Khakh and Sofroniew, 2015).

Given the dramatic effects of inflammatory factors on 
the properties of mature astrocytes, we examined how the 
inflammatory environment may directly affect the mor-
phological, phenotypic, and functional properties of GRP 
using the DRG co-culture system (Figure 2). We used a 
combination of Lipopolysaccharide (LPS) and Interferon 
gamma (IFNγ), maximizing the pro-inflammatory effects 
by signaling through two divergent pathways (Schroder et 
al., 2006). We found that GRP exposed to either low or high 
concentrations of LPS/IFNγ for 24 hours resulted in tran-
sient GFAP expression, which returned to normal levels by 
72 hours after treatment cessation (Hayakawa et al., 2015). 
Although expression of GFAP was transient and normalized 
following withdrawal of the inflammatory factors, the ex-
pression of A2B5, a marker of GRP, was significantly reduced 
in GRP treated with high concentrations of LPS/IFNγ. 
These results suggest that the exposure of GRP to a severe 
pro-inflammatory microenvironment induces progressive 
changes in the phenotypic characteristics of these cells in 
a dose dependent manner. Importantly, these phenotypic 
alterations were mirrored by the reduced ability of GRP to 
support axon growth after exposure to high concentrations 
of LPS/IFNγ as evaluated by direct co-culture assays (Figure 
2B). These observations are consistent with reports demon-
strating alterations in transcriptional profiles of astrocytes 
following LPS exposure, consistent with reactive astrogliosis 
(Zamanian et al., 2012). They also highlight the importance 

of the microenvironment on the properties of transplanted 
cells and suggest that modulation of the injury environment 
may be important in creating more favorable conditions for 
cell transplantation. 

As we relate these results to our previous studies, which 
demonstrated that GRP create a permissive environment 
when grafted in an acute SCI model (Bonner et al., 2011; Jin 
et al., 2011; Haas et al., 2012), we need to consider: 1) the 
dynamic nature of the injury environment characterized by 
a complex cascade of pro-inflammatory and anti-inflam-
matory signaling molecules, 2) the diversity of cells present 
and/or recruited in the injury site (e.g., resident microglia 
and recruited macrophages) and their plasticity in response 
to inflammation that provides both beneficial and detrimen-
tal effects, and 3) the complex bi-directional interactions 
between grafted cells and the injured environment. While 
this complex environment is difficult to recreate in culture 
conditions, in vitro experiments serve as a model to define 
not only the direct interactions between cells, but also with 
signaling molecules, contributing to an understanding of the 
mechanism of the inflammatory process.

Conclusions and Future Perspectives
The complexity of SCI is underscored by changes that occur 
in distinct spatial and temporal patterns, variations in injury 
models and experimental design, and the need for combi-
nation therapy targeting multiple aspects of the injury. It is 
therefore important to continue research using not only in 
vitro systems to identify potential therapeutic candidates and 
evaluate their mechanism of action, but also in vivo models 
of SCI to validate promising strategies with respect to func-
tional recovery. Our work with GRP has emphasized the val-
ue of GRP as a therapeutic platform in the repair of SCI. The 
in vitro co-culture studies identified the axon growth-sup-
porting properties of GRP, the means to expand GRP cul-
tures to prepare sufficient stocks for transplantation experi-
ments, and the direct impact of pro-inflammatory factors on 
the phenotypic and functional properties of these cells. Sub-
sequently, GRP have been evaluated as a therapeutic strategy 
in animal models of SCI, which confirmed the therapeutic 
potential of these cells and their derived astrocytes with re-
spect to modulation of the injured environment, host axon 
growth, and synaptic connectivity. It is likely that GRP trans-
plants will be used as a therapeutic platform in combination 
with additional strategies to reconnect the injured nervous 
system, such as: 1) NRP, for relay formation, 2) Trophic 
molecules, to enhance GRP migration or guide axon regen-
eration, 3) Neuronal modification, to enhance the intrinsic 
regenerative capacity of injured neurons, 4) Anti-inflamma-
tory agents, to limit the inflammatory microenvironment, 5) 
Anti-scar agents, to reduce glial scarring in order to achieve 
more efficient cell survival and axonal regeneration, and 6) 
Biomaterials, to create a niche capable of providing a more 
permissive environment for transplantation. 

Finally, it is also important to note that the lessons and 
experience gained from SCI studies could also be applied to 
the treatment of various other neurological diseases, such as 
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Amyotrophic lateral sclerosis (ALS), where transplantation 
of GRP and immature astrocytes could be used to provide 
neuroprotection and slow progression of the neurodegener-
ative process (Lepore et al., 2008).
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