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see Refs. 10, 29). The functional recovery is thought to be
mainly mediated by the trophic factor secretion of SPCs
or by remyelination of spared axons through newly
formed oligodendrocytes (60), but the generation of new
neurons has also been described (30, 64). However,
transplantation-based approaches have several disad-
vantages, such as the risk of immune rejection and the
need for external sources of cells. Embryonic stem cells
or postnatal SPCs can be used for transplantation.
Embryonic stem cells likely have a greater plastic poten-
tial than adult SPCs; however, ethical concerns and their
potential for unwanted and possibly dangerous contin-
ued growth and tumor formation limit their use.
Recently, the generation of autologous pluripotent stem
cells from skin fibroblasts was reported (109), thus
avoiding the ethical and immunorejection problems.
Since these cells were manipulated using viral vectors, a
therapeutic application of these converted skin cells
must be initialized by thorough safety studies. Other sig-
nificant challenges for stem cell transplantation include
optimizing the cell characteristics before grafting, reduc-
ing risks such as tumor formation, and developing ade-
quate commercial-scale production technologies. Given
these shortcomings of exogenous stem cell application,
the existence of neural progenitor cells in the adult
spinal cord (3, 95, 104), and approaches to regulate their
numbers and fate may provide an alternative to trans-
plantation. This article focuses on the potential utility of
endogenous neural SPCs as substrates for structural
repair after SCI. We review the biology and possible
function of SPCs in the normal and injured adult spinal
cord as well as strategies to manipulate these cells to
replace lost neurons and glia. 

Neural Progenitor Cells in the Intact
Adult Spinal Cord

SPCs are dispersed widely throughout the adult CNS
(for review, see Ref. 45). The presence of progenitor
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The characterization of adult neural stem/progenitor
cells (SPCs) in mammals has been the focus of intense
research with the goal of developing new cell-based
regenerative treatments for central nervous system
(CNS) pathologies such as spinal cord injury (SCI).
Injury to the spinal cord disrupts ascending and
descending axonal pathways and causes cellular
destruction, inflammation, and demyelination (Ref. 90;
see FIGURE 1). This results in a loss of movement, sen-
sation and autonomic control below and at the level of
the lesion. Current clinical approaches for SCI include
the use of high doses of methylprednisolone to help
limit secondary injury processes (19–21), surgery to sta-
bilize and decompress the spinal cord (for review, see
Ref. 16), intensive multisystem medical management
(39), and rehabilitative care (9, 32–34). Although these
treatment options provide some benefits (28, 38, 39),
there is a critical need to develop novel approaches that
account for the complex pathophysiology of SCI and
optimize recovery after SCI. There are several discover-
ies at the preclinical level that are not only directed
toward minimizing secondary damage and maximizing
functionality of remaining neuronal systems but are also
aimed at stimulating regeneration and repair.
Prominent strategies that have been used so far include
promoting regrowth of interrupted nerve fiber tracts as
well as sprouting of uninjured axons by manipulation of
the inhibitory spinal cord environment (25, 40, 89),
bridging the lesion using peripheral nerve or diverse cell
grafts (22, 26, 31, 85), and replenishment of lost cell types
by stem cell-based treatments. Cell replacement strate-
gies can be divided into two categories: 1) transplanta-
tion of embryonic or adult SPCs into the lesioned spinal
cord with or without ex vivo manipulation or 2) reactiva-
tion and mobilization of endogenous adult spinal cord
SPCs. Considering the reports published during the last
decade, the transplantation of SPCs has gathered more
attention. Several studies have shown functional bene-
fits following transplantation of stem cells (for review,
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cells in the spinal cord displaying self-renewal and
multipotent features was demonstrated in vitro more
than a decade ago (95, 104). However, we know very
little about the in situ location, activity, regulation, and
function of adult spinal cord SPCs. Regarding the loca-
tion of these cells in the intact adult spinal cord, it has
been suggested that the neural stem cells reside in the
white matter parenchyma (50, 77, 107) or close to the
central canal, either in the ependyma (55, 74) or
subependymally (70). Two models have been pro-
posed regarding the location of these cells in the intact
adult spinal cord (50), illustrating how dividing stem
cells may give rise to progenitors that migrate and pro-
liferate. In the first model, a slowly proliferating stem
cell resides in the ependymal layer of the central canal
(55, 74). These cells self-renew and under certain con-
ditions divide asymmetrically with a daughter cell
migrating to the outer circumference of the spinal
cord, where it matures into a proliferative glial progen-
itor cell or a mature spinal cord glial cell. The second,
alternative model suggests that both stem cells and
glial progenitors may exist in the parenchyma of the
spinal cord (107) and are independent of the prolifer-
ative ependyma. Most progenitor cells in the white
matter of the adult spinal cord appear rather heteroge-
nous, expressing one or several of the partly 
overlapping markers such as the chondroitin sulphate
proteoglycan NG2 and the transcription factors Olig2
and Nkx2.2 (50, 77). Some of these cells represent mul-
tipotent stem cells and others more restricted glial
progenitors being committed to the oligodendrocyte
lineage (49). Ependymal cells self-renew in vivo but do
not generate appreciable numbers of other cell types
in the intact spinal cord (74). In this review, we will use
the term SPCs for all of these proliferative cells. 

In contrast to the subgranular zone (SGZ) of the hip-
pocampus and the telencephalic subventricular zone
(SVZ), where the capacity for neurogenesis is retained
in vivo, the adult mammalian spinal cord is consid-
ered a nonneurogenic region. In nonpathological con-
ditions, the dividing spinal cord progenitor cells are
glial-restricted progenitor cells and give rise to oligo-
dendrocytes and astrocytes but not neurons (50). In
vitro expansion and characterization of SPCs, howev-
er, demonstrated that in vivo proliferating cells from
the adult spinal cord have the ability to give rise to
neurons in culture (107). Furthermore, cell transplan-
tation studies have demonstrated that, although SPCs
derived from spinal cord will differentiate into glial
cells when re-implanted into the region of origin, they
are able to give rise to neurons when grafted into the
neurogenic hippocampus (94). These findings indi-
cate that the neuronal differentiation in vitro is not a
tissue culture artifact but reflect the multipotent differ-
entiation potential of these cells. In addition, these
results demonstrate that adult spinal cord SPCs are
not intrinsically fate restricted but that environmental
cues are able to instruct their fate choice. Elucidating

the mechanisms controlling the generation of differ-
ent neural cell types during embryonic and postnatal
stages and understanding the complex interactions
between neural SPCs and their microenvironment is a
big challenge in the field of stem cell research. What
are the environmental and intrinsic factors that regu-
late proliferation, migration, and differentiation of
neural SPCs? The first cellular and molecular ele-
ments of the neurogenic stem cell niche in the adult
CNS (SVZ, SGZ) were identified quite recently (for
review, see Refs. 35, 65, 69). In both the SVZ and SGZ,
endothelial cells are an essential component of the
neurogenic niche (81, 93). The endothelial cells pro-
vide attachment for SPCs and generate a variety of sig-
nals that control stem cell self-renewal and lineage
commitment. The properties of local astrocyte popu-
lations seem to play a major role in the creation of a
neurogenic environment (11, 53, 66, 96). Later, we dis-
cuss how the environment may influence spinal cord
progenitor cells following an injury. In general, a more
thorough understanding of the in vivo regulation of
progenitor cells in the intact adult spinal cord is nec-
essary and will guide strategies for manipulating SPCs
after injury or disease. 

Neural Progenitor Cells After Spinal
Cord Injury: Spontaneous Reactions
of Endogenous Progenitor Cells

Traumatic SCI causes damage of neuronal and glial
cells in and around the lesion site leading to disrup-
tion of neuronal circuitry and neurological dysfunc-
tion. The injury evolves in two major pathological
stages: The primary injury involves mechanical cell
and tissue damage, and the secondary injury results in
a cascade of biochemical events that produce progres-
sive destruction of the spinal cord tissue (13–15, 36,
90). It has been demonstrated that adult spinal cord
SPCs are responsive to injury (49, 59, 68, 73, 76, 107,
108, 110). The insult-induced progenitor cell response
comprises division, migration, and maturation of
SPCs (for review, see Ref. 80). The temporal and spa-
tial pattern of the SPC reaction and the potential func-
tion of these cells has been assessed by several
research groups: After a contusive SCI in adult
rodents, proliferation of cells expressing NG2 reaches
a peak at 3 days (68, 110), stays markedly increased in
the epicenter of the lesion over the first 2 wk, and
declines to baseline levels by 4 wk after injury (73).
Using 5-bromodeoxyuridine (BrdU) labeling in the
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newly dividing cells differentiates into remyelinating
oligodendrocytes and astrocytes. No BrdU-positive
cells were found co-expressing neuronal markers after
a spinal cord transection injury (108). 

In general, these results indicate that spinal cord
SPCs are able to participate in spinal cord repair by
supporting and participating in remyelination and
possibly by replacing lost neurons. Despite their
inherent plasticity, however, it is obvious that endoge-
nous SPCs do not lead to complete recovery in cases of
severe trauma, since most of the proliferating stem
and progenitor cells fail to fully differentiate into
mature phenotypes. Understanding the potential and
limitations of the endogenous progenitor cells stimu-
lated by SCI is necessary to develop therapeutic inter-
ventions to enhance functional repair after SCI. 

Manipulating Stem/Progenitor Cells
after SCI

Since it is known that SPCs derived from the adult
spinal cord produce neurons and oligodendrocytes
when transplanted into neurogenic regions like the
hippocampus (94), it is obvious that the environment
plays a pivotal role in the fate decision made by pro-
genitor cells. Different approaches manipulating the
spinal cord environment to instruct SPCs to adopt a
neuronal or glial fate have been attempted over the
last few years and will be described in this chapter and
are summarized in FIGURE 2. Furthermore, we will
discuss new approaches for manipulating the intact

298 PHYSIOLOGY • Volume 23 • October 2008 • www.physiologyonline.org

first week after injury, some of these dividing cells
were shown to have differentiated into mature oligo-
dendrocytes or astrocytes when the tissue was exam-
ined 5 wk later. Neuronal differentiation has rarely
been found after SCI and only in cases of milder
lesions, such as compression injury or cervical dorsal
rhizotomy (59, 92, 100). However, this rarely observed
neurogenesis in the adult spinal cord seems to be
abortive since mature neuronal markers have never
been described. Newly formed oligodendrocytes likely
contribute to remyelination. The time course of NG2-
positive cell proliferation parallels the time of demyeli-
nation and remyelination. Neither NG2-positive cell
proliferation nor remyelination occurred when spinal
cords previously lesioned by a chemical demyelination
were irradiated, suggesting that NG2-positive cells are
involved in the remyelination process (60, 73).
Depending on injury severity, remyelination by oligo-
dendrocytes usually begins by 14 days after injury (41,
44, 47, 73). By 1 mo post-SCI, most axons have been
remyelinated, although the new myelin sheaths are
thinner and shorter than those before injury (18, 42). 

The normally limited proliferation of ependymal
cells increases dramatically after SCI, followed by
migration of ependyma-derived progeny toward the
site of injury. Moreover, ependymal cells differentiate
and give rise to a substantial proportion of scar-form-
ing astrocytes as well as to some oligodendrocytes
after SCI (74). 

Also, in non-human primates following a hemisec-
tion of the cervical spinal cord, a subpopulation of

REVIEWS

FIGURE 1. Schematic drawing showing a SCI
Many cells (neurons and oligodendrocytes) die immediately as well as progressively after SCI. Cysts often form after
injury, and astrocytes form a glial scar. Many ascending and descending axons are interrupted by the injury and under-
go Wallerian degeneration. Axons usually fail to regenerate. Inflammatory cells invade the CNS from the periphery,
and resident microglia is activated. Cell debris is phagocytosed by macrophages. 

Table 1. Sum
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Table 1. Summary of experimental approaches to modulate the behavior of neural progenitor cells

Cytokines 

Growth 
factors 

Transcription 
factors 

IL-6 

TNF-�

IL-1�

IL-4 

LIF 

IGF-1 

BMP 

BDNF 

FGF2 and EGF 

VEGF 

Mash1 and
Ngn2 

Olig2 and
Mash1 

YY-1 

References

77, 78 

104 

7 

52 

98 

71 
24 

83 

12 

8 

1, 2 
51, 90 

43, 46 

27, 81 

5, 17 

76 

63, 70 

4 

37, 54, 96 

76 

97 

48 

Model 

Blockade of IL-6 receptors after SCI in adult mice 
TNF-� injection at the lateral ventricles of
adult rats  

Demyelination by cuprizone in TNF-R1-/- and
TNF-R2-/- adult mice 
Status epilepticus in adult TNF-R1-/- and TNF-
R2-/- mice  

In vitro experiments using primary oligoden-
drocyte progenitors from postnatal rat 

Demyelination by cuprizone in IL-1�-/- adult mice 
In vitro experiments using co-cultures of SVZ
progenitors and primary microglia cultures from
neonatal mice; stimulation of microglia with IL-4 
In vitro experiments with embryonic neural
mouse SPCs 

Overexpression of LIF in the SVZ of adult mice 
Systemic administration of LIF after SCI in
adult mice 

In vivo and in vitro experiments using IGF-1 in
adult rat hippocampal SPCs 

Addition of BMP to cultured embryonic SVZ
progenitors 

Overexpression of Noggin in combination
with BDNF at the lateral ventricle in adult rats 
In vivo and in vitro experiments with SPCs
from embryonic and adult mice 
In vivo and in vitro experiments with spinal
cord SPCs from adult rats 

Delivery of FGF-2 and EGF into lateral ventri-
cle of adult rats 
Focal demyelination of corpus callosum and
overexpression of human EGF-Receptor in
adult mice 

In vitro and in vivo experiments with SVZ and
hippocampal progenitors from embryonic
mice and in adult rats 

Overexpression of Neurogenin2 (Ngn2) and
Mash1, together with application of a mixture
of growth factors containing BDNF, FGF2 and
EGF after SCI in adult rats 

Overexpression of Olig2 and Mash1 in cortical
progenitor cultures from embryonic rats 

In vitro experiments with SVZ progenitor cul-
tures and oligodendrocyte progenitor cultures
from adult mice 

Effect 

Inhibits astrogliosis and suppresses immune
cell infiltration 
Increases BrdU+ cells in the SVZ 

TNF-� promotes proliferation of oligodendro-
cyte progenitors through TNF-R2 
TNF-� controls neurogenesis via TNF-R1 in
the hippocampus, minor effects via TNF-R2
signalling 

IL-1� inhibits proliferation and promotes
differentiation of oligodendrocyte progenitors 

Reduced remyelination in the absence of IL-1�
IL-4 supports neuroprotection and neuroge-
nesis; microglia stimulated with IL-4 induces
a bias towards oligodendrogenesis 
LIF increases proliferation of SPCs 

Increases proliferation of SPCs, reduces
neurogenesis in the olfactory bulb and SVZ  
Increases proliferation of SPCs in the spinal cord 

IGF-I increases proliferation 
IGF-1 stimulates oligodendroglial differentia-
tion of hippocampal SPCs via inhibition of
BMP by up-regulation of Smad6, Smad7 and
Noggin 

Increases differentiation into astrocytes 

Shift of astrocytic to neuronal differentiation
in the striatum; new neurons also in sep-
tum, thalamus, and hypothalamus 
BDNF stimulates production and survival of
new neurons from SPCs in vitro, and in the
rostral migratory stream 
BDNF enhances neurogenesis of neuro-
genin2-positive spinal cord precursor cells 

Enhances proliferation of SVZ progenitors
located around the central canal of spinal
cord 
Accelerated remyelination by
NG2+/Mash1+/Olig2+ progenitors due to
support of oligodendrocyte maturation, and
functional recovery 

VEGF is involved in the induction of neuroge-
nesis in the SVZ and the hippocampal SGZ 

Ngn2 and Mash1, together with BDNF,
FGF2 and EGF, increase production of neu-
rons and oligodendrocytes after SCI 

Cooperation of both factors Olig2 and
Mash2 is necessary for SPCs to develop
into mature neurons 

Regulation of transition of oligodendrocyte
progenitors from cell cycle exit to differenti-
ation 
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Manipulating inflammation has an influence on
SPC proliferation and differentiation. Pro-inflam-
matory cytokines such as tumor necrosis factor-�

(TNF-�), IL-6, IL-1�, and IL-1� are upregulated after
SCI (83). Besides directing the immune response after
injury, these cytokines, in particular TNF-� and IL-6,
are expressed within minutes after SCI influence SPCs.
In addition to its role during the immune response,
TNF-� can stimulate proliferation and survival of
oligodendrocyte and neuronal precursors as shown in
vivo using TNF-RI and RII knockout mice (7, 52, 105).
However, an aspect that has to be considered when
interpreting these results is the altered immune
response of TNF-RI/-II mice that lack the receptors of
a key pro-inflammatory mediator. To obtain distinct
information about the influence of TNF-� on neural
SPCs, it is essential to create a neural SPC-specific
knockdown of the TNF-� receptors in an in vivo
model. Up until now, no data is available on whether
TNF-� is able to directly influence SPCs after SCI. 

The effects of IL-6 on SPCs after SCI have been stud-
ied by Okano and colleagues (78, 79). By inhibiting the
signal transduction of IL-6 using the MR16-1 antibody
against the IL-6 receptor, functional recovery in a
mouse contusion injury model was improved (78). In
the same study, in vitro differentiation assays showed
that SPCs differentiated preferentially into astrocytes
when incubated with IL-6. By blocking IL-6 using
MR16-1, the differentiating process toward astrocytes
was inhibited. In addition to the in vitro results, Okano
and colleagues showed a decline in the number of
newborn astrocytes in vivo by blocking IL-6 after SCI
(78, 79). The astrogliosis-promoting effect of IL-6 in
the injured spinal cord tissue and its neurogenic effect
in the intact hippocampus indicates a context-
dependent influence on SPCs. 

IL-1� being remarkably upregulated in the adult
spinal cord immediately after injury (83) is known to

300 PHYSIOLOGY • Volume 23 • October 2008 • www.physiologyonline.org

and injured spinal cord environment based on reports
describing factors influencing SPCs in other regions of
the CNS (Table 1). The intrinsic program of the SPCs
also has to be considered, especially since it became
clear that diverse populations of SPCs exist, even with-
in the same anatomical region such as the SVZ (75).
The proposed factors specifying neural progenitors in
a region-specific manner could be either environmen-
tal or intrinsic to the stem cells. In the last part of this
review, we will evaluate approaches that target tran-
scription factors to change the intrinsic profile of SPCs. 

Manipulation of the stem cell environment

It was suggested that the properties of the local astro-
cyte populations play a major role in the creation of a
neurogenic or gliogenic niche (11, 53, 66, 96), thus
influencing differentiation of SPCs. In addition,
astroglial cells may also support or restrict migration
of SPCs depending on their developmental stage (62).
Primary astrocytes isolated from neurogenic regions,
such as the newborn and adult hippocampus as well
as the newborn spinal cord, promoted neuronal differ-
entiation of adult hippocampal SPCs, whereas astro-
cytes isolated from the nonneurogenic adult spinal
cord did not (96). It was shown that astrocyte-derived
Wnt is involved in the regulation of hippocampal 
neurogenesis (66). Functional characterization of can-
didate factors differentially expressed in neurogene-
sis-promoting and nonpromoting astrocytes indicated
that two interleukins, interleukin-1� (IL-1�) and
interleukin-6 (IL-6) promote neuronal differentiation
of SPCs, whereas insulin-like growth factor binding
protein 6 (IGFBP6) and the proteoglycan decorin
inhibited it (11). Interestingly, these factors also play
a role in the inflammatory response after SCI.
Grafting SGZ astrocytes or injecting sonic hedgehog
(shh) was found to be sufficient to induce neurogen-
esis in the nonneurogenic cortex of adult mice (53).
How the environmental neural stem cell niche inter-
acts with cytokines, growth factors, and the intracel-

REVIEWS

FIGURE 2. Schematic drawing showing a SCI and published experimental manipulations influencing
endogenous spinal cord progenitor cells
The main goal of the different strategies published so far is to influence endogenous progenitors to help repair and
recover after SCI by cell replacement, re-myelination, and supporting trophic factors. 
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be one of the key factors initiating the immune
response and thereby inducing secondary neural
damage. Neuroprotective approaches based on the
inhibition of IL-1� have been tested in different labo-
ratories and are extensively reviewed elsewhere (6). A
direct influence of IL-1� on progenitor cells was
shown by Vela and coworkers in vitro (99), suggesting
that IL-1� inhibits proliferation of oligodendrocyte
progenitors and promotes their differentiation. Mason
and coworkers (71) suggested that IL-1� promotes
remyelination after cuprizone treatment by inducing
IGF-1 expression, which is known to promote the dif-
ferentiation of oligodendrocyte progenitors. 

The massive invasion of peripheral immune cells
after SCI accompanied by the expression of pro-
inflammatory cytokines not only induces secondary
damage but has a major impact on neural SPCs. A
series of reports from the group of Michal Schwartz
suggests that T-cells may play a supportive role in 
neurogenesis. Schwartz’ group showed that T-cell-
mediated activation of residing microglia enhances
the proliferative activity of progenitor cells in the hip-
pocampus as well as in the SVZ (24). Depending on
whether microglial cells are stimulated by the T helper
cell 1 (Th1) released cytokine interferon (IFN-	) or by
IL-4 from Th2 cells, they differentially influence the
fate choice of SPCs: microglia stimulated with IL-4
induced a bias toward oligodendrogenesis, whereas
microglia stimulated with IFN-	 preferentially
induced neurogenesis in co-cultured neural SPCs
(24). Interestingly, IL-4 induced the expression of IGF-
1 in microglia (23, 24), which is involved in neuropro-
tection and neurogenesis, as we will discuss below. 
T-cells with myelin specificity were shown to enhance
neurogenesis in the hippocampus, SVZ, and, rather
surprisingly, adult spinal cord (92). Nevertheless, a
therapeutic application of autoimmune T-cells is very
unlikely since T-cell-mediated autoimmune reactions
have been associated with exacerbated demyelina-
tion, loss of neurons, and axonal pathology (57, 58). 

Since many inflammatory regulators have been
shown to influence SPCs, manipulations of the inflam-
matory response will also affect SPCs. To reduce the
inflammatory response after SCI, the synthetic gluco-
corticoid methylprednisolone, having various
immunosuppressive effects, is the only clinical thera-
py used currently (86). However, recent findings in our
laboratory indicate that methylprednisolone not only
affects the activation and proliferation of
macrophages and microglia but also reduces the pro-
liferation of endogenous SPCs in the injured spinal
cord (our own unpublished results). The presence of
the glucocorticoid and the mineralocorticoid recep-
tor on adult spinal cord SPCs suggests a direct effect
of the drug on these cells. On the other hand, as dis-
cussed above, the changed inflammatory environ-
ment also influences SPCs. Overall, the observed
reduction in the amount of NG2-positive precursor

cells after SCI and methylprednisolone treatment may
lead to a reduced oligodendrocyte repair. These find-
ings open the question to what extent a treatment with
methylprednisolone after SCI limits the regeneration
capacity of endogenous SPCs and suggest novel effects
of this drug. 

Activation of neural SPCs with growth factors.
Different growth factors have been used to stimulate
proliferation of endogenous progenitor cells and to
influence their differentiation. Delivery of FGF-2 and
EGF into the lateral ventricle enhanced the prolifera-
tion of progenitor cells in the SVZ (63) as well as the
proliferation of endogenous progenitor cells located
around the central canal of the spinal cord (70).
Another candidate used for manipulation of neural
SPCs is IGF-1. It was shown that IGF-I stimulates
oligodendroglial differentiation of multipotent hip-
pocampal SPCs via the inhibition of bone mor-
phogenic protein (BMP) by upregulation of the BMP
antagonists Smad6, Smad7, and Noggin (51).
Furthermore, increased proliferative activity of hip-
pocampal SPCs was demonstrated after treatment
with IGF-I in vivo as well as in vitro (1, 2). In line with
this observation, other groups showed a higher per-
centage of progenitor cells differentiating into astro-
cytes when BMP was experimentally increased (Table
1; Refs. 43, 46). Differentiation of neural precursor cells
into neurons and oligodendrocytes after transplanta-
tion into spinal cord injured mice was demonstrated
after inhibition of BMP signaling by Noggin (91). This
was accompanied by functional recovery. 

By overexpressing Noggin in combination with
brain-derived neurotrophic factor (BDNF), the group
of Goldman was able to shift the astrocytic into neu-
ronal differentiation in the striatum, a region that is
usually nonneurogenic (27, 82). It has also been
demonstrated that BDNF stimulates the production
and survival of new neurons from SPCs in vitro and in
the rostral migratory stream (5, 17). BDNF-secreting
fibroblasts grafted into SCI lesions enhance the num-
ber of BrdU-positive oligodendrocytes (72), but so far
data on naive spinal cord progenitors is absent. 

An acceleration of remyelination and functional
recovery following focal demyelination of mouse cor-
pus callosum has been shown by overexpression of
human epidermal growth factor receptor (EGFR) in
oligodendrocyte progenitors. The enhanced remyeli-
nation of the lesion by NG2+/Mash1+/Olig2+ progeni-
tor cells indicates that EGFR overexpression promotes
oligodendrocyte maturation (4). Up until now, no data
are available describing the effects of EGFR on SPCs in
the spinal cord. 

It has previously been reported that angiogenesis
has an impact on neurogenesis in the CNS, and simi-
lar factors and mechanisms seem to be involved in
both processes (67, 81, 102). Endothelial cells are like-
ly to influence neural SPCs through the secretion of
vascular endothelial growth factor (VEGF) and BDNF
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toward an oligodendrocyte fate. Another family of
transcription factors involved in proliferation and dif-
ferentiation of SPCs in the developing as well as in the
adult CNS is the Sox family, which has been reviewed
extensively elsewhere (103). 

One of the remaining questions when targeting
transcription factors in SPCs is which tools one can
use to manipulate intrinsic factors in the correct tar-
get cells. Currently, retroviral vectors are the method
of choice in experimental models. However, whether
these tools can be used in a clinical setting remains
to be investigated. Even if one succeeds in changing
the fate of SPCs after SCI toward a neuronal and/or
oligodendroglial fate, a functional integration of
these newly formed cells into the spinal cord needs
to be achieved. Thus we need to find out whether
manipulation of transcription factors in neural SPCs
eventually leads to enhanced functional recovery
after SCI. 

Conclusion

SCI represents a complex event with a multifaceted
pathophysiology. Therefore, effective therapeutic
strategies will require a combination of interventions.
Here, we focus on the role stem cells may play in pro-
moting tissue repair and behavioral recovery. Most of
the present experimental approaches using stem cells
in SCI models focus on SPC grafts. Transplanted SPCs
may bridge the lesion site, providing a substrate for
sprouting fibers, deliver trophic factors, and replace
lost neurons or oligodendrocytes. Experimentally,
SPC transplants can be genetically engineered to
instruct a specific fate choice before grafting.
Although many of these approaches have led to func-
tional recovery in animal SCI models, they will not
easily be adopted for therapies in SCI patients
because of the risk of tumor formation and immune
rejection. Thus the long-term goal will be to recruit
endogenous SPCs after spinal cord trauma. Currently,
steady progress is being made in understanding the
biology of endogenous SPCs and their microenviron-
ment. This knowledge will eventually pave the way for
therapeutic applications. Combined therapies modu-
lating the SPC niche as well as the intrinsic program of
SPCs could well lead to improved recovery of SCI
patients in the future. 
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(5, 11, 93, 106), and this observation has led to the
hypothesis of a neurovascular niche (81, 106). VEGF as
one of the components found in a neurovascular niche
has been reported to influence SPCs in several ways
(Table 1; Refs. 101, 111). The most important one in
terms of a possible application after SCI is based on
observations made in the SVZ and SGZ where VEGF
was shown to be involved in the induction of neuroge-
nesis (37, 54, 88, 97). The influence of VEGF on spinal
cord SPCs has not been investigated so far. 

Another factor that has been used to experimentally
manipulate neural SPCs is leukemia inhibitory factor
(LIF). Similar to VEGF, LIF has also been described to
influence differentiation and proliferation of SPCs in
various ways and in different models (Table 1; Refs. 56,
61, 87) and has been demonstrated to enhance the self
renewal capacity of neural SPCs (12, 84). Evidence for a
similar effect of LIF on spinal cord SPCs when adminis-
tered systemically after SCI was suggested by an
increased number of nestin-positive cells (8). Whether
LIF can be used to increase the endogenous SPC pool in
the adult spinal cord after injury followed by a directed
differentiation of these cells needs to be demonstrated. 

Manipulation of transcription factors
involved in neural SPC behavior

As discussed above, a manipulation of the environ-
ment with its multiplicity of different factors control-
ling proliferation and differentiation of neural SPCs is
critical for future therapeutic approaches based on
endogenous stem cells. On the other hand, the manip-
ulation of the environment may have undesired side
effects, which have to be carefully assessed. Direct tar-
geting of the intracellular program of SPCs, in addition
to or instead of environmental manipulations, seems
to be very promising. 

Ohori and colleagues directly targeted transcription
factors responsible for fate decision in SPCs after SCI
(77). They show that a retroviral-mediated overexpres-
sion of the two basic helix-loop helix transcription 
factors, neurogenin2 (Ngn2) and Mash-1, together
with the application of a mixture of growth factors
containing BDNF, FGF-2, and EGF enhanced the pro-
duction of new neurons and oligodendrocytes after
SCI, respectively (FIGURE 2). However, the observed
new oligodendrocytes and neurons disappeared after
a few weeks, indicating that they have not been inte-
grated. The role of Olig2 and Mash-1 was also ana-
lyzed in vitro demonstrating that the cooperation of
both factors is necessary for SPCs to develop into
mature neurons (98). The number of reports describ-
ing transcription factors responsible for directing neu-
ral SPCs into a certain lineage is constantly growing. A
recently published transcription factor responsible for
oligodendrocyte differentiation is Yin Yang 1 (YY-1)
(48). After cell cycle exit, YY-1 regulates early stages of
oligodendrocyte differentiation and, therefore, repre-
sents an attractive target for manipulating SPCs
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