
Summary. It is well known that neural stem cells
(NSCs) are present in many parts of the central nervous
system (CNS), including the subventricular zone (SVZ)
of the lateral ventricle, subgranular zone (SGZ) of the
hippocampal dentate gyrus, cortex, and spinal cord.
Using a mouse model of cortical infarction, we
demonstrated for the first time that NSCs, which can
differentiate into neural lineage cells, could be induced
in the meninges (leptomeninges) of ischemic brain areas
as well. However, such ischemia-induced NSCs (iNSCs)
were not observed in the leptomeninges of non-ischemic
areas. This suggests the leptomeninges, which surround
the CNS, might be a novel stem cell niche harboring
endogenous iNSCs following brain injury. In this review,
we introduce the characterization and possible origin of
leptomeningeal iNSCs based on our reports and recent
findings. We also refer to the potential of leptomeningeal
iNSCs for cortical neurogenesis.
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Introduction

Following the discovery of neural stem cells (NSCs)
in the central nervous system (CNS), there has been
great hope regarding stem cell therapy for regeneration
of injured CNS. Since then, various cell types have been
considered potential sources of NSCs, such as fetal brain
cells (Jordan et al., 2009), adult brain cells (Hicks et al.,
2007), embryonic stem (ES) cells (Rowland et al., 2011),
induced pluripotent stem (iPS) cells (Salewski et al.,
2013), and gene transfected bone marrow cells (Hayase
et al., 2009). However, several problems (such as ethical
concerns, immune rejection, and tumor formation) must
be addressed before these cells can be used
therapeutically. Thus, it would be ideal if CNS injuries
could be repaired with endogenous NSCs.

NSCs can be activated by brain injury such as
ischemic stroke (Magavi et al., 2000; Jiang et al., 2001;
Goings et al., 2004; Jin et al., 2006; Ohira et al., 2010;
Shimada et al., 2010). We demonstrated that ischemia-
induced NSCs (iNSCs) developed in post-stroke cortical
areas using a mouse model of cortical infarction. iNSCs
originate, at least in part, from the cortex, and can
differentiate into neurons, astrocytes, or oligo-
dendrocytes (Nakagomi et al., 2009a,b). In addition, we
showed that iNSCs could be induced in the meninges
(leptomeninges) covering post-stroke cortical areas
(Nakagomi et al., 2011). Furthermore, we showed that
iNSCs could participate in CNS repair following brain
injury (Nakagomi et al., 2012). Meanwhile, other
research groups have demonstrated that injured
leptomeninges of the spinal cord are a potential source
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of NSCs (Decimo et al., 2011).
These findings show that the leptomeninges are not

only protective structures but also a novel stem cell
niche that can participate in CNS repair (Decimo et al.,
2011; Nakagomi et al., 2011, 2012). In this article, we
review recent topics regarding meningial stemness
potential.
What role do the meninges play in CNS
development?

The meninges consist of three membranous layers
that include the dura mater, the arachnoid mater, and the
pia mater. The dura mater is the thick outer membrane
closest to the skull that envelops the arachnoid mater.
The pia mater is a thin membrane that adheres to the
surface of the brain (cortex) and spinal cord. The
arachnoid mater is connected with the pia mater, and
together these two membranes form the leptomeninges
(Hutchings and Weller, 1986). The primary function of
the meninges is to protect the CNS, either directly with
its thick outer layer, or indirectly by circulating
cerebrospinal fluid (CSF) through the subarachnoid
space for cushioning.

In addition to their protective functions, increasing
evidence indicates the meninges secrete several trophic
factors that regulate NSC development and cortical
neurogenesis, such as basic fibroblast growth factor
(bFGF), insulin-like growth factors (IGF), stromal 
cell-derived factor 1 (SDF-1), and retinoic acid
(Stylianopoulou et al., 1988; Reiss et al., 2002;
Siegenthaler et al., 2009; Sockanathan and Gaiano,
2009). In addition, removing the meninges results in
impaired cortical development (Halfter et al., 2002).
These observations demonstrate that meninges play
pivotal roles in CNS development.

Recently, Bifari et al. reported that the NSC marker
nestin is present in the developing meninges. They also
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Fig. 1. Neural stem cell (NSC) potential of
leptomeninges under developmental and
pathological conditions. The leptomeninges
have NSC activity during development until
they reach the postnatal stage. Although
the leptomeninges lose NSC activity in the
adult stage, they reactivate their stemness
in response to injury.

showed that nestin+ cells isolated from the meninges
have NSC activity, form neurospheres, and can
differentiate into neural cells in vivo and in vitro (Bifari
et al., 2009). These findings show that cells with NSC
activity are present in the meninges during CNS
development (Fig. 1). Therefore, the meninges likely
play at least three major roles that include protection,
trophic factor secretion, and providing a stem cell niche.
Leptomeningeal iNSCs in the adult CNS

A study using transgenic nestin-GFP (green
fluorescent protein) mice showed that intense GFP
labeling was observed throughout the neuroepithelium
within 10 days of embryonic development (E10).
Nestin+ cells became weaker near the pial surface, but
stronger in the ventricular zones as early as E12.
Moreover, in the adult brain, GFP was selectively
expressed in the SVZ and SGZ, which are associated
with continuous neurogenesis (Mignone et al., 2004).
Thus, in the postnatal CNS, it seems that constitutive
neurogenesis is retained in only two regions: the SVZ
(Alvarez-Buylla and Garcia-Verdugo, 2002) and SGZ
(Kuhn et al., 1996).

However, under pathological conditions, new
neurons can be generated in the adult brain outside the
conventional neurogenic regions, such as the cortex
(Magavi et al., 2000; Jiang et al., 2001; Jin et al., 2006).
This suggests that NSCs are activated even in
nonconventional neurogenic areas by brain injury. Using
a mouse model of cortical infarction, we found that
nestin+ cells were specifically induced in post-stroke
areas of the cortex and leptomeninges (Nakagomi et al.,
2009b, 2011, 2012). In addition, nestin+ cells isolated
from these areas have the potential of iNSCs. In contrast,
we did not identify nestin+ iNSCs in the non-ischemic
areas of the cortex and leptomeninges. These findings
suggest that in the adult brain, under normal conditions,



NSC activation and neuronal homeostasis are maintained
in specific regions such as the SVZ and SGZ. However,
after brain injury, it seems that specific CNS regions,
including the leptomeninges of the brain (Nakagomi et

al., 2011, 2012) and spinal cord (Decimo et al., 2011),
reactivate their stemness (Fig. 1) that is presumed to be
lost postnatally (Mignone et al., 2004; Bifari et al.,
2009).
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Fig. 2. Induction of leptomeningeal
ischemia-induced neural stem cells
(iNSCs). Brain sections were
subjected to immunohistochemical
evaluation three days after ischemic
injury. Immunohistochemical analysis
for nestin and the EC marker CD31
showed that nestin+ cells were rarely
observed at non-ischemic areas of the
cortex and leptomeninges (A, B). In
contrast, nestin+ iNSCs, which were
located near CD31+, were observed in
post-stroke areas of the lepto-
meninges and cortex. Note that some
nestin+ cells in the post-stroke
leptomeninges were connected to
those in the post-stroke cortex through
cortical layer 1 (arrowheads) [nestin
(B, C, green), CD31 (B, C, red), DAPI
(B, C, blue)]. Scale bars: 50 µm.



What is the origin of leptomeningeal iNSCs in the
adult CNS?

Previous studies demonstrated that SVZ-derived
NSCs (SVZ astrocytes) have the potential to migrate
toward lesions in the cerebral cortex (Goings et al.,
2004). However, our previous study using GFP-
expressing vectors failed to demonstrate that GFP-
labeled SVZ cells migrate into the cortex after cerebral
infarction in vivo; however, we demonstrated that iNSCs
in the post-stroke cortex originated, at least in part, from
the cerebral cortex (Nakagomi et al., 2009b). Subsequent
studies showed that NSCs developing in and around the
post-stroke cortex were not derived from SVZ cells, but
were derived from locally activated stem or progenitor
cells (Ohira et al., 2010; Shimada et al., 2010).

Recently, Ohira et al. showed that neural progenitors
were activated in cortical layer 1 following ischemia
(Ohira et al., 2010). Similarly, other groups have found
that NSCs could be induced in sub-pial regions after
brain injury (Sirko et al., 2009; Xue et al., 2009). These
findings suggest that NSCs can be preferentially
activated at the cortical surface. We also found that
iNSCs migrated from the leptomeninges of post-stroke
areas to the cortex through cortical layer 1 (Nakagomi et
al., 2011). The leptomeningeal nestin+ iNSCs partially
spread into the cortical parenchyma and were closely
associated with blood vessels and pericytes/perivascular
cells (PCs, Fig. 2), which is consistent with our previous
findings (Nakagomi et al., 2011). Because nestin+ iNSCs
express pericyte markers, such as PDGFRβ and NG2

(Nakagomi et al., 2011), it is likely that the brain PCs of
the leptomeninges and cortex are a source of iNSCs (Fig.
3).

Both the leptomeninges and brain PCs are neural
crest derivatives (Morse and Cova, 1984; Etchevers et
al., 2001). Consistent with these reports, we
demonstrated that leptomeningeal iNSCs express various
neural crest markers, such as Sox9, Snail, Slug, and
Twist (Nakagomi et al., 2011). Similar to the traits of
PCs (Dore-Duffy et al., 2006), neural crest cells have
stem cell potential (neural crest-derived stem cells) and
can differentiate into several cell types including neurons
and glia (Teng and Labosky, 2006; Nagoshi et al., 2009).
Thus, it would not be surprising if a neural crest-PC
lineage acquires NSC traits following injury. The neural
crest was originally identified as a group of cells
localized between the neural tube and the surface
ectoderm (epidermis) in the vertebrate embryo (Fig. 4).
The neural tube produces neuroepithelial cells, which
can generate NSCs and radial glia in the embryonic
brain. In the adult brain, the radial glia can subsequently
develop into various NSCs (Kriegstein and Alvarez-
Buylla, 2009), including SVZ astrocytes (Doetsch et al.,
1999), ependymal cells (Moreno-Manzano et al., 2009),
and oligodendrocyte precursor cells (OPCs) (Kondo and
Raff, 2000). Therefore, previous NSC studies have
focused on developing neuroepithelial-derived NSCs as
a potential source for CNS regeneration. However, our
studies have shown that neural crest-derived PCs also
function as iNSCs in injured brain areas (Nakagomi et
al., 2009b, 2011, 2012). Thus, researchers of NSCs
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Fig. 3. Diagrammatic representation of the leptomeningeal
iNSCs. Following ischemia/hypoxia, pericytes/perivascular cells
(PCs) near blood vessels acquired iNSC traits. The iNSCs were
localized to post-stroke areas of the leptomeninges and cortex.



should consider the possibility that both neural tube- and
neural crest-derived NSCs contribute to neural
regeneration, particularly under pathological conditions
(Fig. 4). The source, lineage, subtypes, and traits of
iNSCs should be clarified in future studies.
What factors induce leptomeningeal iNSCs?

Increasing evidence shows that PCs can transform
into multipotent stem cells that differentiate into various
cells, including neural cells (Dore-Duffy et al., 2006;
Birbrair et al., 2014). However, the mechanism by which
PCs develop stemness is unknown. A recent study using
gene transduction indicated that reprogramming is
required for PCs to acquire the traits of non-PC lineage
cells, such as those of neural cells (Karow et al., 2012).
In addition, hypoxia can increase stemness (Mohyeldin
et al., 2010) via reprogramming (Yoshida et al., 2009).
This suggests that PCs in ischemic or hypoxic regions
can undergo reprogramming in vivo. In support of this
idea, we showed that PC-derived iNSCs developed only
within ischemic areas (Nakagomi et al., 2009b, 2011,
2012). Consistent with the traits of developing NSCs
(Kim et al., 2008, 2009b), these iNSCs expressed
various stem cell and undifferentiated cell markers,
including Sox2, Klf4, and c-myc, but not Oct3/4 of
Yamanaka’s 4 factors (Nakagomi et al., 2009b, 2011,
2012; Nakano-Doi et al., 2010; Takata et al., 2012).
Furthermore, certain somatic cells such as fibroblasts
can be reprogrammed into NSCs through transduction of
these three factors (Thier et al., 2012). These
observations suggest that brain PCs develop stemness
through reprogramming in response to ischemia or
hypoxia, thereby promoting iNSC induction.
Nevertheless, further studies are needed to clarify this
hypothesis.

What controls the fate of leptomeningeal iNSCs?

Although iNSCs are generated in the post-stroke
cortex and leptomeninges, they typically disappear at
later time points (Nakagomi et al., 2011) because of
apoptotic cell death (Saino et al., 2010). Thus,
appropriate support for iNSC survival is essential for
iNSC-derived neurogenesis in vivo. Because PC-derived
iNSCs develop in close association with blood vessels,
they must be influenced by the vascular
microenvironment, such as endothelial cells (ECs). ECs
function as a vascular niche (Palmer et al., 2000;
Louissaint et al., 2002) and play an important role in
neurogenesis by promoting NSC proliferation in the
adult SVZ (Shen et al., 2004; Tavazoie et al., 2008).
Supporting these findings, we previously demonstrated
both in vitro and in vivo that the presence of ECs
enhances survival, proliferation, migration, and
differentiation of iNSCs (Nakagomi et al., 2009a). These
findings indicate that EC augmentation via proliferation
(angiogenesis) promotes neurogenesis by enabling the
proliferation of endogenous iNSCs.

Together with PCs and ECs, astrocytes (ACs) form
the blood-brain barrier (BBB), which allows the CNS to
function as a minimal functional unit (Banerjee and
Bhat, 2007). In addition to ECs, ACs work as an
important niche for NSCs in the SVZ (Song et al., 2002),
SGZ (Lim and Alvarez-Buylla, 1999), and cortex (Jiao
and Chen, 2008). We previously showed that both ACs
and ECs promote iNSC proliferation (Nakagomi et al,
2009a), suggesting that ACs may function as a niche for
leptomeningeal iNSCs.

Immune system regulation is another key factor that
has been proposed to enhance CNS regeneration after
injury (Kokaia et al., 2012). PCs are located at
perivascular (Virchow-Robin) spaces in the CNS where
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Fig. 4. Schematic
representation of the
fate of NSCs in the
normal and
pathological central
nervous system.
Under normal
conditions,
neuroepithelial cells
produce various
NSCs, including radial
glia, subventricular
zone (SVZ) astrocytes,
ependymal cells, and
oligodendrocyte
precursor cells
(OPCs). Under
pathological
conditions, PCs, which
are neural crest
derivatives, produce
iNSCs in the
leptomeninges.



inflammatory cells such as macrophages and
lymphocytes infiltrate (Hutchings and Weller, 1986).
Therefore, inflammatory reactions might occur in
perivascular spaces and determine the fate of iNSCs.
Indeed, our previous studies showed that T lymphocytes
infiltrated into perivascular spaces where CD4-positive
T cells induced apoptosis in iNSCs via the Fas-FasL
system (Saino et al., 2010; Takata et al., 2012). Although
the detailed mechanism remains unclear, these findings
suggest that the immune response triggered by
inflammatory cells is a major deteriorating modulator of
post-stroke iNSC neurogenesis. The benefits of
regulating immune cells also might be explained by the
fact that mesenchymal cell transplantation, which can
suppress the immune response in graft-versus-host
disease, accelerates endogenous neurogenesis after
stroke (Li et al., 2008; Yoo et al., 2013).

Several chemical mediators and cytokines are
produced at CNS injury sites, and among these,
interleukin-6, ciliary neurotrophic factor, and bone
morphogenic proteins promote NSC differentiation into
a glial lineage (Nakashima et al., 1999; Okada et al.,
2004). Indeed, our previous study showed that GFP-
labeled iNSCs largely differentiated into glial cells in
vivo, though they predominantly differentiated into
neuronal cells in vitro (Nakagomi et al., 2009b). These
results suggest that regulation of such chemical
mediators and cytokines is essential for accomplishing
iNSC-derived neurogenesis in vivo after CNS injury.
Future prospects for endogenous and exogenous
iNSCs therapies

Considering that ECs exerted a positive effect on
iNSCs (Nakagomi et al., 2009a), a promising therapy for
CNS injury might be angiogenesis. Bone marrow cells
(BMCs), such as bone marrow mononuclear cells
(BMMCs) (Li et al., 2006; Kim et al., 2009a; Ribeiro-
Resende et al., 2009) and mesenchymal stem cells
(MSCs) (Chen et al., 2003; Mahmood et al., 2004;
Kurozumi et al., 2005), exert angiogenic effects by
secreting multiple trophic factors including glial-derived
neurotrophic factor (GDNF), brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), and
hepatocyte growth factor (HGF). We showed that
transplantation of BMMCs could contribute to
endogenous iNSC proliferation through vascular niche
regulation, which includes EC proliferation following
ischemic stroke (Nakano-Doi et al., 2010). However, the
therapeutic time window for enhancing endogenous
neurogenesis may be limited because we observed that
endogenous iNSCs developing in the post-stroke
leptomeninges and cortex peak for several days but
decline within a few weeks of stroke onset in both mice
(Nakagomi et al., 2011) and humans (Nakayama et al.,
2010).

Compared to the strategy of enhancing endogenous
iNSCs, transplanting exogenous iNSCs may have some
advantages in treating CNS disorders. Cell

transplantation would provide a longer therapeutic
period that would allow treatment with a larger number
of stem cells that could be repeated. Further, it would be
possible to transplant exogenous NSCs, even in a
chronic CNS injury. In experimental stroke models using
fetal NSCs, transplanted cells could survive in the host
brain, migrate into the injured area, and improve
neurological function (Kelly et al., 2004; Darsalia et al.,
2007). However, fetal NSCs are destined to form the
infant brain; whether transplanted fetal NSCs can help
repair the injured adult brain is still questionable. Thus,
significant regeneration of the injured CNS through
adult NSC transplantation would be ideal. However,
some issues with exogenous NSC transplantation, such
as their survival and ability to repair the injured adult
brain, must be addressed before this treatment can be
used clinically. Indeed, studies using NSCs derived from
adult mammalian brains have shown that only a small
population of grafted cells can survive in the injured
brain (Hicks et al., 2007; Kameda et al., 2007).
Consistent with these reports, we demonstrated that the
majority of transplanted iNSCs could not survive in the
injured cortex without a vascular niche or ECs
(Nakagomi et al., 2009a). A higher survival rate of
transplanted NSCs can be expected for cells that have
neoplasm properties (e.g., ES/iPS-derived NSCs).
However, this property may be associated with a high
risk of tumors. Even so, our study showed that
transplanted iNSCs contributed to CNS repair without
tumorigenesis. Therefore, if their survival, migration,
and neuronal differentiation rates were regulated through
future studies, then iNSCs may be one of the most
suitable cell types for NSC transplantation.
What is the therapeutic advantage of leptomeningeal
iNSCs?

One potential therapeutic advantage of
leptomeningeal iNSCs is that they are located at the
cortical and spinal cord surfaces where CSF is abundant.
This allows direct access to therapeutic factors added to
the CSF. Indeed, leptomeningeal nestin+ iNSCs
massively proliferated when the whole brain removed
after ischemic stroke was incubated for several days in a
bath that included bFGF and epidermal growth factor
(EGF) (Nakagomi et al., 2011, 2012). Thus, the most
accessible method for clinical application may be to
inject effective trophic factors in CSF. In the same
culture study, many doublecortin+ immature neurons
emerged in post-stroke areas of the leptomeninges
(Nakagomi et al., 2012). These findings suggest that
iNSC-derived neurogenesis in the post-stroke CNS may
eventually become a reality by administering multiple
trophic factors that promote the proliferation, survival,
and differentiation of leptomeningeal iNSCs in CSF.

Another potential approach may be deposition of
materials such as cell sheets on iNSCs in the injured
leptomeninges. In the field of cardiology, increasing
evidence indicates that cardiac stem/progenitor cells
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reside on the surface of the heart (epicardium), which are
termed epicardial progenitor cells (Zhou et al., 2008;
Smart et al., 2011). These findings may suggest that
stem/progenitor cells are present on the surfaces of
multiple organs, as well as those for the brain, spinal
cord (Decimo et al., 2011; Nakagomi et al., 2011, 2012),
and heart (Zhou et al., 2008; Smart et al., 2011). In
addition, deposition of such materials on an infarcted
heart could improve both cardiac repair and function
after myocardial infarction (Miyahara et al., 2006;
Derval et al., 2008; Zakharova et al., 2010). Thus,
deposition of materials carrying bioactive substances on
the injured leptomeninges may promote CNS
regeneration through leptomeningeal iNSCs, without
causing the parenchymal damage associated with
intracerebral cell transplantation.
Concluding remarks

In summary, our recent studies and those of other
research groups indicate that cells in the leptomeninges
that cover the brain (Nakagomi et al., 2011, 2012) and
spinal cord (Decimo et al., 2011) can acquire the traits of
iNSCs following CNS injury. This suggests the
leptomeninges of the brain and spinal cord likely have a
common repair system that includes a stem cell niche.
Similar iNSCs were detected in post-stroke human
brains (Nakayama et al., 2010). Thus, the leptomeninges
may become a new target for treating CNS diseases,
injuries, and ischemic stroke as the factors that influence
the fates of iNSCs (e.g., proliferation, differentiation,
survival, and migration) are clarified.
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