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Abstract

Emerging evidence highlights the several roles that meninges play in relevant brain functions as they are a protective
membrane for the brain, produce and release several trophic factors important for neural cell migration and survival,
control cerebrospinal fluid dynamics, and embrace numerous immune interactions affecting neural parenchymal
functions. Furthermore, different groups have identified subsets of neural progenitors residing in the meninges during
development and in the adulthood in different mammalian species, including humans. Interestingly, these immature
neural cells are able to migrate from the meninges to the neural parenchyma and differentiate into functional cortical
neurons or oligodendrocytes. Immature neural cells residing in the meninges promptly react to brain disease. Injury-
induced expansion and migration of meningeal neural progenitors have been observed following experimental
demyelination, traumatic spinal cord and brain injury, amygdala lesion, stroke, and progressive ataxia. In this review,
we summarize data on the function of meninges as stem cell niche and on the presence of immature neural cells in the
meninges, and discuss their roles in brain health and disease. Furthermore, we consider the potential exploitation of
meningeal neural progenitors for the regenerative medicine to treat neurological disorders.
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Meninges secrete signaling molecules required for neural
progenitor migration and maturation (Barber and others
2018; Borrell and Marin 2006; Choe and others 2012;
Davare and others 2014; Fayein and others 1992; Hayashi
and others 2008; Lehtinen and others 2011; Raballo and

Introduction

Meninges consist of three tissue membranes: the external
dura mater, the arachnoid, and the inner pia mater.
Meninges host several different cell types and are widely
distributed in the central nervous system (CNS). Primitive
meninges form as early as the neural tube develops and
they are necessary for the development of the whole fore-
brain (Catala 1998; Etchevers and others 1999; O’Rahilly
and Muller 1986) and for the generation of the primitive
brain vasculature (Marin-Padilla 2012). Specifically,
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meninges have been shown to play a fundamental role in
the genesis of the cerebral cortex (Radakovits and others
2009), cerebellum (Sievers and others 1986) and hippo-
campus (Hartmann and others 1992). Meninges greatly
influence the biology of ventricular radial glial (RG)
cells, which are the neural stem cells (NSCs) involved in
cortical development (Gotz and others 1998); indeed,
meningeal-derived soluble factors and extracellular
matrix (ECM) components provide attachment sites for
the RG-endfeet ensuring proper RG survival and neuro-
nal migration (Radakovits and others 2009).

Recently, our knowledge of the involvement of the
meninges in the regulation of brain function has expanded.
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others 2000; Radakovits and others 2009; Reiss and others
2002). They are also involved in the control of the cerebro-
spinal fluid (CSF) dynamics (Louveau and others 2017); in
fact, a glymphatic flux of CSF has been shown to continu-
ously flow from the perivascular space, which is formed by
extroflession of the pia mater, to the neural tissue thus clear-
ing metabolites, including AP products, from the brain
extracellular space (Iliff and others 2012). Furthermore,
meninges embrace numerous immune interactions, which
can significantly affect neural cell functions (Benakis and
others 2018; Duan and others 2018; Hu and others 2020;
Schlager and others 2016; Shibata-Germanos and others
2020; Song and others 2020; Van Hove and others 2019).
In this review, we describe the feature of the meninges
as a niche for NSCs, the signature of meningeal neural pro-
genitors and their differentiation potentials. Furthermore,
we discuss the role of meningeal neural progenitors in
health and disease and their potential exploitation for the
regenerative medicine of neurological diseases.

Meninges: A Widespread Niche for
Neural Progenitors

Different groups have described the presence of neural
progenitor cells within the meninges. Meningeal-derived
neural progenitors have been shown to migrate to the neu-
ral tissue in physiological conditions (Belmadani and oth-
ers 2015; Bifari and others 2017; Dang and others 2019)
and to contribute to the disease-induced neural parenchy-
mal reaction (Dang and others 2019; Decimo and others
2011; Kumar and others 2014; Nakagomi and others 2011;
Nakagomi and others 2012; Ninomiya and others 2013),
further extending the idea of meninges beyond a mere
fibrotic scar-forming tissue. Several studies have described
migration of different cell types, mostly immune cells,
from the meninges to the brain parenchyma, supporting the
view of meninges as a potential relevant route for cellular
infiltration to the brain in physiological (Bifari and others
2017; Dang and others 2019) and pathological conditions
(Benakis Llovera and Liesz 2018; Duan and others 2018;
Schlager and others 2016). In this section, we summarize
available evidence describing the meningeal niche feature,
including (1) the anatomical distribution of the meninges
and their unique relationship with blood, lymphatic ves-
sels, and CSF; (2) the heterogeneity of resident meningeal
cell populations; (3) the production and responsiveness to
growth, survival, and differentiating factors; and (4) the
peculiar ECM organization.

Meningeal Anatomical Distribution

To understand the emerging role of meninges for brain func-
tion, dysfunction and regeneration, it is essential to first
underline two key properties of this tissue: the extensive

distribution and the cellular heterogeneity (Figs. 1 and 2).
Overall, the non-neural part of the brain accounts for a rele-
vant part of its wet weight and consists of ECM components,
different cell types, and the vasculature. Most of the brain
stroma includes meninges where blood vessels, border-asso-
ciated macrophages, perivascular cells, and fibroblasts are
present. In the adult CNS, meninges cover the brain and, in
gyrencephalic mammals, follow the cerebral cortex gyri and
sulci spreading for a large area (approximately 3 to 4 m? in
humans) (Mota and Herculano-Houzel 2015) (Fig. 1).
Meninges deeply penetrate and project between the major
brain substructures, including hemispheres, and the hippo-
campus (Decimo and others 2012b; Mercier and Arikawa-
Hirasawa 2012; Mercier and Hatton 2000) (Fig. 1). The pia
mater also projects to the stroma of the choroid plexus and
its extroflession wraps the choroid plexi and forms the non-
neural roof of the third ventricle, a structure known as tela
choroidea (Fig. 1). Of note, a pial sheath, which is in direct
continuity with the subarachnoid space and is filled with
CSF, surrounds all the major brain arteries penetrating the
cerebral cortex (Ichimura and others 1991; Jones 1970;
Nonaka and others 2003; Reina-De La Torre and others
1998; Rodriguez-Baeza and others 1998; Zhang and others
1990) (Fig. 1). This arrangement provides for a direct com-
munication between perivascular, subpial, and subarachnoid
spaces; this allows the perivascular CSF to flow into the
brain parenchyma and drain the extracellular metabolites to
the venous compartment (glymphatic flux) (Iliff and others
2012). In this context, it is worth highlighting that the pia
mater basement membrane and the glia limitans follow the
penetrating arterioles that form the blood-meningeal barrier.
This barrier is different from the blood-brain barrier (BBB),
which is mainly located at the CNS capillary endothelium
level. In particular, the perivascular space is beyond the arte-
riolar endothelium and is separated from the CNS paren-
chyma by the pia mater basal membrane only (Mercier and
Hatton 2000). While the BBB function is determined by dif-
ferent structures, including endothelium, pericytes, astro-
cytes, and the basal membranes forming the neurovascular
unit, pial cells lack of tight junctions and are joined by des-
mosomes and gap junctions (Castro Dias and others 2019).
It is important to note that the perivascular space is endowed
with a thin sheath of meningeal cells that forms a network
surrounding arterioles all along their longitudinal axis. Most
of these perivascular meningeal cells have been identified as
meningeal fibroblasts and meningeal macrophages (Mercier
and Hatton 2000). Recently, however, many other cell types,
including NSCs, have been described at this site (see below
and Fig. 2).

The reconsideration of the distribution of meninges in
the CNS, as a tissue widely penetrating inside the paren-
chyma and not limited to the brain external surface, sets
the stage for a more extended reappraisal of their role as
modulators of CNS function in homeostasis and disease.
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Figure |. Meninges are widespread in human and rodent central nervous system (CNS). Meningeal distribution of human

(A, B, C) and rodent (D, D', D’) brain are shown. (A) Sagittal depiction of the human encephalon and (C) the corresponding
paramedian T2-weighted magnetic resonance (MR) scan are reported, highlighting the wide distribution of the meningeal layers,
excluding the dura mater, as a tissue covering and penetrating inside the cerebral and cerebellar parenchyma, following vessel
branches, sulci, and stroma gyration. (B) Coronal section of the human brain stained by hematoxylin and eosin shows meninges
penetrating trough the gyri into the sulci. (D) Sagittal graphic view of the rodent brain is reported with enlarged view of the
superficial meningeal layer covering the parenchyma at the convexity (D') and the meningeal substructure penetrating the
choroid plexus (D'). (D') The meningeal arachnoid layer defines the subarachnoid space that is hosting blood vessels, as they
deeply penetrate into the sulci and parenchyma in the perivascular spaces projecting through the main brain substructures. The
pia mater adheres to the parenchyma and its basal membrane and divides the arteriolar endothelium from the parenchyma. (D')
The pia mater also wraps the choroid plexus (tela choroidea, D').

Meningeal Cellular Heterogeneity

Meninges consist of highly heterogeneous cell popula-
tions as shown in Figure 2. Cells forming the pia mater,
arachnoid, and dura mater share location with several
other cell types, including arterial, venous, capillary and
lymphatic endothelial cells, smooth muscle cells and
pericytes, meningeal, choroid plexus, and perivascular
macrophages, and different types of blood-borne immune
cells. In addition, in meninges have been observed bound-
ary cap cells, which display stem cell properties and par-
ticipate in the formation of the boundary between the
CNS and the peripheral nervous system (Zujovic and oth-
ers 2011), and telocytes, which are interstitial cells char-
acterized by extremely long cell processes, telopodes,

establishing contacts with blood capillaries, nerve fibers,
and stem cells (Popescu and others 2012). Furthermore, a
surprising discovery was made in the past few years when
several groups described the presence of neural precur-
sors in meninges (Belmadani and others 2015; Bifari and
others 2009; Bifari and others 2015; Bifari and others
2017; Dang and others 2019; Decimo and others 2011;
Dolci and others 2017; Kumar and others 2014; Nakagomi
and others 2011; Nakagomi and others 2012; Ninomiya
and others 2013). The distribution and the relative abun-
dance of all the different cell types may vary according to
the specific meningeal locations, developmental times or
physiological versus pathological conditions (Fig. 2).
The characterization of cells residing in the meninges
is continuously expanding. Recent data have suggested
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Figure 2. Meningeal cell heterogeneity in healthy and pathological conditions. Schematic representation showing meningeal cell
heterogeneity in healthy and pathological conditions. Meninges are formed by three tissue membranes: dura mater, arachnoid,
and pia mater. The dura mater contains lymphatic vessels (green) which spread in the arachnoid space with their capillaries. The
arachnoid is an epithelial layer filled by cerebrospinal fluid (CSF) (light blue) in which fibroblasts create the typical arachnoid
trabeculae. Pia mater (blue) made of a single layer of pial cells, adheres to the surface of the brain parenchyma (astrocytic basal
membrane, bordeaux). In physiological conditions, the leptomeninges (arachnoid and pia) host three main different classes of
cell populations: neural precursors, resident stromal cells (pericyte, telocyte, smooth muscle cells, fibroblast, and pial cells) and
resident immune cells (border-associated macrophages, dendritic cells, and mastocytes). Following disease, meninges increase
their thickness and meningeal cell populations react and proliferate increasing their number (stromal cells and neural precursors).
Moreover, the pathological condition causes the activation of the resident immune cells and the recruitment of blood-borne
immune cells (circulating monocytes, lymphocytes, neutrophils).

the presence of a cell population sharing molecular,  an evolutionarily conserved cell type with potential
morphological, and functional characteristics with both ~ roles in homeostasis and immune organization of
lymphatic cells and macrophages, which may represent ~ the meninges (Shibata-Germanos and others 2020).
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Similarly, a tissue-specific transcriptional signature has
been described for the border-associated macrophages
residing in the meninges, which changes during devel-
opment and in pathological conditions (Van Hove and
others 2019). Recently, subgroups of meningeal
PDGFR-f expressing cells have been identified as early
responders to systemic inflammation by rapidly releas-
ing the chemokine CCL2, which in turn increases neu-
ronal excitability and excitatory synaptic transmission
in multiple neuronal types (Duan and others 2018).
Interestingly, an ingrowth of meningeal lymphatic cells
has been shown to occur into the injured parenchyma
tissue following brain vascular damage; this reaction
may act as a draining network removing excess fluid
and providing a scaffold for the growth of new blood
vessels into the area (Chen and others 2019).

Similar to its cellular composition, the embryonic ori-
gin of meninges may be reconsidered, as far as different
cells may have specific embryonic derivation. Immune,
endothelial and lymphatic cells possibly originate from
the mesoderm, while meningeal fibroblasts and pial cells
of the telencephalon likely derived from the neural crest
(Catala 1998; Etchevers and others 2001). The embryonic
origin of neural precursors in meninges is still not known.
In addition, the precise location of where the cells
observed in meninges are born is still not clearly defined.
It is possible that some meningeal cells derive from the
blood, others may come from the CSF or even they may
have been migrating from the neural tissue directly.

Such heterogeneous cellular composition confers to
the meninges the potential of playing important functions
in brain homeostasis.

Meningeal Niche Microenvironment: Signaling
Molecules and Growth Factors

Complementary to the cell-intrinsic programs, the stem
cell niche microenvironment provides cell-extrinsic sig-
nals that regulate survival, self-renewal, proliferation,
and differentiation of stem cells (Chau and others 2015;
Decimo and others 2012a; Kokovay and others 2012;
Lehtinen and others 2011). The nature and origin of the
extrinsic signals within the stem cell niche are various
and may derive from niche cells, blood, or CSF.

During the postnatal stage, meninges drive for the cor-
rect development of calvarian bones by releasing growth
factors, osteogenic cytokines, and ECM molecules.
Meninges-derived extrinsic cues have been shown to
guide also NSC identity, proliferation, and maintenance.
Interestingly, many of the meningeal secreting factors,
including fibroblast growth factors (FGFs), transforming
growth factorf (TGFp), and bone morphogenetic pro-
teins (BMPs), that play an instructive role toward calvar-
ial patterning and morphogenesis, also influence NSC

biology (Dasgupta and Jeong 2019). These signals can be
secreted by meningeal resident cells, or arrive from the
blood or be floating in the CSF filling the meninges.
Notably, the structure of meningeal capillaries differs
from those characterizing the CNS capillaries, where the
endothelial cells are sealed by tight junctions thus form-
ing the BBB. Meninges endothelia lack tight junctions
and are therefore open to peripheral circulation.
Furthermore, the meninges, which form the perivascular
space, are beyond the vascular endothelium, and there-
fore separated from the CNS parenchyma only by the
basal lamina (Mercier and Hatton 2000). Therefore, due
to both their unique distribution within the parenchyma
and their connection with the vasculature, meninges have
the potential to provide the brain structures with several
growth/trophic factors, which are essential for the devel-
opment and the function of brain neural progenitors and
differentiating cells. Indeed, the presence of primitive
meninges during embryonic development is required for
the survival and the subsequent growth of neural progeni-
tors both in vitro and in vivo.

Ventricular RG cells receive contact-mediated (i.c.,
al/04 laminins with B1 integrins) and diffusible signals
from the meninges, and the absence of these interactions
has been shown to decrease the cortical size and to
enhance RG cell apoptosis (Radakovits and others 2009).
Meninges secreted factors have also been shown in vitro
to favor proliferation and differentiation of NSCs as well
as of neural cancer cells, including medulloblastoma and
glioblastoma cells (Davare and others 2014). Meninges
exert direct effects on RG cells also by secreting high lev-
els of retinoic acid, which triggers the switch of RG pro-
liferation pattern from self-renewing to neurogenic
divisions, thus regulating cortical neuron generation and
anterior hindbrain development (Siegenthaler and others
2009). In fact, the destruction of cerebellar meninges pre-
vents foliation and lamination in the rostral cerebellum
(Sievers and others 1986). Similarly, the destruction of
meningeal cells over the medial cerebral hemisphere after
birth prevents proper formation of the dentate gyrus
(Hartmann and others 1992). Moreover, during spinal
cord development meninges secrete several axon-guid-
ance molecules for motor and sensory neurons (Suter and
others 2017).

Meninges home long-term BrdU (5-bromo-2'-de-
oxyuridine) retaining quiescent and proliferating cells as
well as neural committed precursors (Bifari and others
2009). Long-term maintenance of stem cells requires
their migration to and homing in supportive stem cell
niches (Morrison and Spradling 2008). These processes
are mediated by recognition and interaction with chemo-
tactic factors (Kokovay and others 2010) and extravascu-
lar tissue-specific structures (Kerever and others 2007;
Tanentzapf and others 2007). Both during development
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and in adulthood, meningeal cells express the chemotac-
tic factor stromal-derived factor 1 (SDF1, also known as
CXCLI12) and its receptor CXC chemokine receptor 4
(CXCR4) (Belmadani and others 2015; Bifari and others
2015; Borrell and Marin 2006; Reiss and others 2002;
Stumm and Hollt 2007). SDF1 is a chemokine involved
in homing, migration, proliferation and differentiation of
different types of stem cells within their niche. In the sub-
ventricular zone (SVZ), the NSCs interact with endothe-
lial cells in SDF1- and CXCR4-dependent manner.
Similarly, meningeal-derived SDF-1 acts as a chemotac-
tic factor for neural progenitors during corticogenesis
(Borrell and Marin 2006) and controls the tangential
migration of hem-derived Cajal-Retzius cells (Paredes
and others 2006). Interestingly, by using CXCR4 receptor
reporter mice, it was possible to identify CXCR4 express-
ing RG-like NSCs located in the lateral ventricles that
navigate through the fimbria-dentate junction to the hip-
pocampal fimbria as a stream of migratory cells ulti-
mately reaching the meninges. These NSCs then migrate
along the meninges in the direction of the dentate gyrus in
an SDF-1-dependent manner (Belmadani and others
2015). Following spinal cord injury, a modulation of this
chemoattractant signaling system has been observed in
meninges, possibly facilitating neural precursors to
migrate from the meninges and to contribute to the neural
parenchymal reaction (Decimo and others 2011).

In addition to the chemotactic action of SDF-1, meninges
secrete the signaling factors BMP-4 and -7 and TGFf family
proteins (Choe and others 2014; Choe and others 2012).
These factors play a role for the development of the corpus
callosum and for the tangential migration of oligodendro-
cyte precursor cells (OPCs) into the developing cerebral cor-
tex (Choe and others 2012; Choe and others 2014).

Meninges are a source of several other growth and tro-
phic factors that affect proliferation, survival and differ-
entiation of NSCs and play important roles for the stem
cell niche function. Among those vascular endothelial
growth factors (VEGF), FGFs, and insulin-like growth
factors (IGFs) play a fundamental role. VEGF's are impor-
tant for endothelial and neural cell migration as well as
for lymphatic development and function. During cortical
development, meningeal VEGF-A guides early-migrat-
ing interneurons in the forebrain (Barber and others
2018). Moreover, in adult CNS, VEGF-A provides tro-
phic and survival signals to motor neurons (Lambrechts
and others 2003). Meninges are also a source of VEGF-C
that is essential for the development of meningeal lym-
phatic network and plays relevant roles for lymphatic
function and for the modulation of immune cells (Song
and others 2020).

FGF?2 is required for the normal proliferation of cortical
progenitor cells and the generation of cortical neurons dur-
ing neurogenesis, and it is expressed by meninges (Fayein

and others 1992; Mercier and Hatton 2001; Raballo and
others 2000). FGF2 plays important functions also for
meningeal cells as it acts as mitogen (Parr and Tator 2007)
and survival molecule (Raballo and others 2000) and medi-
ates nitric oxide—dependent vasodilation of pial arterioles
(Rosenblatt and others 1994). Other growth factors are
produced by meninges, including the IGF-II, insulin-like
growth factor-binding proteins (IGFBP)-2 and -4 (Brar
and Chernausek 1993; Khan 2019; Tritos and others 1998).
IGFBP-2 is a multifunctional protein that contains IGF-
and heparin-binding domains and it is the most abundant
IGFs in the CSF. IGFBP-2 promotes neuronal and oligo-
dendrocyte differentiation and survival. Interestingly,
transgenic mice bearing the IGFBP-2 lacking a specific
heparin-binding domain showed abnormalities in the hip-
pocampus, prefrontal cortex, cerebellum, and olfactory
bulb mass, and decrease in myelin expression in the cere-
bellum (Schindler and others 2017).

Many of the features required to define prototypical
stem cell niches have been described in the meninges. In
particular, the presence of blood- or meninges-borne mol-
ecules modulating NSC survival, proliferation, homing,
and identity. Importantly, the wide spatial distribution of
meninges and of their interaction allows the transfer of
cues and stimuli originating both inside the CNS and out-
side (the periphery) the CNS, thus potentially modulating
the NSC function within the meningeal stem cell niche
according to the brain specific needs and body conditions.

Meningeal Niche Extracellular Matrix

The distribution of meningeal-derived morphogens in the
brain and in the meningeal niche also depends on the
nature of these molecules that can be differently dissolved
into the CSF or bound to specific ECM components.
Many cytokines, chemokines, growth factors, and trophic
factors, express positively charged amino acid consensus
sequences for the glycosaminoglycan heparan sulfate
molecules (HSPs) (Aviezer and others 1994; Sarrazin and
others 2011). Meninges produce different ECM compo-
nents, including laminin, fibronectin, collagens IV and
XV, and several HSPs, such as N-sulfated heparan sulfate,
agrin, perlecan, and collagen XVIII (Decimo and others
2012b; Mercier and Arikawa-Hirasawa 2012; Sarrazin
and others 2011). Moreover, meninges ECM is organized
in fractones, which are specialized extracellular matrix
structures rich in laminin and N-sulfated HSPs (Bifari and
others 2015). Fractones sequester and concentrate hepa-
rin-binding molecules, including FGF2, epidermal growth
factor (EGF), IGFs, several chemokines and other mor-
phogens, creating a concentration gradient essential for
cell specification, recruitment, and homing (Kerever and
others 2007). Interestingly, HSPs enrichments have been
found in brain structures where neural progenitors are
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present, including olfactory bulb, the rostral migratory
stream, the SVZ, the subcallosum, and subcapsule zones
and the meninges suggesting the existence of a functional
ECM network system involved in the regulation of growth
factors in neurogenic regions, including meninges
(Mercier and Arikawa-Hirasawa 2012). A further indica-
tion that meninges are functionally linked to the neural
tissue is the presence of gap junction proteins Cx43, Cx30,
and Cx26 (Mercier and Hatton 2001). The distribution of
these proteins along with a network of cells in the menin-
ges and in their projections into the brain, including men-
ingeal sheaths of blood vessels and stroma of the choroid
plexus, suggests the existence of anatomical and func-
tional interactions between meningeal cells, meningeal
perivascular cells, ependymocytes, and astrocytes.

Overall, available evidence suggests the presence in
meninges of favorable microenvironment competent in
hosting and maintaining the NSCs. Many of the signaling
molecules, growth factors, and ECM components acting
in the meningeal stem cell niche are also operational in
the SVZ NSC niche, suggesting that meningeal stem cell
niche shares similarities with classical neurogenic niches.
The meningeal niche appears to be able to sense signals
from outside and inside the brain and to regulate the prop-
erties of NSCs accordingly.

Meningeal Neural Progenitors

Several groups have described the presence of neural pro-
genitors in the meninges (Belmadani and others 2015;
Bifari and others 2009; Bifari and others 2015; Bifari and
others 2017; Dang and others 2019; Decimo and others
2011; Dolci and others 2017; Kumar and others 2014;
Nakagomi and others 2011; Nakagomi and others 2012;
Ninomiya and others 2013). The distribution of menin-
geal resident neural progenitors is apparently not
restricted to a defined meningeal area of the brain. Indeed,
neural progenitors have been observed in the meninges of
the spinal cord, cerebellum, ventral and rostral forebrain
(Fig. 3). However, potential regional specific features of
meningeal resident neural progenitors have never been
assessed. Furthermore, the nature and the relative abun-
dance of neural progenitors in the meninges may vary
according to the developmental stages, physiological and
pharmacological stimuli, or pathological conditions. In
the next sections, we will summarize current knowledge
on the distribution, fate, function, migratory pathway and
regenerative potential of meningeal resident neural pro-
genitors in health and disease.

Meningeal Neural Progenitors in Health

Although decreasing during development, mouse brain
meninges host a subset of cells expressing markers of
undifferentiated and differentiating neural precursors and

this set of cells persists in adulthood. Meninges may
therefore represent a functional niche for neural progeni-
tors during the embryonic development and in adulthood.
Importantly, some of these NSC markers have also been
identified in embryonic and adult human encephalic
(Petricevic and others 2011) and spinal cord meninges
(Decimo and others 2011).

Nestin, an intermediate filament of neuroepithelial
derivation that has been detected in stem/progenitor cells
of neural and non-neural tissues (Lendahl and others
1990; Wiese and others 2004), was found to be expressed
by rodent and human meninges during embryonic stages
up to adulthood (Bifari and others 2009; Bifari and others
2015; Dang and others 2019; Decimo and others 2011;
Kumar and others 2014; Nakagomi and others 2011;
Ninomiya and others 2013; Petricevic and others 2011).
Similarly, both gene and protein expression analysis
revealed glutamate/aspartate transporter (GLAST)
expressing cells in meninges (Bifari and others 2017). At
the embryonic day (E) 14, when there is the peak of corti-
cal neurogenesis, nestin and GLAST are RG specific
markers (Pino and others 2017). To permanently trace
RG cells and their descendants, lineage tracing experi-
ments were performed by intercrossing the transgenic
GLAST-CreERT2 mice (Mori and others 2006) and
Nestin-CreERT2 mice (Lagace and others 2007) with the
Rosa26-lox-stop-lox-YFP reporter line, yielding GLAST-
YFP or Nestin-YFP mice, respectively (Mori and others
2006). Upon tamoxifen injection of GLAST-YFP or
Nestin-YFP mice at E14, a fraction of meningeal cells
(nestin-derived 1%, GLAST-derived 7.90%) was labelled
in postnatal day (P) o meninges (Bifari and others 2017).
Other RG specific markers have been found in meningeal
cells. The transcription factor PAX6 is expressed in the
ventricular zone of the developing cortex by RG cells
(Gotz and others 1998). RG-like PAX6 gene expressing
cells were found in the perinatal mouse (Bifari and others
2017) and PAX6 protein expression was also found in
adult meningeal cells (see Zeisel and colleagues, Figure
2C) (Zeisel and others 2015). Similarly, the HMG-Box
transcription factor SOX2 is expressed in the neural tube
during development and in postnatal RG cells (Zappone
and others 2000). Sox2 gene and protein expression were
found in embryonic, early postnatal and rarely also in
adult brain meninges (Bifari and others 2015; Nakagomi
and others 2011; Qin and others 2008).

The assessment of the whole transcriptome of the
cells composing the brain meninges at PO confirmed the
presence of RG-like cells in meninges (Bifari and others
2017). Single-cell RNA sequencing (scRNAseq) analy-
sis identified a small fraction of the sorted meningeal
cells with a signature corresponding to RG-like cells,
based on the expression of the RG markers Slcla3 (also
known as GLAST), Fabp7 (Blbp), and Ptprz1 (Llorens-
Bobadilla and others 2015). In addition to RG-like cells,
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Figure 3. Meningeal neural progenitors are widespread in the central nervous system (CNS). Schematic representation of a
sagittal section of rodent brain and spinal cord showing the distribution of neural stem cells (NSCs, blue), immature neurons
(brown), and oligodendrocyte precursor cells (OPCs, green) in CNS meninges (light blue). The specific markers expressed

by each neural progenitor subclass are shown for each area accordingly with the reviewed literature. As meninges cover the
entire CNS (brain and spinal cord) and are widely distributed, also meningeal neural progenitors are not restricted to a defined
meningeal area of the brain. Specifically, they have been found in the external brain meninges (upper left panel), in the meninges
of perivascular space (upper middle panel), in the cerebellar meninges (upper right panel), along the meninges of hippocampal
fimbria (lower left panel), in the meningeal substructures (lower middle panel), and in spinal cord meninges (lower right panel).

a population with a neuroblast signature identified on  possibly indicating a transitional state between the
the basis of Tubb3, Cd24a, and Sox11 gene expression  RG-like and neuronal cell types. The protein expression
was found in meninges (Bifari and others 2017). of the neuroblast marker beta-3-tubulin and doublecor-
Intriguingly, the scRNAseq analysis also revealed a  tin were also confirmed by histology and western blot
small population of cells with an intermediate signature, analysis of developing and adult rodent meninges (Bifari
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Figure 4. Meningeal neural progenitors generate parenchymal neurons and oligodendrocytes in physiological condition. (A)
Schematic representation showing that immature neural progenitor cells and neuroblasts in meninges generate meningeal-derived
neurons or rare oligodendrocytes in the brain parenchyma. In (B) meningeal-derived neurons (YFP™/CFP™, green and tdTomato,
red) in the brain cortex of a postnatal day 30 (P30) PDGFR[-Cre mouse (upper panel) expressing the neuronal markers NeuN
and Satb2 (lower panel, arrowhead) are shown. Meningeal cells were labelled by injecting PDGFRB-Cre PO mice with a lentiviral
vector expressing the Brainbow [.0(L) reporter in the meninges allowing to trace the Cre expressing PDGFR3 meningeal cells
(YFP*/CFP* cells, green). tdTomato cells (red) are meningeal derived cells that do not express PDGFRp. The upper panel shows
that the meningeal cells migrated into cortical layers Il to IV were mostly PDGFRB-Cre-derived YFP*/CFP* cells (green). In the

lower panel, YFP/CFP meningeal-derived cells (green), NeuN (red), and Satb2 (blue), showing that the PDGFR{-Cre-derived
YFP*/CFP* cells were NeuN*/Satb2* neurons (arrows). Modified from Bifari and others (2017).

and others 2015; Decimo and others 2011; Nakagomi
and others 2012).

Remarkably, gene transfer, lineage tracer and birth
dating experiments further indicate the neurogenic poten-
tial of meningeal RG-like cells in vivo (Fig. 4). In the
meninges of perinatal mice, the neurogenic progenitors
have been shown to migrate from the meninges to the
cortical layers II-1V of the retrosplenial visual-motor cor-
tex and differentiate into Satb2™ neurons (Bifari and oth-
ers 2017). The resulting neurons acquired an intrinsic
excitable electrical phenotype in vivo (see section on
functional properties of meningeal-derived neurons for
further details and Figure 5).

Meningeal-derived neurons differentiate from non-
proliferating embryonic derived quiescent progenitors.
Birth-dating experiments indicated that the meningeal
neurogenic cells were born during embryo development
(E13.5-E16.5), and remained quiescent until birth (Bifari
and others 2017). After birth, meningeal neurogenic cells
migrated from the meninges to the cortex and, without
proliferation, differentiated into cortical neurons. This is
consistent with the literature indicating the absence of
newly generated neural cells originating from a pool pro-
liferating after birth (Rakic 2002).

Lineage tracing experiments also revealed that imma-
ture neural precursors residing in the meninges of healthy
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Figure 5. Functional features of meningeal derived neurons. Electrical phenotype of resident and meningeal-derived neurons
in somatosensory cortex (A, left panel). Patch current-clamp recordings of action potentials evoked by direct positive current
injection in a resident principal cell and interneuron (black) and in cells of glutamatergic and GABAergic phenotype of meningeal
origin (red). In B (left panel) the traces are the frequency-current curves obtained by direct positive current injection above
rheobase. Meningeal-derived glutamatergic cells exhibit a higher action potential rate and a higher frequency gain as compared
to their resident counterparts. The frequency gain of resident and meningeal-derived interneurons is similar, although the
meningeal-derived interneuron generates action potentials at a lower rate as compared to its resident counterpart. Modified
with permission from Bifari and others (2017). For comparison, the patch current-clamp recordings of action potentials evoked
by direct positive current injection in a mature resident principal cell (black) and a postnatal differentiated mature complex cell
(red) of the piriform cortex are shown (A, right panel). In B (right panel) the traces are the frequency-current curves obtained
by direct positive current injection above rheobase. Complex cells exhibit different action potential rate and frequency gain

as compared to their resident counterparts, similarly to meningeal-derived neuronal cells. Patch-clamp traces modified with
permission from Benedetti and others (2020). Frequency-current curves obtained from the original dataset from Benedetti and

others (2020) kindly provided by the authors.

adult mice migrated into the brain parenchyma to differ-
entiate into OPCs (Dang and others 2019) (Fig. 4).
Interestingly, meningeal-derived OPCs in the healthy
brain also originated from non-proliferating meningeal
progenitors (Dang and others 2019).

A further indication of the presence of a neural pro-
genitor population in meninges is the potential of cells
extracted from meninges to be cultured in vitro as NSCs.
The signature of cultured neurospheres derived from
meningeal cells and from ventricular prominin-positive

RG cells was compared by whole transcriptomics analy-
sis (Bifari and others 2017). Heatmap and metric multidi-
mensional  scaling analysis revealed that the
meninges-derived cells shared expression of numerous
NSC genes (Fabp7, Sox9, Sox2, and Nes) with VZ/SVZ-
derived (Bifari and others 2017). Moreover, in vitro cul-
tured meningeal-derived NSCs can differentiate into
electrically functional neuronal cells in vitro (Decimo
and others 2011; Nakagomi and others 2011) and, follow-
ing transplantation into the adult hippocampus,
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differentiated into neurons in vivo (Bifari and others
2009). In addition to neuronal differentiation, NSCs
obtained from the adult brain and spinal cord meninges
can be cultured and differentiated into mature oligoden-
drocytes (Dang and others 2019; Decimo and others
2011; Dolci and others 2017) with in vivo myelinating
potential (Dolci and others 2017). Although meningeal-
derived NSCs share comparable global trascriptome with
the VZ/SVZ-derived NSCs, meningeal-derived neuro-
spheres show some peculiarity, including the lower
expression of the astrocytic gene GFAP (Bifari and others
2009). Similarly, in vivo astrocyte differentiation of men-
ingeal-derived NSCs appears to be much lower than that
observed for the VZ/SVZ-derived NSCs. Seldom menin-
geal-derived astrocytes have been observed both follow-
ing transplantation of in vitro cultured meningeal-derived
NSCs in the brain (Bifari and others 2009), and after in
vivo fate mapping of migrated NSCs from meninges to
the cortex (Bifari and others 2017). This observation
highlights potentially relevant differences between men-
ingeal-derived and VZ/SVZ NSCs in terms of differentia-
tion potential, function, and ontogenesis.

Functional stem cell niche quickly senses and responds
to stimuli from the CNS and from the periphery.
Pharmacological administration of FGF-2 and NGF in
meninges results in a strong proliferation of meningeal
cells and in hyperplastic changes within the meninges of
the rat and monkey (Day-Lollini and others 1997; Parr
and Tator 2007). Similarly, the administration of EGF and
FGF2 to organotypic brain cultures induced the prolifera-
tion of meningeal nestin-positive cells (Nakagomi and
others 2011). Depending on the micro-environmental con-
ditions, meningeal neural progenitors may be highly
responsive to principal mitogens or stay quiescent (long-
retaining BrdU) for a long period of time (Day-Lollini and
others 1997; Decimo and others 2011; Decimo and others
2012b; Parr and Tator 2007). However, meningeal NSC
response to well-known specific neurogenic stimuli such
as environmental enrichment (EE) tasks (Kempermann
and others 1997) or drugs (i.e., fluoxetine) (Zhou and oth-
ers 2016) and their potential role in CNS plasticity has yet
to be determined.

Overall, data available suggest the presence of neural
progenitors in meninges able to contribute to neuro-glia
parenchyma during postnatal and adult stages.

Functional Features of Meningeal-Derived
Neurons

The functional role of newly born neurons in the adult brain
has been proposed according to the location where the new
neurons established connection with the preexisting neural
circuitry (Kempermann and others 2015). In light of the
great interest of the scientific community on adult

hippocampal neurogenesis, and on its implications in health
and disease, the developmental functional features and bio-
physical properties of the subgranular zone (SGZ)-derived
dentate gyrus (DG) granule cells (GCs) have been exten-
sively characterized (Kempermann and others 2015;
Pedroni and others 2014; van Praag and others 2002). At
variance, despite the evidence supporting the active contri-
bution of meningeal NSCs as reservoir for migrating func-
tional neurons, only one study has so far addressed the
functionality of meningeal-NSCs-derived cells (Bifari and
others 2017). In this study, mice were engineered to enable
tracing the migratory pathway of meningeal NSCs-derived
neurons and identify them by epifluorescent tags to perform
targeted patch-clamp recordings (Fig. 5). The study demon-
strated that meningeal-derived cells migrate into the super-
ficial layers of the somatosensory cortex, where they
differentiate into neuronal cells, which functionally inte-
grate with the preexisting circuitry formed by resident neu-
rons through excitatory and inhibitory synaptic connections.
Meningeal-derived neurons can acquire the electrical phe-
notype of both glutamatergic principal neurons and
GABAergic interneurons, they exhibit decreased action
potential half-width and increased action potential repolar-
izing velocity (Fig. 5 and Table 1) and their electrically
evoked GABAergic and glutamatergic postsynaptic poten-
tials are similar to the adult phenotype. Interestingly, gluta-
matergic neurons of meningeal origin can fire action
potentials at a higher frequency than their endogenous
counterparts, whereas the meningeal-derived interneurons
fire at a lower frequency.

Remarkably, immature SGZ-derived GCs of adult
brain display increased excitability of synaptic origin,
such as reduced inhibitory GABAergic drive and
enhanced plasticity due to the lower long term potentia-
tion (LTP) induction threshold (Ge and others 2007;
Wang and others 2000) although their glutamatergic
innervation is paradoxically lower as compared to that of
resident adult DG GCs (Dieni and others 2016; Mongiat
and others 2009). Such hyperexcitability is reminiscent
of meningeal-derived glutamatergic neurons (Table 1).

Overall, these findings suggest that the NSC-derived
neuronal population may express a slightly different bio-
physical machinery than resident cells. Although this
may be ascribed to an earlier maturation stage of NSC-
derived neurons versus neighboring neocortical cells, it is
also possible that the NSC-derived lineage represents a
distinct population that actively contributes to neocortical
function; if this is the case, their role going beyond the
replenishment of the neocortical neuronal pool.

A similar hypothesis has been more recently formu-
lated regarding an immature neuronal cell population
residing in layer II of the piriform cortex that expresses
the immature markers DCX and the polysialylated-neural
cell adhesion molecule (Benedetti and others 2020) (Fig.
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Figure 6. Meningeal neural progenitors in diseases. Schematic representation showing the meningeal environment in the central
nervous system pathological conditions (left panel). Meninges are formed by three tissue membranes: dura mater, arachnoid and
pia mater. Following diseases, different signals that include tissue damage, vascular and blood perfusion impairment, cell death,
and inflammatory signals activate the meningeal niche. Meningeal progenitor cells, promptly react, proliferate, and migrate from
the meninges to the brain parenchyma and differentiate into immature neurons and functional cortical oligodendrocytes. In the
right panels, the injury induced meningeal-derived neural cell contribution to three different pathological conditions is shown. In
the upper right panel, following transient depletion of oligodendrocyte precursor cells (OPCs), meningeal derived OPCs migrate
to the injured parenchyma and differentiate into oligodendrocytes; modified from Dang and others (2019). In the middle right
panel, following spinal cord injury, meningeal neural precursors (nestin*, red) migrate to the glial scar site; modified from Decimo
and others (2011). In the lower right panel, after brain stroke, meninges increase the expression of nestin- and DCX-positive
cells, which migrate to the injured cortex and potentially contribute to cortical regeneration/repair; modified from Nakagomi and

others (2012).

5). Similar to the meningeal-derived neurons, immature
neurons found in layer II of the piriform cortex are gener-
ated prenatally, remain quiescent and differentiate in the
postnatal cortex. These immature neurons appear to have
a distinct neuronal functional phenotype. However, the
functional properties of these cells differ from meningeal-
derived neocortical neurons, as they appear to be exclu-
sively glutamatergic and they fire at a lower frequency
than endogenous resident principal cells. In addition,
although the dendritic spines express glutamatergic ter-
minals, these immature neurons of the piriform cortex
primarily receive GABAergic inputs (Fig. 5 and Table 1).

It remains to be clarified whether the specific electrical
properties of meningeal-derived neurons represent the bio-
physical phenotype of a selected stage of neuronal differen-
tiation, similar to DG GCs, or that of a distinct cellular
entity, as hypothesized in the piriform cortex. Selective cel-
lular depletion experiments or a direct functional readout

obtained with optogenetic/chemogenetic manipulations
will be needed to demonstrate the physiological role for the
non-newly generated neurons differentiated in the adult-
hood from these two neurogenic niches. Furthermore, what
determines the settlement zone, the neuronal lineage differ-
entiation, and the biophysical phenotype of migrating men-
ingeal N'SCs still remains an open question.

Meningeal Neural Progenitors in Disease

Following diseases, NSC niche is activated and precursor
cells migrate and participate to the parenchymal reaction
(Decimo and others 2012a; Morrison and Spradling
2008) (Fig. 6). NSC niche activation by diseases can be
induced by different signals that include tissue damage,
vascular and blood perfusion impairment, cell death, and
inflammatory signals (Decimo and others 2012a).
Modifications may occur following diseases within the
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niche: (1) invasion by inflammatory molecules, chemo-
kines, and immune cells; (2) niche cell proliferation; (3)
change of the molecular signature and nature of neural
progenitors; and (4) remodelling in ECM composition.

Lineage tracing and in vivo labeling as well as histologi-
cal, ex vivo and in vitro approaches have been used to
describe disease-induced meningeal NSC niche activation.
Several and different animal models of diseases showed
the injury-induced activation of neural progenitors in
meninges, including stroke, progressive ataxia, epilepsy,
and spinal cord injury (Dang and others 2019; Decimo and
others 2011; Kumar and others 2014; Nakagomi and others
2011; Nakagomi and others 2012; Ninomiya and others
2013; Tatebayashi and others 2017) (Fig. 6).

Cerebral ischemia is followed by activation of endog-
enous NSCs (Lin and others 2015). Interestingly, cells
expressing Nestin, PDGFRp, and SOX2 appear in the
poststroke meninges and in the perivascular space of infil-
trating pial vessels (Nakagomi and others 2011) (Fig. 6).
Further supporting the NSC nature of these cells, ex vivo
organotypic brain culture experiments showed that isch-
emia-induced meningeal NSCs (iNSCs) formed neuro-
sphere-like cell clusters with self-renewal activity and
neural differentiation potential. In addition to the increase
in stem cell potential, in vivo labeling techniques were
used to show that ischemia induced in meninges an
increased expression of DCX-positive cells, which
migrate to the poststroke cortex and potentially contribute
to cortical regeneration/repair (Nakagomi and others
2012). However, the number of meninges-derived DCX-
positive cells in the poststroke cortex gradually decreased
with time, and no meningeal-derived mature neurons were
present in these regions 60 days after stroke in vivo
(Nakagomi and others 2012).

The contribution of meningeal cells to the CNS injured
parenchyma was also confirmed in other pathological set-
tings. Following spinal cord injury, nestin-positive cells
increased their self-renewal and proliferative properties,
and DCX-positive cells were observed in adult spinal
cord meninges (Decimo and others 2011) (Fig. 6). Cells
extracted from spinal cord injured meninges formed in
vitro neurospheres, which can differentiate into func-
tional neurons and mature oligodendrocytes (Decimo and
others 2011). By an in vivo labeling approach, it was
shown that following spinal cord injury, meningeal NSCs
proliferate, increase in number, and migrate in the neural
parenchyma where they contribute to the neural paren-
chymal reaction (Decimo and others 2011). Interestingly,
meninges-derived cells present in the parenchyma, out-
side and far from the fibrotic scar, expressed the NSC and
neuroblast markers nestin and DCX. Some meningeal-
derived nestin- and seldom DCX-positive cells were also
observed in the injured spinal cord parenchyma one
month after the injury. These cells did not express either

the glia reactive marker GFAP or the oligodendrocyte
precursor marker NG2 (Decimo and others 2011).

The neurogenic potential of meningeal NSCs was nicely
shown in a model of adult progressive cerebellar degenera-
tion with early-onset microgliosis (Kumar and others 2014).
Here, the transplantation into the cerebellum of human cer-
ebellar granule neuron precursors (GNP) triggered the pro-
liferation of endogenous nestin-positive precursors in the
meninges. Remarkably, although transplanted GNPs did not
survive more than a few weeks, meningeal endogenous
NSCs were activated, crossed the outermost molecular layer
and differentiated into mature neurons. These phenomena
were accompanied by the preservation of the granule and
Purkinje cell layers and delayed ataxic changes (Kumar and
others 2014). The neurogenic potential of cerebellar menin-
ges in this mouse model transplanted with exogenous human
GNPs, was also confirmed by in vitro cultures of neuro-
spheres and their subsequent neuronal differentiation.

In amygdala kindling animal model of epilepsy, a
strong activation of nestin-expressing cells was shown in
the meninges (Ninomiya and others 2013). Interestingly,
genetic ablation of nestin expression resulted in a high
susceptibility to kindling, suggesting that the nestin-posi-
tive cells activated by amygdala kindling may exert an
anti-epileptogenic role (Ninomiya and others 2013).

In addition to the neurogenic potential of meninges
NSCs, results obtained in the adult brain suggest that these
cells also have the potential to generate oligodendrocytes
(Fig. 6). Following transient ablation of OPCs in the adult
brain, a strong activation of NSCs residing in cortical menin-
ges could be observed (Dang and others 2019). OPCs
expressing platelet-derived growth factor receptor-alpha
(PDGFRa) were ablated by using an inducible transgenic
mouse where the PDGFRa expression was knocked out in
all the cells following tamoxifen administration. In this
model, OPCs were fully eliminated after 5 days of tamoxi-
fen treatment. Interestingly, already three days from the
tamoxifen treatment, repopulating PDGFRa* OPCs were
seen as small clusters randomly distributed in meninges and
in perivascular localizations as well as within the brain
parenchyma. These cells were highly proliferating and dis-
played the typical immature OPC morphology, including
short studded cytoplasmic processes (Dang and others
2019). By selectively labeling the proliferating OPCs of
meninges with retroviral GFP transduction, it was possible
to observe that the meninges-derived GFP*/PDGFRa*
cells with the typical immature OPC morphology had
migrated in the cerebral cortex near the meningeal labelling
site. Interestingly, after 14 days from the tamoxifen treat-
ment, meninges-derived GFP*/PDGFRa* cells had
increased in number and were distributed into the deeper
layers of the cortex, showing a highly ramified morphology
characteristic of differentiating OPCs. At a later stage, some
of the meninges-derived cells also expressed myelin
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proteins suggesting a contribution of these cells to the
myelin-forming cell pool in the brain: thus, participation of
the meningeal pool of cells can be considered an alternative
and complementary pathway (other than the classical OPC-
self renewal pathway) available for the regeneration of a
severely damaged oligodendroglial lineage (Bergles and
Richardson 2015) (Fig. 6). These meningeal-derived OPCs
apparently originate from PDGFRa-negative cells. In par-
ticular, by using the transgenic reporter mice harboring a
Nestin-promoter and enhancer-driven, Nestin-Cre, inter-
crossed with Rosa26-mCherry reporter, yielding Nestin:
Cherry mouse, it was possible to show that most of the
meninges-derived OPCs were originated from nestin
expressing cells. Quite remarkably, this reporter mice have
the enhancer encoded in the second intron, a condition
whereby the nestin gene is specifically induced in neural
stem cells of the CNS, and not in other mesodermal stem
cells (Zimmerman and others 1994), further suggesting the
NSC origin of the meningeal cells.

Overall, the in vivo data suggest the presence of a res-
ervoir of neural precursor in the meninges in physiologi-
cal condition that promptly respond to neural pathological
states. /n vivo neurogenic and oligodendrogenic differen-
tiation potential of meninges NSCs has been shown both
in health and diseases (Figs. 4 and 6). Accumulated dis-
ease-induced meningeal neural precursors migrate to the
neural parenchyma and contribute to the neural regenera-
tion of the CNS.

Meningeal Neural Progenitor Migratory Pathway. The migra-
tory pathways of meningeal neural progenitors to the paren-
chyma, the precise mechanisms of accessing to the brain
and the chemotactic guidance signaling regulating this
migration have not yet been fully described. They may vary
depending on the developmental stage, on the selected
meningeal progenitor phenotype and on specific meningeal
region (e.g., brain, spinal cord). In mice, during neonatal
stage, meningeal neural progenitors have been described to
follow, as track route, the major meningeal substructure
underneath the hippocampus, which allow them to migrate
from the posterior meningeal cortex to the ventricles (tela
choroidea) (Bifari and others 2017) (Fig. 7). From the ven-
tricles, they infiltrate into the parenchyma reaching their
terminal destination in the layer II-III of the cortex where
they differentiate into neurons. In line with this migratory
pathway, postnatal and adult CXCR4-expressing neural
progenitors of ventricular derivation were observed migrat-
ing along the meningeal substructure in direction of the hip-
pocampal dentate gyrus (Belmadani and others 2015).

At variance, in adult mice, meningeal OPCs have been
proposed to migrate to the cortex from the surrounding
meninges suggesting they may infiltrate directly into the
parenchyma through the pial basal lamina (Dang and oth-
ers 2019).

In pathological conditions, neural progenitors have been
observed to migrate from the brain, spinal cord, and cerebel-
lar meninges to the injured parenchyma (Decimo and others
2011; Kumar and others 2014; Nakagomi and others 2011).
Although their migratory pathway has not been fully
described yet, they seem to reach the injured parenchyma
directly form the neighboring meninges. Parenchymal infil-
tration through the basal lamina from the adjacent meninges
and meningeal perivascular space has been described also
for brain reactive immune cells, which became able to reach
the area of damaged tissue (Schlager and others 2016) (Fig.
7). In adult animal model of progressive cerebellar degen-
eration, meningeal NSCs have been observed to enter the
parenchyma from the nearby leptomeninges crossing the
outermost molecular layer of the cerebellum (Kumar and
others 2014). In spinal cord injury, demyelination, and
stroke, meningeal progenitors were frequently observed in
perivascular locations suggesting that they may use vessels
as track for their migration to the parenchyma (Dang and
others 2019; Decimo and others 2011; Nakagomi and others
2011) (Fig. 7). What are the attractive molecules guiding
meningeal progenitors to the damaged parenchyma tissue
still remains unknown; however, it can be speculated that the
increase of chemokines such as SDF1 at the injured site may
drive meningeal NSCs response and attract them to the
injured parenchyma. Insights on the traveling mechanisms
of NSCs may derive from many studies on the biology of the
SVZ-derived NSCs that migrate within the rostral migratory
stream and generate olfactory bulb interneurons (Lois and
others 1996). SVZ-derived NSCs also migrate to ischemic
regions following perivascular tracks (Kojima and others
2010).

Because of their high anatomical complexity, wide-
spread distribution and intimate connection with the CNS
parenchyma and vasculature, meninges may provide a net
of potential trails properly suited to allow migration of neu-
ral precursors toward any site within the CNS. This consid-
eration raises the question of whether the cells observed in
meninges, including neural precursors, have originated in
meninges or are just travelling through them. Moreover, the
possibility of a long-distance migration of neural precursors
trough the meningeal net may suggest the existence of a
functional network of NSC niches in the CNS that may use
the threads of the meningeal net as tracks. In this scenario,
proliferation of NSCs is not a mandatory requirement for
the CNS plasticity obtained by addition of new cells, as far
as quiescent neural or glial progenitors may migrate long
distances and, without proliferation, reach and integrate
into the neural tissue (Decimo and others 2012a).

Further studies using in vivo migration and motility
assays as well as in vitro tracing by two-photon intravital
microscopy will be important to identify the specific che-
motactic signals and the migration pathways of meningeal
neural progenitors.



The Neuroscientist 00(0)

Brain and spinal cord meninges

Migration path

go“‘QOQo 'O
S

|

o)

Perivascular space

Meninges substructure

Cerebellum

Tela Choroidea

Figure 7. Schematic representation of the migratory pathway of meningeal neural progenitors to the parenchyma. In the left
panel proposed mechanisms of the meningeal neural progenitor cell migration to the underlying parenchyma through the pial
basal lamina (dashed line). Meningeal neural progenitors migrate from specific meningeal areas, including brain and spinal cord
meninges, meninges of the perivascular space and of the cerebellum. The precise mechanisms of accessing to the brain and the
chemotactic guidance signaling regulating this migration have not yet been clearly described.

In the right upper panel, the migration path of meningeal progenitor cells to the cortex during perinatal stage (black line). Specifically, meningeal
neural progenitors migrate to the cortex via the meningeal substructure (right middle panel) and tela choroidea (lower right panel). Modified
from Bifari and others (2017).

Meningeal Neural Progenitors and Cancer. Expression of
NSCs and neuroblast markers, including DCX, have been
observed in cases of meningeal tumors (Ide and others
2011; Petricevic and others 2011). As expected from a

niche for immature stem cells, meninges host metastasis
of nearly every malignancy, with the highest incidence in
hematologic, melanoma, lung, breast, and brain cancers.
The precise role of endogenous NSCs and meningeal
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NSC niche in the brain cancer development is an over-
looked topic.

The relevance of the meningeal niche in neuro-oncol-
ogy is being revisited with particular relevance for two
distinct domains: the tumor microenvironment, where the
meningeal niche contributes to the regulation of the inter-
stitial fluid flow (Stine and Munson 2019) and of the
intracranial lymphatic drainage; and the immunosurveil-
lance of primary brain tumors, such as gliomas. Gliomas
are endowed with a remarkable infiltrative nature (Boye
and others 2017; Giese and Westphal 1996; Kingsmore
and others 2016; Qazi Shi and Tarbell 2011), and they are
likelihood of progression and recurrence, and ultimate
resistance to available surgical and adjuvant therapies,
including immunotherapeutic approaches (Lim and oth-
ers 2018). As for the role of microenvironment, gliomas
induce derangement of normal local extracellular matrix
and of non-neuronal cell populations (Geer and Grossman
1997), supporting differential flow of the interstitial fluid.
Gliomas spread through perivascular spaces (Cuddapah
and others 2014), along white matter tracts (Geer and
Grossman 1997), in perineuronal spaces, and along the
meningeal layers lining the brain, as demonstrated by the
pattern of local progression and recurrence of the tumors
away from the primary CNS site of origin (Fukuya and
others 2019; Konishi and others 2012). As for the lym-
phatic drainage, it should be considered that the menin-
geal lymphatic system also drains interstitial fluid tumor
components, thus representing a pathway for dissemina-
tion of tumor cells (Hu and others 2020), as demonstrated
in mice models where glioma and melanoma cells were
implanted intracranially (Hu and others 2020).

Dendritic cells play a pivotal role in immunosurveil-
lance of primary glioma. The dendritic cell trafficking was
demonstrated to occur through the meningeal lymphatic
system of mice models of gliomas and melanoma (Hu and
others 2020). More recent data further support the argu-
ment that a relevant contribution of immunosurveillance
of brain tumors could come from a morpho-functional
reshaping of the meningeal lymphatic system (Song and
others 2020). Here, the VEGF-C and its receptor partner
have a role in enhancing the trafficking of CD8 T cells to
the deep cervical lymph nodes and ameliorating a syner-
gistic effect with checkpoint immunotherapeutic agents
(Song and others 2020). The microenvironment of glio-
blastoma is deprived of lymphangiogenic signals, thus
contributing to increasing its protection from T cells (Song
and others 2020).

A deeper knowledge of the contribution of the menin-
geal niche to tumor spread and resilience to available
treatments is thus needed to improve the understanding
the pathogenic mechanisms of these lesions and, more
relevantly, to disclosed new potential pathways for deliv-
ering therapies and/or for identifying new targets to

enhance immunosurveillance of both primary and meta-
static brain tumors.

Furthermore, whether meningeal NSCs influence
brain tumors formation and progression is still com-
pletely unexplored.

Meningeal Neural Progenitor Regenerative
Potential

The evidence described so far converges toward the view
that the regenerative potential of meningeal neural pro-
genitors is an emerging frontier of investigation to explore
the plastic properties of the brain and its ability to self-
repair. The reaction of the endogenous meningeal neural
progenitors to CNS disorders may provide new therapeu-
tic targets to be exploited for CNS disorders treatment. A
better understanding of the molecular signals activating
endogenous meningeal progenitors and inducing their
expansion, migration, and neural differentiation potential,
will set the stage for potential relevant new approaches for
regenerative medicine of the CNS.

Meninges can be involved in CNS regenerative medi-
cine also from another perspective that considers this struc-
ture as a relevant route of cell infiltration to the brain in
physiological condition. Following CNS pathological
states, there may be discontinuity in meningeal barrier or
increased fenestration of the pia basal lamina, which in turn,
may increase the migration of meningeal cells to the CNS
parenchyma. Furthermore, meninges are closely associated
with the blood vessels forming the perivascular space.
From here, neural progenitors may migrate for long dis-
tance and supply new neural cells to the damaged CNS
area. Disease-induced meningeal activation also involves
several other cell types in addition to neural progenitors.
Immune cells have been described to accumulate in the
meninges at an early stage of CNS disorders and invade the
neural parenchyma from the meninges (Schlager and others
2016). The increased cellular migration through the menin-
ges has been well documented in multiple sclerosis, where
meninges represent a checkpoint at which activated brain-
reactive T cells are licensed to enter the CNS parenchyma
and subsequently to damage neural tissue (Russi and Brown
2015; Walker-Caulfield and others 2015). Moreover, other
meningeal cells, including fibroblasts, pericytes and lym-
phatic cells, can be activated by pathological conditions and
contribute to secrete diffusible morphogens, chemokines
and ECM molecules (Aviezer and others 1994; Benakis and
others 2018; Chen and others 2019; Davare and others
2014; Decimo and others 2012b; Duan and others 2018;
Lehtinen and others 2011; Paredes and others 2006;
Schlager and others 2016; Song and others 2020). As a
whole, the disease-induced meningeal reaction involves
many different cell types and molecules. Therefore, multi-
ple therapies aimed at modulating this response can be



18 The Neuroscientist 00(0)

\

Meninges sampling and
mechano-enzymatic dissociation

/
N

Meningeal neural precursors in vitro expansion
and neural differentiation

oligodendrocyte neuron

neurosphere

Figure 8. Regenerative potential of meningeal neural progenitors. In the upper panel image, the human brain meninges
exposed during neurosurgery. Meningeal neural progenitors can be isolated from meningeal samples by mechano-enzymatic
dissociation and in vitro cultured. Meningeal neural stem cells (NSCs) can be expanded in vitro and subsequently differentiated
into oligodendrocytes and neurons (light microscope images in the lower panel). Meningeal NSCs can potentially be used for
regenerative medicine in autologous graft setting. Scale bars are 20 pm.

employed to further increase the neural regenerative poten-
tial of meninges.

Another very important consideration is the potential
to obtain NSC-like cultures from NSCs extracted from
the meninges (Fig. 8). In vitro cultured meningeal NSCs
have been obtained in different animal models at several
developmental stages including the adulthood (Bifari and
others 2009; Decimo and others 2011; Dolci and others
2017). Moreover, NSC-like cultures have been obtained
from different meningeal locations, suggesting that men-
ingeal NSCs are not restricted to small selected menin-
geal areas. Meningeal NSCs can be expanded in vitro and
subsequently differentiated into mature neurons and
myelinating oligodendrocytes (Bifari and others 2009;
Bifari and others 2020; Dang and others 2019; Decimo
and others 2011; Dolci and others 2017; Kumar and

others 2014; Martano and others 2019; Nakagomi and
others 2011; Ninomiya and others 2013) (Fig. 8).
Importantly, the in vitro cultured meningeal NSCs can
undergo neuronal differentiation following transplanta-
tion in the hippocampus (Bifari and others 2009) and
express myelinating potential following transplantation
in the spinal cord (Dolci and others 2017). The feasibility
of obtaining NSC-like culture from the meninges is
remarkable for the following reasons:

e Somatic meningeal NSCs are present in the adult
mammalian CNS, including the human CNS (Beppu
and others 2019; Tatebayashi and others 2017).

e Meningeal NSCs are located at the CNS surface,
therefore being potentially more accessible for tis-
sue sampling.



Decimo et al.

19

e Meningeal NSCs can potentially be used in autolo-
gous graft setting. The NSCs extracted from a sub-
ject, may be cultured and expanded in vitro and
subsequently transplanted in the damaged CNS
area of the same patient (Fig. 8).

Indeed, from a small biopsy of spinal cord meninges it
has been possible to obtain in vitro high yield of myelinat-
ing oligodendrocytes (Dolci and others 2017). Though
most of our knowledge on meninges and NSCs comes
from animal studies, it is noteworthy that NSC-like cul-
tures have been obtained from autoptic sample of post-
stroke human brain and cerebellum (Beppu and others
2019; Tatebayashi and others 2017). Although with some
specificities in gene expression, suggesting some region-
specific traits, these in vitro cultured cells showed neuro-
nal differentiation potential.

Autologous meningeal NSCs transplantation may be
achievable for brain regenerative medicine in human.
However, the access to meninges implies an invasive
intervention and the number of available meningeal pro-
genitors per meningeal volume present in the adult human
meninges may be a constraint. Further studies elucidating
the feasibility of the use of human NSCs resident in
meninges for regenerative medicine are needed.

Several data accumulated over the last decades suggest
that major regenerative properties of transplanted NSC
reside in their so-called non-neurogenic functions, which
include the trophic and immune modulatory activity.
Cultured meninges NSCs support T, B, and NK cell sur-
vival (Di Trapani and others 2013). Once primed by inflam-
matory stimuli (INF-y and TNFa), meningeal NSCs
drastically modify their properties and up-regulate mole-
cules that are important for immune cell interactions such
as CD40, PDL-1, CD112, CD115, and the adhesion mole-
cules ICAM-I and VCAM (Di Trapani and others 2013).
The in vivo relevance of these immune modulatory proper-
ties has to be addressed. Several pathological conditions
involve meninges inflammatory activation, which further
supports immune cell attachment and migration into the
CNS parenchyma. Whether the impairment of meningeal
resident NSC immune modulatory activity may also con-
tribute to meningeal inflammation remains to be deter-
mined. Similarly, whether the pharmacological modulation
of the meningeal resident NSC immune modulatory activ-
ity may represent an additional target to improve brain
regeneration has never been assessed.

Conclusion and Future Perspectives

Data from literature describe meninges as a niche for
NSCs during development and in the adulthood. These
immature neural cells are able to migrate from the menin-
ges to the brain parenchyma and differentiate into func-
tional cortical neurons or oligodendrocytes (Bifari and

others 2017; Dang and others 2019). Immature neural
cells residing in the meninges promptly react to brain dis-
ease. Injury-induced expansion and migration of menin-
geal neural progenitors have been observed following
experimental demyelination, traumatic spinal cord and
brain injury, amygdala lesion, stroke, and progressive
ataxia (Dang and others 2019; Decimo and others 2011;
Kumar and others 2014; Nakagomi and others 2011;
Ninomiya and others 2013).

As a whole, the meninges appear as an overlooked
pharmacological target for regenerative medicine of the
CNS. Drugs acting by modulating the meningeal endog-
enous neural progenitors may provide new and effective
therapies for CNS disorders. Moreover, the meninges
are a potential source of adult, somatic, autologous
NSCs that can be expanded in vitro and endowed with
neural and oligodendrocyte differentiation potential fol-
lowing transplantation in vivo. Cultured meninges NSCs
can also be a valuable somatic alternative to the induced
pluripotent stem cells, to study and better understand the
pathophysiology of genetic neurodegenerative discases
as well as a drug screening platform to test and identify
therapeutic leads for neuronal and myelin cell survival
and differentiation.
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