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For over two decades a significant proportion of neuroscience
research has been dedicated to understanding the normal
function of neural stem and progenitor cells, as well as
developing novel ways to use them to achieve nervous
system repair. These therapeutic stem and progenitor cell-
based strategies can be broadly divided into three cate-
gories: activating endogenous neural stem/progenitor cells,
cell transplantation, and the use of stem or progenitor cells
to model disease. The progress being made in each of these
key areas is addressed briefly within this review and by key
contributions to this special issue.

Within the adult mammalian brain, including the human
brain, neural stem cells (NSCs) are found in the subventric-
ular zone and hippocampal dentate gyrus, where they divide
and give rise to newneurons, in a process termed adult neuro-
genesis.These newly generated neurons are highly plastic and
are important for many brain functions including learning
and memory and mood. NSCs in the subventricular zone are
also capable of generating astrocytes and oligodendrocytes
[1, 2], and oligodendrocyte progenitor cells, which reside
in all regions of the central nervous system, continue to
generate new myelinating oligodendrocytes throughout life
[3]. The activity of these proliferating populations markedly
decreases with ageing [3, 4] and correlates with the age-
related decline in cognitive performance. However, the fact
that a large pool of quiescent precursor cells can be activated
in the neurogenic niches of aged mice [5, 6], as well as the
fact that oligodendrocyte progenitor cells are capable of spon-
taneously regenerating oligodendrocytes to replace myelin
lost due to central nervous system injury or demyelination
[7], offers hope that the endogenous pool of neural stem

and progenitor cells can be activated to generate new cells
even in the aged or injured nervous system. In this special
issue, L. Harris et al. (2016) extensively review the biology and
potential therapeutic applications of NSCs in the developing
and adult cerebral cortex.

Studies in rodents have shown that behavioural inter-
ventions such as environmental enrichment and cognitive
training and exercise can promote neurogenesis [8], and
some types of learning have been shown to increase oligo-
dendrogenesis [9]. Furthermore, a number of hormones,
cytokines/chemokines, and growth factors have been shown
to influence endogenous cell generation, including vascular
endothelial growth factor, brain-derived neurotrophic factor,
nerve growth factor, progesterone, and epidermal growth
factor. In many cases these identified protein regulators have
poor clinical efficacy due to poor stability, an inability to
cross the blood-brain barrier, or significant off-target effects
on other cell types; however it is possible that the next
generation of drug-design and drug-delivery approaches will
overcome some of these hurdles. In this special issue, L.
Auderset et al. (2016) highlight the influence that the mem-
bers of the low density lipoprotein receptor related protein
family and their ligands have on neural stem and progenitor
cell behaviour, and A. E. Cole et al. (2016) highlight the
potential of bone morphogenic protein 4 and small molecule
substitutes to direct endogenous neural stem and progenitor
cells to generate glial cells following a central nervous
system insult. The close proximity of the NSCs to the brain
microvasculature also allows them to interact with peripheral
immune system, a research area highlighted by O. Leiter et al.
(2016).
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The second major avenue of cell-based neural repair
research is stem cell transplantation, which has been used
for other clinical purposes since the 1960s. Stem cells from
a variety of sources have been proposed and tested for the
treatment of neurodegenerative disease. While mesenchymal
stem cells have a limited ability to generate neural cell types,
human embryonic stem cells can be expanded in vitro and
retain their ability to differentiate into each of the major
neural cell types. However, the benefits observed in response
to stem cell transplantation in mouse models of neurodegen-
erative disease are often not the result of the transplanted cells
differentiating into functional neurons or glia on a large scale.
Instead they appear to promote neural regeneration by the
secretion of paracrine factors. Neural andmesenchymal stem
cells that are transplanted into mouse models of Alzheimer’s
dementia produce beneficial neurotrophins, which have an
anti-inflammatory effect and reduce both amyloid and tau
pathologies. Similarly, NSCs transplanted into rodents with
experimental autoimmune encephalomyelitis, a model of
inflammatory-mediated demyelinating disease, have been
shown to attenuate inflammation and promote functional
recovery [10]. The past decade has seen the evolution of
protocols that produce more consistent and defined cell
populations for transplants, making it more feasible that the
cells can be engineered tomaximize their paracrine influence
and better abrogate disease pathology. In this special issue, X.
Gao et al. (2016) have shown that NSCs engineered to overex-
press glial cell line-derived neurotrophic factor enhance the
immunomodulatory and neuroprotective potential of NSCs
transplanted into the central nervous system of rats with
chronic experimental autoimmune encephalomyelitis.

The final way in which neural stem and progenitor
cells are being utilized to treat nervous system disorders is
through the development of cell culture-based models of
disease. For example, neural stem and progenitor cells can be
differentiated into neurons, astrocytes, and oligodendrocytes
in order to study specific human geneticmutations associated
with neurodevelopmental or neurodegenerative disorders or
expanded for the large-scale screening of novel pharma-
cotherapies. Human neural progenitor cells are ideally suited
for these studies but are difficult to obtain. However, in this
special issue, H. Fukusumi et al. (2016) demonstrate that
human induced pluripotent stem cells can be derived from
multiple sources, including dermal fibroblasts, cord blood
cells, and peripheral blood mononuclear cells and readily
differentiated into human neural progenitor cells. Moreover,
N. Gunewardene et al. (2016) report that human induced
pluripotent stem cells can be differentiated into neurons that
are able to innervate cochlear hair cells, allowing them to
be used to model auditory neuron replacement therapies in
vitro.

This special issue highlights the rapid progress being
made in neural stem and progenitor cell biology.
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Substantial progress has been made in identifying the extracellular signalling pathways that regulate neural stem and precursor
cell biology in the central nervous system (CNS). The bone morphogenetic proteins (BMPs), in particular BMP4, are key players
regulating neuronal and glial cell development from neural precursor cells in the embryonic, postnatal, and injured CNS. Here we
review recent studies on BMP4 signalling in the generation of neurons, astrocytes, and oligodendroglial cells in the CNS. We also
discuss putative mechanisms that BMP4 may utilise to influence glial cell development following CNS injury and highlight some
questions for further research.

1. Introduction

Neural stem cells (NSCs) are self-renewing, multipotent
progenitor cells that can generate neurons as well as the
two major glial cell types, oligodendrocytes and astrocytes
[1, 2]. Altman andDas first speculated about the possibility of
postnatal neurogenesis generated by an unidentified pool of
undifferentiated cells located around the ventricular and ger-
minal zones in young rats [3]. This has since been attributed
to NSCs migrating from stem cell niches located in the
subventricular zone (SVZ, also known as the subependymal
zone) [4]. Adult NSCs share common features with astrocytes
[5], and can be identified by nestin, glial fibrillary acidic
protein (GFAP), and Sox2 expression [6, 7]. Adult NSCs are
derived from embryonic radial glia-like cells (RGCs) during
development [8] and are specified at approximately E11.5 in
murine embryogenesis [9]. AdultNSCs can give rise to neural
precursor cells (NPCs), which include neuroblasts [10] and
glial precursor cells such as oligodendrocyte progenitor cells
(OPCs) [11, 12]. Neurogenesis also occurs in the hippocampal
subgranular zone (SGZ) of the dentate gyrus from precursor
cells with stem-like properties. Whether or not these SGZ
progenitor cells are “true” stem cells has been debated [13, 14].
There is evidence that they do not self-renew indefinitely
but can give rise to all neuronal subtypes through sequential

differentiation [13, 15]. These two regions are currently the
only known source of NSCs in the mammalian brain [2, 14].

Several key signalling pathways govern the regulation of
NSC maintenance and specification in the adult CNS. These
include WNT/𝛽-catenin [16], Sonic hedgehog (Shh) [17, 18],
fibroblast growth factor (FGF) [19], and bone morphogenetic
protein (BMP) signalling [20], with degrees of crosstalk
between many of these pathways [16, 21–23]. This review will
examine the role of BMP signalling in NSC specification in
the developing, adult, and injured CNS. In particular, it will
focus on the role of BMP4, which has a particularly well-
characterised effect on glial development [24]. SVZ NSCs
have been better characterised in regard to BMP4 signalling
compared to SGZ NSCs [20] and will be discussed in this
review at the expense of the latter.

2. BMP4 Signalling Is a Complex,
Tightly Regulated System

BMPs are the largest class in the transforming growth factor
𝛽 (TGF-𝛽) superfamily, with at least 20 structurally distinct
members. Aside from their eponymous functions in bone and
cartilage formation, they also have defined roles in cellular
and developmental processes including proliferation and
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differentiation, cell-fate determination, and apoptosis [25]. A
protein preparation contributing to osteogenesis was first iso-
lated from decalcified bone extracts and studied for its stimu-
lating effect on chondrocytes, osteoblasts, and osteoclasts by
Urist in 1965 [26]. It was initially unclear as towhether a single
protein within this mixture was responsible, but subsequent
studies by Urist and others lead to the characterisation of
several proteins described as “bone morphogenetic proteins”
due to their critical role in bone formation [27, 28]. Their
contribution to vertebrate development has since been shown
to be so extensive that several researchers have suggested
that the name “body morphogenetic proteins” would better
describe their significance [29, 30]. Within this broad and
heterogeneous family, BMP4 in particular has many critical
roles in the development of the nervous system during
embryogenesis [20]. Furthermore, BMP4 reemerges as an
important factor regulating neural cell fate determination
during adulthood and following CNS injury.

BMP4 was purified and cloned by Wozney et al. in
1988 and was originally known as BMP-2B due to its DNA
sequence similarity to BMP2 [31]. Structurally, human BMP4
is a highly conserved, 116-residue protein that is posttrans-
lationally cleaved from a 408-residue preproprotein. The
functional BMP4 peptide chain (from residues 292 onwards)
is highly conserved betweenhuman,mouse, rat, and zebrafish
[32]. The C-terminus contains seven conserved cysteine
residues that are glycosylated, leading to the formation of
a characteristic cysteine knot structure; this domain allows
BMP4 to assemble into a biologically active homodimer and
form heterodimers with other BMPs [33].

After synthesis at the endoplasmic reticulum and post-
translational modifications in the Golgi apparatus, the BMP4
peptide chain is proteolytically cleaved and dimerization
occurs at the Mad homology (MH2) domain. BMP4 also
has a unique secondary cleavage site that governs whether
it is subsequently secreted as a short, soluble isoform or
longer isoform that is tethered to the extracellular matrix
(ECM) [34, 35].Thus, BMP4 can have local or regional effects
depending on cleavage of this secondary prodomain, the
exact mechanisms of which remain unclear and are likely to
be context-dependent [29]. It can also be carried via matrix
vesicular transport, although the exact isoform of BMP4
transported remains unknown [36].

Given the variety of cell types and tissues that it influ-
ences, the BMP signalling network is a fittingly diverse affair.
BMP4 signalling is transduced through the canonical TGF-
𝛽 family pathway [37–40]. This involves glycosylated BMP4
forming homodimers in the extracellular space or extracel-
lular matrix and subsequent binding to a membrane-bound
receptor complex. This complex is classically comprised of
two BMP Type I serine-threonine kinase receptors, of which
there are two classes, BMPRIA (or ALK3) and BMPRIB
(or ALK6), and two of a single class of Type II receptor,
BMPRII. All three receptors contain two conserved func-
tional domains flanking a typical transmembrane domain:
an N-terminal extracellular ligand-binding domain for BMP
homodimer interaction and a C-terminal intracellular kinase
domain. Structurally similar receptors may also act as recep-
tors for BMP4. Activin Receptor Type 1 (ACVR1) can act

as a Type I receptor for BMP4 under certain contexts [41].
Similarly, Activin Receptor Type II (ActRII) and Activin
Receptor Type IIB (ActRIIB) can act as Type II receptors, with
similar binding affinities for BMP4 in certain tissues [42, 43].

Signalling may occur through two mechanisms: pre-
formed complexes (PFCs) of Type I/Type II receptors binding
to BMP4 homodimers or initial binding of BMP4 homo-
dimers to the high affinity Type I receptor, which then recruits
the Type II receptor to the complex (BMP-Induced Signal
Complex or BISC) [44]. Comparatively, BISC signalling is
reliant upon cholesterol-enriched regions of the plasma
membrane to facilitate BISC formation, whereas PFC sig-
nalling does not. However, PFC signalling does appear to
require clathrin-mediated endocytosis of the receptor com-
plex to transmit downstream signalling [45]. In general,
BMP4 has much higher affinity for its Type I receptors than
the Type II receptor [46–49]; direct binding to the Type II
receptor is less common. In the canonical BMP signalling
pathway, upon binding of the BMP4homodimer to the recep-
tor complex, conformational changes allow the constitutively
active Type II receptor to phosphorylate a conserved glycine/
serine box on the Type I receptor kinase domain. This
activated Type I receptor then propagates the signal down-
stream by phosphorylation of the SMAD (signalling mothers
against decapentaplegic [50]) family of intracellular signal-
ling molecules (see Figure 1).

BMP4 signalling through complexes comprised of
BMPRA/IB and BMPRII preferentially phosphorylates rece-
ptor-associated SMAD1, SMAD5, and SMAD8 (known as the
R-SMADs) [29], as opposed to SMAD2 and SMAD3. These
activated R-SMADs can each form heteromeric complexes
with Co-SMAD4, which translocates to the nucleus and acts
as a transcription factor (TF), binding cooperatively with
other TFs and interacting with specific regulatory DNA seq-
uences to control gene expression [51, 52]. In certain con-
texts, activated BMPRIA/B may also signal through the p38/
mitogen-activated protein kinase (MAPK) pathway in a
SMAD-independent manner [53]. Other SMAD-independ-
ent or noncanonical BMP signalling pathways have been
documented in various applications [54]: these will be
selectively discussed as they pertain to neural stem and
precursor cell differentiation.

Precise spatiotemporal regulation of BMP signalling is
vital due to the many roles that BMPs exert during devel-
opment and adulthood in multiple tissue-specific processes.
As such, the BMP4 signalling pathway can be regulated
by numerous extracellular and intracellular factors. Several
endogenous extracellular inhibitors of BMP4 have been
classified, including noggin [55], chordin [56], FSTL1 [57],
DAN (NBL1) [58], and gremlin [59] (for review, see Mulloy
and Rider, 2015 [60]). Secretion of noggin, follistatin, and
chordin by specialised groups of cells known as organisers
is particularly crucial during development to balance the
dorsalising effects of BMPs during gastrulation [20, 49]. At a
receptor-ligand level, several receptor cobinding partners can
enhance or inhibit BMP4 homodimer ligand binding to reg-
ulate downstream signalling. For example, BAMBI (BMP and
activing membrane-bound inhibitor) is a BMP receptor ana-
logue with similar extracellular protein binding sites as the
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Figure 1: General BMP4 cellular signalling pathway. BMP4 dimers
may bind to preformed complexes (PFCs, A), in which BMPRI Type
I and Type II receptors are already bound at the cell surface, or
by firstly binding to the Type I receptor and inducing the Type
II receptor to the complex (BMP-induced signalling complex or
BISC, B). Repulsive guidance molecules (RGMa, DRAGON, etc.)
may enhance binding of the BMP4 dimer to the Type I receptors
in both PFC and BISC binding (C). In the canonical SMAD-
dependent pathway, the constitutively active Type II receptor kinase
domain phosphorylates a glycine-serine-rich area known as the “GS
box” on the Type I receptor (D). The activated Type I receptor
sequentially phosphorylates receptor-associated SMADs (SMAD1,
SMAD5, and SMAD8 in the case of BMP4) (E). These receptor-
associated SMADs then form complexes with Co-SMAD4 (F),
enter the nucleus, and further associate with cobinding partners
including p300, CBP, STATs, and others (G). These heteromeric
complexes then act as transcription factors to regulate the expression
of neuronal and glial gene products (H). Extracellular inhibitors of
the BMP4, such as noggin, bind BMP4 prior to receptor binding
(I). Pseudoreceptors such as BAMBI bind BMP4 dimers but do not
propagate downstream signalling activity to a lack of an intracellular
kinase domain (J). Other inhibitory intracellular factors include
SMAD6, SMAD7, and SMURF. SMAD6 competes with SMAD4
for binding to receptor-associated SMADs (K), SMAD7 blocks the
kinase domain of BMP Type I receptors (L), and SMURF mediates
ubiquitination and subsequent proteasomal degradation of receptor
SMAD1, SMAD5, and SMAD8 (M). Other SMAD-independent
pathways may be activated by BMP4, such as MAPK/p38, JNK, Erk,
and PI3K (MAPK/p38 pathway shown in this figure).

Type I receptors, but lacking a concomitant kinase domain.
This pseudoreceptor competitively binds BMP4 homod-
imers but prevents further downstreamphosphorylation [61].
Another factor, DRAGON, is a glycosylphosphatidylinositol-
anchored protein from the repulsive guidance molecule
(RGM) family. This protein associates with both types of
receptors at the external cell membrane and binds directly to
BMP4, enhancing its binding to the receptor complex [62].
A DRAGON homologue, repulsive guidance molecule A
(RGMa) enhances binding of BMP2 and BMP4 to BMP Type
I receptors, leading to activation of BMP-SMAD signalling
[63]. Both DRAGON and RGMa are expressed in the murine
neural tube during embryogenesis [62, 63], corresponding
to the increased role of BMP-SMAD signalling during this
process [64].

At an intracellular level, inhibitory SMAD7 is a cytosolic
factor that stably binds to the activated Type I receptors [65]
and prevents R-SMADs from being phosphorylated. Down-
stream of BMP ligand-receptor interactions, SMAD mole-
cules themselves are also subject to regulation. Inhibitory
SMAD6 competitively binds with SMAD4 to disrupt the
formation of the R-SMAD/SMAD4 TF complex [66]. SMAD
specific E3 ubiquitin protein ligases (also known as Smad
Ubiquitin Regulatory Factor or SMURF) 1 and 2 are factors
that modulate levels of ubiquitinated cytosolic R-SMADs
[67]. They may also cooperatively bind with inhibitory
SMADs such as SMAD7 to target receptor degradation [68].

Heterodimerisation of BMPs is another extracellular
method of signalling regulation [29, 69, 70]. The shared
cysteine knot domain allows BMP members to form het-
erodimers with other BMPs [71]. For instance, BMP4 may
bind with BMP7 to form a BMP4-BMP7 heterodimer; this
is thought to promote more effective signal transduction in
certain applications [72]. The degradation pathway of the
BMP4 homodimer and other heterodimers after binding
remains unclear.

The specificity of downstream transcriptional control of
gene expression by BMP4 is largely dependent on the partic-
ular ligand-receptor combinations at the cellular membrane
[29]. Several factors can contribute to this interaction: the
composition of BMP dimer ligand, whether signalling occurs
through the PFC model or BISC model, and the rela-
tive contributions of the two different Type I recept-
ors in mediating downstream activity. In particular, vari-
able signalling through BMPRIA/BMPRII complexes versus
BMPRIB/BMPRII complexes has been shown to occur at
different stages in development, affecting unique downstream
targets and regulating diverse cellular processes [38, 73].
Studies using fibroblastic, myoblastic, and osteoblastic cell
lines have also shown that BMP2 signalling occurring
through PFC complexes preferentially activates SMAD-depe-
ndent pathways, whereas BISC binding activates non-SMAD
pathways [44, 53]. It is not known whether preferential
signalling activation occurs in neural stem and progenitor
cells. It should be noted that studies on interactions between
ligand-receptor complexes and uncharacterised proteins are
still informing the field onnovel BMP signallingmechanisms.
For example, recent proteomic analysis of novel regulators
of BMP signalling has identified for the first time a non-
SMAD protein (protein associated with SMAD1, or PAWS1)
that can act as a substrate for BMPRIA phosphorylation. Sub-
sequent interaction with SMAD1 leads to the upregulation of
SMAD4-independent target genes, as well as possible novel
interactions beyond the canonical BMP signalling pathway
[74].

3. BMP4 Signalling in Neural
Stem and Precursor Cells during
Embryonic Development

Since their discovery as osteoinductive factors, BMPs have
also been shown to play a crucial role in the development
of the nervous system, specifically neuroectoderm induction,
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neural crest cell specification, and CNS neural patterning
[20, 64, 75]. BMP4 in particular has been shown to be
critical during early murine embryonic development: Bmp4
deletion in mice is lethal 6.5 to 9.5 days postcoitum [76].
Deletion of its cognate receptor BMPRIA is also embryonic-
lethal in mice [77]. During early embryonic development,
expression of BMPs is actively inhibited by secretion of
noggin, chordin, and follistatin from embryonic organisers
to allow neural induction to commence [78]. In vitro appli-
cation of noggin to human embryonic stem cells activates
microRNA-mediated degradation of SMAD4 transcripts.
This mechanism putatively acts in vivo to block BMP4-
SMAD signalling pathways during neural induction [79].
Repression or activation of BMP signalling, in conjunction
with a corresponding gradient of Sonic Hedgehog (Shh)
expression, actively specifies the ectoderm into neuronal
or nonneuronal tissue, respectively. Additionally, other sig-
nalling pathways that generally antagonise BMP signalling,
such as fibroblast growth factor (FGF) [19] and Insulin-
like Growth Factor-1 (IGF1) [80], play a role in modulat-
ing the levels of active BMP signalling at this stage, by
downregulating both BMP4 expression and phospho-SMAD
activation by BMPRIA/B.This complementary morphogenic
gradient of BMPs (including BMP4 and others including
BMP2 and Growth Differentiation Factor 7 (GDF7)) and
Shh signalling establishes the dorsoventral axis, with the area
of intermediate signalling specifying the neural crest cells
(NCCs) that eventually form the peripheral, sympathetic,
and sensory nervous systems [81–83]. NCC specification
occurs in conjunction with two pathways strongly associated
with BMP: WNT/𝛽-catenin [84, 85] and Notch signalling
[86]. WNT/𝛽-catenin is a particularly frequent collaborator
with BMP4, with temporally and spatially similar actions in
development and adulthood [87, 88].

Following neural induction, secretion of BMP4 from
ectoderm and neural tube roofplate cells promotes subse-
quent neural patterning of several key CNS topographies,
including forebrain, cerebellum, and dorsal spinal cord.
Again, the dualistic relationship between BMP4 and Shh
signalling from the notochord and floorplate is important for
dorsoventral axis development in the spinal cord. Liem et
al. showed that a dorsal cellular identity does not occur by
default due to lack of the Shh ventralising signal. Rather, they
showed that the dorsalising signal provided by BMP4 (and 7)
to early neural tissue explants directly induces the expression
of high levels of definitive dorsal cell markers MSX1, PAX3,
DSL1, and SLUG in these cells [89].

Further to this finding, Wine-Lee et al. showed that
ablation of BMPType I receptors BMPRIA/B from the neural
tube disrupts proper dorsal-ventral interneuron specification
[90], with BMPRIA/B overexpression in the chick spinal cord
causing dorsalisation to occur in ventral spinal cord regions
[91]. Interactions of BMP4withWNT/𝛽-catenin are crucially
important at this stage. Shortly following neural crest for-
mation, contemporaneousWNT/𝛽-catenin signalling down-
stream of BMP4 coordinates transcriptional control of the
neurogenin-1 (Ngn1) and Olig3 neuron-specific TFs [92, 93],
which are crucial for dorsal interneuron specification. Ille et

al. have shown that this involves a balance of the proliferation-
inducing WNT effect against the differentiation-promoting
BMP4 effect on NSCs. This balance may be required to
maintain a population of cycling, dorsal interneuron pro-
genitors during spinal cord development [16]. In addition to
spinal cord patterning, BMP4 has also been implicated in
proper forebrain development [94], as well as early postnatal
cerebellar cell differentiation [95].

As well as these early effects in neural induction, neural
crest specification, and dorsoventral patterning, BMPs have a
significant, temporally dependent influence on both neuronal
and glial differentiation of embryonic NSCs and NPCs.
Following gastrulation, BMP4 signalling specifies NSCs and
NPCs towards neuronal lineage commitment in both the
CNS andPNS [64]. In theCNS, Li et al. showed that treatment
of embryonic day 13 (E13) rat neocortical neuroepithelial
cells with BMP4 in vitro significantly increased expression
of neural markers MAP-2 and TUJ1 and resulted in longer
neurite outgrowth. This was mediated through BMPRIA, as
truncated forms of the receptor significantly reduced this
effect [96]. The capacity of BMPRIA mutant neurites to
respond to brain-derived neurotrophic factor (BDNF) was
preserved, suggesting that this was not a blockage of non-
specific differentiation factors. Further investigation using
bioinformatic techniques would be helpful to rule out the
possibility of the truncated receptor blocking other signalling
pathways beyond BMP signalling.

The neurogenic effect of BMP4 during forebrain corti-
cal neurogenesis has been associated with the SMAD-inde-
pendent MAPK/extracellular signal-related kinase (ERK)
pathway.Moon et al. used primary cerebral cortical stem cells
fromE13.5 rats to demonstrate that BMP4 exposure promotes
expression of TUJ1 through MAPK/ERK activation. This
was further linked to signal crosstalk between BMP4 and
WNT/𝛽-catenin, with a WNT/𝛽-catenin signalling activator
increasing subsequent downstream BMP4 mRNA transcrip-
tion. Increased BMP4 levels promote Ras-mediated ERK
signalling cascade activation.This occurs synergistically with
suppression of epidermal growth factor receptor (EGFR)
signalling by BMP4, simultaneously arresting the mitotic
effect of EGF [21] on NSCs and allowing ERK to activate
the TUJ1 promoter to induce neuronal differentiation [97].
Here, the complexity of neurogenic signalling regulation is
clearly displayed, with BMP4 a keymediator in thismajor cell
signalling network.

4. BMP4 Promotes Astrocytic Differentiation
through Multiple Mechanisms

As neurogenesis nears completion in late embryonic/early
postnatal development, the neurogenic effect of BMP4 is sub-
dued and its dual function as a promoter of astrogliogenesis
and inhibitor of oligodendrogliogenesis becomes more pro-
nounced. Several studies from the laboratory of Jack Kessler
in the mid-to-late 1990s revealed that BMP4 (as well as
related members BMP2 and BMP7) promotes astroglial phe-
notypes in embryonic neural progenitor cells at late embry-
onic/perinatal stages. Gross et al. cultured mouse embryonic
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(E17) multipotent nestin+ neural progenitors from the sub-
ventricular zonewith exogenous BMPs, including BMP4, and
found that BMP treatment significantly increased GFAP+
cells at several time points. They showed that these cells
expressed the relevant BMPRIA/B/II receptors to mediate
BMP signalling, but no measurements of downstream sig-
nalling molecules (e.g., phospho-SMAD1/SMAD5/SMAD8)
were attempted [98]. Subsequent studies showed dose-
dependent effects of BMP4 on embryonic stem cells in vitro,
with different concentrations potentially activating different
signalling responses and outcomes [99].

The signalling mechanisms by which BMPs promote
astrogliogenesis were subsequently revealed by Nakashima
et al. to occur through SMAD1 activation and subsequent
association with signal transducers and activators of tran-
scription (STATs). STATs are cytoplasmic transcription fac-
tors that have a crucial role in relaying signals from the
cell membrane to the nucleus. Activated SMAD1/STAT3
form complexes with p300 and CBP (CREB-binding pro-
tein), which are multifunctional coactivators that facilitate
binding of SMAD1/STAT3 to astrocytic promoters [100].
Rajan et al. further demonstrated that BMP4-mediated
astrocytic differentiation also occurs through the interac-
tions of FKBP12/rapamycin associated protein (FRAP) with
BMPRIA. FRAP is activated by the serine-threonine kinase
FKBP12, which is normally tethered to the inactive BMPRIA
receptor. Upon BMP4-induced conformational changes to
BMPRIA, FKBP12 is released and associates with FRAP to
activate STAT3 [52]. STAT3 then associates with p300/CBP
to activate astrocytic gene promoters as described above.

Prior to this, Bonni et al. and others had shown that ciliary
neurotrophic factor (CNTF) and leukaemia inhibitory factor
(LIF) can promote astrogliogenic specification from NPCs
[101, 102]. These pathways synergise with BMP4 signalling-
regulated STAT3 activation to promote astrogliogenesis
through further activation of STATs via Janus kinases (JaK)
[103, 104]. These pathways are not redundant: LIF signalling
appears to be important for production of GFAP+ astrocyte
progenitors, with BMP4-induced astrocytes producing a
more mature, lineage restricted astrocyte morphology [105].

In addition to thesemechanisms, p57kip2 is an important
upstream promoter of the BMP4-mediated astrogliogenesis
and regulates expression of BMP4 antagonists. Short-hairpin
RNA suppression of p57kip2 abrogated the typical increase in
GFAP+ cells generated from SVZ and SGZ NSCs by exoge-
nous BMP4 in vitro. They further showed that noggin and
chordin expression was increased upon p57kip2 suppression,
suggesting possible regulation of expression of these BMP4
antagonists by p57kip2 [106].

5. The Specific BMP4 Effect on
Embryonic NSCs Is Temporally Controlled

Given the dual role of BMP4 as both a neurogenic (early
embryonic) and astrogliogenic (late embryonic/early postna-
tal) factor inNSCs, precise temporal control of BMP4 activity
by extrinsic factors is crucial. For example, Ngn1 is a critical
regulator of neurogenesis [107] with high levels of protein and

mRNA transcript expression during neurogenesis (∼E12.5
to E15.5) but reduced levels during gliogenesis (∼P0–P4)
[108]. Sun et al. showed that Ngn1 suppresses BMP4-induced
astrogliogenesis in E13.5 cortical NSC cultures by sequester-
ing SMAD1/STAT complexes and blocking their interaction
with coactivators p300/CBP. This disrupts the activation
of astrocytic promoters such as GFAP by these TF com-
plexes. As neurogenesis nears completion, downregulation
of Ngn1 expression by mature neuronal cells releases these
astrogliogenic transcriptional promoters from sequestration
[109]. Further investigation of this effect by Zhao et al.
suggests that Ngn1 also increases transcription of microRNA
miR-9 to downregulate JaK-STAT1-mediated astrogliogenesis
in embryonic stem cell cultures [110]. Thus, the specific
effect exerted by BMP4 on NSCs may depend on levels of
temporally dependent external regulators, such as Ngn1.

Evidence from chick embryo studies suggests that dif-
ferential expression of the Type I receptors may also play a
part in regulating the dual neurogenic-astrogliogenic effect
of BMP4. Using chick explant cultures, Agius et al. observed
that NPCs migrated from the neuroepithelium in the mantle
layer from E5 (corresponding to a period of neurogenesis
in the developing chick embryo) and that GFAP+ astrocytes
were not generated in the dorsal neuroepithelium. They
demonstrated in vitro that these dorsally derived progeni-
tors were amenable to astroglial lineage commitment, but
that increased BMP4-SMAD signalling through BMPRIB in
the dorsal-most regions of the neuroepithelium promoted
neuronal specification. BMP4 treatment, presumably acting
through BMPRIB, completely prevented astrocyte develop-
ment from more ventrally derived chick spinal cord explants
at E5. However, at E6, when BMPRIA is significantly upreg-
ulated, astrocyte development was permitted. Noggin treat-
ment at E5 permitted copious GFAP+ expression from dorsal
neuroepithelial neural progenitors, suggesting this restriction
was an effect of blocking dorsal BMP4-BMPRIB signalling.
Thus, the astrogliogenic effect may be due to sudden upregu-
lation of BMPRIA, when at E5 the neurogenic effect of BMP4
is mediated through BMPRIB [111]. This meshes well with
evidence describing a direct role of BMPRIA in promoting
astrogliogenesis in a SMAD-independent manner through
FRAP activation of STATs [52]. Replicating these findings
in transgenic mouse models allowing selective ablation of
these receptors is crucial to further clarify specific temporal
functions of BMPRIA/B during neuronal development.

6. BMP4 Is Critical for Suppression of
Oligodendrogliogenesis

Perhaps the most well-characterised effect of BMP4 is its
inhibitory effect on the myelin-forming oligodendrocyte
lineage cells in vitro and in vivo [98, 112–115]. OPCs are
specified fromNSCs during development and adulthood and
can differentiate into the myelin-forming oligodendrocytes
of the CNS [116]. OPCs can also form astrocytes and, in
special cases, neurons, leading some to consider the OPC
to be more aptly described as an adult NSC [117]. The exact
region OPCs are originally derived from was a contentious
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topic for many years, but recent evidence has determined
that embryonic stage OPCs are firstly specified in the ventral
ventricular zone of the spinal cord [118]. Specification of these
ventrally derived oligodendrocyte-lineage cells as OPCs has
been shown to be influenced by Shh signalling from the
floorplate and notochord [17, 119].

OPCs also arise from dorsal sources at a later stage in
development and are influenced by a Shh-independent path-
way [120]. BMP4 has also been shown to inhibit the genera-
tion of these dorsally derived OPCs [121]. Developmentally,
OPCs are generally characterised by the expression of several
markers including the key basic helix-loop-helix (bHLH)
transcription factor Olig2, a critical factor that promotes
oligodendrocyte lineage commitment [122], and others such
as platelet-derived growth factor receptor-𝛼 (PDGFR𝛼) [123],
chondroitin sulphate proteoglycan NG2 [124], and the mon-
oclonal antibody O4 [125].

Several groups have shown that excess exogenous BMP4
during development reduces subsequent oligodendroglio-
genesis in both the mouse [112] and chick embryo [113].
Mekki-Dauriac et al. also showed that disruption of endo-
genous BMP4 signalling by transplanting noggin-overex-
pressing cells produced early dorsal oligodendrocyte produc-
tion [113]. The effect of BMP4 on OPCs has been shown to
be dose-dependent. Grinspan et al. exposed OPCs and “pre-
OPCs” (Nestin−/Olig2+ cells lacking classical OPC marker
expression) to increasing concentrations of BMP4, with
diminishing effects on maturation as the progenitor cells
progress through the oligodendrocyte lineage [114].

Given that global genetic knockout of BMP4 and its
receptors is embryonic-lethal, conditional genetic ablation
driven by expression of temporal markers offers a more
nuanced approach to understanding BMP4 signalling in
embryonic development. Genetic manipulation of the
BMPRI receptors has provided interesting and somewhat
counterintuitive insights into the role of BMP4 receptors
in specifying OPCs from NSCs during development. Two
studies in particular have looked at disruption of BMP4
signalling through deletion of the BMPRIA/B receptors.
See et al. used Cre-loxP-mediated transgenic excision of the
Bmpr1a gene from cells expressing BRN4, a broad neural
TF activated in early embryogenesis. This was crossed with
a conventional Bmpr1b KO mouse to generate Bmpr1a-
Bmpr1b double KO mice. This modification leads to several
developmental defects in mice at P0. While numbers of
astrocytes in the spinal cord are decreased at P0 compared
to controls, disrupted BMP4 signalling through BMPRIA/B
does not appear to affect total numbers of OPCs. Intriguingly,
the numbers ofmature oligodendrocytes expressing common
myelin proteins including myelin basic protein (MBP) were
reduced at P0. This suggests that some basal level of
embryonic BMP signalling through BMPRIA/B is required
for prenatal oligodendrocyte maturation [126]. The second
study by Samanta et al. deleted BMPRIA only from NPCs
expressing Olig1 in the neural tube from E13.5. This did not
affect subsequent OPC numbers at birth or P20 [127]. How-
ever, at P20, therewas an increase inmature oligodendrocytes
in the BMPRIA KO group. This study did not discount the
possibility of increased compensatory signalling through

BMPRIB, as phospho-SMAD1, phospho-SMAD5, and phos-
pho-SMAD8 were still detected.

A further study utilising the Bmpr1a conditional KO
system examined the role of deleting BMPRIA in Emx-1
expressing NSCs of the murine telencephalon. It was found
that subsequent astrocytes derived from these NSCs aber-
rantly expressed vascular endothelial growth factor (VEGF)
at P10, leading to the disruption of cerebrovascular angiogen-
esis as well as impaired blood-brain barrier formation [128].
Interestingly, while previous studies using Olig1-Cre-driven
Bmpr1a deletion showed increases in mature O4+ oligoden-
drocytes at P20, no differences in O4+ cells were observed at
P20 in this study. In addition, compared to the earlier study
deleting both Bmpr1a and Bmpr1b from BRN4-expressing
cells in which GFAP+ astrocytes are reduced, no such
decreases were observed here. These observations can be
attributed to the different regional and temporal expression
profiles of the Cre promoter driving the deletion of Bmpr1a,
respectively.

In summary, embryonic studies utilising broad over-
expression or inhibition of BMP4 during, or immediately
prior to, gliogenesis demonstrate that this decreases or
increases subsequent oligodendrogliogenesis, respectively.
However, blocking BMP4-SMAD signalling through deletion
of BMPRIA/B from early embryonic embryogenesis (prior
to OPC specification) reduces numbers of mature oligoden-
drocytes at P0. Importantly, this is not due to reduction
in the numbers of OPCs specified, as no changes in OPC
number were detected. Additionally, a second line of inquiry
found that reduction, but not complete suppression, of BMP4
signalling through BMPRIA deletion at E13.5 has no effect
on OPC numbers at P0. However, by this stage, reduced
BMP signalling increasesmature oligodendrocyte number by
P20. The reasons for this remain unclear. Conclusions from
both studies and others suggest that BMP signalling through
BMPRIA/BMPRIB does not play a role in specification
of OPCs from NSCs but has a strong negative effect on
subsequentOPCdifferentiation [129]. It is likely from the cur-
rent data that signalling through particular combinations of
receptors (e.g., BMPRIA-BMPRII versus BMPRIB-BMPRII
complexes) could have unique effects on oligodendrogliogen-
esis fromNSCs and NPCs. Moreover, as described above, the
specific regional and temporal expression of particular BMP
receptors during development must be considered. Further
research using inducible, cell-specific genetic knockouts and
pharmacological inhibition of individual BMP receptors
could potentially elucidate these mechanisms.

The mechanisms by which BMP4 is thought to modulate
oligodendroglial lineage commitment are thought to involve
the basic helix-loop-helix transcription factors named “inhi-
bitors of differentiation” or IDs, which are known to be a key
downstream target of the BMP/SMAD signalling pathway
[130].Overexpression of ID4 inOPCcultures promotes astro-
gliogenesis and mimics the effect of BMP4 [131]. Samanta
and Kessler cultured neural progenitor cells with BMP4 and
a microarray analysis showed that, within the culture, the
ID family of transcription factors was significantly upregu-
lated, particularly ID4. Both ID2 and ID4 were then used
in a lentivirus overexpression assay using cultured neural
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progenitor cells.The ID4 group showed amarked decrease in
the number of oligodendrocytes, while the number of astro-
cytes increased 2.5-fold. Mechanistically, coimmunoprecipi-
tation studies showed that the ID proteins inhibited differ-
entiation by complexing with Olig1/2 and preventing them
from entering the nucleus. Immunohistochemical analysis
showed that, in the absence of BMP4, the Olig transcrip-
tion factors were localised predominantly in the nucleus.
However, in the BMP4 treated group, they were found to be
colocalised in the cytoplasm with ID proteins [132].

A recent RNA sequencing (RNA-Seq) transcriptome
database constructed by Zhang et al. examined whole cell
gene transcription in multiple CNS cell types in postnatal
mice [133]. Interestingly, Bmp4 shows a tenfold increase
in transcription by OPCs compared to astrocytes, neurons,
microglia, and endothelial cells at P7. Furthermore, newly
formed oligodendrocytes that are not expressing myelin
proteins such as MBP have a further approximate fourfold
increase in Bmp4 transcription over OPCs, but this response
is downregulated upon maturation to myelinating oligoden-
drocytes (Figure 2).The obvious question arises: why is Bmp4
transcription upregulated in OPCs, whose differentiation is
significantly impaired by BMP4? One explanation is that
increased local expression of BMP4 antagonists balances out
this increased BMP4 expression by OPCs. Kondo and Raff
observed increased noggin mRNA expression in both P6
optic nerve OPCs and astrocytes, but not oligodendrocytes
[134]. Furthermore, experiments showing downregulation of
BMP4 by WNT/𝛽-catenin regulator Transcription Factor 7-
like 2 (TCF7L) suggest that BMP4 expression by OPCs could
be antagonised during development in a posttranscriptional
manner to allow for oligodendrocyte differentiation [135].
This type of posttranscriptional regulation of BMP4 by
specific glial progenitors requires further exploration.

However, as mentioned above, BMP4 can be expressed
as a localised form tethered to the ECM as well as a secreted
form. To date, no study has examined the exact isoform
of BMP4 being expressed by OPCs. Another conjectural
explanation for increased BMP4 expression inOPCs could be
that local, ECM-tethered BMP4 acts as a spatial configuring
mechanism during OPC differentiation to correctly space
developing oligodendrocytes in the CNS. Oligodendrocytes
can myelinate up to 50 individual axons in the CNS [136],
and proper regional distribution of oligodendrocytes is likely
crucial to maintaining appropriate and coordinated myelina-
tion. Perhaps BMP4 has a pragmatic role, preventing the dif-
ferentiation of nearby OPCs and allowing newly developing
oligodendrocyte progenitors to “stake out” a place nearby an
unmyelinated neuron for subsequent myelination? Whether
differential expression of localised and secreted forms of
BMP4 in OPCs has functional relevance is an open and
intriguing question.

7. BMP4 Signalling in SVZ NSCs and
Neural/Glial Progenitors during Adulthood

BMP4 continues to regulate NSC differentiation into neu-
rons, astrocytes, and oligodendrocytes in the adult CNS.
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Figure 2: RNA-Seq transcriptome analysis showing increased
transcription of Bmp4 transcripts in OPCs and newly formed
oligodendrocytes in postnatal mice compared to other CNS cells.
This is unique to Bmp4; closely related BMP2 does not show
similar levels of increased transcription in oligodendroglial lineage
cells compared to other CNS cells. Additionally, increased Bmp4
transcription does not appear to be counteracted by concomitant
transcriptional increases expression of BMP inhibitors, such as
noggin and chordin. The functional relevance of increased Bmp4
transcription by OPCs and immature oligodendrocytes remains
to be clarified (FPKM = fragments per kilobase of transcript per
million mapped reads.).

Given its role as a developmental regulator of NSC dif-
ferentiation, it forms a crucial part of a larger signalling
network maintaining an undifferentiated pool of NSCs and
neural progenitors in the SVZ [10].The cellular componentry
of the SVZ consists of ependymal cells, and three classes
of progenitor cells known as Type A, B, and C cells (see
Figure 3). SVZ ependymal cells are nondividing support
cells that facilitate cerebrospinal fluid circulation to the area
[137] and can contribute to neurogenesis during stroke [138].
Type A cells are defined as chains of migrating neuroblasts
and are generated from nearby highly proliferative Type C
cells, which are known as transient amplifying progenitors
(TAPs) or intermediate precursor cells (IPCs). Type B cells
(or NSCs) are slow cycling progenitors with characteristics of
astrocytes, but retaining stem-cell properties. These cells are
further subdivided into B1 cells, which are located near the
ependymal layer, and B2 cells, which associate closely with
the adjacent striatal parenchyma [139].

BMP4 and its associated canonical receptors are expres-
sed in both NSCs (B cells) and TAPs (C cells) in the adult
SVZ [55, 140, 141]. SVZ ependymal cells also express noggin,
which regulates levels of BMP4 signalling and modulates its
neurogenic-gliogenic effects [55]. Colak et al. showed that
deletion of SMAD1, a key downstream mediator of BMP4
signalling, severely impairs neurogenesis in the murine SVZ
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Figure 3: Simplified diagram of adult SVZ illustrating BMP4 involvement inNSC development. Adult NSCs (B cells) are specified from radial
glia-like cells during prenatal development. Neuroblasts (A cells) and transient amplifying progenitors (B cells) are derived from NSCs and
generate neurons and glia. Ependymal cells provide support by regulating CSF circulation and secrete BMP4 inhibiting noggin to modulate
BMP signalling in the SVZ. BMP4 signalling through SMAD4 is important for neural specification of neuroblasts but does not influence
further neuroblastic differentiation. It does appear to have a prosurvival effect on neuroblasts committed to the neuronal lineage. BMP4
signalling can promote astrogliogenesis from adult NSCs, but only with concomitant STAT-signalling, typically seen in CNS injury models.
Recent evidence has shown that adult astrogliogenesis can occur from nestin+ SVZ NPCs, but the role of BMP4 in this process was not
investigated. The role of BMP4 in OPC specification during development and adulthood is not completely resolved, but most data suggest
that it does not play a significant role. However, there is a very clear inhibitory BMP4 effect on OPC progression towards an oligodendrocyte
lineage during development, adulthood and CNS injury.

and acts early in the specification of NSCs to TAPs, which
sequentially generate neuroblasts. Exogenous noggin infu-
sion to the mouse SVZ promoted oligodendrogenesis over
neurogenesis from TAPs. Phosphorylated SMAD1, SMAD5,
and SMAD8 were also detected in SVZ GFAP+ cells and
TAPs, but not in doublecortin (DCX)+ neuroblasts. The
study did not specifically implicate BMP4 as a regulator
of this effect but did note its increased expression and the
presence of its canonical receptors and activated downstream
SMADs. Interestingly, this study did note that BMP signalling
in the SVZ does not promote astrogliogenesis. The authors
speculated that, due to the lack of STAT expression in
the SVZ [142], the induction of astrocytes via the BMP-
dependent SMAD1/STAT interactions does not occur; thus,
the neurogenic effect of BMP4 signalling predominates [143].
A recent study by Sohn et al. has demonstrated that cor-
pus callosum and rostral migratory stream astrocytes are
generated from SVZ nestin+ NPCs in mice; however, the
role of BMP4/STAT signalling in this process has not yet
been investigated [144]. Endogenous noggin expression likely
allows for tight regulation of BMP concentrations in the
SVZ to maintain progenitor pools. A similar result was also
found in a study using chordin to modulate BMP4 levels and
maintain progenitor cell plasticity in the SVZ [145].

8. BMP Signalling in Neural Stem and
Precursor Cells Following CNS Injury

Given the role of the BMP4 in regulating maintenance and
differentiation of NSCs during embryogenesis and adult-
hood, they represent a clear factor of interest in manipulation
of endogenous and exogenous NSCs for therapeutic applica-
tions. The role of BMPs in CNS injury was comprehensively
reviewed in a recent article by Grinspan [24]; this section
will further examine key studies implicating BMP4 in the
specification of NSCs and NPCs in CNS disease models.

Several CNS injuries have been shown to exhibit increa-
sed BMP4-SMAD signalling in neural stem cells and endoge-
nous glial progenitors [146]. Given the well-characterised
inhibitory effect of BMP4 on oligodendrocyte production, it
has been extensively studied in the context of demyelinating
disease [24, 129]. However, it has also been implicated in
several other neurodegenerative and acute injuries of the
CNS. BMP4 increases reactive astrogliosis in vivo [147] and
is commonly upregulated by several cell types as a response
to CNS injury [24]. It is unknown exactly what regulates
this injury-induced upregulation of BMP4. Oxidative stress
has been implicated in an intrauterine growth retardation
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(IUGR) model [148], but whether this is a common mech-
anism amongst other CNS injuries is currently unclear.

9. CNS Demyelination

BMP4 was first implicated in demyelinating disease through
mRNA upregulation in demyelinated Multiple Sclerosis
(MS) brain lesions [149]. Neural progenitors with a bipolar
morphology and expression of polysialylated neuronal cell
adhesion molecule (PSA-NCAM) have been identified as
early oligodendroglial progenitors migrating from the SVZ
during a demyelinating event [150]. Several experimental
models of induced demyelination have demonstrated upreg-
ulated BMP4 signalling in both NSCs and OPCs. Increased
generation of OPCs from NSCs has been shown to occur
during focal demyelination localised near the SVZ [11, 151].
Interestingly, there is compelling evidence that pedigree
matters during remyelination in the CNS. Xing et al. used
genetic fate-mapping strategies during cuprizone-induced
focal demyelination in the mouse corpus callosum to investi-
gate the relative activities of NSC-derived OPCs and OPCs
that migrate and differentiate from the brain parenchyma.
From this, they showed that NSC-derived OPCs contribute
to more extensive remyelination (measured by myelinated
axon diameter) in the mouse corpus callosum after 6 weeks
compared to parenchymal-derived OPCs [152]. As discussed
above, BMP4 suppresses both NSC-derived oligodendrogli-
ogenesis in the SVZ and adult OPC differentiation; thus, it
may affect cell-mediated remyelination after demyelination at
multiple levels in the CNS.

Ethidium bromide-induced demyelination causes a sig-
nificant upregulation of BMP4 in mice. Zhao et al. observed
that BMP4 mRNA was significantly upregulated in OPCs,
whereas the expression of other BMPs, as well as noggin, did
not change significantly [153]. The increased expression of
BMP4 in OPCs upon commencement of remyelination (an
endogenous repair response by local and migratory OPCs to
a demyelinating insult) did not act in an autocrine manner as
OPC differentiation during remyelination was not impeded.
These data corroborate with subsequent RNA-Seq analysis
of upregulated BMP4 transcription by postnatal OPCs [133]
and further the intrigue of BMP4 expression in OPCs during
adulthood and injury.

The effect of BMP4 in regulating NSC- and OPC-media-
ted CNS remyelination has also been investigated in two
studies. Cate et al. showed that cuprizone-induced demyeli-
nation causes a significant upregulation of BMP4, its recep-
tors BMPRIA, BMPRIB, and BMPRII, and phosphorylated
SMAD1, SMAD5, and SMAD8 in the mouse SVZ [154].
Interestingly, in a follow-up study, BMP4 infusion during
demyelination increased the numbers of proliferating OPCs
[155]. However, increased generation of OPCs did not lead
to increased numbers of oligodendrocytes, as has been
shown in many studies assessing the differentiation block of
OPCs in chronic demyelinating diseases [156]. Both studies
showed that blocking BMP4 signalling via noggin infusion
into the demyelinated areas of the mouse brain increased
remyelination of damaged myelin sheaths.

As described above, during development, BMP4 is a cru-
cial part of a complex signalling network involving WNT/𝛽-
catenin, FGF, Shh, and other major signalling pathways. As
such, any attempt to modulate BMP4 signalling to ameliorate
damage during and enhance repair after CNS injury must
take into consideration possible crosstalk and regulation of
associated pathways. For example, the inhibitory action of
dysregulated WNT/𝛽-catenin signalling on OPC differenti-
ation has been demonstrated in demyelinating disease [157].
Feigenson et al. used in vitro OPC cultures to demonstrate
that WNT/𝛽-catenin signalling operates upstream of BMP4
signalling to mediate this effect. Both BMP4 and WNT/𝛽-
catenin signalling component Wnt3a inhibits oligodendro-
cyte differentiation in OPC cultures. Blocking of BMP4 via
noggin application negated its astrogliogenic effect in OPC
cultures despite the continued presence of Wnt3a, whereas
inhibitingWnt3a while retaining exogenous BMP4 treatment
did not prevent increased astrogliogenesis [158]. They also
demonstrated that Wnt3a does not promote astrogliogenesis
from early postnatal OPC cultures derived from BMPRIA/B
knockout mice. This relationship was further confirmed by a
separate group in vivo using genetic knockout studies [135].
Genetic knockout of WNT/𝛽-catenin effector TCF7l2, previ-
ously thought to suppress oligodendroglial differentiation by
activation of WNT/𝛽-catenin signalling, revealed that it has
a dual role in inhibiting BMP4-mediated SMAD activation
in OPCs and early oligodendrocytes. Whether this factor
is relevant for NSC patterning and differentiation during
embryonic development remains uncertain.

In addition to this, Wu et al. used an epigenetic approach
to identify downstream histone deacetylation as a key tran-
scriptional process regulated by BMP4 during CNS demyeli-
nation. BMP4 infusion during cuprizone-induced demyeli-
nation led to a significant increase in proliferating astro-
cyte numbers with elevated levels of acetylated histone H3
compared to vehicle-infused mice after 6 weeks. This was
coupled with a decrease in mature oligodendrocytes and a
transcriptional increase in downstream effectors for Notch
and WNT/𝛽-catenin such as Hey1 and Hes. This agreed
with their findings in vitro that BMP4 acts to suppress Shh-
mediated histone deacetylation in OPCs. They postulated
that, in OPCs, Shh-mediated histone deacetylases (HDACs)
compacts chromatin and blocks access to promoters of
astrocytic differentiation gene networks that are activated
by convergence of BMP4, WNT/𝛽-catenin, and Notch sig-
nalling [22]. Further investigation into common transcrip-
tional elements between these related pathways is crucial for
identifying optimal therapeutic targets for NSC/NPC-based
regenerative therapies.

10. Spinal Cord and Other CNS Injuries
and Disorders

BMP4 also has a defined role in regulating NPC differ-
entiation in spinal cord injury (SCI). Wang et al. showed
that conditioned media from astrocytes derived from the
injured spinal cord of the mouse inhibited differentiation
of OPCs into mature oligodendrocytes. Subsequent protein
expression analysis indicated that BMP4 was upregulated in
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cultures of reactive astrocytes isolated from the injured spinal
cord. Xiao et al. observed that BMP4 and phospho-SMAD1,
phospho-SMAD5, andphospho-SMAD8were upregulated in
most neural cell types, including nestin+ NSCs, in response
to induced SCI in mice. Predictably, in vitro spinal cord-
derived NSCs pretreated with exogenous noggin prevented
astrogliogenesis from subsequent BMP4 exposure. However,
in vivo noggin application failed to completely suppress
elevated GFAP+ expression in the injured spinal cord. The
researchers attributed this to the continued activity of BMP4-
independent promoters of astrogliogenesis including the
CNTF/LIF-mediated JaK-STAT pathway [159].

Investigations into the formation of the astrocytic glial
scar characteristic of spinal cord lesions have revealed
intriguing functions for individual BMP Type I receptors.
Sahni et al. conditionally deleted Bmpr1a and Bmpr1b from
GFAP-expressing astrocytes prior to induction on SCI [160].
Injured wildtype animals displayed increased astrogliosis,
increased phospho-SMAD1/SMAD5/SMAD8 expression by
reactive astrocytes, as well as increased Bmpr1a transcript
production. Injured Bmpr1a KO animals had reduced astro-
cytic hypertrophy compared to wildtype mice, leading
to decreased astrogliosis around injured SC lesions, with
increased immune cell infiltration as an indirect result.
Surprisingly, Bmpr1bKOmice displayed an opposite reaction
to SCI compared to the Bmpr1amouse, with increased astro-
gliosis and accelerated wound closure, presumably from
increased signalling through BMPRIA. Long-term, increased
signalling through BMPRIB was found to attenuate glial scar
progression and slow wound closure, leading to a poorer
functional outcome compared toBmpr1aKOmice. From this,
it was suggested that signalling levels through the two recep-
tors play opposing roles in modulating levels of astrocyte
reactivity and subsequent glial scarring. While no differences
in phosphorylated STAT3 or SMAD levels were observed in
the Bmpr1a KO, differences in expression of microRNA-21
between Bmpr1a and Bmpr1bKOwere suggested as a possible
regulator of GFAP expression during SCI. This was further
corroborated in a miRNA-21 overexpression system in mice
[161].

Further work by North et al. showed that possible inter-
actions of BMPRIB with 𝛽1-integrin at the cell membrane
may alter the levels of downstream signalling activated by the
receptor. 𝛽1-integrin is an ECM-interacting protein, a group
of proteins that play an important role in stem cell main-
tenance. It was initially shown that 𝛽1-integrin expression
was upregulated by ependymal zone cells in mice following
SCI. Deleting 𝛽1-integrin in ependymal zone cell cultures,
which generate nearly half of newly differentiated astrocytes
following SCI, led to significant increases inGFAP expression
and astrocytic differentiation compared to wildtype cells.
Protein analysis of isolated lipid raft fractions from 𝛽1-
integrin KO cultures identified an increased presence of
BMPRIB. Subsequent disruption of lipid raft formationwith a
lipid raft inhibitor decreased both phospho-SMAD signalling
and GFAP expression in these cultures. The researchers sug-
gested that 𝛽1-integrin prevents the localisation of BMPRIB
into lipid rafts, blocking further downstream signalling [162].

Experiments by Sandner et al. utilised bone marrow str-
omal cells (BMSCs) cotransplanted with NPCs to enhance
repair after SCI in rats. The group had previously demon-
strated that coculturing of BMSCs with hippocampal NPCs
enhances the differentiation of the NPCs into mature oligo-
dendrocytes via unknown secreted factors [163]. In this study,
they demonstrated a similar effect in vitro using SVZ-derived
NPCs. However, in the rat injured spinal cord, cotrans-
plantation of BMSCs with SVZ-derived NPCs did not lead
to enhanced oligodendrocyte numbers compared to animals
receiving only NPCs. This differentiation block was linked
to increased expression of BMPs 2 and 4 around the site
of injury. Returning to in vitro culture assays, they showed
that concurrent BMP2/4 treatment was sufficient to block the
positive effect of BMSCs on oligodendrocyte differentiation
from SVZ-derived NPCs. In vitro, they demonstrated that
coculturing of NPCs with BMSCs overexpressing noggin via
lentiviral gene transfer blocked the inhibitory effect of BMP4
[164]. Cotransplantation of noggin-overexpressing BMSCs
combined with SVZ derived NPCs was not attempted but
would be an interesting follow-up investigation. This study
highlights a key challenge facing NSC transplantation for
therapeutic applications: identifying and modulating critical
intrinsic factors in the disease environment thatmay compro-
mise the desired differentiation of newly transplanted cells.

Elevated BMP4 levels have also been observed in other
CNS injuries and disorders including Alzheimer’s disease
[165] and intraventricular haemorrhage (IVH) in premature
infants [166].The latter study found BMP4 levels particularly
elevated in the SVZ and in OPCs, suggesting a possible role
in the hypomyelination displayed by IVH patients.

Clearly, the well-characterised astrogliogenic and anti-
oligodendrogliogenic effect of BMP4 on glial progenitors
can be problematic in CNS injuries, especially white matter
injuries such as demyelination and SCI. As such, therapeutic
targeting of BMP4 in CNS injurymay be beneficial. However,
the viability of BMP4-based therapeutics will depend on
future research efforts to identify key components mediating
the signalling pathway network. This will allow therapeu-
tic approaches to effectively modulate specific undesirable
BMP4 signalling outcomes without disrupting any of its
potentially beneficial effects during the disease course.

11. Concluding Remarks and Future
Perspectives

For a single protein, BMP4 has extensive influence on a mul-
titude of CNS developmental and postnatal processes, as well
as after CNS injury. BMP4 plays a part in the differentiation
of NSCs into all three major classes of CNS cells: firstly neu-
rons, then astrocytes, and all the while repressing oligoden-
drocyte lineage commitment throughout development and
adulthood. Many questions have been addressed, but many
remain: Does signalling through different receptor combi-
nations produce different context-specific effects in NSCs?
Is there extensive posttranscriptional regulation of BMP4
in NSCs and NPCs, adding further variation on an already
dazzlingly complex regulatory network? To what extent does
signal crosstalk between BMP4 and other signalling pathways
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regulate remyelination in the demyelinated CNS? Clearly, the
BMP4 signalling pathway has extraordinary breadth of activ-
ity in regulating NSC and NPC biology during development,
adulthood, and disease. Fully expounding its intricacies and
relationships with other signalling pathways will be beneficial
for further therapeutic application of NSCs and NPCs.
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Multiple sclerosis (MS) is an autoimmune disease in the CNS. The current immunomodulating drugs for MS do not effectively
prevent the progressive neurological decline. Neural stem cells (NSCs) transplantation has been proven to promote repair and
functional recovery of experimental allergic encephalomyelitis (EAE) animalmodel forMS, and glial cell line-derived neurotrophic
factor (GDNF) has also been found to have capability of promoting axonal regeneration and remyelination of regenerating axons.
In the present study, to assess whether GDNF would enhance therapeutic effect of NSCs for EAE, GDNF gene-modified NSCs
(GDNF/NSCs) and nativeNSCswere transplanted into each lateral ventricle of rats at 10 days and rats were sacrificed at 60 days after
EAE immunization. We found that NSCs significantly reduced the clinical signs, and GDNF gene-modification further promoted
functional recovery. GDNF/NSCs more profoundly suppressed brain inflammation and improved density of myelin compared
with NSCs. The survival of GDNF/NSCs was significantly higher than that of transplanted NSCs. Transplanted GDNF/NSCs, in
contrast to NSCs, differentiated into more neurons and oligodendrocytes. Moreover, the mRNA expression of oligodendrocyte
lineage cells in rats with GDNF/NSCs was significantly increased compared to rats with NSCs. These results suggest that GDNF
enhances therapeutic efficiency of NSCs-based therapy for EAE.

1. Introduction

Experimental allergic encephalomyelitis (EAE), most com-
monly used animal model of multiple sclerosis (MS), is an
autoimmune disease in the central nervous system (CNS)
induced and mediated by myelin-reactive T cells responses
against myelin antigens [1]. In EAE and MS, autoreactive T
cells migrate from peripheral tissues into the CNSwhere they
are reactivated, thereby triggering an inflammatory cascade
that results in extensive loss of myelin and myelinating cells
(oligodendrocytes) as well as damage to axons and neurons
[2, 3]. Since neural stem cells (NSCs) have abilities to differen-
tiate into various neural cell types [4] and have myelinogenic
potential [5] in the injured areas, they may be a potential cell
type of replacement therapy for EAE.However, lower survival

rate [6] and low levels of differentiation of oligodendrocytes
[7] and neurons [8] after transplantation limit the therapeutic
efficacy of NSCs.

Glial cell line-derived neurotrophic factor (GDNF), a
potent neurotrophic factor, has been demonstrated to have
neuroprotection against a variety of neuronal insults [9, 10].
Moreover, GDNF can promote axon regeneration and myeli-
nation after spinal cord injury [11–13]. Our previous studies
have shown that GDNF gene-modified NSCs provided more
efficient neuroprotection for rats subjected to stroke than
native NSCs [14]. Therefore, here, we speculate that GDNF
may enhance therapeutic efficiency of NSCs therapy for EAE.
The purpose of this study is to investigate whether GDNF
gene-modifiedNSCs provide amore efficacious treatment for
EAE than NSCs alone.
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2. Materials and Methods

2.1. Culture and Infection of NSCs. The culture and infection
of NSCs were performed as described in previous study [14].
Briefly, the cell suspensions from the cerebral hemispheres of
newborn Wistar rats (inbred strain, Animal House Center,
Southwest Medical University, Sichuan, China) were placed
in 25mL flask at a density of 1 × 105 cells/mL in serum-free
DMEM/F12medium supplemented with 20 ng/mL of epider-
mal growth factor (EGF), 20 ng/mL of basic fibroblast growth
factor (bFGF), and 1%N2 supplement (all fromGibco, USA).
After 5–7 days of culture, neurospheres were formed. To
obtain GDNF gene-modified NSCs (GDNF/NSCs), neuro-
spheres were infected using GDNF recombinant adenovirus
(pAdEasy-1-pAdTrack CMV-GDNF) for 2 days. Adeasy-1
plasmid contains the gene for green fluorescent protein and
the titers of viral were 1 × 109 PFU/mL. The expression of
GDNF in NSCs was examined by a reverse transcriptase-
PCR assay 2 days after infection. The primer sequences
are as follows: sense, 5-CCGAAGATTATCCTGACC-3,
and antisense, 5-GTAGCCCAAACCCAAGT-3, and the
product length is 242 bp fragment. For labeling the grafted
cells in vivo, NSCs and GDNF/NSCs were pretreated for 3
days before grafting with 10 𝜇M of 5-bromo-2-deoxyuridine
(BrdU, Sigma, USA).

2.2. Neural Differentiation of Neurospheres In Vitro. To
induced NSCs and GDNF/NSCs differentiation, neuro-
spheres were adhered to coverslips precoated with poly-L-
lysine (10 𝜇g/mL, Sigma) in six-well plates in DMEM/F12
medium in the absence of bFGF, EGF, and N2 supplement
but with 10% fetal bovine serum (FBS) for 7 days. The
cultures were fixed with 4% paraformaldehyde for 30min
and incubated with neuronal specific markers microtubule-
associated protein 2 (MAP2, 1 : 100, rabbit, Abcam, UK),
astrocytes specific markers glial fibrillary acidic protein
(GFAP, 1 : 100, rabbit, Abcam), and oligodendrocyte specific
marker galactocerebroside (GalC, 1 : 50, rabbit, Chemicon,
USA) overnight at 4∘C, followed by appropriate biotiny-
lated secondary antibodies (1 : 100, Wuhan Boster Biological
Technology, China) and horseradish peroxidase- (HRP-)
streptavidin (Boster) for 30min at 37∘C. Immunoreactivity
was visualized with diaminobenzidine (DAB, Boster). Coun-
terstaining by hematoxylin was also performed. A negative
control was performed using the same procedures without
primary antibody.The ratio ofMAP2+, GalC+, orGFAP+ cells
to total cells was quantified in 5 regions in 3 coverslips per
group.

2.3. EAE Induction and NSCs Transplantation. All animal
use and relevant experiments were approved by the Chi-
nese Academy of Sciences, PR China. EAE is induced in
female Wistar rats by guinea pig spinal cord homogenate
emulsified with complete Freund’s adjuvant (CFA, Sigma).
Briefly,Wistar rats (6–8weeks old, female, SouthwestMedical
University) were injected in four footpads with 100mg of
guinea pig spinal cord tissue in 0.4mL of PBS emulsified
with equal volume of CFA supplemented with 6mg/mL
of Mycobacterium tuberculosis H37Ra (Shijiazhuang Weitian

Scientific Instruments Equipment Co., Ltd., China). On the
day of immunization and on day 2, 300 ng of bordetella
pertussis toxin (Weitian) in 0.1mL PBS was injected subcuta-
neously. Rats were daily monitored for the severity of clinical
disease. After immunization, the following scale for clinical
symptoms was utilized: 0, no clinical symptom, 1, limpness in
tail, 2, hind-leg ataxia, 3, hind-leg paralysis, 4, paraplegia, and
5, moribund or dead. At ten days after EAE induction, rats
were anesthetized with intraperitoneal injection of pentobar-
bital sodium (30mg/kg) and then were fixed in a stereotactic
device (Angle Two� Stereotaxic Instrument w/Rat Atlas
Product: # 464601, USA). Quantities of 5 × 105 NSCs or
GDNF/NSCs in a volume of 10 𝜇L were injected once into
each lateral ventricle (bregma as origin, AP = −0.8 to 1.0mm,
L or R = −1.8 to 2.0mm, and V = −4.0 to 5.0mm). The con-
trol group experienced the same injection with 10𝜇L saline
into each lateral ventricle.

2.4. Histological and Immunohistochemical Assessment. Ani-
mals were sacrificed with a lethal dose of pentobarbital
sodium on day 60 after EAE induction. Fifteen rats (5
per group) were perfused by 4% paraformaldehyde for
histopathological analysis. Histopathology and immunohis-
tochemistry were assessed in 6 𝜇m thick paraffin sections at
various levels (for bregma −0.2 to −1.6mm). Hematoxylin-
eosin (HE) staining was used to evaluate inflammatory
infiltration. 10 nuclei or more gathered in cerebrum white
matter or surrounded by a blood vessel were considered as
an infiltration lesion. To estimate the degree of inflammation,
the number of infiltrates and the number of cells per infiltrate
were counted. Luxol fast blue (LFB, Sigma) staining was used
to visualize myelin sheath and the measurement parameter
was the integrated optical density (IOD).

BrdU immunohistochemistry staining was used to iden-
tify grafted cells in brain. Sections were incubated with
mouse anti-BrdU (1 : 200, Abcam, UK) at 4∘C overnight;
then goat anti-mouse IgG (1 : 100, Wuhan Boster Biological
Technology, China) was added at 37∘C for 30min. After
alkaline phosphatase- (AP-) streptavidin (Boster) was incu-
bated at 37∘C for 30min, 5-Bromo-4-Chloro-3-Indolyl Phos-
phate/Nitroblue Tetrazolium Chloride (BCIP/NBT, Boster)
was used as a chromogen for 10min. For double-labeling
experiments, MAP2, GFAP, and GalC were used to identify
differentiated cells fromgrafted cells. Sectionswere incubated
again with rabbit anti-MAP2 (1 : 100), GFAP (1 : 100), and
GalC (1 : 50) at 4∘C overnight, and goat anti-rabbit IgG
(1 : 100, Boster) was then incubated for 30min. Horseradish
peroxidase- (HRP-) streptavidin (Boster) was incubated for
30min, followed by diaminobenzidine (DAB, Boster) or 3-
amino-9-ethylcarbazole (AEC, Boster) for 10min as a chro-
mogen. Immunohistochemistry controls were routinely per-
formed with incubations in which primary antibodies were
omitted.

Myelin sheath was assessed as IOD in corpus callosum in
3 sections per animal by ImageJ 1.44p software.The infiltrates
in the corpus striatum were counted in sections per rats. And
3 fields/striatum were imaged, so 6 fields in bilateral stria-
tum were imaged and counted. Immunopositive cells were
counted in 6 fields situated within bilaterally striatum in 3
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sections per animal. Measurement was made in a predefined
field (0.6mm × 0.6mm) by image-pro plus 6.0 software.

2.5. Reverse Transcription- (RT-) PCR Analysis. For RT-PCR
experiments, fifteen rats (5 per group) were analyzed. Total
RNA was prepared from brain tissue at 0.2–1.6mm behind
bregma using TRIZOL reagent (Invitrogen, USA) following
themanufacturer’s instructions. Two𝜇g of RNAwas reversely
transcribed into cDNA using a Takara RNA PCR kit (Dalian
Takara Biotechnology, China). The reaction conditions were
30∘C for 10min, 42∘C for 30min, 99∘C for 5min, and 5∘C
for 5min. Oligonucleotides used as specific primers were as
follows: platelet-derived growth factor𝛼 receptor (PDGF𝛼R),
sense, 5-CCAAATACTCCGACATCC-3, antisense, 5-
CCAGAGCAGAACGCCATA-3, 404 bp fragment; GalC,
sense, 5-CGGTGCCCTTGTTGTTGTG-3, antisense, 5-
TGCCGTCTGTTGTTTGTCC-3, 252 bp fragment; myelin
basic protein (MBP), sense, 5-TTCTTTAGCGGTGAC-
AGGG-3, antisense, 5-GGAGCCGTAGTGGGTAGTT-3,
156 bp fragment; and GAPDH, sense, 5-ACCACAGTC-
CATGCCATCAC-3, antisense, 5-TCCACCACCCTG-
TTGCTGTA-3, 450 bp fragment. cDNAwas amplified by 30
cycles and the parameters of amplification were as follows:
denaturing for 30 sec, 94∘C; annealing for 30 sec, PDGF𝛼R
at 57∘C, GalC at 59∘C, MBP at 55∘C, and GAPDH at 57∘C;
extension for 4min, at 72∘C. GAPDH was used as an
endogenous control. PCR products were electrophoresed on
agarose gels and stained by ethidium bromide.

2.6. Statistical Analysis. All measured values were expressed
as mean ± SD, and statistical analysis was performed using
SPSS software, version 17.0. For the clinical scores, the multi-
ple comparisonswere done using two-way repeatedmeasures
ANOVA followed by Tukey’s posttest for multiple pairwise
examinations. For the other histological, immunostaining,
and PCR analyses, multiple comparisons were done using
one-way ANOVA followed by Tukey’s post hoc test for
multiple pairwise examinations. Difference was considered
significant at 𝑃 < 0.05.

3. Results

3.1. GDNF Promoted Neuronal Differentiation of NSCs In
Vitro. After 5–7 days of culture, neurospheres appeared (Fig-
ure 1(a)), which expressed the neuroepithelial cells specific
markers nestin (Figure 1(b)). After they were infected by
GDNF recombinant adenovirus for 2 days, the neurospheres
displayed green fluorescence under the fluorescent micro-
scope (Figure 1(c)) and strongly expressed GDNF mRNA
(Figure 1(d)). To observe the differentiation, neurospheres
were plated in coverslips with medium containing 10% FBS
without bFGF, EGF, and N2 supplement for 7 days. The
cell specific antibodies including MAP2, GFAP, and GalC
were used to label differentiated cells. Compared to NSCs,
the ratio of MAP2-positive neurons from GDNF/NSCs was
significantly increased (𝑃 < 0.05), while the ratio of
GFAP-positive astrocytes from GDNF/NSCs was signifi-
cantly decreased (𝑃 < 0.05). Although the increased ratio of

GalC-positive oligodendrocytes in GDNF/NSCs group was
observed compared to NSCs, it did not reach the significant
difference (𝑃 > 0.05) (Figures 1(e)–1(k)).

3.2. GDNF Accelerated the Recovery of NSCs on Clinical
Symptoms. To evaluate the effects ofNSCs onEAE rats, NSCs
were transplanted into lateral ventricles before the onset of
the disease (on day 10 after EAE induction). Disabilities
appeared at 12 days after the initial EAE induction in the
control rats, whereas cells transplantation delayed onset time,
starting 1-2 days later. As shown in Figure 2, the rats receiving
NSCs and those receiving GDNF/NSCs had reduced clinical
symptoms compared to the control rats (𝑃 < 0.05).Moreover,
theGDNF/NSCs rats had improved clinical outcomes relative
to the NSCs group (𝑃 < 0.05). Although the control
rats showed improved clinical scores over time, there were
apparent deficits at the end of the follow-up period (60 days
after EAE induction). The rats that received NSCs recovered
their normal gait at 50 days after EAE induction, whereas the
rats receiving GDNF/NSCs recovered at 45 days after EAE
induction.

3.3. Attenuated Inflammation and More Myelin Sheath in
GDNF/NSCs Compared to NSCs. Inflammatory infiltrates
and density of myelin sheath in brain of EAE rats were
evaluated at 60 days after EAE induction. The majority of
infiltrates were located in the corpus striatum adjacent to
fibers, and fewer appeared in the cortex. The infiltrates in
the corpus striatum were counted, and the results showed
that the rats with saline showed more infiltrates than the
rats with transplantation (𝑃 < 0.05) (Figures 3(a)–3(d));
moreover, fewer cells per infiltration were observed in rats
with GDNF/NSCs compared with rats with NSCs (𝑃 < 0.05)
(Figure 3(e)).The saline-injected rats showed sparse and thin
myelin sheath (Figure 3(f)). In addition, myelin was observed
by LFB staining. In our setting, phagocytic cells were also
labeled by LFB staining. More myelin sheath indicated by
stronger color intensity than control rats was observed in
NSC transplantation, in particular GDNF/NSC transplanta-
tion (𝑃 < 0.05), although it may contain phagocytic cells
(Figures 3(g)–3(i)).

3.4. GDNF Enhanced Survival and Neuron and Oligodendro-
cyte Differentiation of Transplanted NSCs. The transplanted
cells were detected by BrdU-immunostaining in rats at 60
days after EAE induction. The BrdU+ cells located predom-
inantly in the inflamed areas (Figures 4(a)–4(f)), and the
density of BrdU+ cells per mm2 in rats with GDNF/NSCs
was significantly increased compared to rats with NSCs (𝑃 <
0.05) (Figure 4(g)). The MAP2+/BrdU+ cells and GalC+/
BrdU+ cells in rats with GDNF/NSCs were apparently higher
compared to rats with NSCs (𝑃 < 0.05); in contrast, the
GFAP+/BrdU+ cells in rats with GDNF/NSCs were decreased
compared to rats with NSCs (𝑃 < 0.05) (Figure 4(h)), which
suggested that GDNF/NSCs differentiated intomore neurons
and oligodendrocytes but fewer astrocytes compared toNSCs
in the EAE-induced rats.
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Figure 1: The generation and characterization of the neurosphere in vitro. (a) Cultured neurospheres derived from cerebral tissue of
newborn rats at culture of 7 d. (b) Immunocytochemical staining of nestin in neurospheres. (c) Neurospheres infected by GDNF recombinant
adenovirus for 2 days showed green fluorescence under fluorescence microscope. (d) RT-PCR showed higher level of GDNF mRNA in the
GDNF/NSCs than NSCs. (e) Quantitative analysis of the percentages of NSCs and GDNF/NSCs differentiated into each type of neural cells
(mean ± SD, 𝑛 = 5). ∗Compared with NSCs group, 𝑃 < 0.05. (f–k) Immunostaining showed, respectively, MAP2, GalC, and GFAP-positive
cells from neurospheres. (f) MAP2+ cells from NSCs; (g) MAP2+ cells from GDNF/NSCs; (h) GalC+ cells from NSCs; (i) GalC+ cells from
GDNF/NSCs; (j) GFAP+ cells from NSCs; (k) GFAP+ cells from GDNF/NSCs; (a–c) bar = 50𝜇m; (f–k) bar = 75 𝜇m.
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Figure 2: The improvement of clinical symptoms after transplantation (mean ± SD, 𝑛 = 5). ∗Comparison with control group, 𝑃 < 0.05;
#comparison with NSCs group, 𝑃 < 0.05.

3.5. GDNF Increased the Expression of mRNA for Oligoden-
drocyte Lineage Cells. ThePDGF𝛼R, the marker of oligoden-
drocyte progenitor cells, GalC, the marker of immature and
mature oligodendrocytes, andMBP, the markers of myelinat-
ing oligodendrocytes, were used to evaluate oligodendrocyte
lineage cells after transplantation. NSCs and GDNF/NSCs
transplantation significantly increased mRNA expressions of
PDGF𝛼R, GalC, and MBP compared with control group
(𝑃 < 0.05), and GDNF/NSCs transplantation appeared more
efficient than NSCs (𝑃 < 0.05) (Figures 5(a) and 5(b)). These
results showed that oligodendrogenesis and remyelination
are significantly increased following NSCs transplantation,
especially GDNF/NSCs transplantation.

4. Discussion

Our study showed that grafting NSCs and GDNF/NSCs
into rats subjected to EAE significantly improved func-
tion compared with control group, and GDNF/NSCs group
showed better efficacy. More myelin sheath and fewer
inflammatory infiltration were observed in GDNF/NSCs
group. More BrdU+ GDNF/NSCs were observed compared
to BrdU+ NSCs, and more MAP2 and GalC-positive cells
from GDNF/NSCs were detected compared with trans-
planted NSCs. Moreover, the increased expression of mRNA
for PDGF𝛼R, GalC, and MBP in brains was observed in
GDNF/NSCs group compared to NSCs group.

Previous studies have reported that NSCs transplantation
could reduce EAE-induced inflammation of CNS and pro-
mote clinical improvement [15–17]. When injecting subcu-
taneously, NSCs migrated into lymph nodes of EAE mice
where they hampered the activation ofmyeloid dendritic cells
and steadily restrained the expansion of encephalitogenic T
cells, therefore reducing immune cell mobilization from the
periphery [17, 18]. Transplanted systemically, NSCs entered
perivascular CNS areas and subsequently induced apoptosis
of blood-borne CNS-infiltrating encephalitogenic T cells [7,
15, 19]. Previous studies have shown that NSCs transplanta-
tion ameliorated the clinical symptoms and reduced tissue

injury after EAE, which was related to the reduction in the
number of perivascular infiltrates and of brain encephalito-
genic T cells [20]. In this study, we showed a more significant
reduction in the amount and size of inflammatory cell infil-
tration in GDNF/NSCs group compared with NSCs group.
These results indicate that GDNF/NSCs more effectively
reduce infiltrating inflammatory cells, which may result in
greater therapeutic efficacy than NSCs on EAE, whereas the
limitation in the present study is that control NSCs should be
infected by empty virus vector expressing GFP alone because
dividing cells may dilute out the BrdU label.

An inflammatory environment inevitably results in
axonal degeneration and demyelination, which is correlated
with chronic disability and brain atrophy in advanced MS
[21]. Previous studies have suggested that transplanted NSCs
generated new neurons and oligodendrocyte lineage cells
to replace lost or degenerative cells, markedly promoting
axonal regeneration and decreasing the extent of demyeli-
nation [16, 22]. The present results showed that more new
neurons and oligodendrocytes were generated from trans-
planted GDNF/NSCs than that from transplanted NSCs,
at least partially providing the possibility of remyelination
and may result in better clinical recovery. Moreover, under
pathological environments in the CNS, transplanted NSCs
differentiate into astrocytes, which potentially cause reactive
gliosis [23, 24] and hamper endogenous axonal remyelination
[7, 13]. Here we showed that GDNF/NSCs generated less
astrocytes than NSCs in EAE brain, which may be conducive
to remyelination.

PDGF𝛼R, GalC, and MBP, the markers of oligodendro-
cyte lineage cells, were strongly diminished at the chronic
phase of EAE [21, 25, 26]. In this study, cells transplantation
increased the expression of mRNA for PDGF𝛼R, GalC, and
MBP in the lesion areas in the brain, with higher expressions
in the GDNF/NSCs group compared with the NSCs group.
This suggests that a large number of oligodendrocyte lineage
cells are generated after grafting, especially GDNF/NSCs.
Therefore, rats with GDNF/NSCs grafting may possess more
extent of remyelination than rats with NSCs for more myelin
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Figure 3: Attenuated inflammation and more myelin sheath in GDNF/NSCs compared to NSCs in EAE rats. (a–c) HE staining showed
inflammatory infiltrates of the cerebral parenchyma in control, NSCs, and GDNF/NSCs groups, respectively. The control group showed
much more infiltration with inflammatory cells. The transplanted groups displayed a reduction in the amount and size of the inflammatory
infiltration, especially for the GDNF/NSC transplanted group. (d) Quantitative analysis of the amount of infiltration per mm2 (mean ± SD,
𝑛 = 5). ∗Compared with control group, 𝑃 < 0.05. (e) Quantitative analysis of the number of cells per infiltration (mean ± SD, 𝑛 = 5).
∗Compared with control group, 𝑃 < 0.05. #Compared with NSCs group, 𝑃 < 0.05. (f–h) LFB staining showed myelin sheath of the corpus
callosum in control, NSCs, andGDNF/NSCs groups, respectively. Control group showedmarked sparser and thinnermyelin sheath compared
with transplanted groups. In particular, GDNF/NSCs groups displayed more myelinated fibers than NSCs group. (i) Quantitative analysis of
LFB density (mean ± SD, 𝑛 = 5). ∗Compared with control group, 𝑃 < 0.05; #compared with NSCs group, 𝑃 < 0.05. Bar = 100 𝜇m.
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Figure 5: GDNF increased expression of mRNA for oligodendrocyte lineage cells. (a) mRNA expression of PDGF𝛼R, GalC, and MBP in the
cerebral lesion areas in each group. (b) Relative expression of PDGF𝛼R,GalC, andMBPmRNA following transplantation (PDGF𝛼R/GAPDH,
GalC/GAPDH, and MBP/GAPDH) (mean ± SD, 𝑛 = 5). ∗Compared with control group, 𝑃 < 0.05; #compared with NSCs group, 𝑃 < 0.05.
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sheath by LFB staining was observed although the possibility
that phagocytic cells were contained in these regions could
not be excluded.

In summary, we showed here that GDNF/NSCs graft-
ing significantly promotes functional recovery in EAE rats,
reducing brain inflammatory infiltration, improving density
of myelin, increasing repopulation of neurons and oligoden-
drocyte lineage cells, and decreasing the astrocyte differentia-
tion ofNSCs.These effects suggest thatGDNFaugments ther-
apeutic efficiency of NSCs-based therapy on chronic EAE,
providing a more promising approach to therapy EAE.
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Human neural progenitor cells (hNPCs) have previously been generated from limited numbers of human induced pluripotent
stem cell (hiPSC) clones. Here, 21 hiPSC clones derived from human dermal fibroblasts, cord blood cells, and peripheral blood
mononuclear cells were differentiated using two neural induction methods, an embryoid body (EB) formation-based method and
an EB formation method using dual SMAD inhibitors (dSMADi). Our results showed that expandable hNPCs could be generated
from hiPSC clones with diverse somatic tissue origins. The established hNPCs exhibited a mid/hindbrain-type neural identity and
uniform expression of neural progenitor genes.

1. Introduction

Human neural progenitor cells (hNPCs), which are present
in fetal and adult neural tissues, have the potential to be ther-
apeutically beneficial in the treatment of neuronal diseases
such as spinal cord injury or stroke; however, it is technically
difficult to obtain hNPCs from human neural tissues. The
development of human embryonic stem cells (hESCs) [1] and
human induced pluripotent stem cells (hiPSCs) [2, 3] has
greatly improved the prospects of regenerative medicine. We
are now able to obtain unlimited hiPSCs from every somatic
tissue source [4]. However, hiPSC clones exhibit variable
differentiation propensities [5], similar to hESCs [6].

Many protocols have been reported for the neural induc-
tion of hESCs/hiPSCs. Transplantable neural precursors were

first derived from hESCs, which were subjected to sponta-
neous embryoid body (EB) formation, followed by neural
rosette selection [7]. EB-mediated neural rosette formation
is used not only for establishing rosette-stage neural stem
cells (R-NSCs) from hESCs [8], but also for generating long-
term self-renewing neuroepithelial-like stem (lt-NES) cells
from hESCs/hiPSCs [9, 10]. However, the neural induction
efficiency of these methods depends on the innate differen-
tiation propensity of the hESC/hiPSC clones [11]. Using a
strategy based on the neural default model, inhibitors of the
bone morphogenic protein (BMP) signaling pathway, such
as Noggin or the small molecule Dorsomorphin, have been
used to direct the differentiation of hESCs/hiPSCs toward
the neural lineage [12]. In addition, Lefty-A or the small
molecule SB431542 can be used to inhibit Nodal, a member
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of the transforming growth factor (TGF) 𝛽 family which
contributes to endodermal or mesodermal fate selection,
promoting neural induction of hESCs. The combination of
a BMP antagonist and a TGF𝛽/Activin/Nodal inhibitor has
been used to accelerate the neural induction of hESCs/hiPSCs
[11, 13–15]. To establish a reproducible EB-based method,
Eiraku et al. subjected fully dissociated hESCs/hiPSCs to
SFEBq (serum-free culture of EB-like aggregates) in the pres-
ence of a Rho-associated protein kinase (ROCK) inhibitor,
resulting in the formation of uniformly sized EBs [16]. It
has also been shown that neural precursor cells can be
derived from hESCs at physiological oxygen levels (3 to 5%)
[17].

Neural induction using these methods has been suc-
cessful for only a limited number of hESC/hiPSC clones.
Koyanagi-Aoi et al. recently reported on the SFEBq-mediated
induction of dopaminergic neurons from hESCs and hiPSCs
derived from various somatic tissues [18]. The aim of the
current study was to determine whether hNPCs can be
derived from any hiPSC clone regardless of its somatic tissue
origin. We evaluated 21 hiPSC clones derived from human
dermal fibroblasts (HDFs, 13 clones), cord blood (CB) cells
(3 clones), and peripheral blood mononuclear (PBMN) cells
(5 clones) using an EB formation-based method (EBFM)
and an EB formation method that includes dual SMAD
inhibitors (dSMADi). Although there is consensus that
SMAD inhibition is necessary for neural induction as men-
tioned above, there are many variations among methods.
Therefore, we performed the dSMADi method, in which
the conditions are easily controlled, using two types of
media and two different oxygen levels. Thus, the previously
reported neural induction method was expanded into four
conditions. Our data indicate that dual SMAD inhibition
can be used to generate mid/hindbrain-type hNPCs from
hiPSCs regardless of their somatic tissue origin. These
expandable hNPCs may be a useful cell source for regen-
erative medicine research and the treatment of neuronal
diseases.

2. Materials and Methods

2.1. Culture of hiPSCs. This study was conducted in accor-
dance with the principles of the Helsinki Declaration, and the
use of hiPSC clones was approved by the ethics committee of
Osaka National Hospital (number 110) and CiRA, Kyoto Uni-
versity. All hiPSC clones (Table S1 in SupplementaryMaterial
available online at http://dx.doi.org/10.1155/2016/7235757)
were cultured at the CiRA on mitomycin C-treated SNL
feeder cells in primate ES cell medium (ReproCELL) until
∼50% confluent and then transported to our laboratory at
Osaka National Hospital. The hiPSC clones were cultured for
two days before neural induction.

2.2. Neural Induction of hiPSCs. Two neural inductionmeth-
ods were used in this study: EBFM [19, 20] and an EB forma-
tion method using dual SMAD inhibitors (dSMADi) [14, 16].
Each of the hiPSC clones was simultaneously subjected to
neural induction using the two methods.

For EBFM, the hiPSCs were treated with 10𝜇M Y-27632
(ROCK inhibitor) for 1 h at 37∘C and then detached using
1mg/mL collagenase IV (Life Technologies) and floated onto
gelatin-coated dishes to remove the SNL feeder cells. After
30min, floating EBs were transferred to Petri dishes contain-
ing DMEM/F12 (D6421, Sigma) with 20% knockout serum
replacement (KSR, Life Technologies), 0.1mM nonessential
amino acids (NEAA, Life Technologies), 2mM L-glutamine
(Life Technologies), 0.1mM 2-Mercaptoethanol (2-ME, Life
Technologies), antibiotic-antimycotic (Life Technologies),
and 10 𝜇MY-27632 (day 0).The next day (day 1), the medium
was replaced with 5% KSR-containing medium and cultured
further for 30 days with a medium change every two days.

For dSMADi, hiPSCs were treated with 10 𝜇M Y-27632
for 1 h at 37∘C and then dissociated with Trypsin/EDTA
to generate single-cell suspensions and suspended in two
types of medium: KSR-based medium [DMEM/F12 (D6421)
with 20% KSR, 0.1mM 2-ME, 10 𝜇M SB-431542 (SB, Sigma),
and 2 𝜇M Dorsomorphin (DSM, Wako)] and B27N2-based
medium [DMEM/F12 (D8062) with 15mM HEPES, 5% B27,
5% N2 supplement (N2, Life Technologies), 10 𝜇M SB, 2 𝜇M
DSM, and 10 ng/mL bFGF]. Both media were supplemented
with 30 𝜇M Y-27632 for the first 3 days. Completely disso-
ciated cells were then seeded into ultralow attachment 96-
well plates (PrimeSurface� 96-well, Sumitomo Bakelite) at
9,000 cells/well, centrifuged at 700 rpm for 3min (quick-
aggregation), and cultured in a 5% CO

2
incubator with

5 or 20% O
2
. Thus, the dSMADi neural induction was

conducted using four conditions: KSR/20% O
2
, KSR/5%

O
2
, B27N2/20% O

2
, and B27N2/5% O

2
. The cells were

cultured for 14 days with daily replacement of half the spent
medium with fresh medium. On day 14, the aggregates were
dissociated mechanically and cultured on Petri dishes in a
5% CO

2
incubator with 20% O

2
to generate the first passage

of hNPCs. Neurospheres were generated from the second
passage of NPCs by completely dissociating the cells with
Accutase� (Innovative Cell Technologies) and then cultured
on nontreated flasks. If the hNPCs attached to the culture
vessels at early passages, we used ultralow attachment dishes
(PrimeSurface, SumitomoBakelite) to establish the hNPCs as
neurospheres.

2.3. Maintenance of hNPCs. The hNPCs were seeded at 1
× 105 cells/mL and cultured as floating neurospheres in
hNPC medium [DMEM/F12 (D8062) with 15mM HEPES,
2% B27, 20 ng/mL EGF (PeproTech), 20 ng/mL FGF2 (Pepro-
Tech), 10 ng/mL leukemia inhibitory factor (Millipore), and
5 𝜇g/mL heparin (Sigma-Aldrich)].

2.4. Quantitative Reverse Transcription-Polymerase Chain
Reaction (Quantitative RT-PCR). Total RNA was extracted
using the RNeasy MinElute Cleaning Kit (Qiagen), and the
cDNAs were synthesized using the PrimeScript� RT Master
Mix (Takara Bio) according to the manufacturer’s specifica-
tions. Quantitative PCR analysis was performed using gene-
specific primers (Table S4), the Power SYBR� Green PCR
Master Mix, and the 7300 Real-Time PCR System (Applied
Biosystems). Gene expression levels were expressed as delta
Ct values normalized to GAPDH [23].
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2.5. Measurement of Neural Aggregate Size. Phase-contrast
images of eight wells per condition for each clone were
captured (one representative image per condition is shown
in Figure S3). The projected areas of the neural aggregates
were measured using ImageJ [24]. The aggregate size was
calculated as a sphere volume using the circular diameter
determined from the projected area [25].

2.6. In Vitro Neuronal Differentiation. To avoid disturbing
the naturally formed niche, the neurospheres were not dis-
sociated. The intact neurospheres were transferred to vessels
coated with Growth Factor Reduced Matrigel� (diluted to
1 : 30, BD Biosciences) and cultured in Neurobasal Medium
(Life Technologies) containing 2% B27 and 1% L-glutamine
for 2 weeks [22].

2.7. Immunocytochemical Staining. Cells were fixed in 4%
paraformaldehyde and washed with PBS. The fixed samples
were then blocked with 10% normal goat serum and incu-
bated with anti-𝛽III tubulin antibody (clone TuJ1, Babco)
overnight at 4∘C. The samples were then incubated with
AlexaFluor-488-conjugated goat anti-mouse IgG (Molecular
Probes, Life Technologies) for 1 h at room temperature.
The stained samples were examined with a confocal laser-
scanning microscope. All staining procedures were per-
formed with matched-isotype controls [22].

2.8. Neurite Analysis. 𝛽III tubulin-positive neurites in four
regions were detected by appropriate thresholding and then
skeletonized using ImageJ [24]. Total neurite length was
determined by counting the positive pixels [26].

2.9. Statistical Analysis. Significant differences in gene ex-
pression levels obtained by quantitative RT-PCR were ana-
lyzed using the Steel-Dwass nonparametricmultiple compar-
ison test or Welch’s 𝑡-test. Significant differences in neural
aggregate size were also analyzed by the Steel-Dwass compar-
ison test. Significant differences in total neurite length were
analyzed by Dunnett’s test. See figure legends for details.

3. Results and Discussion

There are many variations among neural induction methods,
although there is consensus about the necessity of SMAD
inhibition. To determine whether hiPSC clones derived
from different somatic tissues could differentiate into hNPCs
without specific neural induction methods (Figure 1(a)), we
examined 21 hiPSC clones established in CiRA (Table S1).
These hiPSC clones were derived from three different tissues:
HDFs, CB cells, and PBMN cells (Table S1).

All of the hiPSCs exhibited a typical undifferentiated
hESC-like morphology (Figure S1A). Quantitative RT-PCR
showed that the clones expressed uniformly high levels of
the pluripotency marker genes Oct4, NANOG, and LIN28A
but very low levels of the differentiation marker genes SOX17
(endoderm), T (mesoderm), and SOX1 and PAX6 (both
neural) just prior to neural induction (Figure 1(b) and Figure
S1B).

Two predominant methods for inducing the neural
differentiation of hESCs/hiPSCs are the EB formation-
based method (EBFM) and EB formation with dual SMAD
inhibitors (dSMADi). We controlled the aggregate size in the
dSMADi method using a quick-aggregation procedure [16]
and examined four additional conditions using this method
by assessing combinations of two culture media and two
different oxygen levels. In the EBFM approach, we used a low
concentration (5%) of knockout serum replacement (KSR)
[19, 20] to limit the amount of BMP-like activity [27], which
opposes neural induction and is present in the KSR.

We subjected the 21 hiPSC clones to the five different
neural induction procedures (Figure 1(a)). To assess the
neural induction efficiency using dSMADi, we compared
gene expression levels among the hiPSCs, day 30 EBFM-
derived EBs, and day 14 dSMADi-derived aggregates, by
quantitative RT-PCR (Figure 1(b), Figure S1B, Figure S1C, and
Figure S2). Bivariate box plots showed that the pluripotency
marker genes, Oct4 and NANOG, were strongly and uni-
formly downregulated in day 14 dSMADi-derived aggregates
but not in day 30 EBFM-derived EBs, which exhibited more
variable expression among the clones (Figure 1(b) and Figure
S1C). Interestingly, dSMADi treatment also resulted in the
slight downregulation of another pluripotency marker gene,
LIN28A (Figure 1(b)).

Day 30 EBs did not uniformly express the endoderm
marker gene SOX17, mesoderm marker gene T, or neural
marker genes SOX1 and PAX6 and were classified as nonneu-
ral, neural, or three germ layer-containing EBs (Figure S1D).
In contrast, almost all of the day 14 dSMADi-derived aggre-
gates exhibited the upregulation of both neural marker genes
but not nonneural marker genes (Figure 1(b)).These findings
indicated that while EBFM-derived EBs exhibited cell lineage
variability (only 6 clones differentiated toward specifically
neural lineage), dSMADi-derived aggregates exhibited less
clonal variation, and almost all of them underwent neural
lineage induction regardless of somatic tissue origin and the
differentiation protocols (over 90% of clones differentiated
toward neural lineage). Hereafter, we will refer to day 14
dSMADi aggregates as neural aggregates.

We further evaluated the effects of the four dSMADi
conditions by comparing the gene expression levels of the
neural aggregates derived in two types of media (KSR or
B27N2) and two different oxygen levels (20% or 5%) (Fig-
ure 2(a)). Although the expression levels of the pluripotency
marker gene Oct4 and neural marker gene SOX1 were
similar in aggregates cultured in the four conditions, those
of NANOG in aggregates cultured in KSR/5% O

2
and of

PAX6 in aggregates cultured in KSR/20%O
2
and KSR/5%O

2

were significantly higher than in the B27N2-based conditions
(Figure 2(a)). The oxygen level alone did not significantly
impact the expression levels of these genes. Althoughwe used
a quick-aggregation procedure in the dSMADi experiments
to eliminate the size and shape variability observed in EBFM-
derived EBs (Figure S1A), we noticed obvious differences in
neural aggregate size among the four conditions (Figure S3).

To examine the effects of the culture conditions in detail,
we measured the size of the neural aggregates on day 7 and
day 14 (Figure 2(b)). The day 14 neural aggregates cultured in
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Figure 1: dSMADi improves the neural induction efficiency of hiPSCs regardless of their somatic tissue origin. (a) Schematic drawing of the
neural induction methods used in this study. (b) Bivariate box plots displaying gene expression levels in hiPSCs, day 30 EBFM-derived EBs,
and day 14 dSMADi-derived aggregates. Quantitative RT-PCR-generated delta Ct values for the pluripotency marker genes (Oct4, NANOG,
and LIN28A), endoderm marker gene (SOX17), mesoderm marker gene (T), and neural marker genes (SOX1 and PAX6) are shown. Green:
hiPSCs; red: EBFM; blue: dSMADi.The numbers of clones analyzed are indicated in parentheses and “+” symbols represent each of the delta
Ct values. Filled-in regions contain the 50% of the data points, and data points outside of the surrounding lines represent outliers. See also
Figures S1 and S2.
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Figure 2: Effects of media and oxygen level on neural aggregate gene expression and size. (a) Dot plots and box plots showing for the
gene expression levels of pluripotency markers (Oct4 and NANOG) and neural markers (SOX1 and PAX6) in day 14 aggregates cultured in
the various conditions. Twenty-one clones were analyzed in each condition. Statistical significance was determined by the Steel-Dwass test.
Statistically significant differences (𝑝 < 0.01) were found between samples “A” and “B”. See also Figure S2. (b) Dot plot and box plot showing
the size of day 7 and day 14 neural aggregates. Statistical analysis was performed with the Steel-Dwass test (∗∗𝑝 < 0.01). All 𝑝 values are shown
in Table S2.

B27N2-based conditions were significantly larger than those
cultured in KSR-based conditions at each oxygen level, and
they were also significantly larger when cultured in 20% O

2

than in 5% O
2
, in both types of media (Figure 2(b) and

Table S2). Notably, neural aggregates did not grow in the
KSR-based conditions over the induction period regardless
of the oxygen level. In contrast, B27N2, which contains
basic fibroblast growth factor, supported the growth of the
neural aggregates (Figure 2(b)).These findings indicated that
although the four dSMADi conditions efficiently promoted
neural lineage induction, the culture medium influenced
both gene expression and aggregate size, whereas the oxygen
level primarily affected aggregate size.

Next, we investigated whether the neural aggregates
exhibited a forebrain-type property, as previously observed
for lt-NES cells and R-NSCs [8–10]. Because the expression
of PAX6 was higher in KSR-derived aggregates than in
B27N2-derived aggregates, we first compared the expression

levels of the forebrain marker genes, FOXG1 and OTX1, in
day 14 neural aggregates cultured in all four conditions.
Although there were no significant differences in FOXG1
and OTX1 expression levels among aggregates cultured in
the different conditions (Figure 3(a)), the FOXG1 expression
was more variable among the clones compared to the OTX1
expression. Therefore, we compared the FOXG1 expression
among aggregates derived from somatic tissues of different
origins (Figure 3(b)). Notably, the FOXG1 expression was
significantly lower in the clones derived from PBMN cells
than in those derived from HDFs and CB cells (Figure 3(b)),
although the HDF- and CB cell-derived clones exhibited
variable FOXG1 expression. Given that ES cells generate
anterior forebrain-like neural precursor cells in the absence
of external signals [28], the variability of FOXG1 expression in
the HDF- and CB-derived clones might reflect variable Wnt
activation in the hiPSCs [29].
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Figure 3: PBMN-derived neural aggregates exhibit low FOXG1 expression levels. (a) Dot plots and box plots showing FOXG1 and OTX1
expression in day 14 neural aggregates cultured in the various conditions. (b) Dot plots and box plots showing the FOXG1 expression levels
according to tissue origin. The number of clones analyzed is indicated in parentheses. Statistical analysis was performed by the Steel-Dwass
test. ∗∗𝑝 < 0.01. (c) Clustering of clones, based on the expression of FOXG1 and SOX1, using the𝐾-medoids method. The delta Ct values are
indicated by “+” symbols. Four clusters were identified: FOXG1-high/SOX1-high (red), FOXG1-middle/SOX1-high (green), FOXG1-low/SOX1-
high (black), and FOXG1-low/SOX1-low (pink). See also Table S3.

However, the mechanisms regulating differential FOXG1
expression between CB- and PBMN-derived clones are
unclear because both hiPSC clones were derived from meso-
dermal tissues, cultured for over 20 passages, and were
considered to have lost their somatic tissue-specific epige-
netic memory [30–32]. Given that all of the PBMN cells
were 𝛼𝛽T cells in this study, their genomes were modified
due to T-cell receptor (TCR) rearrangement, in contrast to
the HDF and CB cells. The genes encoding T-cell receptor
alpha (TRA) and T-cell receptor beta (TRB) are located at
chromosomal regions 14q11.2 and 7q34, respectively. FOXG1

is located at chromosomal region 14q13. Although TRA
and FOXG1 are separated by about 6 million bases, some
epigenetic modifications might still occur in the regulatory
region of FOXG1. FOXG1 is critical for normal corticogen-
esis [33]; therefore, PBMN-derived hiPSCs might not be a
good source for analyzing normal cortical development or
disease modeling. Further studies are required to elucidate
whether inhibition of Wnt signaling improves the induction
of anterior neural progenitors from PBMN-derived clones.
On the other hand, we hypothesized that neural aggregates
with the potential for producing uniform hNPCs could be
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Figure 4: Established hNPCs express regional markers indicative of a mid/hindbrain-type property. (a) Morphologies of the expanded
neurospheres at approximately passage 6 (upper panel). 𝛽III tubulin-positive neurons after 14 days of neuronal differentiation. Green: 𝛽III
tubulin; blue: nucleus (lower panel). Scale bars: 500 𝜇m(black) and 50 𝜇m(white). (b)Neurite analysis after 14 days of neuronal differentiation.
Relative total neurite length is shown as the mean ± SD. Statistical analysis was performed using Dunnett’s test. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01.
(c) Dot plots and box plots showing the expression of forebrain markers (FOXG1 and OTX1), mid/hindbrain markers (EN1 and GBX2), and
a spinal cord marker (HOXC6) in day 14 (D14) neural aggregates and neurospheres at approximately passage 6 (P6). The numbers of clones
analyzed are shown in parentheses. Statistical analysis was performed usingWelch’s two-sample 𝑡-test. ∗∗𝑝 < 0.01. (d) Hierarchical clustering
of clones based on neural progenitor marker expression. Red: high gene expression; green: low gene expression.

identified by screening for FOXG1 expression. To evaluate this
possibility, we grouped all of the neural aggregates into four
categories (FOXG1-high/SOX1-high, FOXG1-middle/SOX1-
high, FOXG1-low/SOX1-high, and FOXG1-low/SOX1-low) by
clustering based on FOXG1 and SOX1 expression levels
(Figure 3(c) andTable S3).We then selected neural aggregates
from each category, except for the SOX1-low, nonneural
lineage category, for further expansion. Notably, these neural
aggregates included clones derived from each of the three
different tissue types (Table S3).

To facilitate the expansion of homogeneous populations
of hNPCs, we cultured them as floating neurospheres [22]
rather than as adherent cells like lt-NES cells. Expandable

neurospheres were established at approximately passage 6
regardless of the FOXG1 expression level in day 14 neu-
ral aggregates or the somatic tissue origin (Figure 4(a)).
To confirm that the neurospheres were hNPCs, neuronal
differentiation was induced using the serum-free neuronal
differentiation protocol. All of the HDF- and CB cell-derived
neurospheres differentiated into 𝛽III tubulin-positive neu-
rons with long neurites, whereas only two of the five PBMN
cell-derived neurospheres underwent neuronal differentia-
tion (Figures 4(a) and 4(b)). Notably, all of the clones that
failed to differentiate were derived from the hiPSC clone
604A3 (Figures 4(a) and 4(b)). These results also indicated
that hNPC establishment was independent of the FOXG1
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expression level in day 14 neural aggregates and of the hiPSC
somatic tissue origin. FOXG1 expression decreases with
increasing passage of lt-NES cells [9, 10] and neurospheres
[22]. Thus, we hypothesized that FOXG1 expression in day
14 neural aggregates may decrease over time, resulting in
the formation of mid/hindbrain-type progenitors. To assess
this supposition, we compared the expression of regional
identitymarker genes in day 14 neural aggregates and passage
6 neurospheres (Figure 4(c)). We found that the neural
aggregates expressed variable levels of not only the forebrain
markers, FOXG1 andOTX1, but also eachmarker gene for the
mid/hindbrain (EN1/GBX2) and spinal cord (HOXC6) (Fig-
ure 4(c)).These broad expression patterns of regional marker
genes were consistent with a previous report on the activity
of endogenous Wnt signaling [34]. In contrast, passage 6
neurospheres expressed higher and less variable levels of the
mid/hindbrain markers and reduced levels of the forebrain
and spinal cord markers (Figure 4(c)). Thus, while the day
14 neural aggregates exhibited upregulated forebrain marker
expression, established hNPCs displayed a mid/hindbrain-
like regional property, consistent with previous findings [22].

Finally, we compared the expression of neural progenitor
genes among the established hNPCs (Figure 4(d)). We found
that hNPCs and 604A3-derived non-hNPCs were separately
clustered and that the hNPCs exhibited similar neural pro-
genitor gene expression patterns regardless of the dSMADi
conditions and their somatic tissue origin. All of the PBMN
clones met our criteria of high SOX1 and PAX6 expressions
on day 14 (Figure 3(c)). All three of the 604A3 clones had
almost the same properties on day 14 but differed from
the other clones at passage 6 (Figure 4(d)). We could not
eliminate the possibility that the day 14 neural aggregates
contained nonneural cells, because gene expression analysis
was performed on the bulk population, not at the single-cell
level. Therefore, we applied the neurosphere culture method
to select a homogeneous population and we were successful
in almost every case. However, given that at least neural crest
cells can grow in our neurosphere conditions [35], some cell
population thatwas preferentially induced in the 604A3 clone
might have been selected and expanded in the neurosphere
culture process.

4. Conclusions

We conclude that neural lineage cells can be derived from
most hiPSC clones, regardless of their somatic tissue origin,
using dual SMAD inhibition. We found that PBMN cell-
derived hiPSC clones did not exhibit increased expression
of the forebrain marker gene, FOXG1, but generated hNPCs
with neuronal differentiation ability as efficiently as HDF-
and CB-derived hiPSC clones. Moreover, neural aggregates
at the early neural induction stage exhibited variable neural
regional marker gene expression patterns and gave rise
to hNPCs that uniformly exhibited a mid/hindbrain-type
property and expressed similar levels of neural progenitor
genes. These findings suggest that the hNPCs described here
may be a useful cell source for basic and pharmaceutical
research aimed at developing regenerative therapies for treat-
ing various neuronal diseases.
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A. Thomson, “In vitro differentiation of transplantable neural
precursors from human embryonic stem cells,” Nature Biotech-
nology, vol. 19, no. 12, pp. 1129–1133, 2001.

[8] Y. Elkabetz, G. Panagiotakos, G. Al Shamy, N. D. Socci, V. Tabar,
and L. Studer, “Human ES cell-derived neural rosettes reveal



10 Stem Cells International

a functionally distinct early neural stem cell stage,” Genes and
Development, vol. 22, no. 2, pp. 152–165, 2008.

[9] A. Falk, P. Koch, J. Kesavan et al., “Capture of neuroepithelial-
like stem cells from pluripotent stem cells provides a versatile
system for in vitro production of human neurons,” PLoS ONE,
vol. 7, no. 1, Article ID e29597, 2012.

[10] P. Koch, T. Opitz, J. A. Steinbeck, J. Ladewig, and O. Brüstle,
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Immune regulation of the brain is generally studied in the context of injury or disease. Less is known about how the immune system
regulates the brain during normal brain function. Recent work has redefined the field of neuroimmunology and, as long as their
recruitment and activation are well regulated, immune cells are now known to have protective properties within the central nervous
system in maintaining brain health. Adult neurogenesis, the process of new neuron generation in the adult brain, is highly plastic
and regulated by diverse extrinsic and intrinsic cues. Emerging research has shown that immune cells and their secreted factors
can influence adult neurogenesis, both under baseline conditions and during conditions known to change neurogenesis levels, such
as aging and learning in an enriched environment. This review will discuss how, under nonpathological conditions, the immune
system can interact with the neural stem cells to regulate adult neurogenesis with particular focus on the hippocampus—a region
crucial for learning and memory.

1. Introduction

Adult neurogenesis occurs predominantly in two special-
ized stem cell niches, the subgranular zone (SGZ) of the
dentate gyrus and the subventricular zone (SVZ) below the
ependymal lining of the lateral ventricles. In these neuro-
genic niches precursor cells reside in close proximity to the
microvasculature, indicating a close connection between the
nervous system and the circulation. In the hippocampus, the
multistep process of neurogenesis is regulated on different
levels by intrinsic and extrinsic factors that have either
a positive or negative influence, or even both. Physical
exercise and environmental enrichment, mainly increasing
precursor cell proliferation and survival of the newborn cells,
respectively, represent two of the most prominent positive
external neurogenic stimuli [1–3]. Aging and stress on the
other hand lead to a reduction in hippocampal neurogenesis
[4, 5]. All of the above examples are linked to changes in the
physiological environment and recent data, especially in the
field of aging, have revealed how changes in the circulatory
system can influence the brain [6–8].

The brain is generally considered an immunologically
privileged organ and it has long been assumed that cross talk
between the immune and nervous systems is unlikely due to
their physical separation by the blood brain barrier (BBB). It
seemed that the brain functioned optimally when no immune
cells were present. Work over the past decade, however,
has made major advances in the field of neuroimmunology.
The recent rediscovery of the central nervous system (CNS)
lymphatic system that drains immune cells from the cerebral
spinal fluid (CSF) to the lymph nodes has further highlighted
this route of communication [9, 10]. The brain can now be
considered to some extent to have immune properties, as
it is able to respond to injury, degeneration, or infection,
albeit in a different way than the peripheral immune system.
We are only beginning to understand the importance of
the immune system in maintaining brain homeostasis under
nonpathological conditions and the exactmechanisms of how
neuroimmunological communication maintains the tight
regulatory balance required for proper brain function have
yet to be fully elucidated. In this review we will explore the
close association between the hippocampal stem cell niche
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and the microvasculature. We will outline the multitude of
both brain resident and peripheral immune cells and discuss
the potential significance of their cross talk with the neural
stem cells, an interaction that is facilitated by a plethora of
secreted immune molecules. In the context of aging, we will
describe how the circulatory system can influence the brain
and raise the interesting question ofwhether blood cells could
provide a source of new neurons.

2. The Hippocampal Microvasculature Is
a Gateway between the Circulatory System
and the Nervous System

The BBB is formed by tight junctions between endothelial
cells and is ensheathed by the endfeet of perivascular astro-
cytes and pericytes. Due to their physical separation by the
BBB, cross talk between the immune and nervous systems
was generally considered unlikely. However, despite its name,
the BBB is dynamic and allows, when required, peripheral
immune cells to enter the brain under both physiological
and pathological conditions [11, 12]. Circulating immune cells
and blood-borne factors travelling through the bloodstream
into the brain might be more involved in the regulation of
neurogenesis than long thought. The finding that nestin-
GFP-expressing hippocampal precursor cells directly contact
the niche-resident endothelial cells via vascular endfeet [13,
14] supports this hypothesis.

The hippocampus is a highly vascularized area in the
brain and proliferating adult hippocampal precursor cells
reside in close proximity to blood vessels and dividing
endothelial cells [15]. This suggests that the hippocampal
stem cell niche, although located deeply inside the brain,
receives extrinsic cues via circulating and endothelium-
derived factors [15]. Factors secreted by endothelial cells
affect proliferation, differentiation, and survival of neural
stem and progenitor cells and include brain derived neu-
rotrophic factor (BDNF) [14, 16, 17] and vascular endothelial
growth factor (VEGF) [15, 18, 19]. VEGF stimulates precur-
sor cell proliferation in the SGZ and has neurogenic and
angiogenic properties, indicating a direct link between the
blood system and the brain [15, 19]. Following exercise, a
strong physiological stimulus of hippocampal neurogenesis
[2, 3], raised levels of circulating VEGF mediate the physical
activity-induced increase in new neuron production [20].
Interestingly, the blockade of peripheral VEGF prevents the
run-induced increase in precursor proliferation but does not
affect basal neurogenesis in nonrunning animals, suggesting
that peripheral factors can affect neurogenesis by different,
independent mechanisms [20].

Despite their importance in maintaining a functional
niche environment, the vascular niches within the two
major neurogenic regions differ from each other. Unlike the
hippocampus, where neurogenesis and angiogenesis appear
to be coupled, no dividing endothelial cells are observed in
the SVZ [15, 21]. The vascular difference between the niches
could be of importance for stem cell regulation by external
stimuli, such as environmental enrichment and physical
exercise, that affect neurogenesis in the hippocampus but not

in the SVZ [22]. In this context, signals from the CSF that
repress proliferation in the SVZ cannot be excluded, as SVZ
stem cells contact both blood vessels and the CSF [23–26].

The proximity of the niche to the blood vessels allows
the supply of nutrients or signals to maintain homeostasis
under physiological conditions, and vascular changes occur
during normal aging and in the context of neurodegenerative
diseases [27, 28]. The aged vascular system in the brain is
characterized by decreased blood flow and the functional
decline of the BBB carrier system [27], indicating an altered
supply of circulating factors from the blood stream, possibly
leading to either the enhanced or decreased availability of
signaling molecules.

3. Brain Resident Immune Cells

The hippocampal neurogenic niche is complex and many
types of cells interact to maintain a functional niche environ-
ment (Figure 1). Apart from the neural stem and neuronal
lineage cells, many niche-resident cells have immunological
characteristics that, in the steady state, can regulate adult
neurogenesis. The largest populations are the niche-resident
microglia and astrocytes, which have immune properties and
are important for local surveillance [29–31].

3.1. Microglia. Microglia, although considered to be a type
of immune cell, are an integral part of the brain. These
residentmacrophages are uniformly arranged throughout the
brain and constitute approximately 10–15%of total brain cells.
Microglia originate frommacrophages during hematopoiesis
in the yolk sac and migrate to the neural tube where they
form microglia. Because bone marrow monocytes do not
contribute to the pool of mature microglia in a healthy brain,
it is suggested that they are sustained by local self-renewing
progenitor cells [32].

Microglia located in the neurogenic niches are interesting
candidates for the regulation of adult neurogenesis, both
in baseline and in injury states. Under baseline conditions
microglia are relatively quiescent. These resting microglia
have a ramifiedmorphologywithmany processes, which they
use to survey the surrounding area for damage or infection
[33]. Under resting conditions microglia perform important
functions during development including phagocytosis of
debris resulting from cell apoptosis and promote neuronal
apoptosis [34] and mice deficient in microglia have severe
postnatal brain development defects [35]. Microglia also
play a key role in the active remodeling of the presynaptic
environment by engulfing presynaptic termini [36]. This
synaptic pruning is dependent on the complement system
[37], whereby C1q produced by neurons activates a cascade
that ultimately activates the microglial expressed C3R and
these microglia preferentially engulf inactive synapses [38].
Another signaling pathway is via the neural cell secreted
cytokine CX3CL1 and its corresponding microglial based
receptor CX3CR1. CX3CR1 deficient knockout mice have
adult neurogenesis deficits [39], impaired learning andmem-
ory, and an inability to achieve long-term potentiation (LTP)
in the hippocampus [40].
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Figure 1: Neural progenitor cells and immune cells coexist in the hippocampal neurogenic niche. Type 1 neural stem cells in the subgranular
zone of the hippocampal dentate gyrusmature through different developmental stages during themultistep process of new neuron formation.
Type 1 radial glia-like cells give rise to transiently amplifying progenitor cells (Type 2a/Type 2b). After passing the neuronally committed
Type 3 stage the cells become postmitotic after which they integrate as mature granule cells into the existing hippocampal circuitry.
Within the complex niche environment peripheral and resident immune cells interact with niche cells to regulate the neurogenic process
under physiological conditions. In addition, immune cells in the blood and the niche secrete immune molecules, including cytokines and
chemokines, to facilitate neuroimmunological communication.

Following an insult or infection microglia respond to
signals from the peripheral immune system to induce neu-
roinflammation. Following activation,microglia change their
shape becoming amoeboid and phagocytose cell debris.They
also release factors such as proteases, neurotrophic factors,
cytokines, and reactive oxygen species (ROS). Microglia
responses are heterogeneous and result in different activation
phenotypes which are broadly classified into the classical
M1 and the alternative M2 states [41]. Classical activation
occurs when the microglia detect a foreign antigen and
act as the first line of defense by transitioning from innate
immunity into an adaptive immune response by recruiting
peripheral immune cells. The most common method to

experimentally induce classical microglial activation is via
administration of the bacterial endotoxin lipopolysaccharide
(LPS) [42]. Such work demonstrated that classically activated
microglia impair adult hippocampal neurogenesis without
affecting proliferation—an effect that could be blocked with
the microglial inhibitor minocycline [42, 43]. Classically
activated or proinflammatory M1 microglia were associated
with reduced neurogenesis and this effect is believed to
be due to their production of nitric oxide [44, 45] and
ROS [46], whereas neuroprotective M2 microglia stimulate
neurogenesis via the release of anti-inflammatory cytokines
and growth factors. The neuroprotective M2 response occurs
when switching from the classical inflammatory response to
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a reduction of proinflammatory factors towards a production
of neuroprotective factors involved in repair. This switch
is induced by stimulation with anti-inflammatory cytokines
such as IL-4 or IL-13 resulting in the downregulation of
classical activation genes and the upregulation of repair genes
[47]. Alternatively activated M2 microglia have an increased
expression of a number of anti-inflammatory cytokines
including interleukin-10 (IL-10), transforming growth factor
beta (TGF-𝛽), and growth factors such as insulin-like growth
factor (IGF), nerve growth factor (NGF), and BDNF. It
has been suggested that M2 microglia might be important
for the maintenance of neurogenesis, as a number of the
anti-inflammatory cytokines produced have been found to
support adult neurogenesis [48].

Microglia are controlled by both intrinsic and extrinsic
systems. They can be modulated by neuronal activity via
neurotransmitters, as well as directly influencing neuronal
activity and other regulatory molecules. They can also be
regulated by astrocytes and release soluble factors in the adult
brain [49]. Microglia can also upregulate major histocom-
patibility complex class II (MHC II), an important regulator
of the cellular immune response that is responsible for the
presentation of antigens to CD4+ T cells [50].

Physical activity, a well-known stimulus of adult hip-
pocampal neurogenesis, increases proliferation of microglia
in both the cortex and hippocampus [51]. It has been
supported by in vitro experiments that the exercise induced
increase in hippocampal precursor proliferation is mediated
via microglia and can be abolished when microglia are
removed from the cultures. The potential mediator of this
effect is signaling along the CX3CL1-CX3CR1 axis [52]. In
addition, it was shown that microglia from exercising mice
were able to activate the latent precursor cells from sedentary
mice in vitro [52]. Conversely, microglia might also play a
role in the age-related decline in neurogenesis [53]. Aging
is associated with increased microglia activation, particularly
towards a classic activation phenotype, with increased basal
levels of the proinflammatory cytokines tumor necrosis factor
alpha (TNF-𝛼), interleukin 6 (IL-6), and interleukin-1 beta
(IL-1𝛽) [53].

3.2. Astrocytes. Astrocytes, the most abundant cell type in
the brain, are located throughout the CNS. In the healthy
CNS astrocytes have many important functions including
providing metabolic support [54], water homeostasis [55],
exchanging information between neurons and blood ves-
sels to coordinate oxygen and glucose delivery, control of
extracellular ion flux and antioxidant support by glutathione
release [56], directing the development of synapses [57],
modulating cerebral blood flow [58], the uptake and clear-
ance of neurotransmitters such as GABA and glutamate [59],
and helping to maintain the integrity of the BBB [60].

Astrocytes also play an important role in the brain’s
defense mechanism and they have phagocytic and antigen-
presenting capacity [29–31]. Astrocytes can express major
histocompatibility complex class I (MHC I) and MHC II
antigens when stimulated by interferon gamma (IFN-𝛾) in
vitro, which can lead to T cell activation [61]. Whether
astrocytes express MHC II in vivo is controversial and

may be limited to pathological conditions such as multiple
sclerosis [29]. Astrocytes are also key players in the CNS
as the targets and effectors of many cytokines and other
inflammatory molecules. Reactive astrocytes, produced in
immediate response to CNS trauma, form the glial scar
and are thought to be beneficial by preventing contact
between the damaged andhealthy neurons. Following trauma
or infection reactive astrocytes can produce a number of
cytokines (e.g., CXCL10, CCL2, and IL-6) thatmediate innate
immune function such as recruitment of monocytes and
microglia [61]. Astrocytes can also respond to a number of
cytokines (TNF-𝛼, EGF, FGF, and a number of interleukins)
themselves and display a number of receptors involved in
innate immunity including toll-like receptors (TLRs) [62,
63]. In contrast to the immediate activation seen following
trauma, activation of astrocytes that occurs later inhibits
regeneration and contributes to sustained inflammation [64].
Reactive astrocytes are key players in neurodegenerative
diseases such as amyotrophic lateral sclerosis andAlzheimer’s
disease. The strongest evidence for a role of astrocytes in
CNS autoimmune disease is in neuromyelitis optica, an
inflammatory disease that besides its occurrence in the
context of multiple sclerosis can also be caused by specific
antibodies to the water channel protein Aquaporin-4, which
in the CNS is located exclusively on the surface of astrocytes
[65]. It was also shown that in somemultiple sclerosis patients
there are autoantibodies against the potassium channel Kir4.1
that is also present on astrocytes [66].

Apart from the obvious role of a subset of astrocytes that
function as the neural stem cells (NSC) under homeostatic
conditions, astrocytes can also release soluble factors which
influence distinct stages of adult neurogenesis including stem
cell proliferation [67], neuronal differentiation [68], neuronal
survival [69], and synaptic integration [70]. CNS injuries
can also produce reactive astrocytes with NSC potential
[71]. This is in contrast to those astrocytes activated during
neurodegeneration that do not have stem cell potential
[71]. Conversely, blocking reactive gliosis leads to improved
integration of transplanted neural precursor cells (NPCs) in
the mouse hippocampus [72].

3.3. Pericytes. Pericytes are smooth muscle-derived cells that
are important in maintaining the BBB. Pericytes are often
referred to as the macrophages of the brain, as due to their
MHC II dependent antigen-presenting ability and their direct
contact with the microvasculature they represent one of the
first lines of defense [73]. In response to infection, pericytes
mount an inflammatory response by increasing expression
of proinflammatory cytokines, such as IL-6, TNF-𝛼, and IL-
1𝛽 [74, 75]. There are several reports that pericytes have
neurogenic potential being able to differentiate into neurons
in vitro and in vivo [76–78] and can be converted into
neurons by direct reprogramming [79]. Recently, diffusible
factors produced by pericytes were shown to increase NSC
proliferation and neurogenesis in vitro [80].

3.4. PerivascularMacrophages. Perivascularmacrophages are
myeloid cells that are continuously replenished from the
bone marrow progenitor cells and are located within the
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perivascular space. They wrap their processes around the
vasculature and help the BBB formation [81].Themajor roles
of perivascular macrophages include phagocytosis of cellular
and pathogenic debris, brain surveillance of the interstitial
space via pinocytosis, and initiation of the CNS acute phase
response via the production of prostaglandins [82]. Inter-
estingly it was shown that the percentage of TLR4+/CD14+
brain macrophages increased when mice were housed in
an enriched environment potentially allowing leukocytes in
the microvessels to release various neuroprotective and anti-
inflammatory factors [83]. Perivascular macrophages also
play a role in neurodegeneration [84], although whether they
are involved in the regulation of adult neurogenesis under
nonpathological conditions remains unclear.

4. Peripheral Immune Cells Influence
Adult Neurogenesis

In addition to the brain resident immune cells, peripheral
immune cells including T cells, B cells, natural killer cells,
macrophages, mast cells, and dendritic cells can enter the
CNS under normal conditions.

4.1. T Cells. Peripheral T cells can selectively enter the brain
through the choroid plexus, a barrier that is composed of
epithelial tight junctions and fenestrated epithelial cells, when
required [85, 86]; however under physiological conditions
they are present in very low numbers [87]. T cells can
hone to sites of damage in the brain, become activated,
and activate resident microglia, in a way that is different
to the classical inflammation activation of microglia, to
make them supportive of neuronal survival and proliferation.
Interestingly, the CD4+ T cells within the choroid plexus are
distinct from those in the circulating blood as they express
T cell receptors specific for CNS antigens, and they are of
effector-memory type in contrast to those of the CSF which
are central-memory T cells [88].

The first evidence of a role of T cells in adult neu-
rogenesis was from Butovsky and colleagues in 2006 [89]
who demonstrated that microglia activated by T helper (Th)
cells produced the cytokines interleukin-4 (IL-4) and IFN-
𝛾 that promoted neurogenesis in vitro. Th1 and Th2 cells are
generally thought to be detrimental to neurogenesis via the
release of IFN-𝛾, although they can also be neuroprotective
via the action of their main anti-inflammatory cytokine, IL-4
[90].

This evidence was closely followed by an in vivo cor-
roboration of this link by Ziv and colleagues (2006) [91].
They showed that CD4+ T cells promote and maintain
neurogenesis by activatingmicroglia via the release of soluble
cytokines and regulating IGF-1 transport into the brain, thus
regulating BDNF levels [91]. They also demonstrated that
adult neurogenesis was impaired in immune-deficient severe
combined immunodeficiency (SCID) and nude mice but
could be restored by injection of T cells recognizing an anti-
gen specific for the central nervous system [91]. Interestingly,
CD4+ T cells have been identified as the key players in this
process. A study from our lab found that repopulation with

CD4+ but not CD8+ T cells was able to restore the decrease
in adult hippocampal neurogenesis observed in immune-
deficient mice [92], thereby highlighting CD4+ T cells as
the proneurogenic T cell population under physiological
conditions. An increase in activated CD4+ T cells could
be observed in the meninges of mice after training in the
Morris water maze [93] indicating an impact of brain activity
(learning) on the immune system. In these experiments,
CD4+ T cells displayed an activated phenotype and produced
increased levels of IL-4. In addition, SCID mice that are
devoid of mature T cells have dramatic impairments in
hippocampal-dependent spatial learning and memory tasks
including the water maze [94], the Barnes maze [95], the
radial arm water maze [95], and the novel object recognition
test [96]. Whether T cells also play a role in regulating
the proneurogenic response to physical activity, however,
remains unknown.

4.2. Regulatory T Cells. Regulatory T cells (Tregs) are a
subpopulation of T cells, which normally work to suppress
autoimmune responses and thus are critically involved in
maintaining immune homeostasis. Interestingly, they can
also produce neurotrophic factors and activate resident
microglia [97]. The extent of this regulatory function is
genetically determined and can differ between strains and
individuals [98, 99]. Foxp3+ Tregs are involved in suppressing
the immune response in conditions including Alzheimer’s
disease, Parkinson’s disease, traumatic brain injury, and
stroke [100]. Tregs in the brain have mainly been stud-
ied following stroke, and their role in neurogenesis under
physiological conditions is still unclear. It has been demon-
strated that Tregs are present in the normal rat brain in
the cortex, subcortical regions, hippocampus, and choroid
plexus [97]. Recently it was shown that activated Tregs
injected into the lateral ventricle of mice increased NPC
proliferation, but nonactivated Tregs had no effect [101].
Activated Tregs stimulatedNSC proliferation in the SVZ after
middle cerebral artery occlusion but did not improve stroke
outcome, as defined by infarct volume. In addition, activated
Tregs enhanced the proliferation of passaged neurospheres
in vitro, an effect that could be blocked with IL-10-specific
neutralizing antibodies [101].

4.3. B Cells. B cells, the other major class of lymphocytes, can
also become activated and enter the healthy human brain,
albeit in very lownumbers [102]. B cells however can be found
in larger numbers in the brains of patients with multiple
sclerosis where they play a role in the pathogenesis of the
relapsing inflammatory subtype [103].One study claimed that
B cells are not required for normal hippocampal NSC prolif-
eration [104] but the function of B cells in the healthy brain is
still unknown. Given the fact that there is growing evidence
of B lymphocyte functions beyond combating infection, for
example, including roles in autoimmunity, this question will
have to be reconsidered in the future.

4.4. Natural Killer Cells. Natural killer (NK) cells are part
of the innate immune system and have heterogeneous
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phenotypes and functions. Despite their primary function
to kill aberrant cells, NK cells also exert immunoregula-
tory functions and orchestrate adaptive immune responses
through the interaction with antigen-presenting cells, T cells,
and B cells [105]. Although they comprise about 10% of
lymphoid cells in the healthy brain [106], the role of brain
resident NK cells in CNS homeostasis is not clear. Mainly
studied in pathology such as in the context of multiple
sclerosis, brain NK cells have neuroprotective [107] as well as
neurotoxic [108] effects. During chronic brain inflammation,
NK cells reside in close proximity to NSCs in the SVZ and
the interaction betweenNK cells andNSCs results in reduced
proliferation and decreased numbers of GFAP+BrdU+ cells
[109]. Considering their regulatory function, the extent to
whichNK cells interact withNSCs during normal brain func-
tion or in response to proneurogenic stimuli such as physical
exercise or environmental enrichment remains unknown.

4.5. Dendritic Cells. Dendritic cells are the antigen-present-
ing cells of the immune system and their role is to present
antigens to T lymphocytes to induce either tolerance or
adaptive immune responses. Until recently, the brain was
believed to be devoid of dendritic cells under steady-state
conditions. However, dendritic cells have now been shown
to infiltrate into the brain via the choroid plexus, nasal
epithelium, meninges, and blood in response to autoimmu-
nity, injury, aging, and infection [110, 111]. Despite much
progress, the complete picture of dendritic cell participation
in the brain’s immune resonance is far from being completely
understood. In addition, the presence of dendritic cells in the
steady-state brain of humans is unclear and warrants further
investigation.

4.6. Mast Cells. Mast cells, most well known for their role
in allergy and anaphylaxis, are involved in the histamine
response. Mast cells are generated in the bone marrow and
under normal conditions can migrate to various areas of
the brain including the hippocampus. Mast cell-deficient
mice have hippocampal learning deficits and deficits in
hippocampal, but not SVZ, neurogenesis [112]. Mast cells
are a source of serotonin and treatment of the mast cell-
deficient mice with fluoxetine, a selective serotonin reuptake
inhibitor, can reverse the deficit in adult neurogenesis [112].
Interestingly, mast cells can be activated by physical activity
[113]. Whether these cells play a role in the increase in adult
hippocampal neurogenesis in response to physical activity,
however, is still unknown.

5. Immune Molecules

The various immune cells described above secrete a plethora
of immune molecules, including pro- and anti-inflammatory
cytokines that play an important role in brain function,
both in maintaining the physiological state and in disease
conditions. This regulation is tightly controlled and the
outcome depends on their concentration, the particular type
of cell that is activated, and other factors that are also secreted
by other populations of cells in the brain.

5.1. Cytokines. Immune and neural cells share a common lan-
guage for communication—cytokines. Cytokines, the chem-
ical messengers of the immune system, although typically
thought of in this context, are also important for normal
brain function. In the brain, cytokines are mainly produced
by activatedmicroglia as part of the innate immune response.
Increased cytokine production in the brain is generally
regarded as detrimental, as it is usually associated with condi-
tions of inflammation, infection, and neurodegeneration.The
role of cytokines in normal brain function, however, is less
well studied [114].

Immune cells produce a multitude of different cytokines.
We will briefly outline the best studied of these, IL-6, TNF-
𝛼, IL-1𝛽, and IFN-𝛾, with the major focus on their role
in hippocampal neural stem cell regulation. IL-6 can act
as both a pro- and anti-inflammatory cytokine and there-
fore its specific role in hippocampal learning and memory
depends on the context. Adult hippocampal neurogenesis is
dramatically reduced in the presence of IL-6 and inhibition
of IL-6 can restore this deficit [42]. In addition, IL-6 is
involved in regulation of synaptic plasticity, LTP, andmemory
[115] and there is an age dependent increase in IL-6 that
is accompanied by a concomitant memory loss. Tumor
necrosis factors are a family of cytokines known to cause
apoptosis. TNF-𝛼, although once considered to be purely
inflammatory, can also be produced in the brain under
basal conditions. Signaling by TNF-𝛼 through the TNFR1
regulates synaptic strength viamodulation of AMPA receptor
expression [116]. TNF-𝛼 signaling can differentially affect
adult hippocampal neurogenesis, with signaling through the
TNFR1 a negative and TNFR2 a positive regulator [117]. TNF-
𝛼 has an antineurogenic effect on NSCs and is upregulated
in a number of neurodegenerative diseases [118]. Another
example of a cytokine important for normal brain function
is IL-1𝛽, which is upregulated during LTP induction and
maintenance [119]. IL1R1 is expressed by NSCs of the dentate
gyrus but not the SVZ [120] and IL-1𝛽 decreases hippocampal
NSC proliferation, via activation of NFkB signaling [121] and
elevated levels of IL-1𝛽 are observed in the brains of patients
suffering neurodegenerative diseases [122]. IL-1𝛽 administra-
tion impairs spatial learning and memory in the water maze
[123], spatial active avoidance test [124], radial arm maze
[125], and impaired hippocampus-dependent contextual fear
conditioning [126]. IFN-𝛾 is a proinflammatory cytokine that
is able to exert both positive and negative effects on adult
neurogenesis depending on the neurogenic niche. IFN-𝛾
decreasesNSCproliferation in the adult SVZboth in vitro and
in vivo [127] but leads to an increase in neurogenesis in the
dentate gyrus of adult mice and ameliorates spatial learning
and memory performance [128].

5.2. Chemokines. Chemokines are a family of small, secreted
cytokines that guide the migration of cells along a concen-
tration gradient. Stromal cell-derived factor 1-alpha (SDF-
1𝛼; CXCL12) is released from activated astrocytes and signals
NSCs to migrate to the site of neuronal damage [129, 130].
It also promotes NSC proliferation [129, 130] and survival
[131] via its receptors CXCR4 and CXCR7, which are highly
expressed onNSCs [132, 133]. UsingCXCR4depletionmice, it
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was shown that CXCR4 signaling, in addition to maintaining
the NSC pool, also specified the inner third of the granule
cell layer as the site of immature neuron differentiation [134].
Another chemokine that is upregulated in the brain following
inflammation is monocyte chemotactic protein-1 (MCP-1;
CCL2). TNF-𝛼 increases the expression of MCP-1, which
induces NSC migration mediated via its receptor CCR2 that
is highly expressed on NSCs [135–137].

5.3. Neurotransmitters. In addition to cytokine regulation,
immune cells, most predominantly T cells, can produce and
respond to common neurotransmitters such as acetylcholine,
glutamate, dopamine, and serotonin [138–140]. These neuro-
transmitters are important formodulating learning,memory,
and LTP, and they affect not only neurons but also the
production and secretion of inflammatory factors from astro-
cytes and microglia [141]. Neurotransmitter cross talk can be
bidirectional, with the CNS affecting the immune system and
vice versa. Some antidepressants (including fluoxetine) act
as immune modulators by shifting the T cells from a proin-
flammatory to an anti-inflammatory profile [139]. Microglia
express functional dopamine receptors (D

1
and D

2
) and

their activation can decrease nitric oxide production after
LPS stimulation [142, 143]. Systemically produced dopamine
can transiently alleviate the suppression of autoimmune
activity of Tregs allowing a neuroprotective response after
injury [138]. Noradrenalin is important in maintaining brain
homeostasis andnoradrenalin depletion can contribute to the
neuroinflammatory processes that lead to neurodegenerative
diseases [144]. Noradrenalin can also change the cytokine
production profile of T cells and activate hematopoietic stem
cells to produce immune cells.

5.4. Major Histocompatibility Complex Class I. The MHC
I functions to display fragments of non-self-proteins to
cytotoxic T cells and thus is crucial for the initiation and reg-
ulation of adaptive immune responses. Until Corriveau et al.
demonstrated neuronal expression in 1998 it was believed
that neurons were one of the few cell types devoid of MHC
I expression [145]. In the brain, it has been suggested that
MHC Imolecules have distinct neuronal functions that differ
from their role in cellular immunity, such as the regulation of
synaptic function and brain development [146, 147]. MHC I
is expressed at the synapses [146] and neurons in MHC I KO
mice have enhanced synaptic plasticity, increased excitability
and higher frequency of miniature excitatory postsynap-
tic currents (mEPSPs), increased LTP, and decreased LTD
[146, 148]. Furthermore, the ablation of MHC I resulted
in improved behavioral recovery after stroke, indicating an
enhancement of synaptic plasticity in the absence of MHC
I [149]. A recent study suggests that MHC I might at least
in part be involved in mediating the age-related decline in
neurogenesis and cognitive function observed after exposure
to an aged systemic environment, as no effects of aged
blood were observed in young heterochronic parabionts with
reducedMHC I cell surface expression [6, 7, 150].The specific
role of more than 50 MHC I molecules [147] and the dual
role of MHC I in immune and neurogenic regulation remain
unknown.

5.5. Toll-Like Receptors. Toll-like receptors (TLRs) are recep-
tors expressed by sentinel cells at the body’s first line
of defense that recognize conserved molecules shared by
pathogens. TLRs are also associated with the differentiation
of stem cells, including hematopoietic and mesenchymal
stem cells [151, 152]. Many members of the TLR family are
expressed in the brain; however studies mainly focus on their
role in pathological brain processes and their specific role
in normal brain function is still not completely clear [153].
NSCs express TLR2 and TLR4 and in mice these receptors
are involved in NSC proliferation and differentiation [154].
In rats, after TLR activation, NSCs expressing TLR2 and
TLR4 produce proinflammatory cytokines, including TNF-
𝛼; however proliferation and differentiation are not affected
[155].

6. Blood Modulates Brain Function

As we have shown above, the microvasculature brings circu-
lating immune cells in close proximity to the hippocampal
stem cell niche. These peripheral immune cells together with
populations of brain resident immune cells secrete immune
molecules and provide a common language that enables
cross talk between the immune system and neurogenic niche.
Aging represents one clear example of a situation inwhich the
dramatic effect of neuroimmunological cross talk becomes
apparent.

Adult hippocampal neurogenesis decreases with age, as
shown by a strong decrease in proliferation, differentiation,
and survival of newly born neurons, especially during the
first few months of life in a rodent (or years in humans)
[5, 156, 157]. Furthermore the capability to adapt to new expe-
riences is dramatically decreasedwith age [158], although this
statement has been questioned recently. Irrespective of this,
the age-related impairment in adult neurogenesis and brain
plasticity was linked to an altered systemic environment, with
a parabiotic connection between the blood systems of aged
and young mice reversing the aging effect in old animals
[7, 8]. The systemic environment from young mice enhanced
synaptic plasticity and cognition, as well as neurogenesis in
the old parabionts, as determined by an increased number
of proliferating BrdU-positive cells, Sox2-positive progeni-
tor cells, and doublecortin-positive immature neurons [7].
Moreover, intravenous injections of plasma isolated from
old mice into young animals showed the opposite effect,
indicating that blood-borne factors mediate the decrease in
adult neurogenesis during aging [7]. In a follow-up study
from Villeda and colleagues, the administration of young
plasma to aged mice rescued the age-related cognitive deficit
with these mice displaying improvements in hippocampal-
dependent learning and memory water maze tasks and con-
textual fear conditioning compared to aged mice receiving
aged plasma [8]. Interestingly, they identified an increase
in circulating immune-related factors, including the eotaxin
chemokine C-C motif ligand 11 (CCL11), in the blood of
aged mice and showed that this was associated with impaired
cognitive function and decreased neurogenesis [7]. Of note,
circulating CCL11 crosses the BBB via influx but also efflux
transporters for CCL11, indicating an important role of the
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BBB in controlling CCL11 levels in the brain [159].The altered
carrier capacity of the BBB in aged individuals [27] indicates a
possible link between the raised systemic levels of CCL11 and
the correlating cognitive impairment in oldmice [7]. CCL11 is
one interesting example to highlight the connection between
the aging brain and the immune system; however, it is clear
that systemic changes are more complex and not limited to
the effect of a single factor.

Further studies confirm the relationship between sys-
temic changes that occur during aging and adult neuroge-
nesis. As observed in the hippocampus, Katsimpardi et al.
reported the effects of young systemic factors and their capac-
ity to enhance neurogenesis in old heterochronic parabionts
in the SVZ [6]. These studies highlight the crucial role of
the systemic environment and the route via the blood stream
in regulating adult neurogenesis. The precise mechanisms
of how the immune system, following physiological stim-
uli including learning and physical activity, contributes to
orchestrating changes in neurogenesis still remain largely
unknown.

7. From Blood to Brain:
Lessons from the Crayfish

Evidence is emerging that the nervous and circulatory
systems are more tightly linked than thought. Although
neural stem cell research has focused onmammals, primarily
rodents and humans, stem cell niches are also found in
the brains of crustaceans [160]. Within this niche a pool of
dividing cells differentiate into mature olfactory interneu-
rons. Surprisingly, these cells are not self-renewing stem
cells but instead more restricted progenitors that travel from
a distant neurogenic niche on the ventral surface of the
brain. It was recently shown that blood cells are the most
likely source of the neural progenitor cells [161]. Another
example where neural stem cells are externally supplied is
in the primitive invertebrates, flatworms [162]. This suggests
that blood derived neural stem cells are an evolutionary
ancient phenomenon but one that could provide an excellent
model system to study the interaction between the peripheral
immune system and neural stem cells.

8. Concluding Remarks

Neuroimmunological cross talk has been predominantly
studied in disease. However, there is mounting evidence that
immune cells are involved not only in neuroinflammation in
response to injury or disease, but also in the maintenance
of brain homeostasis under nonpathological conditions.
Although we are making great headway in this direction,
there are still many fundamental questions that remain to
be answered. For example, what is the role of infiltrating
peripheral immune cells, including B cells, natural killer
cells, and dendritic cells in normal brain function? What are
the exact mechanism and location of T cell entry into the
brain? Once inside the niche, how do T cells interact with
resident immune cells including astrocytes and microglia,
and what are the exact consequences of these actions under

physiological conditions? Are the same mechanisms uti-
lized for immune cell activation in steady state and disease
conditions—is it just a matter of balance? Can the quiescent
neural stem cells be regulated/activated by immune signals?
Are immune cells involved in regulating the increase in adult
hippocampal neurogenesis following stimuli such as physical
exercise and learning? By addressing these questions, a more
complete picture of the role that the immune system plays in
normal brain function can be obtained. In particular, it seems
likely that some yet unexplained aspects of adult neurogenesis
may in fact be under immune regulation. We have shown
above that the fields of neuroscience and immunology do
indeed share a common language, and a synthesis of the two
will be a fruitful area of future research.
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[49] M.-È. Tremblay, B. Stevens, A. Sierra, H. Wake, A. Bessis, and
A. Nimmerjahn, “The role of microglia in the healthy brain,”
Journal of Neuroscience, vol. 31, no. 45, pp. 16064–16069, 2011.

[50] A. S. Harms, S. Cao, A. L. Rowse et al., “MHCII is required for
𝛼-synuclein-induced activation of microglia, CD4 T cell prolif-
eration, and dopaminergic neurodegeneration,” The Journal of
Neuroscience, vol. 33, no. 23, pp. 9592–9600, 2013.

[51] D. Ehninger and G. Kempermann, “Regional effects of wheel
running and environmental enrichment on cell genesis and
microglia proliferation in the adult murine neocortex,”Cerebral
Cortex, vol. 13, no. 8, pp. 845–851, 2003.

[52] J. Vukovic, M. J. Colditz, D. G. Blackmore, M. J. Ruitenberg,
and P. F. Bartlett, “Microglia modulate hippocampal neural
precursor activity in response to exercise and aging,” Journal of
Neuroscience, vol. 32, no. 19, pp. 6435–6443, 2012.

[53] A. Sierra, A. C. Gottfried-Blackmore, B. S. Mcewen, and K.
Bulloch, “Microglia derived from aging mice exhibit an altered
inflammatory profile,” Glia, vol. 55, no. 4, pp. 412–424, 2007.

[54] I. Allaman,M. Bélanger, and P. J.Magistretti, “Astrocyte-neuron
metabolic relationships: for better and for worse,” Trends in
Neurosciences, vol. 34, no. 2, pp. 76–87, 2011.

[55] M. Simard andM. Nedergaard, “The neurobiology of glia in the
context of water and ion homeostasis,” Neuroscience, vol. 129,
no. 4, pp. 877–896, 2004.

[56] J. E. Rash, “Molecular disruptions of the panglial syncytium
block potassium siphoning and axonal saltatory conduction:
pertinence to neuromyelitis optica and other demyelinating
diseases of the central nervous system,” Neuroscience, vol. 168,
no. 4, pp. 982–1008, 2010.

[57] W.-S. Chung, L. E. Clarke, G. X.Wang et al., “Astrocytesmediate
synapse elimination through MEGF10 and MERTK pathways,”
Nature, vol. 504, no. 7480, pp. 394–400, 2013.

[58] T. Takano, G.-F. Tian, W. Peng et al., “Astrocyte-mediated
control of cerebral blood flow,” Nature Neuroscience, vol. 9, no.
2, pp. 260–267, 2006.

[59] A. Schousboe, A. Sarup, L. K. Bak, H. S. Waagepetersen, and
O. M. Larsson, “Role of astrocytic transport processes in gluta-
matergic and GABAergic neurotransmission,” Neurochemistry
International, vol. 45, no. 4, pp. 521–527, 2004.

[60] N. J. Abbott, “Astrocyte-endothelial interactions and blood-
brain barrier permeability,” Journal of Anatomy, vol. 200, no. 6,
pp. 629–638, 2002.

[61] Y. Dong and E. N. Benveniste, “Immune function of astrocytes,”
Glia, vol. 36, no. 2, pp. 180–190, 2001.

[62] T. Kielian, “Overview of toll-like receptors in the CNS,” Current
Topics in Microbiology and Immunology, vol. 336, no. 1, pp. 1–14,
2009.

[63] K. A. Kigerl, J. P. de Rivero Vaccari, W. D. Dietrich, P. G.
Popovich, and R. W. Keane, “Pattern recognition receptors and
central nervous system repair,” Experimental Neurology, vol.
258, pp. 5–16, 2014.

[64] M. Pekny and M. Nilsson, “Astrocyte activation and reactive
gliosis,” Glia, vol. 50, no. 4, pp. 427–434, 2005.

[65] V. A. Lennon, T. J. Kryzer, S. J. Pittock, A. S. Verkman, and S.
R. Hinson, “IgG marker of optic-spinal multiple sclerosis binds
to the aquaporin-4 water channel,” Journal of Experimental
Medicine, vol. 202, no. 4, pp. 473–477, 2005.

[66] R. Srivastava, M. Aslam, S. R. Kalluri et al., “Potassium channel
KIR4.1 as an immune target in multiple sclerosis,” The New
England Journal of Medicine, vol. 367, no. 2, pp. 115–123, 2012.

[67] X. Cao, L.-P. Li, X.-H. Qin et al., “Astrocytic adenosine 5-
triphosphate release regulates the proliferation of neural stem
cells in the adult hippocampus,” Stem Cells, vol. 31, no. 8, pp.
1633–1643, 2013.

[68] H. Song, C. F. Stevens, and F. H. Gage, “Astroglia induce
neurogenesis from adult neural stem cells,” Nature, vol. 417, no.
6884, pp. 39–44, 2002.

[69] J.-C. Platel, K. A. Dave, V. Gordon, B. Lacar, M. E. Rubio, and
A. Bordey, “NMDA receptors activated by subventricular zone
astrocytic glutamate are critical for neuroblast survival prior to
entering a synaptic network,”Neuron, vol. 65, no. 6, pp. 859–872,
2010.

[70] S. Sultan, L. Li, J. Moss et al., “Synaptic integration of adult-
born hippocampal neurons is locally controlled by astrocytes,”
Neuron, vol. 88, no. 5, pp. 957–972, 2015.

[71] S. Sirko, G. Behrendt, P. A. Johansson et al., “Reactive glia in the
injured brain acquire stem cell properties in response to sonic
hedgehog,” Cell Stem Cell, vol. 12, no. 4, pp. 426–439, 2013.

[72] A. Widestrand, J. Faijerson, U. Wilhelmsson et al., “Increased
neurogenesis and astrogenesis from neural progenitor cells
grafted in the hippocampus of GFAP-/- Vim-/- mice,” Stem
Cells, vol. 25, no. 10, pp. 2619–2627, 2007.

[73] M. M. Verbeek, J. R. Westphal, D. J. Ruiter, and R. M. W.
De Waal, “T lymphocyte adhesion to human brain pericytes
is mediated via very late antigen-4/vascular cell adhesion
molecule-1 interactions,” Journal of Immunology, vol. 154, no. 11,
pp. 5876–5884, 1995.

[74] D. J. Alcendor, A. M. Charest, W. Q. Zhu, H. E. Vigil, and
S. M. Knobel, “Infection and upregulation of proinflamma-
tory cytokines in human brain vascular pericytes by human
cytomegalovirus,” Journal of Neuroinflammation, vol. 9, article
95, 2012.

[75] S. Nakagawa, V. Castro, and M. Toborek, “Infection of human
pericytes by HIV-1 disrupts the integrity of the blood-brain
barrier,” Journal of Cellular and Molecular Medicine, vol. 16, no.
12, pp. 2950–2957, 2012.

[76] P. Dore-Duffy, A. Katychev, X. Wang, and E. Van Buren,
“CNS microvascular pericytes exhibit multipotential stem cell
activity,” Journal of Cerebral Blood Flow andMetabolism, vol. 26,
no. 5, pp. 613–624, 2006.



Stem Cells International 11
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The cerebral cortex is essential for our higher cognitive functions and emotional reasoning. Arguably, this brain structure is the
distinguishing feature of our species, and yet our remarkable cognitive capacity has seemingly come at a cost to the regenerative
capacity of the human brain. Indeed, the capacity for regeneration and neurogenesis of the brains of vertebrates has declined over
the course of evolution, from fish to rodents to primates. Nevertheless, recent evidence supporting the existence of neural stem
cells (NSCs) in the adult human brain raises new questions about the biological significance of adult neurogenesis in relation to
ageing and the possibility that such endogenous sources of NSCs might provide therapeutic options for the treatment of brain
injury and disease. Here, we highlight recent insights and perspectives on NSCs within both the developing and adult cerebral
cortex. Our review of NSCs during development focuses upon the diversity and therapeutic potential of these cells for use in
cellular transplantation and in the modeling of neurodevelopmental disorders. Finally, we describe the cellular and molecular
characteristics of NSCs within the adult brain and strategies to harness the therapeutic potential of these cell populations in the
treatment of brain injury and disease.

1. NSCs during Development of
the Cerebral Cortex

The development of the mammalian cerebral cortex follows
stepwise production of neurons, then glial cells, including
astrocytes and oligodendrocytes from local NSCs. Early
during embryonic development, cells of the central nervous
system are derived from the neuroectoderm, which is organ-
ised as a neural tube. Over time, the neural tube invaginates
to form structures including the prosencephalon, fromwhich
emerge the telencephalon and diencephalon. The cerebral
cortex arises from the dorsal telencephalon (also known as
the pallium), while the ventral telencephalon (also known
as the subpallium) gives rise to the basal ganglia (reviewed
in [1]). NSCs from the dorsal and ventral telencephalon
are critical to the generation of the two main classes of
cerebral cortex neurons, the excitatory projection neurons

which signal using glutamate as their neurotransmitter and
the inhibitory interneurons that use 𝛾-amino butyric acid
(GABA). Excitatory projection neurons are born from local
NSCs residing within the dorsal telencephalon, and these
neuronsmigrate radially to position themselves appropriately
within the developing cortex and hippocampus (reviewed
in [2]). Different subtypes of excitatory cortical projection
neurons are generated in a temporal sequence, so as to
generate defined layers I to VI. On the other hand, inhibitory
interneurons are born from NSCs residing within the ventral
telencephalon. These neurons undergo long-distance, tan-
gential migration to populate the dorsal cortical structures.

A remarkable feature during cerebral corticogenesis is
the synchronous development and complementary position-
ing of temporally derived interneurons from the ventral
telencephalon and projection neurons from the dorsal telen-
cephalon, such that functional neural circuits are established
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between excitatory projection neurons and their appropri-
ate inhibitory interneuron counterparts [2–4]. In all, the
characteristic six-layered structure of the neocortex features
neurons in layers V and VI which project to subcortical
targets (subcerebral projection neurons and corticothalamic
projection neurons, resp.), neurons in layers II and III which
largely project to other cortical areas (corticocortical projec-
tion neurons, as well as callosal neurons which project to
the contralateral hemisphere and whose axons comprise the
corpus callosum), and neurons in layers I and IV that largely
form axonal connections within the cortical hemisphere.
Within each layer, cortical interneurons adopt a variety of
unique dendritic morphologies so as to modulate projection
neuron firing. Detailed accounts of the formation of cortical
projection neuron and interneuron subtypes are the subject
of several excellent reviews [2–5].

The Diversity of NSCs within the Embryonic Cerebral Cortex.
NSCs are defined by their capacity to self-renew, as well as be
able to generate neurons, astrocytes, and oligodendrocytes.
In contrast, not all neural progenitor cells (NPCs) exhibit
self-renewal capacity. The diversity of NSCs and NPCs (i.e.,
cells which generate neurons but are not necessarily self-
renewing) is, in part, responsible for the diversity and
relative population densities of neuronal subtypes within
the cerebral cortex. Early in the formation of the cerebral
cortex, the dorsal telencephalon comprises a uniform layer
of neuroepithelial cells. The local NSCs of the germinal
ventricular zone (VZ), which lines the vesicular lumen,
initially undergo self-renewing, proliferative divisions. At
approximately mid-gestation in rodents, a subset of NSCs
transition to become lineage-restrictedNPCs and accumulate
as a secondary proliferative layer above the VZ, described
as the subventricular zone (SVZ). A population of NSCs
undergo neurogenic divisions to form an early, transient
neuronal layer above the SVZ, known as the preplate (PP).
As corticogenesis progresses, newborn neurons split the PP
layer to form an outer marginal zone (MZ), an underlying
cortical plate (CP), and a subplate (SP). The MZ comprises
a small (1–3%) population of distinct progenitors [6] as
well as Cajal-Retzius cells which derive from the cortical
hem/antihem and septum [7] and which secrete Reelin, an
essential factor for cortical layering (reviewed in [8]). Over
time, newborn cortical neurons continue to migrate into the
CP, resulting in its progressive enlargement. Notably, cortical
neurons are added to each of the CP layers in a temporally
specified manner, such that neurons which occupy deep
layers IV and V are generated early during corticogenesis,
while neurons of superficial layers (IV, III, and II) are
generated later. Eventually, the cell-sparse MZ forms layer
I, while the VZ/SVZ compartment is progressively depleted
and reduced to a single-cell layer of ependymal cells, with
the exception of the lateral wall of the cortical SVZ which
continues to support a niche of resident glial-likeNSCswhich
generates neurons into adulthood (discussed in Section 2).

In the last two decades, significant progress has been
made to describe the cellular heterogeneity of embryonic
NPCs and NSCs in the dorsal telencephalon (Figure 1).

Notably, three main types of progenitor cells have been
identified on the basis of their relationship with the apical
surface of the dorsal telencephalon (located immediately
adjacent to the ventricular lumen) relative to the super-
ficial basal lamina of the MZ, as well as their distinct
cellular/molecular features: (i) Apical Progenitors (APs); (ii)
Basal Progenitors (BPs); and, more recently, (iii) Subapical
Progenitors (SAPs) [47–49].

APs areNSCs that remain in contact with the luminal wall
and form adherens junctions with other Apical Progenitors.
APs are also identified by the apical location of their mitoses,
are able to translocate their nuclei along the vertical axis in
a cell cycle dependent fashion (termed interkinetic nuclear
migration (INM) [50, 51]), and exhibit apicobasal polarity
[49, 52]. Interestingly, APs show a temporal relationship
whereby the earliest APs identified within the telencephalon
are the neuroepithelial (NE) cells that undergo proliferative,
symmetric divisions to expand the local pool of progenitors.
As corticogenesis progresses, NE cells adopt an asymmetric
mode of cell division generating apical Radial Glial (aRG)
cells as well as apical Intermediate Progenitor (aIP) cells
(first described as short neural precursors [53]) or, more
infrequently, neurons. NE cells and aRG cells are capable
of proliferative divisions, while aIPs undergo a single round
of symmetric, neurogenic division to generate two identical
daughter neurons [53].

The BPs, the second type of progenitor cell within the
cortex, are identifiable by their detachment from adherens
junction complexes within the VZ, their location within the
SVZ, their expression of the transcription factor TBR2 (also
known as EOMES), and their capacity to undergo basal rather
than apical mitotic divisions [54, 55]. BPs are the products of
cell division byNE cells and aRG cells and comprise twomain
cell types, namely, basal Intermediate Progenitors (bIPs)
and basal Radial Glia (bRG). BPs can undergo symmetric,
neurogenic divisions that ultimately deplete the pool of SVZ
progenitors. However, the capacity for proliferative divisions
by BPs and the size of the relative population of BP subtypes
are significantly different in lissencephalic (smooth) brained
rodents, compared to the gyrencephalic (convoluted) brains
of primates such as humans [47]. The expansion of BPs in
the human cortex that can undergo proliferative divisions
has been suggested to constitute an important cellular basis
for human cortical expansion and gyrification [56]. Indeed,
recent findings demonstrate the preponderance of bRG cells
in the human ventral forebrain, which generate large num-
bers of cortical interneurons [57].

More recently, a new type of cortical progenitor, SAPs,
was recognised to be distinct from APs and BPs, owing to the
abventricular location of their mitoses and their ventricular
contact [48].These SAPs are capable of proliferative divisions
and are more abundant in the ventral versus the dorsal telen-
cephalon. Furthermore, SAPs appear to be more numerous
in the cortices of gyrencephalic brains of ferrets and sheep,
compared with the lissencephalic cortex of the marmoset.
Given their recent discovery by Pilz and colleagues [48],
the precise contribution by SAPs to the cellular diversity
of cortical neurons remains to be clarified. However, their
abundance in both the dorsal and the ventral telencephalon
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Figure 1: Summary of progenitor subtype diversity within the rodent and human/primate brain. Apical Progenitor (AP) cells (light blue)
include apical Radial Glia (aRG) which attach to the basal lamina and apical Intermediate Progenitor (aIP) cells which have short processes.
Both types of APs are defined by their mitotic division at the apical surface. Subapical Progenitor (SAP) cells (coloured green) are defined
by their ventricular contact and abventricular mode of cell division. Basal Progenitor (BP) cells (magenta) are defined by their basal mitoses
and comprise basal Radial Glia (bRG) cells attached to the basal lamina as well as basal Intermediate Progenitor (bIP) cells which undergo
a proliferative division (labelled “P”) or neurogenic divisions (labelled “N”), as indicated. A yellow coloured marginal zone progenitor is
represented in rodent cortex. In the human/primate cortex, AP and SAP cell types have been identified, while three types of bRGs have
been identified including those with a basal attachment, an apical attachment, or only emanating short processes. The bIPs cell types which
undergo proliferative or neurogenic divisions have been described in the iSVZ and oSVZ. The presence of MZ progenitor cells within
the human/primate cortex remains to be clarified. VZ: ventricular zone, SVZ: subventricular zone, IZ: Intermediate Zone, CP: cortical
plate, MZ: marginal zone, iSVZ: inner subventricular zone, and oSVZ: outer subventricular zone as presented. Relative sizes of rodent and
human/primate compartments are not drawn to scale. See text for further details.

suggests that SAPs are likely to play a significant role in
cortical neuron development.

While excitatory cortical projection neurons are gen-
erated from NSCs of the dorsal telencephalon, inhibitory
cortical interneurons are largely generated from the germinal
zones of the ventral telencephalon. In mice, the ventral
telencephalon is organised into several prominent structures
termed ganglionic eminences, each with distinct NSC and
NPC populations that generate specific neuronal subtypes.
For example, NPCs of the lateral ganglionic eminences
(LGE) generate striatal projection neurons and interneurons
destined for the olfactory bulb, while NPCs residing within
the medial ganglionic eminences (MGE) generate cortical
interneurons that invade the dorsal telencephalon, as well
as local projection neurons of the globus pallidus. Also,
the anterior entopeduncular area (AEP) is recognised as
a source of interneurons that populate the dorsal cortex
via tangential migration [58]. Notably, it was within the
considerably large SVZ of the mouse ventral telencephalon
that Pilz and colleagues discovered SAPs undergo mitoses
at basal positions, away from the ventricular surface of the
telencephalon [48].

While it is clear that the primary source of corti-
cal interneurons in rodents appears to be the ventral
telencephalon, the developmental origin of human cortical
interneurons appears to involve both the ventral and dorsal
cortex, with evidence supportive of a limited contribution by
dorsal cortical progenitors. Letinic and colleagues presented
the first evidence that prominent numbers of interneuron
progenitors could be found within the dorsal cortex, as iden-
tified by their expression of Dlx1, Dlx2, and Mash1 [59]. This
finding was supported by subsequent studies demonstrating
the propensity for dorsally derived cortical cells to differen-
tiate into subtypes of interneuron [60–64]. However, Hansen
and coworkers [57, 65] more recently reported that DLX2-
expressing cells of the dorsal cortex are not colabelled with
Ki67, a marker of cell proliferation, or incorporate the DNA-
synthesis marker BrdU in studies with brain slice cultures. A
similar conclusion was drawn by Ma and colleagues in their
studies of human and primate (macaque) cortex, since they
found that cultured slices of monkey dorsal cortex yielded an
extremely low proportion of GABAergic neurons that arise
from at least one cell division (marked by BrdU incorpo-
ration) [65]. These new findings thus provide compelling
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evidence to support the notion that the vast majority of
human cortical interneurons are of a subcortical origin and
that interneuron progenitors in the cortex are postmitotic.
Interestingly, in cases of human holoprosencephaly (HPE)
with severe ventral forebrain hypoplasia, it was reported that
only subpopulations of cortical interneurons (namely, those
which express either NOS1, NPY, or SST) were absent, while
calretinin-positive interneurons were still detected [66]. In
such cases it would appear that certain interneuron subtypes
could arise from the dorsal cortex, at least in situations in
which the ventral forebrain is severely compromised. The
capacity for cortical interneuron production in the human
brain in the context of development and disease remains to
be clarified.

Insights into the Molecular Regulation of NSCs within the
Embryonic Cerebral Cortex. Over the course of embryonic
cortical development, the timing of NSC proliferation and
neurogenesis is guided by cell extrinsic and cell intrinsic
factors. The cerebrospinal fluid (CSF) courses through the
ventricular system of the neural tube to deliver numerous
signalling factors that influence the proliferative potential
of cortical NSCs [67]. As early as embryonic day (E) E8.5–
E9.5 in the mouse, Sonic Hedgehog (Shh), Fibroblast Growth
Factor (Fgf), and Bone Morphogenetic Proteins (Bmps)
establish gradients across the rostrocaudal, lateromedial,
and dorsoventral telencephalon [2]. Such extrinsic signals
are interpreted by embryonic cortical cells to induce NSC
expression of genes encoding transcription factors such as
Lim-homeodomain 2 (Lhx2), Forkhead BoxG1 (FoxG1), Paired
Box Domain 6 (Pax6), and Empty Spiracles Homologue-1 and
Empty Spiracles Homologue-2 (Emx1 and Emx2) in a region-
specific manner. Notably, Lhx2 is detected in the entire telen-
cephalon except for the dorsal midline, while Foxg1, Pax6,
and Emx1 are expressed in cells of the dorsal telencephalon,
and Emx2 is expressed throughout the telencephalon [68].

The expression patterns for these abovementioned tran-
scription factors reflect their instructive roles for NSC prolif-
eration and neurogenesis. For example, Lhx2 specifies corti-
cal and hippocampal cell fates, and studies of knockout mice
reveal that its absence results in the expansion of adjacent
structures, including the midline structures known as the
cortical hem and antihem [69, 70].More recent investigations
of Lhx2 deficiency using lineage-specific cre-drivermice have
revealed its role in NSC proliferation and neurogenesis. In
studies of conditional (loxp) mice crossed with Nestin-cre
to delete Lhx2 throughout the developing nervous system,
Lhx2 was found to regulate progenitor proliferation and
neurogenesis through 𝛽-catenin signalling [71]. Deletion of
Lhx2 in telencephalic progenitors using Emx1-cremice led to
the formation of olfactory cortex rather than lateral cortex
in a critical developmental window (E10.5) in embryonic
mouse development [72]. The activity of Lhx2 appears to
involve the transcriptional regulation of downstream target
genes, such as Pax6, as revealed by Shetty and coworkers, who
demonstrated that loss of Lhx2 in mouse embryos from E11.5
onwards led to the loss of distinct neurocircuitry (namely,
the barrel cortex) which accompanied changes in the regional

identity of the cortex and which appeared to phenocopy Pax6
deficiency [73].

In the case of Foxg1, its expressionwithin the E9.5 embryo
is observed as a high-rostrolateral-to-low-caudomedial gra-
dient. Deletion of Foxg1 in the mouse results in repatterning
of the cortical field to cortical hem and hippocampus,
together with the concomitant loss of cortical plate neurons
[74]. In newborn cortical neurons, the precise timing of Foxg1
expression is critical for theirmigration from the IZ to the CP
through a mechanism which, in part, involves modulation
of Unc5D expression [75]. In addition, the sequential pro-
duction of Cajal-Retzius cells, deep layer neurons followed
by upper layer neurons requires Foxg1, with its selective loss
resulting in the commensurate disruption of this temporal
sequence for the production of cortical glutamatergic neu-
rons [76, 77]. Hence, Lhx2 and Foxg1 are necessary to specify
the identity of cortical NSCs.

In contrast to Lhx2 and Foxg1, studies of mouse cortico-
genesis reveal that Pax6 is critical for dorsal versus ventral
telencephalic identity [78–81]. In situ hybridisation studies
reveal a regionalised pattern for Pax6 in the dorsal telen-
cephalon, with high rostrolateral expression and low caudo-
medial expression. In contrast, Emx1 and Emx2 expression
is detected in an opposing (low rostrolateral expression and
high caudomedial expression) gradient [82]. Pax6 was recog-
nised to be critical for establishing cortical identity, due to
studies of themousemutant small eye that revealed thatPax6-
deficiency led to ectopic expression of ventral telencephalic
genes by dorsal telencephalic NSCs, including Mash1, Gsh2,
andDlx1/2 [78–81]. Mutations to Emx1/2 result in a reduction
in the size of the cortex [83], but studies of compound
Pax6/Emx2 double-mutant embryos reveal that both these
genes are required in concert for establishing the identity of
dorsal cortical NSCs, since their compound loss results in the
lack of the dorsal telencephalon, and an expansion of ventral
telencephalic domains across the entire cortex [84]. Together,
these studies provide examples of cell intrinsic factors that
specify the identity of NSCs during cortical development.

In addition to the functions for Pax6 in cortical region-
alisation, additional studies have underscored its importance
in regulating the transition between APs and BPs within the
embryonic cortex, as well as its role in driving neurogenesis.
For example, Pax6 activates expression of the proneural basic
helix-loop-helix (bHLH) transcription factorNeurog2 inAPs
to instruct their neuroprogenitor fate and to drive neuronal
subtype specification in postmitotic neurons [79]. Pax6 also
orchestrates the proliferation of APs and promotes their
asymmetric division to expand the pool of BPs within the
embryonic cortex [85–87]. Homozygous mutant mice for
Pax6 display a selective loss of cortical neurons destined for
upper layers [88–90].

The role and interplay of intrinsic factors in cortical
neuron specification and subtype identity is perhaps best
exemplified in studies of Neurog2 and its related family
members Neurog1 and Ascl1. Both Neurog2 and Neurog1
are specifically expressed by APs and, to a lesser extent, BPs
[91]. Furthermore, studieswith lineage tracer (Neurog2EGFPKI)
mice indicate that Neurog2 is expressed in early postmitotic
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neurons which have exited S/G2/M-phases of the cell cycle
[91]. On the other hand, Ascl1 is detected predominantly in
NSCs of the ventral telencephalon. Loss of Neurog2 leads to
the reduction of early-born glutamatergic neurons destined
for layers V and VI of the mouse cortex, and this phenotype
is exacerbated in Neurog1/Neurog2 double-mutant mice [79,
92]. In contrast, in Ascl1 loss-of-function mutants there is
depletion of NSCs of the ventral telencephalon and medial
ganglionic eminence, as well as their neuronal progeny
[93]. Interestingly, loss of Neurog2, or both Neurog1 and 2,
leads to ectopic expression of Ascl1 by dorsal telencephalic
progenitors, as well as the subsequence ectopic expression
of ventral telencephalic genes, including Dlx1, Dlx2, Dlx5,
and the GABAergic neurotransmitter genes Gad1 and Gad2
[92]. In support of the notion that Neurog2 suppresses
Ascl1 in the cortex, these ventral telencephalic markers are
not detected in Neurog2/Ascl1 double-mutant embryos [79].
Thus, the specification of glutamatergic projection neurons
versus GABAergic interneurons by NSCs is governed by the
activities and interplay of transcription factors, such as the
proneural bHLH proteins (please refer to these articles [2, 3,
58, 94] for further details).

Studies of proneural bHLH transcription factors in the
embryonic cortex can also provide insights into the timing of
neurogenesis versus gliogenesis by NSCs. For example, loss
of both Neurog2 and Ascl1 leads to a significant reduction
in neuronal production coupled with premature initiation of
gliogenesis within the embryonic cortex [95]. The expression
of Neurog2 or Ascl1 in NSCs is required to maintain their
neurogenic potential and prevent activation of gliogenesis
[95]. A proposed mechanism for this dual role was reported
by Sun and colleagues who found that Neurog1 induced
neurogenesis through the direct activation of neuronal genes,
while suppressing glial differentiation through sequestration
of the transcriptional coactivating factor CREB-binding pro-
tein (CBP). This sequestration prevented the association of
CBP with Smad1 and Stat transcription factors and thereby
the activation of the promoters of astrocyte-specific genes
including S100𝛽 and glial fibrillary acidic protein (Gfap)
[96]. More recently, studies of the zinc finger transcriptional
repressor Rp58 (also known as Znf238) have identified its
role in cortical development. Notably, Rp58 is detected in
NSCs and postmitotic neurons of the dorsal telencephalon,
and homozygous loss of Rp58 leads to a disruption of NSCs
and BPs [97], premature gliogenesis [98], and defective
neurogenesis [97, 99, 100] within the embryonic cortex.
Interestingly, Rp58 can bind Neurog2-like gene regulatory
sequences, repressing candidate gene expression as well as
antagonising the functions of Neurog2-type transcriptional
activators [99]. Furthermore, Rp58 directly suppresses the
expression of Neurog2 [101] as well as Neurog2-target genes,
such as Rnd2 [99]. Thus, these findings suggest that Rp58
regulate the development of newborn postmitotic neuronal
progeny in part through mechanisms involving neurogenins,
but the precise mechanisms that underlie the function of
Rp58 in APs and BPs remain to be clarified.

Insights into the regulation of neurogenesis versus gli-
ogenesis by NSCs can also be gleaned from studies of the
nuclear factor one (NFI) family of transcriptional regulators

(comprising Nfia, Nfib, Nfic, and Nfix) [102–104]. These
proteins bind target DNA sequences so as to activate or
repress candidate gene transcription in a context-specific
manner (reviewed in [105]). Nfia, Nfib, and Nfix are detected
within the VZ of the dorsal telencephalon [106, 107], and
studies of homozygous mutant mice revealed that the loss
of Nfia, Nfib, or Nfix led to an expansion of NSCs (marked
by Pax6 expression), but without an accompanying increase
in BPs (marked by Tbr2) [108–110]. Curiously, Nfi deficiency
resulted in a reduction in gliogenesis, marked by Gfap
expression [109, 111, 112]. To account for these interesting
phenotypes, molecular studies have begun to clarify the
activities of Nfis in the coordination of NSC expansion
and neuronal-glial differentiation. For example, a study by
Namihira and colleagues reported that Notch signalling-
induced Nfia expression in cortical NSCs was coincident
with derepression of the Gfap regulatory region (marked by
dissociation of the DNA methyltransferase Dnmt1 from this
locus), which was coincident with promoter occupancy by
the activator Stat3 [113]. While these observations suggest
that NFIs regulate gliogenesis through indirect mechanisms,
their roles in NSC expansion could be linked to their tran-
scriptional regulatory activities on target genes that govern
stem cell identity. This is supported by recent findings that
demonstrate that the expression of stem cell-associated genes
Ezh2 and Sox9 is directly suppressed by Nfib [114] and
Nfix [109] in vitro and that Ezh2 and Sox9 expression is
elevated in Nfib and Nfix knockout mouse embryos. Inter-
estingly, the expression of the two Notch-induced stem cell
regulators, namely, the Hairy-Enhancer-of-Split (Hes) genes
Hes1 and Hes5, is also elevated in Nfia and Nfib knockout
mice, further suggesting a role for both NFIs in suppressing
NSC self-renewal [110]. Collectively, these lines of evidence
suggest that NFIs orchestrate the timely progression of NSC
proliferation, neurogenesis, and gliogenesis during cortical
development, likely by directly suppressing NSC genes and
modulatingGfap expression through an indirect mechanism.
Taken together, these examples provide insight into the
underlying mechanisms which regulate embryonic NSCs.
Given the relatively recent discovery of the extensive cellular
heterogeneity of NSCs in the developing cerebral cortex, as
well as the potential differences between rodent and human
NSCs [115] (Figure 1), the molecular mechanisms underlying
the functions for each distinct AP and BP subtype remain a
significant topic of interest.

2. NSCs in the Adult Cerebral Cortex

A subset of embryonic NSCs persists into the postnatal and
adult mammalian brain throughout life. Much like in the
developing brain, the biology of these adult NSC populations
has primarily been studied using rodent models. The biology
of adult NSCs in rodents is, at face value, very similar to
embryonic NSCs, with the major point of difference being
that adult NSCs are long-lived and largely quiescent. In
rodents, the two adult neurogenic niches are the subgranular
zone (SGZ) of the hippocampal dentate gyrus and the SVZ
lining the lateral ventricles. In the SGZ, NSCs give rise
to Intermediate Progenitors and then immature granule
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neurons, which integrate into existing hippocampal circuitry
(reviewed by [116]). In the adult SVZ, NSCs (B1 cells) are
located in the walls of the lateral ventricles neighbouring
the hippocampus, cortex, striatum, and septum [117]. These
cells give rise to Intermediate Progenitor cells, then immature
neurons that migrate towards the olfactory bulb where they
generate different types of interneurons (reviewed by [118]).

2.1. The Developmental Origin of Adult NSCs. The dogma
concerning the developmental origin of SGZ and SVZ adult
NSCs has been that NSCs within the SGZ arise from the
dentate neuroepitheliumduring embryonic development and
that NSCs within the SVZ represent a continuation of
embryonic progenitors from the lateral wall that become
specified during the early postnatal period. Recently however,
both of these views have been challenged.

The view that SGZNSCs solely originate from the dentate
neuroepithelium was promoted by a pioneer study of rat
dentate gyrus development from Altman and Bayer [119].
In this study, it was shown that the structural development
of the dentate gyrus or primary neurogenesis [120] began
when precursor cells migrated away from the dentate neu-
roepithelium to establish an abventricular site of proliferation
from which the dentate gyrus would later form. Some of
these cells, they argued, persisted to form the SGZ during
the second postnatal week, thereby implicating the dentate
neuroepithelium as the source of SGZ precursors. In 2013,
Li and colleagues [121] directly challenged this idea using
genetic manipulations and fate mapping experiments. Based
on previous observations that Shh signalling is necessary for
SGZ formation, but not for the formation of granule cell layer
of the dentate gyrus [121, 122], they generated reporter mice
in which cells receiving Shh signalling would be labelled.
Curiously, labelled cells weremostly present in the ventricular
zone of the ventral hippocampus from E14. Time course
experiments using a cre-dependent reporter demonstrated
that these cells in the ventral hippocampus migrated to the
dentate gyrus through a septotemporal route. Reporter cells
were found to label a subset of proliferating cells in the SGZ
shortly after birth and also in 12-month-old mice. These
results demonstrated that at least some SGZ NSCs arise
from the ventral hippocampus and are specified during early
development.However, as not all SGZ stem cells were labelled
in the reporter mice in this study, this suggests that SGZ
stem cells likely have multiple developmental origins. An
interesting line of inquiry will be to establish whether there
is a relationship between the developmental origin of SGZ
stem cells and the emerging functional heterogeneity of this
population [123].

Two recent studies have also challenged the origin of Type
B1 stem cells in the rodent SVZ. Because prior studies had
shown that B1 cells are derived from NSCs from multiple
regions of the germinal ventricular zone surrounding the
lateral ventricles during development [124, 125] and exhibit
similar morphology and gene expression patterns, this had
suggested a linear lineage relationship from NE cells to aRG
cells to B1 cells. While this hypothesis would predict that B1
cells are specified during the early postnatal period when

aRG cells become depleted, both Fuentealba and colleagues
[126] and Furutachi and colleagues [31] used label-retention
assays, such as thymidine analog injections, to demonstrate
that the majority of B1 cells became quiescent (retained the
analog label) if injected at E14, but not after this point.
Further experiments using a retroviral barcoding paradigm
confirmed these observations, as only aRG cells that had been
transfected with the retroviral library prior to E14-E15 shared
a clonal relationship with B1 cells in the postnatal brain. By
delimiting the spatial and temporal origin of B1 cells, these
studies have enabled a platform for future investigations to
interrogate the signalling pathways involved in specification.
As a window to these possibilities, in Furutachi and col-
league’s [31] study they identified p57 as a key molecule in
generating quiescent NSCs. High expression of p57 during
embryogenesis predicted a quiescent state for these cells in
the adult brain, and loss of p57 led to reduced numbers of
quiescent NSCs. This finding suggests that forced expression
of p57 could be used to manipulate NSC number in the adult
brain.

Together, these studies have shed a new light on the
developmental origin of NSCs within the adult cerebral
cortex. The most surprising and unifying element of these
studies is that the NSCs within these niches are specified
early during development, during mid-neurogenesis within
the fetal brain. These findings emphasise the tight temporal
regulation of adult NSC specification and suggest that the
specification of these cells may not be solely due to stochastic
processes during the early postnatal period. Indeed, the
broad significance of these findings relates to enhancing our
understanding of the developmental origin of adult NSCs in
rodents and extending these investigations into primate brain
development, which will be key to comprehending the basic
biology of these cells in the human brain and so being able to
harness their potential for use in regenerative medicine.

2.2. Regulation of Adult NSCs. Arguably just as important
as studying the developmental origin of adult NSCs is to
understand the niche factors and molecular signals that
maintain these cellular populations throughout life. Excessive
proliferation of adult NSCs (or loss of quiescence) leads to
premature depletion and reduced neurogenesis in the long
term [11, 127–129]. Conversely, quiescent NSCs must acutely
respond to stimuli such as neural activity by proliferating
and generating new neurons. The abundance of different
niche and molecular factors that control this process of
quiescence/proliferation/differentiation is a testament to how
finely balanced this process is. Here, we review some of these
niche and molecular cues.

2.2.1. The Niche Microenvironment. The spatially restricted
nature of neurogenesis in the SGZ and SVZ of the adult brain
suggests that there are important local cues that are released
to maintain NSC populations. The structural organisation of
the niche and the morphology of NSCs support this idea. For
example, in the hippocampus, clusters of NSCs are located
close to the tips of capillaries [130]. Likewise, B1 cells in the
SVZ have a long basolateral process that terminates on blood
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vessels and a thin apical tip that protrudes into the ventricular
space and so is in direct contact with the CSF [131]. Moreover,
most SVZ NSCs are located in the highly vascularised lateral
side of the lateral ventricles [132]. Some of the factors that are
released from vascular/endothelial cells and which regulate
neurogenesis include the growth factors Vegf [133] and Pedf
[134], the hormone erythropoietin [135], and neurotrophin
NT-3 [136].

Interestingly, the cellular source of some of the most
important and canonical niche signals that regulate neuro-
genesis, such as Notch, Wnt, and Shh pathways, is largely
unknown. Some of these signals may come from the vascula-
ture orCSF, but they could also come fromother cellular com-
ponents within the niche. For example, coculture of NSCs
with niche astrocytes promotes neurogenesis, but this process
is not evident when NSCs are cultured with astrocytes from
nonneurogenic regions [137], suggesting that niche astrocytes
secrete/express some of these important signallingmolecules.
Local microglia may also secrete ligands in response to
exercise to promote neurogenesis [138]; likewise, ablation
of neuronal progenitors in the hippocampus (Type 2 cells)
or SVZ (Type A cells) through AraC treatment promotes
NSC division, demonstrating that these progenitors are also
a source of cellular feedback within the niche [117, 139]. In
the hippocampus, neural activity also plays an important role
in niche homeostasis. GABA released from parvalbumin-
expressing interneurons maintains adult NSC in a quiescent
state and inhibits self-renewal. As parvalbumin-expressing
interneurons are activated by mature granule neurons of the
dentate gyrus, this network may therefore suppress neuroge-
nesis during periods of high local activity [20]. As another
example, signalling through Nmdar promotes integration of
newborn neurons into the existing circuitry [140].Thus, neu-
rotransmitter signalling within the hippocampus modulates
neural activity, providing a local circuitry mechanism that
influences the hippocampal NSC niche.

2.2.2. Molecular Regulation of NSC in the Adult Brain. There
are many molecular regulators of NSC in the adult brain.
An exhaustive discussion of all the molecules and signalling
pathways that regulate NSC within the adult brain is beyond
the scope of this review. Rather, here we highlight major
factors that play a role in this process, which are listed in
Table 1. These molecular regulators of adult NSC biology
can broadly be defined as extrinsic or intrinsic factors or,
alternately, grouped as signalling pathways in cases where the
relationships between molecules are understood.

In adult NSCs, similar to their embryonic counterparts,
some of the most well-established signalling nodes are the
Notch, Bmp, and Wnt pathways. The first of these two
pathways, Notch and Bmp, promote NSC quiescence [11,
128, 129], whereas the Wnt pathway promotes symmet-
ric division of adult NSCs [14]. Another large cohort of
molecules implicated in adult NSC biology via loss- or gain-
of-function experiments are transcription factors. Groups of
these proteins, such as members of the bHLH [35], T-box
[43], Sox [41], and Nfi transcription factor family members
[39], control large suites of genes and therefore act as master

Table 1: Molecular regulators of NSC in adult SGZ and SVZ.
Summary of molecular regulators of adult NSC, grouped into
ligands, neuropeptides, neurotransmitters, epigenetic, cell cycle
regulators, and transcription factors.

Molecule/regulator Key finding Ref
Ligands
Notch Activation promotes quiescence [9, 10]

Bmp Activation promotes quiescence [11–13]

Wnt Promotes NSC symmetric division [14]

Tgf-𝛽 Promotes quiescence and survival [15]
Neuropeptides

Npy Induces proliferation, migration,
and differentiation of NSC [16–19]

Neurotransmitters
GABA Maintains adult NSC quiescence [20]

Epigenetic
Chd7 Maintains adult NSC quiescence [21]

Dnmt1/3a
Increased expression in
differentiating NSC; upregulation
favours neurogenic fate

[22, 23]

Gadd45
Required for expression of extrinsic
factors from mature granule
neurons that modulate neurogenesis

[24]

Hdac2
Required for NSC differentiation
and appropriate expression of
progenitor markers

[25]

Mbd Loss-of-function reduces
neurogenesis [26]

Tet1 Positively regulates NSC
proliferation [27]

Cell cycle regulators

p21
Maintains quiescence and
negatively regulates SOX2
expression

[28, 29]

p27 Maintains quiescence [30]
p57 Maintains quiescence [31, 32]

Transcription factors

Foxo3 Maintenance of progenitor cells and
quiescence [33, 34]

Ascl1
Controls neuron fate commitment;
overexpression produces
oligodendrocytes

[35–38]
[39]

Nfix Maintains NSC quiescence in vitro [39]
Pax6 Maintenance of NSCs [40]

Sox2 Maintains NSC self-renewal
through Shh signalling [41, 42]

Tbr2 Required for generation of
Intermediate Progenitors in DG [43]

Tlx
Required for NSC self-renewal
through WNT and neuron fate
commitment through Mash1

[36, 44,
45]

Rest Maintenance of NSC [46]
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regulators over cellular processes such as quiescence, fate
commitment, and differentiation.

Of increasing interest to the field is how epigenetic
modifications modulate adult NSC behaviour. Chromatin
modifications such as DNA methylation of proximal pro-
moters affect the accessibility of chromatin and therefore
transcription [141]. For example, the activity of Dnmt3a, a
member of the Dnmt family that confers methylation of
the 5th position of cytosine (5mC), is crucial for expression
of neurogenic genes in adult NSCs [22]. Conversely Tet1,
which demethylates cytosine residues by converting 5mC to
5-hydroxymethylcytosine (5hmC), is also crucial for normal
adult hippocampal neurogenesis [27]. Indeed, the 5hmC
mark is highly enriched in the brain and increases in
the hippocampus with age [142]. Together, these examples
demonstrate the important balance betweenmethylation and
demethylation during adult neurogenesis.

Looking forward, the study of noncoding RNAs will
also be an important area in the adult neurogenesis field.
Testament to this is a blunt experimental approach taken
by Cernilogar and colleagues [143] where they deleted the
RNAse III enzyme Dicer in neural tissue. This enzyme is
required for the processing and generation of microRNAs
and small interfering RNAs that function to silence the
expression of specific protein coding transcripts. In this
preliminary study, deletion of Dicer affected levels of the
neuroblastmarker doublecortin.Moreover, theRNA interfer-
ence machinery comprising Dicer/Ago2 was enriched in the
chromatin of differentiating versus undifferentiated neural
progenitor cells. Similarly, the role of long noncoding RNAs
(lncRNAs) has also recently implicated in adult neurogenesis.
Of the few lncRNAs studied thus far, both negative regulators
of neurogenesis, such as Six3os and Dlx1as [144], and a
positive regulator, Pnky [145], have been identified.

Overall, the many regulators of SGZ and SVZ NSCs
are testament to the inherent complexity of the cell biology
of these cell populations. The future challenge will be to
continue to characterise the biological regulators of adult
NSCs using existing reductionist approaches and, crucially,
to then place these findings in their cellular context through
systems biology. In doing so, we will then be well placed to
identify signalling pathways and molecules that are thera-
peutic targets for stem cell-based therapies for degenerative
conditions. Increasingly, these efforts will also be accelerated
by single-cell sequencing technologies. These technologies
provide unprecedented insight into the diversity of cell types
in adult neurogenic niches. For example, recent studies
employing this technology have revealed subpopulations of
NSCs that become activated after ischemic brain injury [146]
or exposure to growth factors [147].

3. The Therapeutic Potential of NSCs

Understanding the molecular signals that regulate neuro-
genesis during development and within the adult neuro-
genic niches will help guide the development of NSC based
therapies to treat human diseases and conditions. Since
monitoring NSCs in human patients is restricted to only
correlative postmortem studies, the use of animal models

has been essential to gain insight into applying NSCs for
therapeutic benefit. For example, an informed view of how
fetal NSCs generate interneurons in vivo has guided the
attempts by some to generate these cells in vitro to treat
epilepsies through cellular transplantation. Likewise, the
dysfunction of adult NSCs is increasingly thought to underlie
several major disorders including depression, anxiety, and
neurodegenerative disease, although direct causal evidence
is lacking. Accelerating endogenous neurogenesis in these
contexts may therefore improve patient outcome (Figure 2).
Here we discuss some of the most promising applications of
NSC based therapies and research.

3.1. Insights and Therapeutic Applications Arising from the
Study of Fetal Neurogenesis. The study of fetal neurogenesis
has led to the evaluation of the potential for these cells
and their progeny to treat disease. An elegant study by
Baraban and colleagues reported that the transplantation of
cells from the E13.5 medial ganglionic eminence (MGE) of
mice could reduce the incidence and duration of seizures
in a genetic model of epilepsy resulting from a mutation to
the potassium channel gene Kv1.1 [148]. Notably, the authors
performed transplantations in presymptomatic (postnatal)
mice and observed the widespread distribution and synap-
tic integration of donor cells that had differentiated into
interneurons, suggesting that the presence of donor cells was
likely responsible for alleviating seizure-like behaviour when
the mice matured to adulthood. While this provides one
tantalising experimental therapy for the treatment of epilepsy
in humans (deletions to the KV1.1 are associated with one
form of human epilepsy), it is unclear if the procedure leads
to undesirable behavioural side effects. Nevertheless, these
findings reveal the capacity for transplanted fetal cortical
cells to disperse broadly within the site of injection so as to
modulate excitation-inhibition balance. Such properties of
transplanted cells also identify them as potential vectors for
the delivery of therapeutic agents.

In addition to fetal cortical sources of cells for trans-
plantation, a study by Gaspard and coworkers pioneered
the culture of mouse embryonic stem cells in the presence
of a chemical inhibitor of the morphogen Shh to generate
cortical glutamatergic neurons in a temporally specified
manner [149]. A further study by Espuny-Camacho and col-
leagues applied analogous cell culture techniqueswith human
embryonic stem (ES) cells and induced pluripotent stem cells
(iPSCs) to generate functional cortical pyramidal neurons
[150]. By drawing parallels between fetal NSC activities and
the progression of cortical neurogenesis, the authors of both
studies collectively recognised the potential for their cell-
based approaches to model fetal cortical neurogenesis, as
well as evaluate the suitability of iPSC and ES cell-derived
neurons of distinct subtypes to treat brain injury or disease
[151]. To support the viability of this approach, a subsequent
study by Michelsen and coworkers demonstrated that mouse
ES cell-derived cortical neurons with the molecular prop-
erties of visual cortical neurons could restore the axonal
connectivity and functional properties of the mouse visual
cortex following a lesion [152]. Notably, these ES cell-derived
visuocortical-like neurons could not ameliorate the effects of
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Figure 2: Summary of the promise, priorities, problems, and progress of the therapeutic application of NSCs. This schematic outlines the
promise of the therapeutic application of NSCs, several of the priorities for applying NSCs for therapeutic application, some of the problems
faced with using NSCs in patients, and finally what progress that has been made in the application of NSCs.

a lesion to the motor cortex, while grafting of motor cortex
into the visual cortex lesion also did not lead to restoration
of function. These studies demonstrate the importance for
matching cell-based sources of neuronal subtypes with the
graft site in order to restore region-specific brain function.

Recent technological innovations in cell culture and
pluripotent stem cell biology have further converged on
the capacity to study the molecular and cellular basis for
developmental brain disorders using a three-dimensional
culture system [153, 154]. A landmark report by Lancaster and
colleagues described an extended rolling culture protocol to
generate cerebral organoids from iPSCs [154]. Remarkably,
these cerebral organoids recapitulated some of the features of
early cortical development, including the spatial organisation
of NSCs (marked by PAX6) and BPs (marked by TBR2).
Crucially, parallel studies with organoids derived from a
patient with microcephaly revealed premature neurodiffer-
entiation, highlighting this as a possible mechanism that
may underlie this condition. More recently, Camp and col-
leagues have applied single-cell gene expression approaches
to study both cerebral organoids and fetal neocortical cells
in order to identify the similarities and differences between
the molecular profiles of cells derived from each of these
sources [155]. It was interesting to note in their study that
organoids comprised fewer BPs than APs, which could reflect
the limitations of organoid culture or discrepancies in the
time point between the organoid and fetal cortical tissue.
Regardless, this technology is anticipated to accelerate our

understanding of the extrinsic and intrinsic factors that
influence human cortical development and disease.

While an understanding of fetal neurogenesis can guide
our development of cell-based methods to model cortical
neurogenesis and developmental brain disorders, a better
understanding of the fetal NSC compartment will enable us
to identify sources of repair cells which could be mobilized
in times of injury or stress. Looking to vertebrates such as
zebrafish, a recent excellent study by Barbosa and colleagues
described the maintenance of MZ-like stem cells in the
periphery of the forebrain from birth to adulthood, and
these stem cells can be activated to restore lost brain tissue
upon injury [156]. Given the identification of self-renewing
MZ progenitors in the embryonic mouse [6] it remains to
be determined if common molecular mechanisms could be
drawn between MZ NSCs in mice and adult zebrafish NSCs
to enable us to engineer mammalian MZ NSCs capable of
extensive self-renewal and repair. Such approaches could
be extended to account for the molecular mechanisms that
underlie the self-renewal capacity of all progenitor cell types
in the fetal cortex which have been described in this review.

Knowledge of the molecular mechanisms that drive
fetal NSC neurogenesis could also lead to the development
of novel cellular substrates for cell transplantation ther-
apy. Guided by insights into the neurogenic programming
potential for proneural bHLH factors, Masserdotti and col-
leagues have recently reported that forced expression of Ascl1
or Neurog2 in postnatal astrocytes and mouse embryonic
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fibroblasts led to their reprogramming into neurons [157].
However, after prolonged culture astrocytes displayed a loss
of neural reprogramming capacity by Neurog2, because of
increased competition with the repressor REST complex for
the neuronal target gene NeuroD4 [157]. Such studies are
extremely valuable to assess potential sources of patient-
derived cells and appropriate culture conditions for neuro-
genic reprogramming for cell transplantation therapies, as
well as the potential to stimulate neurogenesis and repair by
endogenous NSCs in the postnatal brain.

3.2. Insights and Therapeutic Applications of Studying Adult
NSCs. Harnessing existing endogenous populations of adult
NSCs could likewise have numerous therapeutic applications
in disease and for improving brain function in healthy
individuals (Figure 2). For example, the stimulation of neu-
rogenesis in the adult rodent brain is associated with several
beneficial effects. Exercise enhances neurogenesis, with posi-
tive effects on learning [158, 159]; moreover, the generation of
new neurons in the hippocampus is associatedwith improved
spatial memory performance [158, 160–166] and contextual
fear learning [167, 168]. Conversely, dysfunction of adult
hippocampal NSCs is associated with depression and anxiety
and has led to the neurogenic theory of depression [169, 170]
that postulates two key features: depression accompanies
decreased levels of neurogenesis and, secondly, that restora-
tion of neurogenesis will ameliorate the symptoms. There is
widespread evidence to support the first of these claims of this
theory. For example, subjecting rodents to repeat restraint
stress [171], unpredictablemild stress [172], social defeat stress
[173], and social isolation stress [174] results in depression-
like behaviours and impaired neurogenesis.

In support of the second claimof the neurogenic theory of
depression, electroconvulsive therapy (ECT), which is a well-
established tool for treating depression, increases hippocam-
pal neurogenesis in adult rodents [175, 176]. Furthermore,
chronic treatment with antidepressant drugs such as fluox-
etine, reboxetine, and tranylcypromine also increases hip-
pocampal neurogenesis in adult rodents [177]. In nonhuman
primates, chronic fluoxetine and ECT increase hippocampal
neurogenesis [178, 179], though whether this correlates with
increased hippocampal-dependent learning and memory
is not clear. Moreover, rodents with blocked neurogene-
sis do not recover from depression-like behaviours when
antidepressants are chronically administered to them [179–
183]. Thus, many treatments for depression enhance adult
neurogenesis, and at least in rodents, neurogenesis is required
for some aspects of antidepressant function. Confusingly,
some recent studies have suggested there is a neurogenesis-
independent mechanism of action of antidepressant drugs,
showing there is no effect or only modest effects of reducing
neurogenesis on the efficacy of antidepressants [180, 183–
189]. Thus, while these aforementioned studies highlight an
association between neurogenesis and depression, to what
extent changes in neurogenesis and depression are causally
linked and whether selectively enhancing adult neurogenesis
in humans is sufficient or necessary to treat depression are
still unclear [190].

Despite these unresolved issues, designing drugs that
selectively increase hippocampal neurogenesis stands out as
a logical therapeutic strategy in the treatment of depression,
particularly since there have been few new antidepressant
drugswith novelmodes of action in the last decade (Figure 2).
Importantly, two decades of research has broadened our
understanding of the molecules and signalling pathways that
serve to amplify adult hippocampal neurogenesis, providing
new therapeutic targets. For example, inhibiting effectors
of the Notch and Bmp signalling pathways that mediate
NSC quiescence [11, 12, 128, 129] could result in a short-
term increase in neurogenesis that may be of therapeutic
benefit, though this needs to be considered in parallel with
the potential depletion of the quiescent NSC pool that may
arise from such a treatment. Other targets include boosting
the expression of growth factors that decline with age [191,
192]. Likewise, the discovery that quiescent NSCs uniquely
metabolise lipids compared to proliferating NSCs in both
the hippocampus [193] and SVZ [194] opens a range of new
drug targets.Most promisingly to date, an unbiased screen for
compounds that increase neurogenesis in rodents uncovered
P7C3 as a potential target [195]. This compound, which
promotes the survival of newborn neurons [196], is currently
in clinical trials to ameliorate neurodegenerative diseases and
it also has known antidepressant effects. With an increased
understanding of the molecular pathways regulating adult
neurogenesis, drugs that are already on the market could be
used off-label if they are known to affect these pathways.
An example of this is metformin, a well-tolerated oral
medication for diabetes that has recently been shown to have
proneurogenic effects in mice [197].

Another potential therapeutic intervention of NSCs is to
apply them to ameliorate the age-related cognitive decline of
the brain. Ageing is associated with a decline in neurogenesis
([198–201]; plus see review [161]). Ageing seems to affect
various aspects of neurogenesis. For example, many studies
report a significant age-related decline in cell proliferation
[199, 200, 202–205]. The greatest decline in cell proliferation
tends to occur by middle-age, and only modest additional
declines are reported between middle-age and senescence
[201, 206–211]. Not only is cell proliferation affected, but
also the capacity of neurons to migrate is compromised with
ageing [212, 213].

Are these age-related changes in neurogenesis associated
with compromised cognitive capacity? Studies report con-
flicting results. Aged rats that perform better in the Morris
water maze test of spatial learning and memory have more
proliferating cells and newborn neurons than age-matched
controls [208, 214]. Other studies show no correlation or
a negative correlation between proliferating cells and per-
formance [215, 216]. Thus, facilitating neurogenesis during
ageing could have beneficial impacts on cognitive function,
but further studies are needed.

Several mechanisms have been put forward to explain
the age-related decline in neurogenesis. Ageing has been
associated with changes in the hippocampal NSC niche
vasculature [217]. Moreover, blood-borne factors such as
circulating chemokines can inhibit or promote neurogenesis
in an age-dependent manner [218]. Growth factors that have
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important roles in neurogenesis such as Vegf, Fgf2, Bdnf,
and Wnt signalling decrease with age [219–221]. Indeed, it
is largely these extrinsic factors and alterations to neuro-
genic niche environment that contribute to the decline in
neurogenesis observed with age rather than changes intrinsic
to the neural precursors themselves [222]. Recently, chronic
administration in aged rats of a peptide known to have
neuroprotective properties was shown to restore neurogen-
esis, synaptic plasticity, and memory [223], suggesting that
induction of neurogenesis has beneficial effects on cognition
during ageing. Moreover, increasing neuronal activity in the
aged brain through seizures can induce quiescent NSCs to
reenter the cell cycle and restore proliferation to a level
comparable to the one observed in young animals [224].
Thus, targeting key molecules involved in neurogenesis or
reactivating NSC offers therapeutic promise in reversing
or ameliorating ageing-related changes in brain function
(Figure 2).

4. Concluding Remarks

In this paper, we have highlighted the cellular and molecular
diversity of NSCs in the fetal and adult cerebral cortex.
This research is critical as a basis for our understanding
of the dynamic properties of embryonic and adult NSCs
and how we might be able to manipulate them at the
cellular and molecular level. This work has been facilitated
by rapid advances in molecular and cellular techniques, as
well as sequencing modalities and lineage tracing paradigms.
Indeed, this suite of basic research has served as a springboard
to drive the therapeutic applications of NSCs towards the
treatment of brain injury and disease. While many of these
therapeutic approaches are in the early, preclinical stage,
it is likely that the knowledge gleaned from the ongoing
study of embryonic and adult NSCs will enable the continual
refinement of cellular replacement techniques and the identi-
fication of therapeutic targets that will lead to real treatments
for brain injury and disease in the clinic. Such achievements
will realise the promise of NSC research, which has for a
long time held the imagination and fuelled the hope for
researchers, clinicians, patients, and the broader community.
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[129] O. Ehm, C. Göritz, M. Covic et al., “RBPJ𝜅-dependent signaling
is essential for long-termmaintenance of neural stem cells in the
adult hippocampus,” Journal of Neuroscience, vol. 30, no. 41, pp.
13794–13807, 2010.

[130] T. D. Palmer, A. R. Willhoite, and F. H. Gage, “Vascular niche
for adult hippocampal neurogenesis,” Journal of Comparative
Neurology, vol. 425, no. 4, pp. 479–494, 2000.

[131] Z. Mirzadeh, F. T. Merkle, M. Soriano-Navarro, J. M. Garcia-
Verdugo, and A. Alvarez-Buylla, “Neural stem cells confer
unique pinwheel architecture to the ventricular surface in
neurogenic regions of the adult brain,” Cell Stem Cell, vol. 3, no.
3, pp. 265–278, 2008.

[132] I. Kazanis, J. D. Lathia, T. J. Vadakkan et al., “Quiescence
and activation of stem and precursor cell populations in the
subependymal zone of themammalian brain are associatedwith
distinct cellular and extracellular matrix signals,”The Journal of
Neuroscience, vol. 30, no. 29, pp. 9771–9781, 2010.

[133] K. Jin, Y. Zhu, Y. Sun, X. O. Mao, L. Xie, and D. A. Green-
berg, “Vascular endothelial growth factor (VEGF) stimulates
neurogenesis in vitro and in vivo,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 99, no.
18, pp. 11946–11950, 2002.

[134] C. Ramı́rez-Castillejo, F. Sánchez-Sánchez, C. Andreu-Agulló
et al., “Pigment epithelium-derived factor is a niche signal for
neural stem cell renewal,” Nature Neuroscience, vol. 9, no. 3, pp.
331–339, 2006.

[135] T. Shingo, S. Todd Sorokan, T. Shimazaki, and S. Weiss,
“Erythropoietin regulates the in vitro and in vivo production
of neuronal progenitors by mammalian forebrain neural stem
cells,”The Journal of Neuroscience, vol. 21, no. 24, pp. 9733–9743,
2001.

[136] A. C. Delgado, S. R. Ferrón, D. Vicente et al., “Endothelial
NT-3 delivered by vasculature and CSF promotes quiescence
of subependymal neural stem cells through nitric oxide induc-
tion,” Neuron, vol. 83, no. 3, pp. 572–585, 2014.

[137] H. Song, C. F. Stevens, and F. H. Gage, “Astroglia induce
neurogenesis from adult neural stem cells,” Nature, vol. 417, no.
6884, pp. 39–44, 2002.

[138] J. Vukovic, M. J. Colditz, D. G. Blackmore, M. J. Ruitenberg,
and P. F. Bartlett, “Microglia modulate hippocampal neural
precursor activity in response to exercise and aging,” Journal of
Neuroscience, vol. 32, no. 19, pp. 6435–6443, 2012.
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Induced pluripotent stem cells (iPSCs) may serve as an autologous source of replacement neurons in the injured cochlea, if they
can be successfully differentiated and reconnected with residual elements in the damaged auditory system. Here, we explored the
potential of hiPSC-derived neurons to innervate early postnatal hair cells, using established in vitro assays.We compared two hiPSC
lines against a well-characterized hESC line. After ten days’ coculture in vitro, hiPSC-derived neural processes contacted inner and
outer hair cells in whole cochlear explant cultures. Neural processes from hiPSC-derived neurons also made contact with hair cells
in denervated sensory epithelia explants and expressed synapsin at these points of contact. Interestingly, hiPSC-derived neurons
cocultured with hair cells at an early stage of differentiation formed synapses with a higher number of hair cells, compared to
hiPSC-derived neurons cocultured at a later stage of differentiation. Notable differences in the innervation potentials of the hiPSC-
derived neurons were also observed and variations existed between the hiPSC lines in their innervation efficiencies. Collectively,
these data illustrate the promise of hiPSCs for auditory neuron replacement and highlight the need to develop methods to mitigate
variabilities observed amongst hiPSC lines, in order to achieve reliable clinical improvements for patients.

1. Introduction

The ANs are responsible for faithfully transmitting acoustic
information from the inner ear to the brain. The cell bodies
of these neurons reside in a bony channel called Rosenthal’s
canal, which is located in the middle (modiolus) of the
cochlea. Each of these cell bodies extends a peripheral process
towards the organ of Corti to innervate the sensory hair cells,
while the central processes project into the auditory nerve
and ultimately synapse with neurons in the cochlear nucleus.
In severe sensorineural hearing loss, the numbers of these
neurons are significantly reduced or lost [1, 2], resulting in
a breakdown of sound transmission to the brain. A variety
of measures have been explored over the last two decades to
restore or replace the damaged ANs following hearing loss,

one being the use of stem cells. In order for stem cells to be
used as a therapy for AN replacement, it is important that the
donor cells are derived from a suitable source and are capable
of innervating the appropriate cells/tissues in the peripheral
and central auditory system [3].

Several studies have explored the capacity for various
human stem cell types to grow towards sensory hair cells
[3, 4] and cochlear nucleus tissues [5, 6] in vitro.These studies
demonstrated that the cocultured stem cell-derived neural
progenitors are capable of innervating developing hair cells
[3, 5] and differentiating into both neuronal and glial lineages
[4]. Importantly, several studies have observed the expression
of synaptic markers including synapsin 1 and GluR2/3 in the
stem cell-derived neural processes at regions adjoining or
adjacent to the hair cells (detected using immunochemistry;
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[3, 4, 7–9]). Additionally, Matsumoto and colleagues [8]
revealed that after coculturing mouse embryonic stem cells
(ESCs) with denervated cochlear explants for one week in
vitro, the ESC-derived neural processes appeared to be highly
vesiculated and in direct contact with the inner hair cell
(IHC) membranes (substantiated by transmission electron
microscopy; [8]). Whilst these data indicate the potential
for stem cell-derived neurons to innervate developing hair
cells, publications describing the innervation of IHCs and/or
outer hair cells (OHCs) by hiPSC-derived neurons are not yet
available.

Several promising in vivo studies also support the use of
stem cells for AN replacement [4, 10]. For instance, following
transplantation of hESC-derived neurons into the cochlea
of deafened animals, hESC-derived neurons extended their
neural processes towards and contacted the base of the hair
cells [4, 10]. Moreover, these stem cell-derived neural fibres
were reported to express GluR2 and NKA𝛼3 at the basal pole
of the IHCs, a marker of afferent nerve terminals [10]. Chen
and colleagues also reported that transplanted hESC-derived
auditory neural progenitors could synapse with their central
(cochlear nucleus) targets in a deafened (auditory neu-
ropathy) experimental model [10]. Importantly, the authors
reported a 46% restoration in auditory function following
stem cell transplantation. Whilst these exciting findings have
very promising clinical implications, the long-term conse-
quences of allotransplantation of hESCs into the cochlea,
including the instigation of an immunogenic response and/or
teratoma formation, remain unresolved. The use of autolo-
gous stem cell types for AN replacement [11], including hiP-
SCs, may minimize the risks associated with immunorejec-
tion and thus warrant further investigation.

To our knowledge, there has only been one published
study that has explored the potential for iPSC-derived neu-
rons to make contacts with sensory hair cells in vitro [9].
In this study, the authors’ differentiated mouse induced
pluripotent stem cells (miPSC) toward a neural lineage using
the stromal cell-derived inducing activity method and then
cocultured these neurons with developing cochlear explants.
After seven days of coculture, miPSC-derived neural pro-
cesses extended toward hair cells in 50% (𝑛 = 6) of the
cochlear explants examined. Of the three cocultures that
reported neurite extension, iPSC-derived neural processes
grew in close proximity to the hair cells. Whilst these data
are encouraging, it is yet to be determined if miPSC-derived
neurons are capable of making direct contact and/or forming
synaptic connections with the sensory hair cells in vitro or in
vivo. Furthermore, for this therapy to be clinically applicable,
it is vital that the donor cells are of human origin. Therefore,
the focus of the current study was to determine whether
hiPSC-derived sensory neurons could innervate the sensory
hair cells in vitro, whether there were differences in their
ability to do so (comparing two hiPSC lines to a control hESC
line), and the efficacy with which any innervation occurred.
The present study employed a well-characterized assay for
producing high numbers of AN-like sensory neurons from
human pluripotent stem cell lines, as recently described [12].

2. Materials and Methods

2.1. Cell Lines. The iPS1 and iPS2 ([13]; WiCell) and the
hESC line, H9 ([14]; WA-09; WiCell), were used in this
study. Passage numbers ranged from 71 to 94 (iPS1), 33 to
48 (iPS2), and 85 to 140 (H9). The tissue culture procedures
were performed using aseptic techniques in class II biological
safety cabinets, as recently described [12]. Stem cells were
maintained at 37∘C, 5% CO

2
, and differentiated at 37∘C, 10%

CO
2
in humidified incubators.

2.2. Neural Differentiation. The stem cells were maintained
and differentiated using procedures previously described
[12]. Briefly, the undifferentiated cells were maintained
in Knockout Serum Replacement media (1 : 1 DMEM/F12
with Glutamax, 20% Knockout Serum Replacement, 10mM
Nonessential Amino Acids, and 55mM 𝛽-Mercaptoethanol;
all purchased from Life Technologies) supplemented with
10 𝜇g/mL of basic fibroblast growth factor (bFGF; Peprotech)
on a layer of mitotically inactivated human feeders (CCD-
1079Sk human foreskin fibroblast cell line; ATCC). The cells
were routinely passaged each week.

The stem cells were differentiated towards a neural lin-
eage by treating cells with Noggin media, which contained
neurobasal media (NBM; neurobasal A with 1% N2, 2% B27,
2mM L-Glutamine, and 0.5% Penicillin/Streptomycin; all
purchased from Life Technologies), 500 ng/mL of Recombi-
nant Noggin (R&D Systems), and 4 ng/mL of bFGF for two
weeks. To promote neurosphere formation, the cell colonies
were mechanically dissected into small sections and trans-
ferred into 96-well low attachment plate (Sigma-Aldrich)
containingNBMsupplementedwith epidermal growth factor
(EGF; Peprotech) and bFGF (20 ng/mL each). After four days
(18DIV), the neurospheres were plated onto gelatinized organ
culture dishes that contained a layer of inactivated human
feeders (CCD-1079Sk; ATCC) and NBM supplemented with
EGF and bFGF (20 ng/mL each), followed by treatment with
the Rho-kinase inhibitor Y27632 (25 𝜇M, Sigma-Aldrich) at
19 and 20 DIV [12]. The neurospheres were cocultured with
the early postnatal cochlear explants at 21 and 28 DIV.

2.3. Animals and Experimental Groups. Time-mated preg-
nant Hooded-Wistar rats were obtained from the Biological
Research Centre at the University of Adelaide, Australia.
Two coculture assays were employed.The first assay involved
coculturing stem cell-derived neurons with cochlear explants
(hair cells and peripheral AN fibres) obtained from postnatal
day 3/4 (P3/4) rat pups. Explant only controls were set up
identically for each experiment. The second coculture assay
involved culturing the stem cell-derived neurons with dener-
vated cochlear explants (hair cells only [3, 15]) dissected from
P2/3 rat pups. Each experiment was repeated in triplicate
using animals from three different litters.

2.4. Cochlear Explant Dissections and Coculture Experiments.
Thecochlear explants were dissected from early postnatal rats
using methods previously described [16]. For synaptogenesis
assays, the hair cells were dissected from the peripheral
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Figure 1: Timeline for coculture experiments. The stem cell lines were differentiated towards a neuronal lineage for either 21 or 28 days in
vitro (DIV). For the cochlear explant cocultures, 21 DIV neurospheres were cocultured with cochlear explants for up to 10 days (red). For the
synapse forming assay experiments, 21 (red) and 28 (blue) DIV neurospheres were cocultured with hair cells for 10 days in each case. The
cocultures were treated with NBM, BDNF, and NT-3. DIV: days in vitro; NBM: neurobasal media; EGF: epidermal growth factor; bFGF: basic
fibroblast growth factor; HFF: human foreskin fibroblasts; CE: cochlear explant; HC: hair cell; NS: neurosphere; and Y27: small molecule
Y27632.

processes of ANs, thereby denervating the cochlear explant,
using techniques previously described [3, 17]. The cochlear
explants and denervated cochlear explants (hair cells only)
were grown on 0.4𝜇morganotypicmembranes (Millipore) in
coculture media containing NBM supplemented with brain-
derived neurotrophic factor and neurotrophin-3 (each added
to give a final concentration of 10 ng/mL; Chemicon).

Whole cochlear explants were cocultured with either 21-
day-old hiPSC or hESC neurospheres (Figure 1). Denervated
cochlear explants were cocultured with either 21 DIV or
28 DIV hiPSC or hESC neurospheres. The cocultures were
incubated at 37∘C, 10% CO

2
for 1 DIV (explant only control),

or 10 DIV (stem cell + explant/denervated explant cocul-
tures). The coculture media were replenished every 2 DIV
(100 𝜇L/membrane).

2.5. Immunochemistry. The cocultures and explants were
fixed by immersing in 4% paraformaldehyde for approxi-
mately 10 minutes, followed by careful rinsing (three times
for five minutes) with phosphate buffered saline (PBS).
The explant only controls were fixed after 1 DIV, whereas
the experimental cocultures were fixed after 10 DIV. All
explants were immunostained with a relevant combination
of the following primary antibodies: rabbit anti-Myosin VIIa
(1 : 100; Sapphire Bioscience; 25-6790), mouse anti-human
Neurofilament (IgG1) (hNFM; 1 : 1500; Sapphire Bioscience;
MAB5186), chicken anti-Neurofilament H (IgG) (1 : 1000;
Millipore; AB5735), goat anti-Prestin (1 : 400; ThermoFisher
Scientific; sc-22692), mouse anti-Peripherin (IgG1) (1 : 1000;
Millipore; MAB1527), rabbit anti-synapsin 1 (1 : 200; Life
Technologies; A6442), and goat anti-parvalbumin (1 : 3000;
Swant; PVG-214).

For the cochlear explant cocultures, the primary antibod-
ies were diluted in primary blocking solution (0.1% Triton-
X (Sigma-Aldrich), containing 2% of the relevant serum,
either goat (Abacus ALS) or donkey (Millipore) diluted
in PBS) and then added to the membranes at 200𝜇L per
well before being stored overnight at 4∘C in a humidified
container. The following day, the cells were rinsed thrice for
five minutes in primary blocking solution. The Alexa Fluor-
conjugated secondary antibodies (all purchased from Life
Technologies) diluted in secondary blocking solution (0.1%
Tween (Sigma-Aldrich), 2% goat or donkey serum in PBS, as
described above) were added to the membranes at a volume
of 200𝜇L per well. The slides were then transferred into a foil
covered, humidified container and left for 2 hours at room
temperature in the dark with gentle rotation. After 2 hours,
the cells were washed thrice for fiveminutes in PBS, mounted
with ProLong-Gold antifade reagent containing the nuclear
stain 4, 6-diamidino-2-phenylindole (DAPI; Invitrogen),
and sealed with varnish the next day.

For the denervated cochlear explants, the cocultures were
blocked in primary blocking solution (0.1% Triton-X, 10%
goat serum in PBS) for 1 hour with gentle rotation. A higher
percentage of serumwas used tominimize background stain-
ing for the synapse assay cocultures. The primary antibodies
were diluted in primary blocking solution at 200𝜇L per well,
added to the membranes, and stored overnight at 4∘C in a
humidified container. The next day the cells were rinsed in
primary blocking solution (8 × 10 minutes). Alexa Fluor-
conjugated secondary antibodies were diluted in the second-
ary blocking solution (0.1% Tween, 10% goat, or donkey
serum in PBS) and added to the membranes at 200 𝜇L per
well. The secondary antibodies were spun before and after



4 Stem Cells International

dilution in secondary blocking solution. The slides were
transferred into a foil covered, humidified container and
left for 1.5 hours at room temperature in the dark with
gentle rotation. After 1.5 hours, the membranes were washed
thrice for five minutes in PBS, mounted with ProLong-Gold
antifade reagent containing DAPI, and sealed with varnish
the next day.

2.6. Microscopy. Stained explants were visualized using con-
focal microscopy and images were taken using an LSM
510 META confocal scanning laser system with a Zeiss
AxioImagerZ1 microscope. Optical slice thickness was set to
8.49 𝜇m. Zen digital imaging software (Carl Zeiss) was used
to process and analyze the images.

2.7. Quantification. For the cochlear explant cocultures, four
regions of the explant were selected at random and quantified
under 40x magnification. The number of stem cell-derived
neural processes making contact with the hair cells was
counted relative to the total number of hair cells present in
the selected region. Additionally, we noted the total number
of explants in which stem cell-derived hair cell innervation
was observed and compared this to the total number of
explants in the study.We used this later number in order to be
able to directly compare our results with the recent relevant
publication using mouse iPSC-derived neurons [9].

For the synaptogenesis assays, the total number of hair
cells in the denervated cochlear explant was counted under
63x magnification. The number of hair cells making contact
with synapsin 1 positive stem cell-derived neural processes
was counted [17], relative to the total number of hair cells.

Statistical analysis of the coculture data was performed
using GraphPad Prism (Version 6). Where data was nor-
mally distributed (Anderson-Darling test), a Student’s 𝑡-test
was used. For nonparametric data, a Kruskal-Wallis one-
way analysis of variance (ANOVA) was used to determine
statistical significance between the groups compared. Values
of 𝑝 < 0.05 were considered statistically significant, with
ranges in significance from ∗𝑝 ≤ 0.05, ∗∗𝑝 ≤ 0.01, and
∗∗∗𝑝 ≤ 0.001. Data are presented as the mean ± standard
error of mean (SEM).

3. Results

3.1. Human iPSC-Derived Neural Progenitors Contacted Sen-
sory Hair Cells in Whole Mammalian Cochlear Explant
Cocultures. In order to investigate whether hiPSC-derived
neurons could contact their peripheral targets (the sensory
hair cells), 21 DIV neural progenitors derived from two
hiPSC lines (iPS1 and iPS2) and one hESC (H9; control)
line were cocultured with P3/4 whole cochlear explants
(Figure 2(a)). After 10 DIV, the hiPSC- and hESC-derived
neurons preferentially extended their processes toward and
into the explant. Compared to the organized innervation
pattern observed in the directly isolated cochlear explant
(Figure 2(b)), the stem cell-derived neural processes grew in
a disorganized manner (Figures 2(c)–2(e)). Additionally, the
neural processes were observed to extend towards and along

the rows of hair cells in the cochlear explant. The neural
processes grew in fasciculating bundles along the basolateral
surface of the hair cells in several of the stem cell cocultures,
similar to the pattern of normal OHC innervation in the
mammalian cochlea (Figures 2(d) and 2(e)). Under higher
magnification, both the hiPSC- and hESC-derived neurons
were observed to make direct contact with the sensory hair
cells in the explant. However, the hiPSC-derived neural
processes made contact with fewer hair cells compared to the
hESCs (iPS1 16.9 + 4.8%, 𝑛 = 16, ∗𝑝 < 0.05; iPS2 16.4 + 3.6%,
𝑛 = 17, ∗𝑝 < 0.05; H9 39.5 + 12.1%, 𝑛 = 12; Figure 2(f)).
Overall, there was no significant difference in the average
number of hair cells that the iPS1 and iPS2 cell lines were
contacting throughout the cocultures examined (𝑝 = 0.38;
Figure 2(f)). However, when the data was analyzed in terms
of the number of explants in which hair cells were contacted
by stem cell-derived neurons, the iPS2 cell line demonstrated
a greater consistency of innervation in comparison to the iPS1
line, (iPS1 𝑛 = 16, 62.5% of explants innervated; iPS2 𝑛 = 17,
94.2% of explants innervated; ∗𝑝 < 0.05).

3.2. Human iPSC-Derived Neural Progenitors Grew toward
Both the Inner and Outer Hair Cells in Whole Cochlear
Explant Cocultures. To investigate whether the stem cell-
derived neural processes were contacting the IHCs, OHCs, or
both, a Prestin antibody was used to distinguish the OHCs in
the explant cocultures (Figure 3(a)). All hair cells are Myosin
VIIa positive, but only the outer hair cells express the motor
protein Prestin. As expected, after 1 DIV there were a signif-
icantly higher number of OHCs in the explants compared to
the IHCs (Figure 3(e); ∗∗∗𝑝 < 0.001). At 10 DIV, there was a
significant decrease in the overall numbers of surviving IHCs
andOHCs, demonstrating a decline in the relative proportion
of IHC and OHC normally observed within the cochlea. In
cocultures, no significant differences were observed in the
number of IHCs that the stem cell-derived neural processes
contacted, when compared to the numbers of OHCs that
these cells contacted (Figures 3(b)–3(d) and 3(e); iPS1 IHCs
= 12.3 + 5.8%, OHCs = 9.4 + 5.9%, 𝑛 = 6, 𝑝 = 0.79; iPS2 IHCs
= 18.5 + 12.2%, OHCs = 23.2 + 12.2%, 𝑛 = 7, 𝑝 = 0.73; and H9
IHCs = 27.1 + 12.4%, OHCs = 32.9 + 5.8%, 𝑛 = 6, 𝑝 = 0.68).
Notably, the iPS1-derived neurons showed significantly less
OHCs innervation in comparison to the H9-derived neurons
(∗𝑝 < 0.05; Figure 3(e)).

3.3. Human iPSC-Derived Neural Progenitors Made Synaptic
Connections with Hair Cells in Denervated Cochlear Explant
Cocultures. As the innervation of iPS2-derived neurons was
more efficient when considered in terms of both the overall
percentage of explants innervated (94.2%, ∗𝑝 < 0.05) and
fewer numbers of OHCs innervated by the iPS1-derived
neurons after 10 DIV (∗𝑝 < 0.05; Figure 3(e)), the synap-
tic capacity of the iPS2- and hESC-derived neurons was
compared next. We first examined the denervated cochlear
explants at 1 and 10 DIV (Figures 4(a)–4(d), resp.). Distal AN
processes were absent in the denervated cochlear explants
after 1 DIV, but an accumulation of residual NFM within
hair cell somata (Figure 4(a)) and synapsin 1 positive puncta
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Figure 2: Coculture of cochlear explants and hESC- and hiPSC-derived neural progenitors. (a) The light microscope image depicts the
cochlear explant cocultured with a stem cell-derived neurosphere (NS). (b)The explant only control obtained from P3mice shows the normal
innervation pattern of ANs after 1 DIV. (c–e) In cocultures, growth of hESC- and hiPSC-derived neural processes towards and along the rows
of the hair cells was observed. Myosin VIIa (green) labels the hair cells, Neurofilament (NFM; grey) labels the endogenous neural processes,
and human NFM (hNFM; red) labels the stem cell-derived neural processes. The merged1 images represent higher magnification images of
the boxed inserts and depict the contacts made between the stem cell-derived neural processes and hair cells: for example, three points of
contact are shown in (c) merged1. Scale bar = 50 𝜇m, relevant for all the images. (f) The hiPSC-derived neural processes made contact with
fewer hair cells compared to the hESCs (iPS1 𝑛 = 16, 𝑝 < 0.05; iPS2 𝑛 = 17, 𝑝 < 0.05; H9 𝑛 = 12). There was no significant difference in the
number of hair cells making contact with the iPS1 and iPS2 cell lines (𝑝 = 0.38). A Kruskal-Wallis one-way ANOVAwas utilized to determine
statistical significance between the groups compared. Data are presented as themean ± SEM. Values of ∗𝑝 < 0.05were considered statistically
significant. NS: not significant.

(Figure 4(b)) was observed at this time point. Conversely,
after 10 DIV, there were reduced NFM accumulations within
the hair cell somata (Figure 4(c)) and synaptic puncta were
not detected (Figure 4(d)). Following the coculture of stem
cell-derived neurospheres with denervated cochlear explants
(Figure 4(e)), neural processes projecting towards isolated
sensory hair cells were observed (Figures 4(f)–4(i)). The
neural processes of 21 DIV neurospheres were found to

express high levels of synapsin 1, and synapsin 1 positive
puncta were observed to colocalize with the parvalbumin-
positive sensory hair cells in the denervated explant (Figures
4(f) and 4(g)). Moreover, the synaptic connections between
the hair cells and hiPSC-derived neurons were observed to
occur in an en passant manner: that is, single stem cell-
derived neurites made multiple synaptic connections with
multiple hair cells. Similar observations were reported for
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Figure 3: Innervation of inner hair cells versus outer hair cells by stem cell-derived neurons. (a) The specific labeling of Prestin (grey) to
the OHCs is depicted in the explant only control. (b–d) The hiPSC- and hESC-derived neural processes made contact with both the IHCs
and the OHCs. The merged1 images represent higher magnification images of the boxed inserts and depict the contacts made between the
stem cell-derived neural processes and hair cells. Scale bar = 50𝜇m, relevant for all the images. (e) Total numbers of hair cells (inner and
outer) were quantified in each group using antibodies against MyoVIIa (all hair cells) and Prestin (outer hair cells only). Data was compared
to controls grown for one day in vitro. There was a significantly higher number of OHCs compared to IHCs in the explant only controls
after 1 DIV (𝑝 < 0.001). At 10 DIV, there was a decline in the number of IHCs and OHCs present in the explants. There were no significant
differences in the number of OHCs that the stem cell-derived neural processes contacted, when compared to the numbers of IHCs these cells
contacted (iPS1 𝑛 = 6, 𝑝 = 0.79; iPS2: 𝑛 = 7, 𝑝 = 0.73; and H9 𝑛 = 6, 𝑝 = 0.68). The iPS1-derived neurons made contact with significantly
fewer OHCs compared to the hESC-derived neurons (𝑝 < 0.05). A Kruskal-Wallis one-way ANOVA was utilized to determine statistical
significance between the groups compared. Values of ∗𝑝 < 0.05 were considered statistically significant and data presented as the mean ±
SEM. OHCs: outer hair cells; IHCs: inner hair cells; DIV: days in vitro. The asterisks ∗ highlight the IHCs present in the cultures.
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statistically significant. Data are presented as the mean ± SEM.



8 Stem Cells International

hESC-derived neurons (Figure 4(g); [3]). The microisolate
assay utilized in the current publication results in disorga-
nized hair cell growth and some hair cell senescence after
two weeks in vitro [3, 17]. This is due primarily to fibroblasts
and supporting cells in the culture, which divide after explant
isolation and disrupt the normal hair cell arrangement during
their proliferation. As a result of the microdissection of the
organ of Corti from the explant, the hair cells often do not
retain their arrangement in rows due to lack of ultrastructure
normally provided in whole tissue.

3.4. Innervation of Hair Cells in Denervated Cochlear Explants
Was Significantly Greater Using “Early Stage” Compared to
“Late Stage”Neurospheres. Wenext quantified the differences
observed in the synapse forming capacity of the iPS2- and
H9-derived neurons when cocultured at either an early stage
of differentiation (21 DIV) or a later stage of differentiation
(28 DIV) in denervated cochlear explants. The 21 DIV
cocultures contained greater numbers of stem cell-derived
processes which contained synapsin 1 at points of contact
with the sensory hair cells, when compared to the cocultures
examined at 28 DIV (Figures 4(f)–4(i)). More specifically,
the neurons derived from 21 DIV H9 neurospheres made
significantly more synaptic connections with hair cells, com-
pared to those derived from 28 DIV neurospheres (H9 21
DIV (31.1 + 9.1%) and 28 DIV (16.7 + 12.5%): 𝑛 = 8; ∗𝑝 <
0.05; Figure 4(j)). In addition, the H9-derived neurons from
21 DIV neurospheres also innervated a significantly greater
number of hair cells, compared to the iPS2-derived neurons
from 28 DIV neurospheres (iPS2 28 DIV (9.3 + 4.6%): 𝑛 = 8;
𝑝 < 0.05; Figure 4(j)).

4. Discussion

The intricate wiring of ANs and the refined tonotopic organi-
zation of the inner ear facilitate the transmission of accurate
sound information from the external environment to the
brain. Prompting stem cells to differentiate and replicate the
refined innervation pattern and functionalities of primary
ANs is a significant challenge. Several previous studies have
reported the potential for hESC to establish new synapses
with hair cells in the auditory periphery [3, 4, 10]; however,
this remains to be demonstrated for hiPSCs. Here, we report
that hiPSC-derived neurons can make direct contact with
and form synapses on developing sensory hair cells in vitro.
However, the hiPSC-derived neurons had a lower innervation
capacity compared to hESC-derived neurons. These obser-
vations are consistent with our recent investigations which
examined the variable differentiation potentials of the cell
lines described herein [12].

4.1. Establishment of Contacts between the hiPSC-Derived
Neurites and Hair Cells in Cochlear Explant Cocultures.
In cochlear explant cultures, hiPSC-derived neurons were
observed to extend their neural processes towards the sensory
epithelium and make direct contact with both IHCs and
OHCs in vitro, an important first step in the reestablishment
of synaptic input (Figure 3). However, compared to the

orderly innervation pattern of adult ANs, the hiPSC-derived
neurites appeared to grow towards the sensory epithelium
in a disorganized manner, resembling the pattern of inner-
vation of developing ANs (Figures 2(c)–2(e); [18–20]). This
is supported by observations during the very early stages
of mouse development (E18-P0), where neurites from the
auditory neurons exhibit an immature and highly branched
morphology whereby Type I and Type II ANs innervate both
IHCs and OHCs in vivo [18–20]. As development progresses,
these neurons undergo significant synaptic pruning and neu-
ral refinement, such that Type I neurons ultimately contact
only IHCs and Type II neurons only contact OHCs [18].

4.2. hiPSC-Derived Neurons Form Immature Synaptic Termi-
nals on Sensory Hair Cells in Denervated Cochlear Explants.
It has previously been observed that the afferent dendrites
of early postnatal ANs isolated from the sensory epithelium
express synaptic markers (synapsin 1 and synaptophysin) as
they regenerate their connections with hair cells in vitro
[8, 21, 22]. Various stem cell-derived neurites have also
been found to express synapsin 1 at regions adjacent to
hair cells in coculture models [3, 4, 7, 8]. Therefore, the
expression of synapsin 1 is considered to be a preliminary
indicator of the capacity for stem cell-derived neurons/ANs
to regenerate or form potentially functional synapses with
hair cells [23]. In the present study, extensive punctate-like
synapsin 1 expression was observed along hiPSC-derived
neural processes making contact with hair cells in dener-
vated explant cultures (Figure 4(f)). Furthermore, stem cell-
derived synaptic puncta were observed to colocalize at the
basolateral surface of hair cells, indicating the capacity for
hiPSC-derived neurons to form synapses with sensory hair
cells in vitro (Figure 4(f)).

We recently reported that hiPSC-derived neurons had
higher levels of sensory neural marker expression at the later
time points of differentiation (28–35 DIV; [12]). We therefore
suspected that stem cell-derived neurons from these later
stages of differentiation would have different potentials to
innervate hair cells compared to the same neurons derived
from earlier stages of differentiation. We found that hiPSC-
and hESC-derived neurons cocultured at an earlier stage
of differentiation (21 DIV) formed synapses with a higher
number of hair cells, when compared to the more differen-
tiated stem cell-derived neurons (28 DIV). These findings
emphasize the importance of the stage of differentiation
on the functional integration capacity of stem cell-derived
neurons and support the rationale that neural progenitors
may have better functional outcomes in vivo, compared to
more differentiated neurons [24]. This hypothesis is further
supported by recent in vivo studies reporting that partial
hearing function recovery can be achieved following the
transplantation of early stage hESC-derived otic neural pro-
genitors into deafened gerbil cochleae [10].

4.3. Variability Amongst Stem Cell Lines. Whilst hiPSC-
derived neurons were capable of directly contacting the
sensory hair cells in vitro, they were also observed to make
contact with fewer hair cells compared to the hESC-derived
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neurons. Moreover, there was no significant difference in the
number of hair cells that the iPS1- and iPS2-derived neurons
made direct contact with in vitro, suggesting comparable
innervation efficiencies. Interestingly, however, if the data
were quantified based upon the number of cultures in
which innervationwas observed, inconsistencies between the
iPSC lines examined were apparent. Specifically, the iPS1-
derived neurons had a lower number of cultures with hair
cell innervation, compared to the iPS2- and hESC-derived
neurons (𝑝 < 0.05; Figure 2).We (andothers) have previously
reported that hiPSCs have a more variable differentiation
potential compared to hESCs [12, 25, 26]. Consistent with
these findings, the data presented here indicate that dif-
ferences exist among human pluripotent stem cell-derived
neurons, particularly hiPSC-derived neurons in their inner-
vation potentials in vitro. However, it needs to be noted
here that differences may be present among cell lines in
their optimal differentiation protocol (e.g., the exact timing
of a particular treatment). As such, future studies assessing
multiple cell lines using optimized differentiation protocols
will be required to assess cell line capacity. On the other hand,
it is possible that the variabilities observed could be due to
the presence of genetic and epigenetic abnormalities recently
detected in hiPSC lines derived from viral integration repro-
gramming methods [23]. Nevertheless, the findings of the
current study highlight a potential concern associated with
the use of human pluripotent stem cell lines for stem cell
transplants.

In terms of cell transplantation therapies, the presence
of variability amongst cell lines could have several con-
sequences. For instance, there could be differences in the
numbers of ANs generated from each patient and variabilities
in their integration capacities, which could consequently lead
to inconsistencies in the functional outcomes patients achieve
with the therapy. In further support of this idea, Chen and
colleagues have reported varying degrees of auditory function
recovery following the transplantation of hESC-derived neu-
rons into gerbil cochleae [10], whichmay be due to underlying
variability in cell differentiation. These findings reiterate the
necessity to mitigate potential inconsistencies in functional
outcomes between patients, prior to the clinical translation
of stem cell therapies. The use of hiPSC lines generated using
nonviral integration methods could potentially abate some
of these variabilities and this is worthy of investigation prior
to the transplantation of hiPSC-derived neurons into the
cochlea. The described in vitro cocultures provide a proof-
of-concept model from which to test the capacity of different
stem cell lines at various stages of differentiation prior to their
in vivo delivery.

In addition to cell transplantation therapies, the capacity
to successfully differentiate hiPSCs towards functional ANs
could facilitate the development of patient-specific cell lines
to model AN degeneration “in a dish.” More specifically,
the derivation of hiPSC-derived ANs from patients with
genetic forms of SNHL, including Usher’s syndrome, Bran-
chiootorenal syndrome, orWaardenburg syndrome (to name
a few), will enable us to obtain a deeper understanding of
themechanisms underlying these conditions. Furthermore, it
will permit the use of the latest gene editing technologies such

as clustered regularly interspaced short palindromic repeat-
(CRISPR-) associated endonucleases [24, 27, 28] to correct
genetic abnormalities in these disease-specific cell lines and
also provide a platform for large-scale drug screening to
potentially suppress AN degeneration [29]. The benefits
of modeling diseases using hiPSCs are clearly numerous;
therefore, this study provides useful insight into the potential
of hiPSCs to recapitulate the functionality of ANs.

4.4. Summary. In conclusion, the present study demon-
strated that hiPSC-derived neurons could make direct con-
tact with and form presynaptic connections on developing
hair cells in vitro. Furthermore, it was observed that neural
progenitors derived from pluripotent stem cells cocultured at
an earlier stage of differentiation have a higher innervation
potential compared to the neural progenitors cocultured at a
later stage. These promising findings have directly informed
our hiPSC transplantation studies in the deaf cochlea and
serve as a foundation from which to further investigate the
use of induced pluripotent stem cells for auditory neural
replacement.
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The central nervous system (CNS) is a highly organised structure. Many signalling systems work in concert to ensure that neural
stem cells are appropriately directed to generate progenitor cells, which in turnmature into functional cell types including projection
neurons, interneurons, astrocytes, and oligodendrocytes. Herein we explore the role of the low density lipoprotein (LDL) receptor
family, in particular family members LRP1 and LRP2, in regulating the behaviour of neural stem and progenitor cells during
development and adulthood. The ability of LRP1 and LRP2 to bind a diverse and extensive range of ligands, regulate ligand
endocytosis, recruit nonreceptor tyrosine kinases for direct signal transduction and signal in conjunction with other receptors,
enables them to modulate many crucial neural cell functions.

1. Low Density Lipoprotein Receptor Related
Proteins 1 and 2

The LDL receptor family is a large family of multiligand
receptors. Core family members include the LDL receptor;
very low density lipoprotein (VLDL) receptor [1]; LDL recep-
tor related protein (LRP)1, also known as CD91 and the 𝛼-2-
macroglobulin receptor [2–4]; LRP2, also known as GP330
and Megalin [5]; LRP5 [6]; LRP6 [7]; and LRP8, also known
as the apolipoprotein receptor-2 [8]. Each family member is a
single-pass transmembrane receptor, containing two or more
extracellular cysteine-rich complement type repeats, which
act as ligand binding domains [9].

At 600 kDa, LRP1 and LRP2 are the largest and most
promiscuousmembers of the LDL receptor family. Transcrip-
tion of the Lrp1 gene can be activated by a number of tran-
scription factors including sterol regulatory element binding
protein 2 [10], hypoxia-induced factor 1𝛼 [11], and nitric
oxide-dependent transcription factors [12], but is negatively
regulated by naturally occurring antisense transcripts that are
inversely coded within exons 5 and 6 of the Lrp1 gene [13].
The Lrp1 gene codes for a precursor protein that binds to the
receptor associated protein (RAP), a chaperone that occupies

the ligand binding domains of the precursor [14] to prevent
the binding of other ligands [15], and ensure its correct
folding in the endoplasmic reticulum [16, 17] (Figure 1). RAP
remains bound to the LRP1 precursor and transports it to the
Golgi apparatus. This transport involves the proximal NPXY
motif in the intracellular domain of the protein [18]. In the
trans-Golgi network, the low pH of the secretory pathway
causes protonation of the histidine residues in domain 3 of
RAP [19], triggering its dissociation from the LRP1 precursor
[14, 20]. The protease Furin then cleaves the LRP1 precursor
at the RX(K/R)R consensus sequence, to generate a large
𝛼-chain (515 kDa) and a smaller 𝛽-chain (85 kDa) [21]. The
two fragments remain noncovalently linked on their way
to the cell membrane, where they are embedded as one
functional unit, comprising mature LRP1 (Figure 1). LRP2
is similarly chaperoned by RAP [22] and also contains an
RX(K/R)R consensus sequence, but there is no evidence that
LRP2 undergoes intracellular proteolytic processing prior to
its insertion into the plasma membrane [5].

1.1. Soluble LRP1 and LRP2. Once LRP1 is inserted into the
plasma membrane, the soluble extracellular domain (sLRP1)
can be cleaved from the cell surface by enzymes such as
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Figure 1: LRP1 maturation and structure. This schematic depicts
the LRP1 precursor protein, which is synthesized in the endoplasmic
reticulumand is bound to the chaperone protein, receptor associated
protein (RAP).The LRP1 precursor is transported to the trans-Golgi
network where the low pH causes RAP to dissociate. The protease
Furin cleaves the LRP1 precursor at the RX(K/R)R consensus
sequence to generate a large 𝛼-chain (515 kDa) and a smaller 𝛽-
chain (85 kDa) which are noncovalently linked and shuttled to
the cell membrane, where they are embedded as one functional
unit. The 𝛼-chain contains four ligand-binding domains (red) that
interact with a large number of ligands.The𝛽-chain contains a small
extracellular region, a transmembrane region which anchors the
LRP1 protein within the plasma membrane, as well as two dileucine
(LL, green) motifs and two asparagine-proline-x-tyrosine (NPXY,
blue) motifs, where the distal motif is contiguous with a tyrosine-
x-x-leucine (YXXL, pink) motif which interact with intracellular
adaptor proteins and the endocytotic machinery.

the beta-site APP cleaving enzyme 1 (BACE1) [23] and
metalloproteinase [24] (Figure 2). sLRP1 contains the𝛼-chain
and a 55 kDa fragment of the𝛽-chain [25] and can be detected
in plasma and cerebral spinal fluid [26, 27]. Similarly, soluble
fragments of LRP2 have been shown to be released from
cultured choroid plexus epithelial cells and can be detected
in cerebral spinal fluid [28]. LRP1 and LRP2 can also undergo

intramembrane proteolysis mediated by 𝛾-secretase, in either
the plasma or endosomal membrane [29], to liberate an
intracellular fragment which reportedly enters the nucleus
[30, 31] (Figure 2(a)). The physiological function of soluble
LRP fragments in normal neural cell development is poorly
understood, but they have the potential to bind LRP ligands
and prevent them from binding to full-length LRPs or, in the
case of the intracellular domain, modulate gene transcrip-
tion.

1.2. LRP1 and LRP2 as Mediators of Endocytosis. While
the proteolytic processing of these receptors is becoming
increasingly well understood, LRP1 and LRP2 remain best
known for their role in mediating endocytosis (Figure 2(b)).
Following ligand binding tomature LRP1 in the plasmamem-
brane, it was originally believed that the two NPXY motifs
of the cytoplasmic domain interacted with the endocytotic
machinery to mediate rapid clathrin-dependant endocytosis
of the receptor-ligand complex, as has been previously shown
for other members of this receptor family [32]. However
for LRP1, the YXXL motif and the distal dileucine motif
independently mediate endocytosis, and the NPXY motifs
are not required [33]. The rate of endocytosis is regulated
by cAMP-dependent protein kinase A, which constitutively
phosphorylates LRP1, predominantly at serine 76 of the
cytoplasmic tail [34].

Like LRP1, LRP2 has two intracellular NPXY domains
[5]; however unlike LRP1, the distal NPXY motif of LRP2
has been shown to interact with the phosphotyrosine-binding
domain of Disabled-2 [35], a clathrin-associated sorting
protein, to mediate endocytosis [29, 36, 37]. Interestingly,
endocytosis does not occur during mitosis, due to the
phosphorylation of Disabled-2, which removes it from the
cell surface, so that it no longer colocalizes with clathrin and
cannot mediate this process [38]. LRP2-directed endocytosis
may still occur via clathrin-independent pathways, instead
relying on the small GTPase Arf6 and caveolin 1 [39, 40].
Furthermore, LRP1- and LRP2-mediated endocytosis can be
influenced by the expression of miR199a and miR199b family
members, which regulate the expression of a number of genes
critical for clathrin-dependent and clathrin-independent
endocytosis [41]. Following endocytosis, the extracellular
beta-propeller regions of LRP1 and LRP2 facilitate ligand
dissociation [42], so that the ligands and receptors can be
differentially sorted in early endosomes.

Themechanisms regulating the recycling of LRP1 back to
the plasma membrane are not fully characterised and may
vary between cell types.However, it is known that this process
requires binding of the adaptor protein sorting nexin 17 to the
first NPXY domain of LRP1 in early endosomes [43, 44], so
that LRP1 is recycled back to the cell surface in approximately
30 minutes [45]. In early endosomes, the first NPXY domain
of LRP2 instead binds the phosphotyrosine-binding domain
of autosomal recessive hypercholesterolemia (ARH) [46],
a clathrin-associated sorting protein that couples LRP2 to
the dynein motor complex [47] and transports it from the
sorting endosomes to the endocytic recycling compartment
[29]. The constitutive phosphorylation of LRP2 by GSK3𝛽 is
also involved in directing LRP2 to the endocytic recycling



Stem Cells International 3

BACE1

MP

Transcriptional
regulation

Soluble LRP1

P
PSFK

TrkA
P

Akt ERK

P
P

(d) Receptor transactivationLigand binding

Nucleus

(b) Ligand internalisation/receptor recycling

Early endosome

Late endosome

Lysosome

Recycling endosome

(a) Proteolytic processing

Transcytotic vesicle

P
Dab1

(c) Nonreceptor tyrosine kinase

Src

Intracellular signal transduction

Abl

Cell membrane 

Ligand binding

H+

H+

𝛾-secretase

Figure 2: Signalling mechanisms employed by LRP1. (a) The extracellular domain of LRP1 can be shed following cleavage by beta-site APP
cleaving enzyme 1 (BACE1) and metalloproteinases (MP) producing a soluble form of LRP1 (sLRP1).The intracellular domain can be cleaved
by 𝛾-secretase and is thought to translocate to the nucleus to influence gene transcription. (b) Ligand binding to LRP1 can result in receptor
and ligand internalisation. Once internalised, the ligand/receptor complex can be processed in a multitude of ways, including degradation by
lysosomes or resecretion via transcytotic and recycling vesicles. Note that while they are depicted together, ligand and receptor/s are trafficked
independently. (c) Specific regions on the intracellular region of LRP1 interact with adaptor proteins such asDisabled-1 (Dab1), which interacts
with the NPXYmotifs and can recruit nonreceptor tyrosine kinases such as Src and Abl allowing signal transduction. (d) Activation of LRP1
by specific ligands can transactivate other receptors such as tropomyosin receptor kinase A (TrkA), which can then activate downstream
signalling pathways to regulate cell function.

compartment, from which it is slowly recycled to the plasma
membrane [48].

But what happens to the internalised ligand? LRP1 and
LRP2 have been shown to bind upwards of 40 different
ligands, many of which are structurally and functionally
unrelated, and the list is always evolving [49].They both have
four LDL receptor homology regions which are the extra-
cellular ligand-binding domains [50, 51] and bind common
ligands including tissue-type plasminogen activator [52–55],
apolipoprotein E, lactoferrin [17, 52], and metallothioneins
I and II [56]; however not all ligands have been shown
to bind both receptors. 𝛼2-Macroglobulin is a high affinity
ligand for LRP1 [57, 58], and like prion protein has only been
demonstrated to bind to LRP1 [59], while transthyretin [60]
and the complex of vitamin D with the vitamin D binding
protein have only been shown to bind LRP2 [61]. Once
endocytosed, ligands may be degraded in lysosomes, rese-
creted from recycling endosomes, or trafficked in transcytotic
vesicles from the apical to the basolateral membrane (or vice
versa) before being secreted [62] (Figure 2(b)).

1.3. LRP1 and LRP2 Intracellular Signal Transduction. The
true complexity of LRP1 and LRP2 signalling lies in the
fact that these receptors not only trigger endocytosis but

also influence signal transduction. Upon ligand binding, the
NPXY motifs can function as a docking sites for intra-
cellular adaptor proteins. LRP1 can bind cytosolic ligands
in a phosphorylation-dependent manner, via two dileucine
motifs and one YXXL motif in the intracellular domain. For
example, the adaptor proteins Disabled-1 and FE65 can bind
to the NPXY motifs of LRP1, to recruit and activate nonre-
ceptor tyrosine kinases such as Src and Abl [63] (Figure 2(c)),
allowing the receptor to transduce an intracellular signal or
form signalling hubs through the binding of coreceptors [49]
(Figure 2(d)). A number of coreceptors of LRP1 have been
identified, including platelet-derived growth factor receptor
(PDGFR) 𝛽 [64, 65], tropomyosin-related kinase receptor A
[66], amyloid precursor protein [67], and insulin-like growth
factor 1 receptor [68].These associations increase the number
of intracellular pathways by which distinct LRP ligands may
elicit their effects.

2. LRPs as Regulators of Nervous
System Development

Despite the large number of common ligands and the struc-
tural similarities that exist between LRP1 and LRP2, the two
genes are not functionally redundant during development.



4 Stem Cells International

Both Lrp1 and Lrp2 single knockout mice have severe
developmental phenotypes. Lrp1 knockout blastocysts fail to
implant and therefore do not develop into embryos [69]. Lrp2
knockout mice are mostly embryonic lethal, presenting with
defects including a cleft palate, failure to form an olfactory
bulb, and fusion of the forebrain hemispheres, resulting in a
single ventricle (holoprosencephaly) [70]. The small number
of Lrp2 knockout mice that survive until birth experience
severe vitamin D3 deficiency, as the reabsorption of vitamin
D and the vitamin D binding protein from the kidney prox-
imal tubule is LRP2-dependant, but die of respiratory failure
[61, 70]. Human mutations in Lrp2 are known to cause facio-
oculo-acoustico-renal syndrome/Donnai-Barrow syndrome,
an autosomal recessive disorder associated with disrupted
brain formation, including agenesis of the corpus callosum
[71].

The very early developmental defect observed in the Lrp1
knockout mouse, and the gross neural phenotype of the Lrp2
knockout mouse, do not allow us to investigate the impor-
tance of these receptors for the functioning of individual
neural cell types. However, a variety of expression studies
performed alongside knockdown and conditional knockout
approaches demonstrate that both receptors mediate ligand
endocytosis and intracellular signalling in a number of
immature neural cell types. LRP1 is more widely expressed
in the CNS than LRP2, being detected in mature neurons,
particularly those of the entorhinal cortex, hippocampus [72]
and cerebellum [73], and all CNS glia [74]. In contrast, LRP2
expression is restricted to the apical surface of the neural tube
and subsequently to the forebrain, optic stalk, and otic vesicle
during development [75, 76]. In the CNS of adult mice, LRP2
is predominantly expressed by cells of the choroid plexus
[77] and ependymal cells [78] but has also been detected in
oligodendrocytes of the spinal cord [79]. The expression pat-
terns of LRP1 and LRP2 are largely spatially and temporally
distinct, reflecting their different roles in CNS regulation.

3. LRP1 and LRP2 as Regulators of
Neural Stem Cell Function

3.1. Neural Stem Cells in the Developing and Adult CNS.
The early neural tube is a pseudostratified epithelium com-
posed of neuroepithelial precursor cells. These early neural
stem cells divide symmetrically, expanding their population,
before switching to include asymmetric divisions that gener-
ate neuroblasts. This switch coincides with a change in gene
expression, as the neuroepithelial precursor cells transition
into radial glial stem cells, which comprise two molecularly
distinct subgroups in the developing human brain, corre-
sponding to those in the outer subventricular zone and
those in the ventricular zone [80]. Following neuroblast
generation, radial glia switch to glial generation starting with
the production of oligodendrocyte progenitor cells (OPCs)
and concluding with the production of astrocytic precursors
[81]. Towards the end of development a subset of radial glial
stem cells adopt amore astrocytic gene expression profile and
give rise to the adult neural stem cells [82].

In adulthood neural stem cells reside in two key niches,
the subventricular zone of the lateral ventricles and the

dentate gyrus of the hippocampus, where they proliferate to
generate intermediate progenitor cells and ultimately neurob-
lasts [83]. Neural stem cells in the subventricular zone also
produce a small number ofOPCs under normal physiological
conditions [84].The behaviour of neural stem cells (and their
intermediate progenitors) is highly controlled by mitogenic
andmorphogenic signalling.While key ligands and receptors
for these pathways are well described, the role of LRP1 and
LRP2 in these pathways has only recently been elucidated.

3.2. LRPs as Regulators of Cell Fate Specification. LRP1 and
LRP2 have both been shown to facilitate the internalisation
of the potent morphogen, sonic hedgehog [85–87], a finding
that has provided insight into the significant neurodevel-
opmental defects observed in patients and mice lacking
normal functioning Lrp2 [70, 71, 75]. LRP2 is expressed by
neuroepithelial cells, on the apical side of the neural plate,
as early as E7.5 in the mouse. After neural tube closure at
E9.5, LRP2 expression becomes increasingly restricted to the
midline, ultimately being localized to the clathrin-coated pit
regions of the apical cell membrane, clustered at the base
of the primary cilium (a cellular organelle essential to sonic
hedgehog signalling) [88] and in the subapical endosomes
of the radial glia [89]. At E8 sonic hedgehog is produced by
cells of the axial mesoderm (the notochord and prechordal
plate) and by E8.5 its expression expands to include the radial
glia at the ventral midline of the rostral diencephalon. This
expansion does not occur in Lrp2 knockout embryos, as LRP2
is required for the radial glia to bind and sequester sonic
hedgehog as it diffuses, regulating morphogen presentation
to the neural stem cells [89].

Once sonic hedgehog is bound to LRP2 it can also bind
its receptor patched-1, and the complex undergoes clathrin-
mediated endocytosis [89]. All components can then be
found within early endosomes and recycling endosomes but
do not appear to be targeted to the lysosome for degra-
dation. The internalisation of patched-1 by LRP2 results in
activation of the effector smoothened, leading to changes
in gene transcription mediated by the Gli transcription
factors. Therefore, in the absence of LRP2, radial glia show
reduced expression of the sonic hedgehog target genes gli1
and six3 [89]. The loss of sonic hedgehog and Gli3-mediated
transcriptional repression has secondary consequences for
neural development, including aberrant bone morphogenic
protein 4 expression in the dorsal forebrain [75, 89, 90] and
disrupted fibroblast growth factor 8 and noggin expression
[89]. These data indicate that LRP2 regulates the patched-1-
dependent internalisation and trafficking of sonic hedgehog
[89], which is necessary for neural stem cell specification and
ventral forebrain patterning.

Later in development, the expression of LRP2 by spinal
cord radial glial is also necessary for glial cell specification.
Lrp2 knockoutmice completely lack oligodendrocyte-lineage
cells and produce very few astrocytes in the spinal cord [91].
OPC specification from radial glia in the ventral spinal cord
is also directed by sonic hedgehog signalling [92–96], and so
the lack of spinal cord oligodendrocytes may be explained by
a mechanism similar to that detailed above. However OPCs
can be generated from cultured neuroepithelial precursors
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derived from sonic hedgehog and smoothened knockout mice
[97, 98], indicating that LRP2 must also interact with other
signalling pathways such as basic fibroblast growth factor and
insulin-like growth factor I [99], to promote OPC generation
from neural stem cells. The decreased number of astrocytes
observed in Lrp2 knockout mice is also interesting. LRP2 is
expressed by vimentin-positive cells in the E15 ventral spinal
cord [79] that most likely correspond to immature astrocytes
[84, 100, 101]. While LRP2 may play a role in regulating the
behaviour of astrocytic precursors, it is more likely that the
observed phenotype is the result of LRP2 being required for
astrocyte specification by radial glia, as this immature glial
population is not generated in Lrp2 knockout mice. Despite
these observations that strongly implicate LRP2 in glial cell
specification during neural development, the ligands and
signalling mechanisms are unknown.

LRP1 appears to fulfill a similar role in regulating glial
generation in the brain. LRP1 is expressed by cells within
the embryonic ventricular zone and the early postnatal sub-
ventricular zone [102]. While the role of LRP1 in regulating
neural stem cell function in vivo is poorly understood, in
vitro studies suggest that LRP1 can regulate OPC production.
Neural stem cells can be harvested from the cortex of
embryonic mice and grown as a suspension culture termed
neurospheres. When differentiated, neurospheres generate
neurons, astrocytes, and oligodendrocytes. However, neuro-
spheres lacking Lrp1 generate normal numbers of neurons,
but significantly fewer O4-positive oligodendrocytes [102].
These data may reflect a requirement of LRP1 signalling in
neural stem cells for OPC specification but could equally
result if LRP1 is necessary for the proliferation or differen-
tiation of OPCs (see OPC section below).

3.3. LRPs as Regulators of Neural Stem Cell Proliferation.
In the subventricular zone of the adult mouse brain, LRP2
is expressed by ependymal cells underlying the neurogenic
niche [78, 103]. The importance of LRP2 expression for
neural stem and progenitor cell proliferation was examined
in Lrp2267/267 mutant mice, which produce a truncated form
of LRP2 [104]. Lrp2267/267 mice have ∼25% fewer proliferating
cells in the subventricular zone relative to control mice
and a proportional reduction in the number of newborn
neurons entering the olfactory bulb [78]. The absence of
functional LRP2 from the neurogenic niche was accom-
panied by increased bone morphogenic proteins 2 and
4, increased phosphorylation of the downstream effectors
SMAD1, SMAD5, and SMAD8, and increased activation of
the downstream target, inhibitor of DNA binding 3 [78].
It is known that LRP2 can act as an endocytic receptor,
sequestering and clearing bone morphogenic protein 4 [75].
However this does not appear to be the mechanism at play
here. A ventricular infusion of noggin, the potent bone
morphogenic protein 4 antagonist [105], certainly decreases
neurogenesis but does so in favour of oligodendrogenesis
[106], and this fate-switch is not consistent with the pheno-
type of the Lrp2267/267 mouse [78].

The ability of LRPs to regulate proliferation may be more
widespread amongst immature neural cell populations, as

LRP1 also regulates the proliferation of cerebellar granular
neuron precursors. Cerebellar granular neuron precursors
are a temporary cell population that proliferate in the external
germinal zone of the developing cerebellum, producing
granule neurons from birth until ∼P15 in the mouse [107].
This cell population is highly responsive to the promitotic
effects of sonic hedgehog [108–110]. However, the effect of
sonic hedgehog is negatively regulated by an interaction
between LRP1 and protease nexin 1, also known as SER-
PINE2. Protease nexin 1 complexes with its target proteases
and binds to LRP1 on the surface of cultured cerebellar
granule neuron precursors [111]. Once endocytosed, protease
nexin 1 antagonizes sonic hedgehog signalling, reducing the
proliferation of cerebellar granule neurons. This regulation
is critical for normal cerebellar development, as the absence
of protease nexin 1 in vivo delays cerebellar granule neuron
precursor differentiation and increases the overall size of the
cerebellum [111]. We would predict that conditionally remov-
ing Lrp1 from cerebellar granule neuron precursors would
have the same effect.

4. LRPs as Regulators of Neuroblast Function

Neuroblast generation and their subsequent migration into
the developing cortex has been well characterised [112].
Postmitotic neuroblasts that are generated in the cortical ven-
tricular zone are destined to form cortical projection neurons
[113]. They undergo radial migration out of the germinal
zone, moving along the apical processes of radial glia. The
final laminar position of a newborn neuron is determined
by its birth date, with late-born neuroblasts migrating past
early-born neurons, to seed progressively more superficial
layers of the cortex [114]. In contrast, cortical interneurons are
generated from radial glial cells within the ventricular zones
of the medial ganglionic eminence, the caudal ganglionic
eminence and the preoptic area, and undergo both radial and
tangential migration to populate each of the cortical layers
[115–117].

Neuroblasts born in the two neurogenic niches of the
adult brain also have vastly different migratory requirements.
Those born in the hippocampus are destined to be dentate
granule neurons, and send axons from the dentate gyrus
to CA3 of the hippocampus [118]. After birth these cells
move a very short distance as they mature, migrating from
the subgranular zone (the inner lip) of the dentate granule
neuron layer to their final position within the layer. On
the other hand, neuroblasts born in the subventricular zone
migrate tangentially, moving as neuroblast chains through
the rostral migratory stream into the olfactory bulb [119].
Upon exiting the rostral migratory stream, the neuroblasts
turn and migrate radially and differentiate into granule and
periglomerular neurons in the olfactory bulb [83]. This
type of chain migration is regulated by signals that modify
the actin cytoskeleton including contact-mediated signalling
between the neuroblasts and the ensheathing glia [120–123]
and the chemorepulsion mediated by slit and netrin [124–
126]. Recent evidence suggests that, following neural stem
cell specification and neuroblast generation, LDL family
members, including LRP1 and LRP2, continue to play a
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significant role in regulating the successful maturation and
integration of these new cells in the CNS.

4.1. LRP8 and the VLDL Receptor Are Key Regulators of Neu-
roblast Migration in Development and Adulthood. While this
review focuses on LRP1 and LRP2, it is not possible to discuss
the role of LDL family members in regulating neuroblast
migration without first detailing the importance of the LRP8
and VLDL receptor in cortical development. Lrp8 and VLDL
receptor double knockout mice have abnormalities in the lay-
ering of the brain, including the ectopic placement of neurons
[127, 128], and also exhibit malformation of the cerebellum
and spinal cord [127, 129]. LRP8 and the VLDL receptor are
high affinity receptors for reelin [130, 131] a large extracellular
matrix protein [127, 129, 130]. Mice that lack reelin largely
phenocopy the distinct cortical lamination defects seen in the
Lrp8 andVLDL receptor double knockoutmice [127, 129, 130].
Oligomeric reelin binds to LRP8 and the VLDL receptor,
activates Src family kinases, and induces phosphorylation
of Disabled-1. This signalling pathway enables polarisation,
adhesion, stabilisation, process outgrowth, and ultimately
neuroblastmigration [132–134].During development reelin is
first expressed in the cortical marginal zone by Cajal-Retzius
cells [135–137] and later by interneurons [138, 139]. Humans
with mutations of the VLDL receptor gene have an increased
risk of developing schizophrenia, which is thought to result
from subtle neuroblast migration defects within the brain
[140].

LRP8 and the VLDL receptor can also regulate neu-
roblast migration when activated by an alternative ligand,
thrombospondin-1. Thrombospondin-1 is expressed in the
subventricular zone and throughout the rostral migratory
stream [141], where it acts on LRP8 and the VLDL receptor
to promote neuroblast chain migration. Thrombospondin-1
knockout mice have defective chain migration, with fewer
neuroblasts successfully migrating to the olfactory bulb [141].
This phenotype is also observed in mice lacking LRP8 and
VLDL receptor, or Disabled-1, but is not observed in reelin
knockout mice [142]. However, the successful migration
of neurons from the subventricular zone to the olfactory
bulb appears to require both ligands. Thrombospondin-1
stabilizes neuroblast chains and increases their length in
the subventricular zone and rostral migratory stream, but
reelin, produced by mitral cells in the olfactory bulb, is a
higher affinity ligand and subsequently directs neuroblast
dissociation, allowing them to transition to radial migration
[143].Of the two ligands, only reelin activates the proteasomal
degradation of Disabled-1, which is necessary for neuroblast
dissociation [141].

There is no evidence that reelin signalling interacts with
LRP1 or LRP2. However, thrombospondins are known to
interact with membrane proteins such as integrins, CD47,
CD36, proteoglycans, and LRP1.Thrombospondin-1 has been
shown to interact with LRP1 in combination with calreticulin
to promote the focal adhesion of mature oligodendrocytes
[144] and microglia [145] but has not been demonstrated to
regulate neuroblast migration.

4.2. LRPs, Neuroblast Migration, and Neuronal Development.
LRP2 regulates neuroblast migration indirectly. In vitro
LRP2 and caveolins are expressed by astrocytes and work
together to bind and endocytose albumin [40, 146]. This
is significant, as albumin uptake activates the transcription
factor sterol regulatory binding element protein 1, inducing
expression of stearoyl-coA 9-desaturase-1, the key enzyme
required for synthesis of the neurotrophic factor oleic acid
[147]. In the lateral periventricular zone of the developing
rat brain, oleic acid production regulates neuronal growth,
migration, axon generation, and early synaptogenesis [148,
149], with the major neurotrophic effect being mediated
by the downstream effectors PAR-𝛼, protein kinase A, and
neuro D2 [150]. When stearoyl-coA 9-desaturase-1 is knocked
down in lateral periventricular explant cultures, albumin-
mediated neuroblast migration is essentially prevented
[148].

Once neuroblasts stop migrating, their journey is far
from over. The immature neurons extend an axonal process
to commence formation of the circuitry of the nervous
system. The extending axons are tipped with a growth
cone, which navigates the extracellular matrix, guiding the
axon to its target cell to ultimately form a synapse [151].
A growth cone comprises membranous, receptor-rich, fan-
shaped lamellipodia that extend along finger-like projections
known as filopodia. The growth cone cytoskeleton is com-
prised of closely interacting microtubules and filamentous
and globular actin [152–154]. Bundles of filamentous actin
give structure to the filopodia, as does the cross-linked
filamentous actin along the lamellipodial leading edge [152,
154, 155]. Microtubules are arranged as parallel bundles
along the axon and splay outwards within the growth cone,
providing structure and transport for proteins and organelles
[156].

Growth cones are fitted with an elaborate suite of recep-
tors that allow for the simultaneous integration of amultitude
of chemotactic cues [157]. Binding of a chemotactic factor
to its specific receptor/s on the growth cone membrane
induces an intracellular signalling cascadewhichmanipulates
the cytoskeletal elements and dictates whether the response
of the growth cone culminates in turning, extension, sta-
sis, retraction, collapse, or bifurcation [154]. Well-defined
receptors for chemotactic signals include the Eph family of
receptor tyrosine kinases, Neuropilin, Roundabout, Deleted
in Colorectal Cancer, L1, and Plexins (reviewed in [158]).

LRP1 and LRP2 are highly expressed on the growth cones
of developing neurons in vitro and have been shown to
signal in a codependent manner to promote chemotactic
axon guidance within developmental neurons in vitro [159].
Together, LRP1 and LRP2 act as chemotactic receptors for
a variety of ligands, including metallothioneins and tissue-
type plasminogen activator [159]. Metallothioneins are small,
highly conserved, inducible heavy metal binding proteins
that are avid scavengers of reactive oxygen species [160].
Metallothioneins I and II are widely expressed in the nervous
system and elsewhere. They differ by only a few amino acids
and appear to have redundant functions. Metallothionein
III is highly expressed in the brain, while metallothionein
IV appears to be absent from the nervous system [161]. In
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cultured growth cones from sensory neurons, the activa-
tion of LRP1 and LRP2 by metallothionein II stimulated
chemoattraction, resulting in growth cones turning towards
the source of metallothionein II [159]. Metallothionein III
had the opposite effect and induced chemorepulsion. Other
LRP1 ligands, such as 𝛼2-macroglobulin, and tissue-type
plasminogen activator also induced chemorepulsion [159].
The opposing responses induced by different LRP1 ligands
are thought to result from differential activation of down-
stream signaling pathways, withmetallothionein II activating
Ca2+/calmodulin-dependent protein kinase and other recep-
tors such as the tropomyosin-related kinase A receptor in
complex signaling hubs (see Figure 2(d)).

Various LRP ligands have also been shown to alter neurite
outgrowth. For example, metallothionein I/II signalling has
been shown to transiently activate Akt and ERK, which
belong to the mitogen-activated protein kinase and the
phosphoinositide-3 kinase/Akt intracellular signalling path-
ways [162]. Myelin associated glycoprotein, an established
chemorepulsive molecule, is known to interact with LRP1
[163] to inhibit axonal outgrowth and induce growth cone
collapse [164, 165]. In vitro experiments have demonstrated
thatmyelin associated glycoprotein and LRP1 form a complex
with the p75 neurotrophin receptor, to activate RhoA [163], a
potent mediator of growth cone collapse and axon retraction
[166]. Additionally apolipoprotein E-containing lipoproteins
are secreted by astrocytes and have been shown to bind
LRP1 on the surface of immature neurons to promote neurite
outgrowth generally, without having an effect on direction-
ality [167]. The complexity of LRP signaling interactions in
immature neurons remains to be fully deciphered but appear
to be context- and ligand-dependent [168].

Mice in which Lrp1 is selectively deleted from neurons
exhibit prominent tremor and dystonia, behavioural abnor-
malities, hyperactivity, motor dysfunction, age-dependent
dendritic spine degeneration, synapse loss, neuroinflamma-
tion, memory loss, eventual neurodegeneration, and pre-
mature death [169–171], clearly demonstrating that LRP1 is
crucial to neuronal function. LRP1 is also found postsynap-
tically, where it can interact with NMDA receptors in vitro,
via the intracellular scaffold postsynaptic density protein 95
[169, 172]. LRP1 is able to influence the activity of NMDA
receptors and regulate their distribution and internalisation
[168, 173, 174], as well as the NMDA-induced internalisa-
tion of the AMPA receptor subunit GluR1 [174]. The very
nature of this LRP1/NMDA receptor relationship suggests
that LRP1 plays an integral role in neurotransmitter-induced
calcium signalling, particularly in synaptic plasticity [173,
174].

LRP8 also regulates synaptic plasticity [128, 175]. LRP8
activation, by the addition of reelin to primary mouse
cortical neuron cultures, triggers its proteolytic cleavage by
𝛾-secretase.The liberated intracellular domain translocates to
the nucleus, along with phosphorylated CREB to enhance the
transcription of genes associated with learning and memory
[176]. Furthermore, the ability of neurons to produce ATP for
synaptic transmission may be tied to LRP1, as cultured neu-
rons lacking Lrp1 have reduced expression of the glutamate
transporters GLUT3 and GLUT4 [177].

5. LRP1 and LRP2 as Regulators of
Oligodendrocyte Progenitor Cell Function

OPCs, also known as NG2 glia, are a proliferative, immature
cell type found in the developing and adult CNS [178, 179].
OPCs can be identified by their expression of specific proteins
such as the NG2 proteoglycan [180] and PDGFR𝛼 [181].
During the early stages of embryonic development, OPCs
are produced from radial glia in the neuroepithelium of the
developing brain and spinal cord [182, 183]. In the mouse
spinal cord, OPC generation commences from the ventral
pMN domain at E12.5 [182, 184]. The pMN domain is named
for its role in generating spinal cord motor neurons and is
defined by the expression of two transcription factors, OLIG1
and OLIG2 [185], both of which are highly expressed by
OPCs and necessary for their generation and subsequent
differentiation [186, 187]. Olig1/2 expression by pMN domain
neural stem cells is induced by a gradient of ventrally
secreted sonic hedgehog, suggesting that specification of this
domain would also be LRP1/2-dependant. In the absence
of Olig1/2, stem cells in the pMN domain instead form V2
interneurons and astrocytes [188]. Shortly after their birth,
OPCs differentiate into myelinating oligodendrocytes in the
spinal cord grey and white matter [183, 189]. It is estimated
that approximately 85% of all spinal cord oligodendrocytes
originate from the pMN domain, but other domains such
as the P3 domain [184] and more dorsal domains [190, 191]
also produce OPCs, just slightly later in response to different
spatiotemporal cues.

Like spinal cord OPCs, forebrain OPCs have multiple
origins. They are generated and migrate in three distinct
waves [192]. The initial wave commences in the medial
ganglionic eminence and the anterior entopeduncular area at
E12.5 in mice. The OPCs migrate from their ventral origins
to populate all regions of the developing brain, including the
developing cortex [96]. The next wave of OPCs is initiated
at E15.5 from the lateral- and caudal-ganglionic eminence,
followed by the third and final wave from the cortical
neuroepithelium [192]. OPCs derived from the initial wave
are lost shortly after birth [192] and the function performed
by these temporary OPCs and the signals rendering them
susceptible to developmental removal are still unknown. By
P13, ∼80% of oligodendrocyte-lineage cells in the corpus
callosum originate from the cortical neuroepithelium, and
the remainder originate from the lateral ganglionic eminence
[191]. All OPCs that populate the optic nerve arise from the
preoptic area [193].

LRP1 may be a critical regulator of OPC behaviour, as
recent microarray [194] and RNA sequencing [195] data
indicate that Lrp1mRNA is highly expressed by OPCs in the
early postnatal mouse brain. However expression of this gene
is rapidly downregulated upon differentiation and is barely
detectable in oligodendrocytes.The role of LRP2 in regulating
this lineage is more clearly established.

5.1. LRP2 Regulates OPC Proliferation and Migration during
Development. One of the signalling molecules regulating
OPC proliferation and migration is sonic hedgehog [196,
197], and LRP2 appears to regulate OPC proliferation and
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migration by modulating sonic hedgehog availability and
contributing to the generation of a concentration gradient. In
the developing mouse optic nerve, LRP2 is highly expressed
by astrocytes [198]. However, LRP2 expression is not homo-
geneous, being highest in the caudal optic nerve at E14.5,
but then changing to be highest in the rostral optic nerve
at E16.5. Blocking LRP2 signalling by optic nerve astrocytes
leads to a significant reduction in OPC proliferation and
migration [198]. In vitro studies suggest that the LRP2-
mediated uptake and release of sonic hedgehog by astrocytes
promotes OPC proliferation and act as a chemoattractant
directing their migration [198]. The temporal regulation of
LRP2 expression in the caudal versus rostral regions of the
optic nerve would be predicted to “trap” sonic hedgehog in
the region being populated by OPCs at that time.The expres-
sion pattern of LRP2 in the postnatal optic nerve has not
been characterised. However as LRP2 is expressed by mature
oligodendrocytes in the postnatal spinal cord [199], it might
also be upregulated by optic nerve OPCs upon differentia-
tion.

5.2. HowMight LRP1 Influence OPC Behaviour? When exam-
ining LRP1 function in other cell types, there are a number
of mechanisms by which LRP1 could feasibly influence OPC
behaviour. For example OPC processes share some structural
similarities with the growth cones of developing neurons
[200, 201]. In particular growth cones comprise specialised
cell membrane extensions called lamellipodia and filopodia,
which also extend from the cellular processes of OPCs
[200]. LRP1 signalling mediates the chemoattraction and
chemorepulsion of growth cones in vitro, [159], so perhaps
LRP1 could regulate OPC process guidance or even OPC
migration. LRP1 is expressed by Schwann cells in vivo and
regulates the migration and adhesion of immature Schwann
cells in vitro by the activation and repression of two small Rho
GTPases, Rac1 and RhoA, respectively [202]. Rac1 activation
stimulates the formation of peripheral lamellae by actin
remodelling in the leading process [203]. Lrp1 knockdown
decreases Rac1 activation and increases RhoA activation,
which in turn increases cell adhesion and prevents migration
[202]. This is of particular interest, as OPCs take on a bipolar
morphology when migrating [201], and their movement has
been attributed to the NG2-dependent regulation of small
Rho GTPases and polarity complex proteins [204].

LRP1 also has the potential to influence OPC migration
by acting as a coreceptor for PDGFR𝛼 signalling, in a similar
way that it promotes fibroblast migration by cosignalling
with PDGFR𝛽. When PDGFBB binds to PDGFR𝛽 on the
surface of cultured mouse embryonic fibroblasts, it induces
migration. However this involves the association of LRP1
with PDGFR𝛽 [205, 206]. The two receptors are internalised
and colocalize in the endosomal compartment, where the
kinase domain of PDGFR𝛽 phosphorylates the distal NPXY
motif of LRP1 [65, 205, 207]. Once phosphorylated, LRP1 has
an increased affinity for the intracellular domain for SHP-
2 [206, 208], outcompeting PDGFR𝛽 for this interaction,
and preventing further activation of downstream signalling
pathways [206]. While OPCs do not express PDGFR𝛽, they
express high levels of the related receptor, PDGFR𝛼, which is

also internalised following ligand binding [209], suggesting
an association with an unidentified endocytic receptor which
we propose could be LRP1. PDGFAA is known to bind to
PDGFR𝛼 on the surface of OPCs and activate a phosphory-
lation cascade involving the Fyn tyrosine kinase and cyclin-
dependant kinase 5 [210], a known regulator of the actin
cytoskeleton in neurons [211]. By interacting with PDGFR𝛼 it
is feasible that LRP1 could promote not only OPC migration
but also proliferation and cell survival [181, 210, 212, 213].
While the signallingmechanism is likely to be different, a role
for LRP1 in regulating cell survival is not unprecedented, as
LRP1 has been shown to protect Schwann cells against TNF𝛼-
induced cell death in a sciatic nerve crush injurymodel in vivo
and in vitro [214].

LRP1 could equally influence OPC migration by regulat-
ing lipid availability within the cell, as the establishment of
cell polarity andmovement of the leading edge duringmigra-
tion is dependent on the availability of cholesterol [215, 216].
Most lipid-carrying proteins cannot cross the blood brain
barrier and therefore must be generated within the CNS.
Apolipoprotein E is secreted by astrocytes and functions as an
effective lipid transport protein and can bind LRP1 [217, 218].
Lipoproteins form noncovalent aggregates with triglycerides,
phospholipids, and cholesterol esters before they bind to
specific receptors and are internalised and utilized by the
cell [219]. Upon binding of apolipoprotein E to LRP1, the
complex is internalised where its lipid content is discharged,
making it available to the cell [220], before apolipoprotein
E is resecreted [221]. Once internalised, lipoproteins may be
utilized by OPCs for a number of functions.

LRP1-mediated lipid uptakemay alternatively allowOPCs
to sustain their postsynaptic connections with neurons.
Forebrain neuron-specific Lrp1 gene knockout mice have
severe deficiencies in lipid metabolism and show synapse
loss [171]. The presynaptic use of cholesterol by neurons is
high, due to the requirements of lipid-rich neurotransmitter
vesicles [222]. However, the postsynaptic cell also utilizes
cholesterol for receptor recycling in and out of the postsy-
naptic membrane. Therefore, cholesterol uptake into OPCs
may be critical for the formation of axon-OPC synapses and
maintenance of the OPC postsynaptic density.

6. Conclusions and Outlook

Our knowledge of LRP1 and LRP2 processing and trafficking
has come a long way in the past decade.Without even consid-
ering the possibility that cleaved forms of these proteins may
regulate gene transcription or perform dominant negative
signalling functions, a growing number of studies clearly
indicate that LRP1 and LRP2 perform a diverse range of
cellular functions in neural stem and progenitor cell popula-
tions. The generation of conditional knockout mice has now
made it possible to perform the detailed studies that will be
necessary to understand the role of LRP1 and LRP2 in each
immature cell type, across a variety of developmental stages.
This is particularly critical now that we understand that
LRP1 and LRP2 can influence the balance of growth factor
and morphogen signalling, making them critical spatial and
temporal regulators of neural development.
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