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Summary

Human pluripotent stem cells (hPSCs) provide a model to study early neural development, model
pathological processes, and develop therapeutics. The generation of functionally specialized neural
subtypes from hPSCs relies on fundamental developmental principles learned from animal studies.
Manipulation of these principles enables production of highly enriched neural types with
functional attributes that resemble those in the brain. Further development to promote faster
maturation or aging as well as circuit integration will help realize the potential of hPSC-derived
neural cells in disease modelling and cell therapy.

Introduction

The human brain is built by neurons and glia that form ordered but intricate networks.
Specialized subtypes of neurons and glia dictate the complexity of these neural networks,
but the precise number of neural subtypes that are present in the brain is not known. Recent
single cell profiling studies point to a diverse array of cell types in the mouse (Usoskin et al.,
2015; Zeisel et al., 2015) and human brain (Lake et al., 2016), and how this cellular diversity
arises, particularly in the human brain, is also not fully understood. Human pluripotent stem
cells, including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs),
offer a model to examine the specification of neural subtypes in human.

Neurons and glia undergo degenerative changes with age. Most neurological diseases
preferentially damage specific neural subtypes, at least at an early stage. In Parkinson’s
disease (PD), midbrain dopamine neurons, especially those regulating motor functions, are
degenerated whereas in Huntington’s disease medium spiny GABA (r-butyric acid) neurons
in the striatum are the prime target. In spinal muscular atrophy (SMA) and amyotrophic
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lateral sclerosis (ALS), motor neurons are preferentially affected and degenerated. Among
the motor neurons, the fast-twitch fatigable motor neurons undergo the earliest axonal
dieback while motor neurons controlling eye and pelvic sphincter are largely preserved
(Kanning et al., 2010), highlighting the sensitivity of motor neuron subtypes to pathological
insults. Why certain types of neurons are sensitive or resistant to the same insult remains
largely unknown. The ability to guide hPSCs to highly enriched or pure neural subtypes may
reveal the molecular makeup behind the vulnerability and enable modelling disease
processes.

Substantial progress has been made in guiding hPSCs to regionally and functionally
specialized neural subtypes. Analysis of these differentiation processes reveals general
principles and common strategies for specification of neural subtypes. Manipulation of these
principles enables production of highly enriched neural types with functional attributes that
resemble those in the brain, setting up the foundation for modelling pathological processes
as well as identifying drugs and devising therapeutics for neurological conditions.

Specification of multi-potent neuroepithelia

Development of the vertebrate nervous system initiates at the gastrula stage when the
ectoderm cells become specialized toward the neural fate, in a process called neural
induction. This process is triggered when the “organizer” cells move underneath the
ectoderm and release molecules that inhibit the BMP (bone morphogenetic protein)
signalling and/or activate the FGF (fibroblast growth factor) pathways (Munoz-Sanjuan and
Brivanlou, 2002; Stern, 2005). The first step in neural differentiation essentially follows the
neural induction principle (Figure 1). Human PSCs are switched from the self-renewing
condition by removing medium components that promote self-renewal. This step is
sufficient to trigger differentiation toward all the three embryonic germ layers. Culture of the
differentiating cells under the serum-free medium favours neural and limits meso-endoderm
cells, thus resulting in the majority of cells becoming neuroepithelia (NE) or neural stem
cells (NSC) (Reubinoff et al., 2001; Zhang et al., 2001). Under this condition, exogenous
growth factors, such as FGFs or BMP inhibitors, are not necessary, because differentiating
cells produce FGFs and BMP inhibitors themselves (LaVaute et al., 2009; Yoo et al., 2011),
which perpetuates the neural differentiation process. Historically, neural differentiation
involves the formation of PSC aggregates, or embryoid bodies (EBs), which are highly
sensitive to variation from experiment to experiment. To overcome this issue, a method was
developed to prevent differentiation of extraembryoinc and meso-endoderm tissues using
inhibitors of the SMAD-dependent TGFB (Transforming growth factor beta) and BMP
signalling pathways with SB431542 and Noggin (Chambers et al., 2009). This “dual-SMAD
inhibition” method efficiently converts hPSCs to NE. This is particularly useful for
“monolayer culture” that avoid the formation of EBs in order to reduce culture variability.
Nowadays, most laboratories use hybrid methods based on these two protocols.

Specification of subtype neural progenitors

During embryogenesis, the neuroepithelial layer, or neural plate, folds to form the neural
tube, from which the brain and spinal cord develop. This morphogenic process, or
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patterning, is coordinated by temporarily and spatially available morphogen gradients along
the anterior-posterior (A-P) and dorsal-ventral (D-V) axes. Morphogens affecting the A-P
patterning include FGFs, WNTSs, and RA whereas those influencing D-V patterning include
WNTs, BMPs, and SHH (sonic hedgehog). The gradient of morphogens, especially those
with opposing effects, defines the transcriptional code and hence the identity of the neural
progenitors in a particular domain along the A-P and D-V axes (Figure 2). It is this neural
patterning principle that forms the basis for specifying the NE to region-specific neural
progenitor subtypes.

Specification of neural progenitors along the A-P axis

During neural induction, NE are specified first in the head region and extend caudally.
Correspondingly, the NE differentiated from hPSCs, whether by the EB method or dual-
SMAD inhibition approach, carry an anterior identity by expressing PAX6 (Paired box 6)
and OTX2 (Orthodenticle homeobox 2) but not caudal markers like EN1 (Engrailed
Homeobox 1), GBX2 (Gastrulation brain homeobox 2), or HOX (Homeobox) genes
(Chambers et al., 2009; Zhang et al., 2001). However, this anterior phenotype is transient.
Depending upon the presence of morphogens, the NE will take on a definitive regional
identity in the next 1-2 weeks. In the absence of morphogens or presence of FGFs or
inhibitors of WNTS, the neural progenitors become committed to the forebrain fate (Figure
2).

The main caudalizing morphogens are Wnts, Fgfs, and RA. Wntl and Fgf8 are produced by
cells in the midbrain-hindbrain boundary (MHB) and are required for defining the midbrain
and hindbrain identity through regulation of Otx2 (define the forebrain and midbrain) and
Gbx2 (define the hindbrain). For human NE, FGF8, in a wide range of concentrations, has
little effect in patterning cells to the mid-hindbrain fate (Perrier et al., 2004; Yan et al.,
2005). Activation of the WNT pathway by small molecules, including CHIR99021 (CHIR),
exerts precise dose-dependent effect in patterning the NE to forebrain, midbrain, hindbrain,
and anterior spinal cord identities (Kirkeby et al., 2012). At a low concentration of CHIR,
the NE cells become progenitors with posterior forebrain identity. With increasing
concentrations, the NE cells are fated to progenitors with midbrain, hindbrain, and anterior
spinal cord identities (Figure 2). This is also revealed by single-cell RNAseq analysis,
showing that neural progenitors with mid/hindbrain identities begin to segregate as early as
12 days of hESC differentiation in response to morphogens that activate the canonical WNT
pathway (Yao et al., 2016). The identification of the CHIR role in patterning NE cells was
the tipping point that led to the efficient generation of midbrain DA neurons from hPSCs
almost independently by different laboratories (Kirkeby et al., 2012; Kriks et al., 2011; Xi et
al., 2012). Fine-tuning of CHIR concentrations enables specification of progenitors in two
closely related regions, the ventral midbrain and subthalamic nucleus, thus enriching the
midbrain DA neuron population (Kee et al., 2016). It also leads to the efficient production of
hindbrain serotonin neurons from hPSCs (Lu et al., 2016).

The patterning of the spinal cord cells along the A-P axis is more complicated. It is usually
thought that the spinal cord cells are originated from the neural tube. However, recent
studies have revealed that both spinal cord and paraxial mesoderm cells are derived from
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neuromesodermal progenitors (NMPs) (reviewed in (Gouti et al., 2015; Henrique et al.,
2015)). Generation of spinal cord cells have also been achieved following both principles
either by manipulating the combination of WNT, RA and FGFs on NE (Maury et al., 2015)
or differentiating from NMPs (Goulti et al., 2014). It will be interesting to determine whether
the hPSC-derived cells with the spinal cord identity, generated in these two approaches, are
molecularly and functionally similar.

Specification of neural progenitors along the D-V axis

The neural progenitor identity is not only defined by its A-P location but also D-V position.
The D-V patterning is governed by SHH for ventralization and the antagonizing activity of
WNT canonical pathway and BMP pathway for dorsalization (Kiecker and Lumsden, 2012;
Le Dreau and Marti, 2012). SHH, secreted from the notochord and later from the floor plate,
patterns cells at the ventral part of the neural tube. With exposure to increasing
concentrations of SHH cells are fated to more ventral identities (Ribes and Briscoe, 2009).
In contrast, WNTs and BMPs derived from the roof plate, mediate the dorsal patterning
(Figure 2B, C). Following this principle, it is now possible to effectively specify NE to
progenitors with particular identities along the D-V axis. The vast majority of the anterior
NE become progenitors of the cerebral cortical identity with few cells acquiring the ventral
identity in the absence of SHH (Espuny-Camacho et al., 2013; Li et al., 2009). This
“default” cerebral cortical identity is partly due to the expression of numerous WNT ligands
in the differentiating NE (Li et al., 2009). In the presence of low concentrations of SHH, the
NE are patterned to cells equivalent to the lateral ganglionic eminence (LGE) by expressing
GSX2 (GS Homeobox 2), CTIP2 (B-cell CLL/lymphoma 11B), and MEIS2 (Meis
homeobox 2). These progenitors will mainly differentiate to the medium spiny GABA
neurons in the striatum (Arber et al., 2015; Ma et al., 2012). With increasing concentration
of SHH, the NE are patterned to the most ventral part of the forebrain, equivalent to the
medial ganglionic eminence (MGE) by expressing NKX2.1 (NK2 homeobox 1) and give
rise to GABA interneurons and basal forebrain cholinergic neurons (Kim et al., 2014; Liu et
al., 2013b; Maroof et al., 2013; Nicholas et al., 2013). Thus, by regulating the SHH
concentrations and/or balance between SHH and WNTS, a whole host of forebrain cell types
are specified along the D-V axis. The same principle has been employed to specify ventral
neuronal types of other brain regions, including midbrain DA neurons (Kirkeby et al., 2012;
Kriks et al., 2011; Xi et al., 2012), hindbrain serotonin neurons (Lu et al., 2016), and spinal
motor neurons (Li et al., 2005; Maury et al., 2015).

Enrichment of subtype neural progenitors by coordinating morphogens with opposing

effects

Patterning NEs by morphogens along both the A-P axis and D-V axis is used to generate the
target progenitor population with varying degrees of purity. It is generally easier to specify
progenitors at the most dorsal or ventral and most anterior or posterior domains. For
example, nearly pure populations of MGE progenitors can be generated from the anterior
NEs with a high concentration of SHH whereas almost pure cortical (dorsal) progenitors are
produced without the presence of morphogens. When it comes to progenitors located in
between the ends, a single concentration of a morphogen often results in a mix of target
progenitors and those residing in the neighbouring domains. In order to specify motor
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neuron progenitors, SHH, at a concentration slightly lower than the maximal level for the
most ventral cells, is used. That level of SHH certainly results in specification of OLIG2
(Oligodendrocyte transcription factor 2)-expressing motor neuron progenitors, but it also
yields a substantial population of NKX2.2 (NK2 homeobox 2)-expressing interneuron
progenitors that are ventral to the motor neuron progenitor domain and some IRX3-
expressing interneuron progenitors that are dorsal to the motor neuron progenitor domain
(Figure 3A). If the neighboring progenitors are limited, the target progenitors will be
enriched. By this principle, combination of SHH (to induce the NKX2.2- and OLIG2-
expressing progenitors) and CHIR (to antagonise the induction of NKX2.2-expressing cells
by SHH) enriches the OLI1G2-expressing progenitors, thus producing motor neurons at over
90% purity (Du et al., 2015) (Figure 3A).

Similarly, in order to generate LGE progenitors and then striatal GABA neurons, Arber et al
first differentiated hPSCs to anterior NEs with the dual-SMAD inhibition method. NE cells
generated by this condition contain a mixed population of both the dorsal and ventral
origins. Activin (activating the BMP signalling) was then applied to block the NKX2.1-
expressing MGE neural progenitors induced by SHH (Figure 3B). This strategy leads to an
enriched cell population of LGE progenitors that express CTIP2, FOXP2 (Forkhead box
protein P2), DLX2 (Distal-less homeobox 2), GSX2, MASH1 (Achaete-scute family bHLH
transcription factor 1), NOLZ1 (Zinc finger protein 503) and EBF1 (Early B-cell factor 1)
(Arber et al., 2015).

The strategy of using morphogens with opposing effects to sharpen/narrow the cell domain
along the A-P and D-V axes, illustrated in the above examples, should apply to the
differentiation of most neural subtypes. Technically, it involves the titration of the opposing
morphogens so that the target progenitor population is maximized and the unwanted
population is minimized. With increasing application of such a strategy, we expect that most
of the neural subtypes may be differentiated from hPSCs to the level of near purity.

Enrichment of subtype neural progenitors by exploiting the intrinsic programs

In addition to secreted factors for patterning region-specific neural progenitors, intrinsic
properties of neural progenitors can also be exploited for generation and enrichment of sub-
type neural progenitors. During development, neural progenitors give rise to different types
of neurons and then glial cells according to the intrinsic time course (Figure 1). During
cerebral cortex development, radial glia (NSCs) generate neurons in the deep layer (layer
V1) and the most superficial layer (layer 1) first. The differentiating radial glia will then
sequentially generate neurons that reside in layer V, 1V, 111, and Il. Correspondingly, mouse
ESC-derived NE cells with the cortical identity first give rise to progenitors that express
FOXP2 and CTIP2, corresponding to those in layer V-VI, followed by those expressing
POU3F3 (POU class 3 homeobox 3), CUX1/2 (Cut like homeobox 1/2) and LHX2 (LIM
homeobox protein 2) (layer IV), LMO3 (LIM domain only 3) and TLE3 (Transducin like
enhancer of split 3) (layer I111), and PLXND1 (Plexin D1) (layer 1) (Gaspard et al., 2008).
Similarly, hPSC-derived retinal progenitor cells generate ganglion cells, horizontal cells,
cone, amacrine, rod, bipolar and Muller glia in order (Kaewkhaw et al., 2015; Zhong et al.,
2014). By taking advantage of the intrinsic time course in the production of progenitor
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subtypes, one may enrich the subtype neural progenitors at a particular temporal window
when the progenitors emerge (Figure 4).

This approach works well with the first wave of progenitors. It may not be straightforward
with subsequent waves of progenitors as the early-born progenitors and their differentiated
progenies will be present, yielding a mixed population. One way to overcome this hurdle is
to prevent the differentiation of the prior waves of progenitors by maintaining the cells in
proliferation until the time when the target progenitors are born (Figure 4). This wave of
progenitors is thus enriched by forcing them to exit cycle (Figure 4), e.g., by y-secretase
inhibitors, to yield post-mitotic cells (Borghese et al., 2010). This strategy has so far been
applied for differentiating glial cells (Krencik et al., 2011). The key is to find a mitogen that
keeps cells in cycle without altering the progenitor identity (see below). Together,
manipulation of NE with morphogens along the intrinsic program will maximize the
production of the intended progenitor subtypes.

Neuronal differentiation and functional maturation

Regionally patterned neural progenitors acquire a specific transmitter phenotype after
exiting from the cell cycle. The progenitors with the dorsal forebrain identity become
exclusively glutamate neurons whereas the vast majority of ventrally patterned forebrain
progenitors differentiate to GABA neurons with some of the most ventral progenitors
becoming cholinergic neurons. Similarly, the progenitors patterned to the spinal pMN
domain differentiate to motor neurons with acetylcholine as a transmitter (Figure 5). Under
most circumstances, regional progenitors become neurons with a particular transmitter
phenotype based on their intrinsic properties. This phenomenon is in line with the proposal
that the transmitter phenotype may be determined by the transcriptional coregulatory
mechanism (Flames and Hobert, 2011). In some cases, additional signals may enhance the
acquisition of the transmitter phenotype. Ventrally patterned midbrain progenitors, even
though they express FOXAZ2 (forkhead box protein A2), EN1 (Homeobox protein
engrailed-1), OTX2, and LMX1A (LIM Homeobox Transcription Factor 1 Alpha), do not
readily become DA-producing neurons (Xi et al., 2012). Interestingly, a recent study aiming
at identifying markers to predict the yield of DA neurons in transplant showed that the
commonly used DA neuron markers (FOXA2, LMX1A and CORIN) poorly correlate with
DA neuron production in vivo whereas the markers of caudal ventral midbrain (FGF8,
PAX5, EN2 and CNPY1 (Canopy FGF signaling regulator 1)) are associated with higher DA
neuron yield. Addition of FGF8 later than day 9, but not earlier (before day 9), maintains the
FOXA2/LMX1A/B expression in progenitors and increases the generation of DA neurons
(Kirkeby et al., 2016). This result suggests that FGF8 promotes DA neuron program by
patterning the progenitors to the caudal fate at a late stage. It is also possible that FGF8
promotes differentiation given the fact that the midbrain identity of the progenitors has been
determined by day-9. Indeed, FGF8, even added from day-13, substantially boosts the
expression of NURR1 (Nuclear receptor related 1) and tyrosine hydroxylase (Xi et al.,
2012), which is necessary for the synthesis of DA. Similarly, although the ventral hindbrain
progenitors have the potential to become serotonin neurons, they do not do so unless FGF4
is applied to stimulate the expression of tryptophan hydroxylase and suppress the expression
of Phox2B (Paired-like homeobox 2b) in the appropriately patterned progenitors (Lu et al.,
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2016). Thus, while regional progenitors take on a transmitter identity during neuronal
differentiation based on their intrinsic properties, extracellular signals may facilitate the
acquisition of the transmitter phenotype either through late-stage patterning and/or
coordination with the transcriptional code of the progenitors.

It takes quite a while for the postmitotic neurons to become functionally mature in terms of
electrophysiological properties and synaptic capabilities. The maturation process is species
dependent. In the adult non-human primate brain, new neurons need at least 6 months to
mature (Kohler et al., 2011). Indeed, hPSC-derived neurons mature gradually over a period
of several weeks based on the membrane characteristics and their ability to transmit signals
through synapses. Under standard neuronal culture conditions in the presence of
neurotrophic factors such as BDNF, GDNF, and NT3, hPSC-derived neurons with cerebral
cortical identities gradually decrease their membrane potentials, gain characteristic Na+ and
K+ currents, and fire mature action potentials over a 7-week period. In subsequent weeks,
the neurons begin to fire repetitive action potentials and exhibit synaptic currents, showing
further maturation (Johnson et al., 2007). Modification of the concentration of inorganic
salts, amino acids, D-glucose and vitamins, termed as BrainPhys media, appears to support
the basic synaptic functions and activity of human neurons (Bardy et al., 2015).

The in vivo maturation of in vitro produced human neurons appears to follow the intrinsic
maturation program of the human cells. It usually takes 3-4 months for grafted human neural
cells to project and connect with the target cells (Espuny-Camacho et al., 2013; Ma et al.,
2012). The time required for the innervation and electrophysiologically functional
maturation is also largely dependent on the types of neurons. Following transplantation into
the mouse brain, hPSC-derived CTIP2 positive neurons (layer V) target the midbrain,
hindbrain, and spinal cord whereas the TBR1 (T-box, brain 1) positive neurons (layer V1)
project mainly to the thalamus. The grafted human neurons synapse with host cells and
exhibit electrophysiological properties 6 months after transplantation (Espuny-Camacho et
al., 2013). Similarly, granule neurons derived from hPSCs integrate into the mouse dentate
gyrus 6 weeks after transplantation and exhibited transient sodium inward current and
sustained potassium outward currents after 6 months (Yu et al., 2014). These findings
suggest that the intrinsic property of the human cells dictates the neuron projection and
functional maturation.

Functional circuits formed by human neurons

Neurons are organized into circuits to process and transmit information. When the hPSC-
derived neurons are mature, they form networks and express synaptic proteins, including
synapsin and PSD95 (postsynaptic density protein 95). Electrophysiological recording
reveals spontaneous synaptic currents, indicating the formation of functional neural
networks. To determine if the in vitro produced human neurons can functionally integrate
into an existing network, Weick et al co-cultured the mCherry-labelled human neurons with
GFP-labelled primary mouse cortical neurons. The primary mouse cortical neurons often
exhibit rhythmic firing patterns in culture whereas the human neurons do not. However, after
4 weeks of co-culture, the human neurons also display the rhythmic activity at the same
frequency, suggesting that the human neurons can integrate into the existing networks post-
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synaptically. To determine if the human neurons can also integrate into a network
presynaptically, channelrhodopsin (ChR2)-expressing human neurons were co-cultured with
the mouse neurons. Stimulation of the human neurons with light led to a post-synaptic
response in mouse neurons (Weick et al., 2011). Similarly, by co-culturing the ChR2-
expressing human motor neurons with muscle cells to form neuromuscular junctions,
Steinbeck et al demonstrate that muscle contractions can be precisely controlled by the light-
regulated motor neurons (Steinbeck et al., 2016), demonstrating the functional connection
between the human motor neurons and the muscles.

Not only can the hPSC-derived neurons participate in a neural network in vitro but also can
they integrate into a neural circuit in vivo. When the ChR2-expressing hPSC-derived DA
neurons are transplanted into the striatum of the PD model mouse, light stimulation of the
grafted human neurons regulates the glutamate inputs into the striatal GABA neurons.
Consequently, the motor behaviours of the PD mouse are modulated (Steinbeck et al., 2015).
By using both excitatory and inhibitory DREADDs (designer receptor exclusively activated
by designer drugs) to enable remote control of the transplanted human DA neurons in the
brain, Chen et al demonstrated that the transmission from glutamate neurons to striatal
GABA neurons can be positively and negatively regulated, respectively. Correspondingly,
the behaviours of the PD mice are modulated effectively (Chen et al., 2016). All these
findings indicate that the in vitro generated human neurons can functionally integrate into a
neural circuit, signifying the therapeutic potential of the hPSC-derived neurons.

Formation of the neural circuits /n vitro by human neurons derived from hPSCs will help
decipher the network abnormalities underlie disease conditions. This is particularly useful
for modelling psychiatric disorders in which abnormal neural transmission/plasticity rather
than structural defect is likely the main underlying pathology. Building such a model will
also facilitate drug development for mental disorders. Indeed, neurons derived from
schizophrenia patient iPSCs exhibit diminished neuronal connectivity in conjunction with
decreased neurite numbers (Brennand et al., 2011). Similarly, the generation of cortical
glutamate neurons and GABA neurons from Down’s syndrome patient iPSCs is not altered
when compared to their isogenic controls. However, the synaptic transmission, measured by
postsynaptic currents, is reduced in Down syndrome neurons (Weick et al., 2013). Neurons
derived from hPSCs carrying the mutant NRXN1 (Neurexin 1) gene, which is associated
with autism and schizophrenia, selectively impaired neurotransmitter release without
altering neuronal differentiation or synapse formation (Pak et al., 2015). In GABAergic
neurons and glutamatergic neurons that are derived from epilepsy patient iPSCs, the
frequency and amplitude of spontaneous inhibitory postsynaptic currents (sSIPSCs) but not
spontaneous excitatory postsynaptic currents (SEPSC) are significantly lower than those of
control and genetically corrected neurons (Liu et al., 2016). These studies indeed suggest
defects in transmission in neurons that are produced from patients with mental disorders.

The frequency or amplitude in spontaneous synaptic currents is influenced by many factors,
including technical issues. If such changes are persistent and responsive to activities, or
exhibiting synaptic plasticity, these synaptic changes may better reflect the pathological
alterations in psychiatric diseases. Synaptic plasticity, typically measured by long-term
potentiation (LTP) and long-term depression (LTD) in brain slices, is regarded as the basis of
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learning and memory. To begin to develop techniques that measure neuronal plasticity,
Odawara et al cultured hiPSC-derived cortical neurons on multi-electrode array (MEA) and
measured neuronal activity by calcium waves (Odawara et al., 2016). The authors observed
changes in evoked responses in neurons that are grown for over 100 days under high-
frequency electrical stimulation. This result suggests that the iPSC-derived neurons exhibit
LTP-like neuronal activity. It is presently not validated by classical electrophysiological
recording. The MEA based LTP/LTD assay could provide a way to compare plasticity of
neural circuits from the healthy control and patients. However, long-term culture (over 100
days) on the chip makes it technically challenging and interpretation difficult. A shorter
culture system that shows direct link between simple stimulation (activity) and robust
synaptic adaptation (plasticity) will likely substantially change the way we peek into the
pathological changes in mental illness.

Generation of glial subtypes

The most abundant cells in the brain are glial cells, which take up about 90% of total cells.
They are critical for normal brain function and are involved in a wide range of neurological
and psychiatric disorders such as multiple sclerosis (MS), ALS, spinocerebellar ataxia, PD,
Huntington’s disease and brain ischemia (Phatnani and Maniatis, 2015; Yates, 2015).
Among the glial types, astrocytes and oligodendrocytes are originated from NE after
neurogenesis.

Generation of astrocytes from hPSCs

During development, astrocytes are generated from radial glia or NSCs at the subventricular
zone. The molecular signals that specify NSCs to the astrocyte fate are not clear. Hence, the
strategy for differentiating hPSCs to astrocytes usually takes the following three steps. First,
hPSCs are specified to NE through either the EB or dual-SMAD inhibition method. Since
the NE produce primarily neurons upon differentiation and since there is currently no
effective non-genetic means to block neurogenesis and/or promote gliogenesis, the second
step is to expand the NE until the onset of gliogenesis (Figure 1; Figure 4). The appearance
of glial progenitors, defined by expression of NF1A, S100p, CD44 but downregulation of
neurogenic marker PAX6, occurs at the 3™ month of hPSC differentiation (Krencik et al.,
2011). The third step is to differentiate the glial progenitors to astrocytes under the condition
in which BMPs and CNTF (ciliary neurotrophic factor) are present. BMPs and CNTF
promote astrocyte differentiation by activating the STAT3 pathway (Rajan and McKay,
1998). An interesting observation is that although the glial progenitors are already present by
the end of the third month, generation of a high proportion of functional astrocytes, defined
by their expression of GFAP, display of rectifying inward potassium currents, propagation of
calcium waves across cells, and uptake of glutamate, takes an additional 3 months (Krencik
etal., 2011). This delayed differentiation to astrocytes is also observed following
transplantation of the progenitors into the mouse brain in which the differentiated astrocytes
exhibit characteristic human astrocyte phenotypes with a substantially larger cell body and
many more and longer processes than the neighbouring endogenous mouse astrocytes. This
differentiation process, to a large degree, corresponds to in vivo astrocyte development in
human. Nevertheless, it is a time consuming process.
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Efforts to shorten the process of astrocyte generation from hPSCs, ranging from 2 months to
4 months (Emdad et al., 2012; Gupta et al., 2012; Juopperi et al., 2012; Lafaille et al., 2012;
Roybon et al., 2013; Serio et al., 2013; Shaltouki et al., 2013) have been attempted, using
similar strategies (summarized in Table 1). The question then is why astrocytes are
differentiated from hPSCs in a substantially shorter time in some reports. One potential issue
is how to define the astrocytes, which is a major issue for the field. If expression of GFAP
and S100p is the main criterion, then many neural progenitors, like radial glia, may be
regarded as astrocytes. Hence, it is important to include functional characterization of the
differentiated cells. It is also clear that identification of a means to activate the neurogenesis-
to-gliogenesis switch will accelerate the astrocyte differentiation.

Like neurons, there are many subtypes of astrocytes depending on their location,
morphology, molecular and physiological functions. As discussed above, the identity of
neuronal subtypes is largely endowed during the patterning of neural progenitors. Since
neural progenitors first give rise to neurons and then glia (Figure 1), it is reasonable to
expect that part of the astrocyte heterogeneity comes from regional patterning of the
progenitors. To test this hypothesis, Krencik et al first generated neural progenitors with
dorsal forebrain, ventral forebrain, dorsal spinal cord, and ventral spinal cord identities.
These regional progenitors, after long-term expansion and become gliogenic, retain the
regional identities by expressing respective homeodomain transcription factors. Such
regional identities are even retained after the progenitors are transplanted into the mouse
brain and become astrocytes (Krencik et al., 2011). Thus, part of the astrocyte heterogeneity
comes from the regional identity of their progenitors endowed during development. Of
course, further complexity may come from their interaction with neighboring neurons
(Farmer et al., 2016). Future work is needed to determine if the regional astrocytes are
functionally distinct and how the functional properties are evolved.

Generation of Oligodendrocytes from hPSCs

Similar to astrocytes, oligodendrocytes appear late during development, providing support
and insulation by forming myelin sheath around the axons in the central nervous system.
Oligodendrocytes have several origins, including ventral neural tube (MGE, LGE and pMN),
dorsal neural tube, and SVZ during development (Gallo and Deneen, 2014; Goldman and
Kuypers, 2015). The best-characterized origin is at the ventral part of telencephalon and
spinal cord where the oligodendrocyte progenitor cells (OPCs) are specified from NE in
response to SHH signal by expressing the Olig1/2 gene (Lu et al., 2002; Zhou and
Anderson, 2002). This is essentially the guiding principle for oligodendrocyte differentiation
from hPSCs to date (Douvaras et al., 2014; Gorris et al., 2015; Izrael et al., 2007; Nistor et
al., 2005; Piao et al., 2015; Stacpoole et al., 2013; Wang et al., 2013) (summarized in table
2).

The process of oligodendrocyte differentiation from hPSCs begins with neural induction,
followed by specification of OPCs by SHH and oligodendrocyte differentiation. Neural
specification in the first step is the same as that for neuron and astrocyte differentiation. In
the second phase, the NE are patterned to the pMN domain of the spinal cord, which express
OLIG2, or ventral forebrain progenitors that express NKX2.1. The OLIG2-expressing spinal
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progenitors normally give rise to motor neurons. In order to maintain the progenitor identity
(by preventing differentiation to motor neurons) and promote transition to the gliogenic
progenitors by acquiring the co-expression of OLIG2 and NKX2.2, the spinal progenitors
are cultured in the continued presence of SHH or its agonist purmorphamine. At the same
time, the cells are maintained in the presence of mitogens like FGF2 and EGF (Figure 4).
Under such a condition, the progenitors express both OLIG2 and NKX2.2 in about a week.
The OLIG2/NKX2.2-expressing ventral spinal progenitors in mice usually become
oligodendrocytes shortly. However, the human progenitors do not become oligodendrocytes
in another two months. Examination of OLIG2/NKX2.2-expressing progenitors revealed
that they do not express SOX10 and PDGFRa. (platelet derived growth factor receptor a)
which, together with OLIG2 and NKX2.2, are required for the progenitors to become
oligodendrocytes. The OLIG2/NKX2.2-expressing progenitors are thus termed pre-OPCs
(Hu et al., 2009). Therefore, a critical step is to transition the pre-OPCs to OPCs. Ideally, a
simple way is to expand the pre-OPCs with a mitogen like FGF2 until they reach the stage of
OPCs (Figure 4). However, FGF2 inhibits the generation of OPCs by interfering with the
SHH signalling thus disrupting the co-expression of OLIG2 and NKX2.2 (Hu et al., 2009).
Hence, most protocols use growth factors other than FGF2, such as PDGF and insulin like
growth factor-1 (IGF1), to promote the transition from pre-OPCs to OPCs (Table 2). The
downside of such an approach is the weak proliferation of the pre-OPCs over a 2-month
period, not yielding large quantities of OPCs. The OPCs can indeed differentiate to O4-
expressing immature oligodendrocytes and MBP (myelin basic protein)-expressing mature
oligodendrocytes in vitro over a long period. When transplanted into the mouse brain or
spinal cord, they mature and produce myelin sheaths, usually over 3-4 months (Erceg et al.,
2010; Hu et al., 2009; Kerr et al., 2010; Kim et al., 2012; Piao et al., 2015; Sharp et al.,
2010; Wang et al., 2013; Yasuda et al., 2011). To date, almost all the protocols consistently
show that the oligodendrocyte differentiation is a long process, taking about 3 months to
differentiate hPSCs to OPCs and 3 more months to myelin-producing oligodendrocytes.

The long oligodendrocyte differentiation process, to a large degree, is delayed by the
transition from pre-OPC to OPC, which takes up to 2/3 of the whole differentiation. It
should be possible to shorten the process by promoting the proliferation of the pre-OPCs
while maintaining the co-expression of OLIG2 and NKX2.2. In other words, coordinating
the effects of mitogens and morphogens (Figure 4) would be possible to facilitate the
transition from pre-OPCs to OPCs. Addition of SHH or its agonists may help the process
although the use of SHH or its agonists in a long term is either costly or toxic. A simplest
solution is to find a mitogen that does not alter the identity of the progenitors.

Challenges and future directions

Generating additional neural cell types

The neural cell types specified from hPSCs, described above, are targets of major
neurological diseases, including Alzheimer’s disease, Huntington disease, PD, ALS, and
multiple sclerosis, etc. These cells can be successfully generated from hPSCs because of the
relatively clear molecular pathways that govern the development of these neural subtypes
(Figure 5). For those whose developmental pathway is not known or less clear, the
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differentiation is less directed and the efficiency is low. The patterning of cerebellum or
hypothalamus is reasonably delineated but the specification of major cell types in the
cerebellum or hypothalamus is much less clear. Consequently, differentiation of cerebellar
Purkinje cells (Muguruma et al., 2015; Wang et al., 2015) or hypothalamic hormone-
producing neurons (Merkle et al., 2015) is less efficient, even though the proportion of
Purkinje cells may be increased through cell sorting (Muguruma et al., 2015; Wang et al.,
2015). For some brain structures, such as the hippocampus and amygdala, their
developmental processes are quite complicated. Consequently, differentiation of
hippocampal neurons (Sakaguchi et al., 2015; Yu et al., 2014) or amygdala neurons from
hPSCs is not straightforward.

Because of the involvement of these neural cell types in a wide range of neurological and
psychiatric disorders, efforts are being made to generate them from hPSCs. One simple way
is to enrich the desired cell type through cell sorting, exemplified by cerebellar Purkinje cells
(Muguruma et al., 2015; Wang et al., 2015). An alternative is to force stem or progenitors to
adopt the target cell identity by expressing a cell type-specific transcription factor. This
approach was initially used by Zhang et al to drive hPSCs to become glutamate neurons by
transiently overexpressing NGN2 (Zhang et al., 2013). Such a strategy to transiently or
inducibly express a cell-type specific transcription factor in the developing progenitors can
be a way to generate the neurons of interest from hPSCs. This strategy requires transgene
expression in PSCs or progenitors but expressing a transgene in hPSCs is technically simple.
In addition, the transcriptional codes for specific neural subtypes are increasingly available,
especially those learned from studies with direct neural conversion. At the present, it is not
clear if the NGN2-induced glutamate neurons resemble the cortical glutamate neurons. If so,
such a strategy may help unravel the molecular pathways governing the generation of the
target cell type. It is possible that the glutamate neurons, generated by forced expression of
NGN?2 at the PSC stage, lose their regional identity. If so, additional factors, or expression of
the cell type determinant in the regionally specified progenitors may be necessary to
generate regionally and functionally specialized neural subtypes.

Speeding up the differentiation of interneurons and glia

The process of neural differentiation from hPSCs mirrors in vivo development (Figure 1). It
thus offers a good model to look at aspects of early human neural development. It also
places challenges to the differentiation of neural cell types that are normally generated late
in embryonic development, including cortical GABA interneurons and glia. There are many
types of cortical GABA interneurons. They are originated from MGE in the ventral
developing brain. Interestingly, the NKX2.1-expressing MGE progenitors can be
differentiated from hPSCs in 2-3 weeks (Liu et al., 2013b). However, the generation of
subclasses of GABA interneurons, especially the parvalbumin-expressing cells, takes many
additional weeks or even months (Liu et al., 2013a; Nicholas et al., 2013). Even so, the
differentiation efficiency is low. The main reason is the lack of understanding what the
existing markers for defining the GABA neuronal subtypes mean and how they are related to
the specification of these neuronal types (DeFelipe et al., 2013). Consequently, few solutions
are available to tackle the issue but following their intrinsic o’clock. One potential shortcut
is expression of GABAergic neuron related transcription factors to force the stem cells or
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progenitors to take on the GABAergic fate, which hopefully will aid in our understanding of
the GABAergic fate determination and future development of non-genetic strategies for
faster generation of cortical GABA neuronal subtypes.

Similarly, the differentiation of astrocytes and oligodendrocytes takes a protracted length of
time. The field is anxiously waiting for a fast and robust method of glial differentiation from
hPSCs. The rate-limiting step is the switch of neural progenitors from neurogenesis to
gliogenesis. The neurogenesis-to-gliogenesis switch is tightly regulated by both extrinsic
and intrinsic factors, including Notch pathway, bHLH transcription factors, and epigenetic
remodelling (Hirabayashi and Gotoh, 2010). Strategies to shorten the time for neural-glial
switch or to jump NE directly to gliogenesis will speed up the glial differentiation. Potential
approaches include regulation of the Notch pathway or transient expression of gliogenic
transcription factors such as NF1A (astrocytes) or SOX10 (oligodendrocytes) along neural
differentiation.

Making human neurons mature faster or age

One of the major applications of hPSCs is to model neurological or psychiatric diseases and
to use them as a drug discovery platform. Most neurological and psychiatric diseases occur
in adults or at least in mature neurons. The hPSC-differentiated neurons, however, resemble
those in the fetal brain, at least based on the similarity in gene expression profiles between in
vitro generated neurons and those from fetal brain tissues (Ho et al., 2016). And the
maturation process often takes weeks, if not months. Hence, it is critical to mature the
hPSC-derived neurons faster to enable presentation of disease-relevant phenotypes. It is even
more critical for building high throughput screening platforms based on hPSC-derived
neurons as it is technically prohibitive to grow hPSC-derived neurons in a 1536-well plate
for longer than 3-7 days that requires periodic medium changes. As discussed, blockade of
the Notch signalling by compound E or DAPT eliminates the dividing progenitors, thus
synchronizing the maturation process (Borghese et al., 2010). In theory, it is not promoting
neuronal maturation per se. Interestingly, however, treatment with -y-secretase inhibitors
(also known as Notch inhibitors) often results in electrophysiologically active neurons in just
2-4 weeks (Borghese et al., 2010; Du et al., 2015). This is possibly due to the elimination of
neural stem/progenitor cells, resulting in homogeneous post-mitotic neurons (Chen et al.,
2014; Du et al., 2015; Lu et al., 2016), which interact each other to promote maturation. This
phenomenon suggests the possibility of speeding up the maturation process by regulating
signalling pathways that are not known for enhancing maturation, including those forcing
cell cycle exit, enhancing neuronal survival, and stimulating neuronal activities. Some of the
molecules are included in the BrainPhys media (Bardy et al., 2015).

Age is a common factor associated with many degenerative diseases. Capturing the age
signature in the in vitro produced neural cells will likely facilitate the presentation of the
pathological processes. One way to accelerate the age process is to overexpress progerin in
neurons derived from hPSCs (Miller et al., 2013). Progerin, an aberrantly spliced and
processed form of nuclear-envelope protein lamin A, causes Hutchinson-Gilford progeria
syndrome (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). Progerin is produced at
very low rate in healthy cells and accumulates in senescent cells. Overexpression of progerin
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in neurons results in decrease in overall telomeres length and an increase in the percentage
of short telomeres, which are typical features of aging (Miller et al., 2013). As progerin
overexpression by itself causes cellular pathology, attentions should be paid to separating the
non-age consequences caused by progerin overexpression from the pathology inherent to the
target disease. Ideally, non-genetic approaches to induce cellular aging would overcome
such a drawback. These non-transgenic means may include cellular stresses caused by toxins
or reactive oxygen species (reviewed in (Studer et al., 2015)). Another approach is to convert
the aged somatic cells directly to desired neurons. Mertens et al. recently showed that
directly reprogrammed human neurons retain the aging—associated transcriptomic signatures
(Mertens et al., 2015). However, the number of neurons derived from direct reprogramming
is often limited, hindering its application in disease modelling and drug testing.

Producing large quantities of neurons with consistent quality

Large quantities of homogenous quality neural cells are required for high throughput
screening (HTS) or for potential cell therapy. Billions or hundreds of millions of cells are
usually needed for a large library by HTS. Such quantity would also allow therapeutic
application in dozens or hundreds of patients. Typically, a hPSC can generate 10 to 100
neural cells during a month-long differentiation process. Hence, a large number of starting
stem cells or multiple times (lots) of differentiation will be necessary to achieve the number
for application. Either method introduces variations, making it difficult for quality control
and HTS. One potential solution is to guide the hPSCs to a population of committed
subtype-specific progenitors and then expand this pool of progenitors to the desired quantity.
Unfortunately, the general way to expand neural stem/progenitor cells by EGF and/or FGF,
while producing large numbers, almost always changes the cell fate. Hence, a strategy to
expand the progenitor cells without altering the fate identity is needed. Li et al has attempted
to expand hPSC-derived NE by a growth factor cocktail that consists of LIF, CHIR and
SB431542 (Li et al., 2011). After a long-term expansion (27 passages), the resultant
progenitor cells can still generate tyrosine hydroxylase positive DA neurons and spinal
motor neurons although it is not examined if the progenitors can still generate neurons with
forebrain identities (Li et al., 2011). Because of the presence of CHIR, which activates the
WNT pathway, the expanded progenitors will gradually acquire a more caudal fate. Thus,
blocking the patterning effect of the mitogens and/or maintaining the regional identity is
necessary. This is particularly true for committed neural progenitors, such as midbrain DA
neural progenitors or spinal motor neuron progenitors. Taking these factors into
consideration, Du et al expanded the specified human spinal motor neuron progenitors in a
similar culture medium but with additional patterning molecules such as SHH and DMH1 to
maintain the progenitor identity. Such a strategy enabled expansion up to 5 passages without
losing the motor neuron identity, resulting in over 100-fold increase in cell number and thus
producing sufficient number of cells for HTS (Du et al., 2015). The limited capacity of
expansion also suggests a need of further technological development in that direction. The
ability to renew the lineage-committed neural progenitors will dramatically enhance basic
research, disease modelling, drug screening and cell therapy.
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Choosing between 2D and 3D culture system

From the self-organized neuroepithelial rosettes derived through EBs (Zhang et al., 2001) to
the self-assembled cortical tissues (Eiraku et al., 2008) from hPSCs, the 3D floating culture
for neural differentiation has made remarkable progress during the past decade. The initial
serum-free embryoid body (SFEB) culture (Watanabe et al., 2007) was developed by
optimizing the EB system in the “U” shape low cell-adhesion 96-well plate to generate
uniform cell aggregates in suspension, leading to self-organizing brain tissues such as
cortical tissues (Eiraku et al., 2008). Modification of the culture system by using spinning
bioreactor (Martin et al., 2004) enables long-term culture and growth of larger tissues or
organoids. Addition of inductive signals pattern the differentiating tissues to different
regional identities (Qian et al., 2016), very much like the way that has been used for 2D
cultures. These technical improvements yield organoids that resemble the cerebral cortex
(Lancaster et al., 2013), midbrain (Jo et al., 2016) and many other brain regions (Qian et al.,
2016).

The 3D organoid culture system allows the formation of brain tissues through either self-
assembly or active induction. While these tissues resemble those in the brain, they are not
the same. The cerebral organoids, for instance, exhibit a layered structure but they generally
lack the GABA interneurons that are originated from the ventral neural tube. The ability to
differentiate region-specific progenitors may enable assembly of brain tissues closer to those
in the human brain. Because of the 3D structure, organoids are useful for modelling brain
development and developmental disorders. When it comes to application in building a
screening platform, a substantial technical improvement is needed to produce homogenous
organoids in a consistent manner. At the present, the neural cell types generated using the
2D culture system described above are marching to industrial application. For cell therapy,
the cell types generated by the 2D system are relatively easy for GMP manufacture and
quality control. Hence, we need to find a balance between system complexity and cell type
homogeneity (Kelava and Lancaster, 2016). The ability to produce highly enriched neural
progenitor subtypes, described herein, makes it feasible to print brain tissues with necessary
complexities yet in a reliable and consistent manner.
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Figure 1. Parallel between in vitro differentiation in vivo neural development
Cartoon illustrating the major developmental events in vivo and neural differentiation

process in vitro and the morphogens that govern the neural induction, patterning of neural
progenitors and neuronal and glial differentiation of the progenitors.
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Figure 2. Neural patterning principle for neural progenitor subtype specification
A. A-P patterning is under the regulation of several morphogens during development. The

gradient of WNTSs dictates the regionalization of the forebrain, mid-hindbrain, and anterior
spinal cord whereas gradients of RA and FGFs govern the spinal cord segmentation. B and
C, D-V patterning in the forebrain (B) and spinal cord (C) is set by the dorsally derived
morphogens WNTs and BMPs (yellow color) and the (notocord) ventrally derived SHH
(green color).
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Figure 3. Using opposing mitogens to enrich the neural progenitor population
A. To enrich the neural progenitors from the pMN domain in the spinal cord, a high

concentration of SHH or Purmorphamine (SHH signalling agonist) is employed to induce
the OLI1G2+ and the more ventral NKX2.2+ progenitors. Since the more ventral NKX2.2+
cells give rise to interneurons rather than motor neurons, CHIR (activate the WNT pathway)
is used to antagonize the effect of SHH in induction of NKX2.2 but not OLIG2, leading to
the enrichment of the OLIG2+ progenitors. Such a strategy enables generation of highly
enriched population of spinal motor neurons. B. To enrich LGE progenitors and striatal
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GABA neurons, forebrain NE are ventralized to the LGE and MGE domains. At the same
time, the most ventral MGE domain is antagonized by activin (on the BMP pathway).
Together, the opposing morphogens restrict the cells to the LGE domain, thus producing
enriched striatal GABA neurons.
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Figure 4. Enriching neural progenitor subtypes according to their intrinsic temporal course
Neural progenitors such as radial glia or retinal progenitors give rise to multiple progenies

(waves) over development. If the progenitor cell is kept in cell cycle (to prevent
differentiation) it shifts to the next progenitor pool. If the progenitor is forced to exit cell
cycle (e.g., by y-secretase inhibitors (also known as Notch inhibitors)), no subsequent
progenitor pools are available. Together, a particular neuronal subtype is enriched.
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Figure 5. Differentiation of neuronal and glial subtypes from hPSCs
Neuronal and glial subtypes that have been successfully differentiated from hPSCs through

NE induction, regional patterning, and neural differentiation. Red indicates morphogens
applied in each step. Blue boxes indicate subtype progenitors.
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