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Chapter 6

Patterning factors during neural progenitor induction  
determine regional identity and differentiation  
potential in vitro.
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Abstract

The neural tube consists of neural progenitors (NPs) that acquire different characteristics 
during gestation due to patterning factors. However, the influence of such patterning factors 
on human pluripotent stem cells (hPSCs) during in vitro neural differentiation is often unclear. 
This study compared neural induction protocols involving in vitro patterning with single 
SMAD inhibition (SSI), retinoic acid (RA) administration and dual SMAD inhibition (DSI). While 
the derived NP cells expressed known NP markers, they differed in their NP expression profile 
and differentiation potential. Cortical neuronal cells generated from 1) SSI NPs exhibited less 
mature neuronal phenotypes, 2) RA NPs exhibited an increased GABAergic phenotype, and 
3) DSI NPs exhibited greater expression of glutamatergic lineage markers. Further, although 
all NPs generated astrocytes, astrocytes derived from the RA-induced NPs had the highest 
GFAP expression. Differences between NP populations included differential expression of 
regional identity markers HOXB4, LBX1, OTX1 and GSX2, which persisted into mature neural 
cell stages. This study suggests that patterning factors regulate how potential NPs may 
differentiate into specific neuronal and glial cell types in vitro. This challenges the utility of 
generic neural induction procedures, while highlighting the importance of carefully selecting 
specific NP protocols.

Key words: neural progenitors, patterning factors, in vitro, pluripotent stem cells, astrocytes, 
neurons
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Introduction

Human pluripotent stem cells (hPSCs) can generate different neural cell types in vitro. To 
generate intermediate neural progenitors (NPs), multiple in vitro neural induction protocols 
have been developed 1-4, and often involve dual SMAD inhibition. Downstream activation of 
transforming growth factor β (TGFβ) and bone morphogenetic proteins (BMP) signaling 
is mediated by SMAD proteins, which transduce extracellular signals to the nucleus and 
activate downstream gene transcription. However, single SMAD inhibition has also been 
shown capable of generating NP populations 5. Additionally, neural induction procedures 
lacking SMAD inhibition, such as administration of retinoic acid (RA) may also generate NP 
populations 6. Despite reports on methods producing NP populations, the actual regional 
identity and differentiation potential of NPs generated via current in vitro protocols is often 
unclear. Given the labor-intensive nature of establishing neural differentiation protocols for 
hPSCs, a comparative study of existing protocols would be valuable.

At different time points, regions and concentration gradients, various signaling molecules, 
also called patterning factors, combine to determine the regional identity and differentiation 
potential of NP populations in the developing neural tube of the central nervous system 
(CNS) 7-14. Patterning factors include wingless-related integration side proteins (WNTs) 15,16, 
BMPs 17,18, fibroblast growth factors (FGFs) 19-24, sonic hedgehog (SHH) 25 and RA 26,27. FGF 
signaling is known to be an important inducer of posterior regionalization 28,29. Gradual 
expression of WNT 30,31 and BMP 32,33, both members of the TGFβ superfamily, are required 
for anterior-posterior patterning. Furthermore, RA is an important inducer of hindbrain and 
spinal cord development 34,35. Along the length of the neural tube, floor plate-expressed 
SHH stimulates ventral structures 36, while roof plate-expressed WNTs and BMPs are 
crucial for dorsal development 37,38. In conclusion, similar to neural patterning in the CNS, it 
might be expected that administration of patterning factors in vitro may similarly affect the 
characteristics and potency of hPSC-derived NPs.

Here we performed a comparative study of neural induction protocols, involving single 
SMAD inhibition (SSI), RA administration and dual SMAD inhibition (DSI) as well as different 
plating conditions such as adherent and non-adherent (i.e. embryoid body (EB)) cultures. We 
demonstrate that all neural induction protocols resulted in NP populations that expressed 
known NP cell markers. However, the NP populations showed variations in differentiation 
potential towards neuronal and glial cell types. Additional analysis, including embryonic 
regional marker expression, showed differences in characteristics of the generated NP 
populations. The results of this study indicate that neural induction protocols should be 
chosen carefully to obtain NP populations with appropriate potency for research goals.

6
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Material and Methods

Extra information, including cell culture techniques, and used antibodies and primers, can 
be found in supplementary materials and methods.

Pluripotent stem cell culturing

Human embryonic stem cells (hESCs, H1 and H9; WiCell) and control human induced 
pluripotent stem cells (hVS-88, 74 day old male) 39 were maintained in E8 media (Life 
Technologies) on GelTrex- (Life Technologies) coated plates, and passaged with 0.5mM 
EDTA in PBS (Life Technologies). The medium was supplemented with 10 µM ROCK inhibitor 
(RI) (SelleckChem) after passaging.

Neural induction protocols

To test different NP induction procedures, we chose 3 different culture conditions based on 
commonly used growth factors and medium supplements, together with different culturing 
techniques (adherent and non-adherent) 1,5,6. Our study design compares the following NP 
cell induction protocols (Figure 1):

Condition 1 (Single SMAD inhibition; non-adherent; C1-SSI): To create embryoid bodies (EBs), 
hESC colonies were fragmented using 0.5 mM EDTA in PBS and plated in the ratio of 2:1 
wells on anti-adhesive (AA) poly-2-hydroxyethyl methacrylate (Sigma) coated plates. The 
cells were cultured in N2B27 medium supplemented with FGF2 (20ng/ml; Peprotech), FGF4 
(20ng/ml; R&D), Noggin (200ng/ml; Peprotech) and RI (10 µM) and 2/3 of the medium was 
changed every other day. RI was omitted from the medium after 3 days in all EB protocols. 
On day 10, the EBs were plated on GelTrex-coated 6WP. Initial plating of EBs was considered 
passage 0 (P0) and NPs were maintained in the same induction medium until used for 
neuronal/ glial differentiations. The plated EBs formed rosette-like structures. These cells 
were used for immunocytochemical (ICC) analysis, and passaged to P1 at day 14 using 
Accutase (Sigma-Aldrich). At day 18, RNA samples were collected, and the cells were frozen 
to use for further neuronal and glial differentiations.

Condition 2 (RA administration; non-adherent; C2-RA): EBs were created and handled as 
described for Condition 1, with the exception that the cells were cultured in N2B27 medium 
supplemented with T3 (40ng/ml; Sigma), FGF2 (4ng/ml) and EGF (20ng/ml; Peprotech). On 
day 3, the medium was switched to N2B27 supplemented with T3 (40ng/mL), FGF2 (4ng/
mL), EGF (20ng/mL) and RA (10uM; Sigma). The EBs were plated on day 10, passaged to 
P1 at day 14, and frozen at day 18. From day 10 onwards, RA and FGF2 were omitted from 
the medium.
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Condition 3 (Dual SMAD inhibition; adherent; C3-DSI): hESC and hiPSC colonies were 
fragmented with 0.5mM EDTA in PBS and plated in the ratio of 3:2 on GelTrex-coated 12WP 
in 1.5ml E8 medium supplemented with RI (10µM; considered as day -3). From day -3 to 0, 
half of the media was refreshed daily. At day 0, medium was switched to N2B27 medium 
supplemented with Dorsomorphin (1µM; Tocris bioscience), SB431542 (10µM; SelleckChem) 
and refreshed entirely every day for 12 days. When rosette-like structures formed, NP cells 
were passaged using dispase (Sigma) or manually picked and transferred into a PLO/
Laminin- (20µg/ml) coated 6WP. NP cells were maintained the same induction medium 
and passaged using TrypLE and defined trypsin inhibitor (DTI; both Life Technologies). The 
day rosettes were plated was treated as P0.

 
Figure 1. NP induction protocols – A schematic representation of the different NP cell induction 
protocols (C1-SSI, C2-RA and C3-DSI) adopted from published differentiation protocols 1,5,6. All NPs 
were maintained in their specific neural induction medium until day 18 (non-adherent conditions) and 
day 20 (adherent conditions).

 
Mixed neuronal differentiation

NP cells (P2) from all the 3 protocols were differentiated towards neurons. An earlier 
described mixed cortical neuronal differentiation protocol was used 40 with the modification 
of neuronal density at 125K cells/ well of 12WP.

6
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Astrocyte differentiation

NP cells from all the 3 protocols were differentiated towards astrocytes, using a glial 
differentiation protocol described previously with small adaptations 6,41. In short, P2 NP 
cells were thawed to begin astrocyte differentiation protocol and cultured in N2B27 medium 
without vitamin A (N2B27-vitA) supplemented with T3 (40 ng/ml) and EGF (20 ng/ml) on 
GelTrex-coated plates. The medium was refreshed completely every other day. When 
confluent, the cells were passaged using Accutase and plated at density of 1000K cells/ well 
of 6WP. After 4 passages (~20 days), the medium was switched to N2B27-vitA supplemented 
with T3 (40 ng/ml), EGF (5 ng/ml), FGF2 (5 ng/ml), Noggin (50 ng/ml Peprotech), Vitamin C 
(50 ug/ml, Sigma) and Laminin (1 ug/ml, Sigma). After 5 days, EGF and FGF2 were omitted 
from the medium. After 3 passages, the medium was switched to astrocyte medium 
(ScienCell, Sanbio b.v.) for another 2 passages. At the end of the protocol (~55 days), the 
cells were collected for ICC and RNA analysis.

Human primary astrocytes isolated from cerebral cortex (ScienCell) were used as a positive 
control in QPCR experiments, and cultured similarly to hESC-derived astrocytes, i.e. on 
Geltrex-coated plates in astrocyte medium (ScienCell, Sanbio b.v.).

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA, Electron microscopy sciences) in PBS 
for 15 min at room temperature (RT). Fixed cells were washed (3-6 times with PBS over 
30 min), blocked with blocking buffer (PBS, 0.1% BSA, 5% NGS, 0.3% Triton) at RT for 1 hr, 
and then incubated with primary antibodies in the blocking buffer overnight at 4oC. After 
washing (3-6 times with PBS over 30 min), secondary antibodies were added (in blocking 
buffer) and incubated for 1-2 hrs at RT. Then the cells were washed (3-6 times in PBS over 
30 min) and incubated with DAPI (in PBS) for 2-3 min at RT. Finally, the cells were washed (2 
times with PBS) and slides were mounted with Fluormount G solution (Southern Biotech). 
Fluorescent images were taken using a Carl Zeiss 510Meta confocal with 40x (1.2 Numerical 
Aperture) oil objective, Leica DM500 B fluorescent microscope, or Opera LX HCS instrument 
(PerkinElmer) and processed using LAS-AF lite (Leica) and Adobe Photoshop.

Q-PCR

P1 NP cells, day 75 astrocytes and day 18 neurons were collected from one well of a 6WP, 
and RNA isolated by incubation in Trizol, followed by chloroform-isopropanol extraction. 
cDNA synthesis was performed using Superscript IV (Life Technologies). For Q-PCR 
experiments, reactions were run for 30 cycles at an annealing temperature of 60°C using 
SYBR green (SensiFast; Sybr-HI-Rox mix) on Light cycler 480 (Roche) equipment. Obtained 
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CP values were used to calculate relative fold change over housekeeping genes EIF4G3 
and SDHA. Expression levels in hESCs or housekeeping genes were used as a baseline. All 
primers are listed in supplementary material.

Calcium Imaging

Measurement of glutamate uptake in astrocytes was performed using calcium imaging. 
Astrocytes were cultured on 35mm imaging dish (IBIDI, 81156) plates coated with Geltrex 
(Gibco), and incubated with 1:2000 calcium dye Fluor5 (2mM in DMSO, Molecular probes) 
for 5 minutes in astrocyte medium (ScienCell, Sanbio bv) before measuring. Recordings 
were performed in aCSF, and included a baseline recording followed by a first glutamate 
puff (10 μM L-Glutamic acid (Sigma, 15 seconds), 3 minutes response recording, a second 
glutamate puff, and a final 3 minutes response recording. Imaging was performed at a speed 
of 2 frames per second. Camera settings: 1 pixel = 16 μm, 20x magnification, recordings 
are in AVI format. Data was analyzed using Image J software: fluorescent intensity (F) was 
measured in 12 - 15 cytoplasmic regions of interest (ROI) in individual cells. The average 
fluorescent intensity of 100 frames of inactivity was used as background fluorescence (F0), 
(F0 = (∑F1-100)/100)). Change in relative fluorescence (corrected for background) versus 
time for each ROI (change in fluorescence = (F-F0)/F0) was calculated, and represented in 
a graph. Of each condition, 15 cells were imaged.

Calcium influx in neurons was measured using  Fluo-5F, AM  (ThermoFisher, F14222). 
Neurons were cultured on glass coverslips coated with Poly-D-Ornithin/ Laminin and 
cultured as described before 40. At day 50, 2mM of calcium dye was added to the medium 
and incubated for 5 minutes. Cover slips were washed with medium once and fixed into the 
imaging chamber of a Nikon confocal microscope. Imaging was performed in 37°C ACSF 
(127 mM NaCl, 25 mM NaHCO3, 25 mM D-glucose, 2.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 
1.25 mM NaH2PO4) gassed with 95% O2/5% CO2. Neurons were measured at baseline 
for 8 min (1,6Hz) and videos were analysed with MatLab (Event Detection Analysis EVA) 42.

Statistical analysis

We performed an ANOVA test with Tukey post-hoc correction for multiple testing using 
Prism 7.

6
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Results

Different neural inductions generate NP-like cells

All three neural induction conditions (Figure 1) generated cell populations with rosette-like 
structures. Rosettes derived from plated EBs (C1-SSI and C2-RA) were observed directly 
in and around the plated EBs and differed in size. In the adherent C3-DSI, the rosettes were 
observed randomly throughout the induction-well with rosette-like structures of different 
sizes. In all inductions, the cells outside the rosette-like areas showed varying morphologies. 

To test the different NP populations for expression of known NP cell markers, ICC was 
performed for NP markers SOX2 (a transcription factor important for NP proliferation), 
PAX6 (transcription factor regulating gene expression in nervous system development), 
Nestin (a type VI intermediate filament protein expressed in dividing cells of the developing 
nervous system), SOX9 (initially important for maintenance of NPs, later involved in glial 
induction and astrocyte specification), rosette marker PLZF (a zinc finger transcription factor 
important for cell cycle progression) and tight junction marker ZO-1 (Figure 2 A-C). While 
all NPs expressed the studied markers, these were not homogeneously expressed in all NP 
populations. All NPs showed homogeneous expression of Nestin and SOX2, both inside and 
outside rosette-like areas. SOX9 expression was abundant although not homogeneous in 
C1-SSI and C2-RA, and absent in C3-DSI NPs. Regions of SOX9-positive cells were observed 
both in the rosettes and in the surrounding cells. SOX9 expression often, but not always, 
overlapped with PAX6 expression, which was present in all conditions. PAX6 expression was 
observed both in and around the rosette-like structures, with varying intensities and amount 
of cells. Staining for tight-junction protein ZO-1 was observed in the center of rosettes in 
all conditions. Furthermore, ZO-1 expression was observed in regions outside rosette-like 
areas in all NPs, whereas PLZF expression was restricted to the rosette areas (Figure 2A-C). 
QPCR analysis confirmed expression of NP markers Nestin, SOX2, PAX6, BLBP (a brain fatty 
acid binding protein in radial glia), PLZF, HES5 (involved in maintaining proliferation of neural 
stem cells, and regulating the timing of differentiation), DACH1 (nuclear factor important for 
nervous system development) and SOX9 in the generated NP cultures, although their levels 
varied between the different NP populations (Figure 2D – K). Nestin expression showed 
significant changes, and was lower in C3-DSI compared to the two EB conditions C1-SSI 
and C2-RA (Figure 2D). 

As hESC line H9 is associated with increased neurogenic potential 43, the expression levels for 
NP markers SOX2, PAX6,PLZF, HES5, BLBP, SOX9 and Nestin of C3-DSI NPs generated from 
hESC lines H1 (n=4), H9 (n=1) and control iPSC lines (n=2) were compared (Supplementary 
figure 1). Our results demonstrated that H9-derived NPs showed mRNA expression of neural 
stem cell markers in the same range as NPs generated from other pluripotent stem cell lines 
(H1 and control iPSCs).
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Figure 2. Expression of known NP and regional markers in the 3 neural induction conditions – 
Representative ICC images show expression of SOX2, Nestin, PAX6, SOX9, ZO-1 and PLZF in NPs of 
C1-SSI (A), C2-RA (B), and C3-DSI (C) at passage P0 (n=3). The scalebar is 25 µm. QPCR analysis for 
NP markers (D) Nestin, (E) SOX2, (F) PAX6, (G) BLBP, (H) PLZF, (I) HES5, (J) DACH1 and (K) SOX9 and 
regional identity markers (L) HOXB4, (M) LBX1, (N) OTX1 and (O) GSX2 in the C1-SSI, C2-RA and C3-DSI 
NP populations. The data is presented as fold changes over hESC values. Statistical significance was 
analyzed by ANOVA and Tukey’s posthoc tests where * is p<0.05, ** is p<0.005 (n=3).

6
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In conclusion, all conditions generated NP populations expressing all NP cell markers, 
although levels of the different NP markers varied (Summary in Figure 5A).

The neural cell induction protocol affects the regional identity

To investigate the regional specificity present at neural inductions stages, we analyzed 
C1-SSI, C2-RA and C3-DSI NP populations for CNS regional markers HOXB4, LBX1, OTX1, 

GSX2 (Figure 2L-O) and DLX2, EMX1, EN1, FOXG1, LHX6, NKX2.1, NKX2.2, PROX1, TBR2 

(Supplementary Figure 2A-I). C2-RA NPs showed a significant increase in HOXB4 and LBX1 

expression (ANOVA p<0.05; Tukey’s posthoc p<0.01 and p<0.02 respectively; Figure 2L, M). 
In contrast, OTX1 expression was significantly lower in C2-RA NPs compared to C1-SSI 
and C3-DSI NPs (ANOVA p<0.03; Tukey’s posthoc p<0.04; Figure 2N). Further, C1-SSI NPs 
had a significantly lower GSX2 expression compared to C2-RA and C3-DSI NPs (ANOVA 
p<0.001; Tukey’s posthoc p<0.005; Figure 2O). The other markers tested did not show 
significant differences between C1-SSI, C2-RA and C3-DSI NPs (Supplementary Fig 2A-I). 
Overall, expression levels of regional identity markers HOXB4, LBX1, OTX1 and GSX2 showed 
significant differences between NPs of C1-SSI, C2-RA and C3-DSI (see Summary Figure 5A).

Different neuronal lineage potential of NPs

To assess the potency of the NP populations to differentiate into neuronal cell lineages, 
we differentiated P2 NPs derived via C1-SSI, C2-RA and C3-DSI into neurons according 
to an established protocol 40. 18 Days after start of neuronal differentiation using the 3 
NP populations, the cells of C1-SSI, C2-RA and C3-DSI showed an immature neuronal 
morphology. To analyze NP-derived neuronal populations for regional identity, we performed 
QPCR analysis for ganglionic eminence markers PROX1, GSX2, cortical glutamatergic lineage 
markers CTIP2, TBR1, TBR2, and pre-synaptic marker VGAT and VGLUT1 (Figure 3A - G). We 
showed that all cultures expressed PROX1 and CTIP2, although the levels varied between 
the cultures (Figure 3A, 3C). Ganglionic eminence marker GSX2 was only expressed in 
C2-RA and C3-DSI cultures (Figure 3B). TBR1 and TBR2 expression was abundant in C3-DSI 
and almost absent in C1-SSI and C2-RA cultures (ANOVA p=0.008, 0.002; Tukey’s posthoc 
p<0.01, p<0.006; Figure 3D, E). Likewise, VGLUT1 expression was increased in C3-DSI 
compared to C1-SSI and C2-RA cultures, although did not reach statistical significance 
(Figure 3F). On contrary, VGAT expression was highest in C2-RA cultures (Figure 3G). 
This indicates that all the day 18 cultures showed presence of NPs with interneuronal 
and projection neuron identity, although increased TBR1 (and TBR2) expression in C3-DSI 
suggests more glutamatergic neuronal cellss, and increased VGAT expression in C2-RA an 
enhanced number of GABAergic lineage cells.


