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Neural progenitor cells (NPCs) fromhuman induced pluripotent stem cells (hiPSCs) are frequently induced using
3D culture methodologies however, it is unknownwhether spheroid-based (3D) neural induction is actually su-
perior tomonolayer (2D)neural induction. Our aimwas to compare the efficiency of 2D inductionwith 3D induc-
tion method in their ability to generate NPCs, and subsequently neurons and astrocytes. Neural differentiation
was analysed at the protein level qualitatively by immunocytochemistry and quantitatively by flow cytometry
for NPC (SOX1, PAX6, NESTIN), neuronal (MAP2, TUBB3), cortical layer (TBR1, CUX1) and glial markers (SOX9,
GFAP, AQP4). Electron microscopy demonstrated that both methods resulted in morphologically similar neural
rosettes. However, quantification of NPCs derived from 3D neural induction exhibited an increase in the number
of PAX6/NESTIN double positive cells and the derived neurons exhibited longer neurites. In contrast, 2D neural
induction resulted in more SOX1 positive cells. While 2D monolayer induction resulted in slightly less mature
neurons, at an early stage of differentiation, the patch clamp analysis failed to reveal any significant differences
between the electrophysiological properties between the two inductionmethods. In conclusion, 3Dneural induc-
tion increases the yield of PAX6+/NESTIN+ cells and gives rise to neurons with longer neurites, which might be
an advantage for the production of forebrain cortical neurons, highlighting the potential of 3D neural induction,
independent of iPSCs' genetic background.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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. This is an open access article under
1. Introduction

The successful development of in vitro human models of disease is
highly dependent on the availability of tissues and specific cell types
from patients. These models can provide insights into disease pheno-
types, pathomechanisms and help to reveal potential new targets for
the development of new treatments (Hossini et al., 2015). Although pri-
mary cells isolated from patient tissue is the most physiologically rele-
vant, this is often difficult to obtain, culture in vitro, and frequently
has a limited life span (Yuan et al., 2013). Additionally, these biopsies
are often taken from patients at the end-stage of the disease and suit-
able control tissues taken from healthy individuals might be inaccessi-
ble, due to ethical concerns and potential health risks (Hossini et al.,
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2015). Human induced pluripotent stem cells (hiPSCs) overcomemany
of these limitations (Takahashi and Yamanaka, 2006). These autologous
cells can easily be derived from patients with known or unknown ge-
netic mutations and have been produced from patients with sporadic
Alzheimer's disease (AD) (Yang et al., 2016), Autism spectrum disorder
(Nestor et al., 2016), Parkinson's disease (Holmqvist et al., 2016) and
Amyotrophic lateral sclerosis (Bohl et al., 2016). In recent years, consid-
erable progress has been made in understanding the mechanisms un-
derlying the pathophysiology of certain diseases (Grskovic et al.,
2011), which could serve as cell-based disease models for screening
chemical libraries (Boissart et al., 2013).

Recent research suggests the environmental cues can fundamentally
change the fate of a specific cell type (Tibbitt and Anseth, 2012). For ex-
ample, stiffness of the material surrounding mesenchymal stem cells
(MSCs) is sufficient to direct them into the neuronal lineage (Engler et
al., 2006). Today, great progress has been achieved in this area in
regards to comparison of the 2D and 3D microenvironment. Zhou and
colleagues have directly established a link between the expression of
PAX6 and astrocyte differentiation in 3D propagation protocols (Zhou
et al., 2016). Other groups have also addressed the role of thematrixmi-
croenvironment (such as the architecture, type, composition) and
shown that it is essential for differentiating stem cells into specific neu-
ral and glial lineages (Kothapalli and Kamm, 2013). Despite these find-
ings, an extensive understanding of this dynamic environment is still
limited.

Neural progenitor cells (NPCs) are self-renewing and have the ca-
pacity to differentiate into neurons as well as glia (Breunig et al.,
2011). There are many established protocols for generating pluripotent
stem cell (PSC)-derived cortical projection neurons from both mouse
(Gaspard et al., 2009) and human cells (Shi et al., 2012a,b). However, ef-
ficient differentiation of these cells into specific neuronal subtypes re-
mains challenging due to a large variation in outcomes following
differentiation. This variation is likely due to the environmental niche,
heterogeneity in starting cell populations, differences in culture media
and altered handling of cells (Engler et al., 2006). The crucial step in
generating NPCs is to efficiently induce PSCs into early neuroepithelial
progenitors (NEP) (Chambers et al., 2009). Another prominent feature
is the generation of neural “rosettes”, which aremorphologically identi-
fiable structures containing neural progenitor cells, and which are be-
lieved to mimic the initial process of in vivo neural development
(Wilson and Stice, 2006).

Over the years, NPCs derived from human PSCs have conventionally
been induced using 3D aggregate systems, which are considered an ef-
ficient differentiation protocol of inducing PSCs into the neural lineage
(Emdad et al., 2012). In addition, studies revealed that neural induction
in 3D micro fibrous matrices also resulted in increased expression of
NPC markers, as well as more mature neuron markers when compared
to 2D neural induction (Liu et al., 2013). Despite these positive results,
the 3D neural induction endures technical difficulties, such as, low effi-
ciencies of cells forming 3D spheres, or difficulties in controlling the
sphere's size and shape. In order to overcome these technical chal-
lenges, 2D neural induction was implemented to generate NPCs at a
higher efficiency (Yan et al., 2013). Although Muratore et al. compared
the commonly employed methods for neuronal differentiation from
iPSCs, no analysis of the initial neural induction changes was performed
(Muratore et al., 2014). In addition, no publication has directly com-
pared 3D neural induction (sphere) versus 2D neural induction (adher-
ent, monolayer), and which specifically analyses differences between
cell numbers, gene expression profiles, proliferation rates, differentia-
tion potential, cell fate, or even functionality.

In the current study, we provide specific comparisons of these two
systems following differentiation from five different hiPSC lines with
different genetic backgrounds (healthy controls and patient-derived
cell lines). We identified that neural rosettes could be generated from
both induction methods, which later differentiated into mature cortical
neurons. However, we found that the 3D neural induction method
yielded a higher number of NPCs and neurons with longer neurites.
Electrophysiological studies did not reveal significant differences be-
tween the two different methods or cell lines, suggesting no profound
changes in function was observed.

2. Materials and methods

The chemicals were purchased from Sigma-Aldrich (St Louis, MO,
USA) and the cell culture reagents and culture plates were purchased
from Thermo Fisher Scientific (Waltham, MA, USA), unless specified
otherwise.

2.1. Cell lines and their culture

In this study, five different genetic background hiPSC lines were
used. Three cell lines were derived from AD patients, which have been
established and characterized previously; DL-1 (Nemes et al., 2016);
DL-2 (Chandrasekaran et al., 2016) and DL-3 (Ochalek et al., 2016);
and two hiPSC lines were healthy individual-derived iPSC lines, CTL-2
and CTL-3 (Zhou et al., 2016) which were established, characterized
and maintained identically to the AD iPSC lines. The hiPSC lines were
maintained on Matrigel (BD Matrigel; Stem Cell Technologies) in
mTESR1 (Stem Cell Technologies) culture media. The media was
changed daily and the cells were passaged every 5–7 days using Gentle
Cell Dissociation Reagent (Stem Cell Technologies), according to the
manufacturer's instructions.

2.2. Monolayer based (2D) neural induction

Dual inhibition of the SMAD signaling pathwaywas chosen as the 2D
neural induction method (Chambers et al., 2009; Shi et al., 2012a,b)
(See details in Supplementary Fig. 1). Differentiation was induced by
10 μM SB431542 and 500 ng/mL Noggin (R&D) in neural induction me-
dium (NIM; see details in Supplementary methods) for 10 days. Neural
rosettes were manually picked and re-plated onto POL/L plates. Up to
passage 4, rosette-like structures were plated en bloc on POL/L plates,
without dissociation. From passage 4, the cells were seeded as single
cells (min 50.000 cells/cm2) using Accutase and NPCs were further cul-
tured and expanded in neural maintenance medium (NMM). For fur-
ther details see Supplementary methods.

2.3. Sphere based 3D neural induction

To generate 3D spheres, the iPSCs cellswere dissociatedusingGentle
Cell Dissociation Reagent andwere plated on non-adherent plates to en-
hance the cell aggregation. At the time of plating (Day 1) the cells were
seeded as clumps with an average size of 80–100 cells/clump (approx-
imately 1.0 × 107 cells/mL) in NIM. The NIM media, containing Noggin
(500 ng/mL) and SB431542 (10 μM), was changed daily until Day 9.
On Day 8, the floating spheres were moved onto POL/L-coated plates
for attachment and outgrowth. To detach the formed neural rosettes,
they were gently flushed from the plate surface by treating with
Accutase for 3 min and were plated as small clumps in POL/L coated
dish in NMM media, supplemented with 10 ng/mL of bFGF and
10 ng/mL of EGF. Upon reaching confluence, NPCs were passaged and
plated onto new POL/L plates, expanded and analysed in a way similar
to the 2D neuronal induction method (Supplementary Fig. 1). For fur-
ther details see Supplementary methods.

2.4. Fluorescence activated cell sorting (FACS)

NPCswere collected using 0.5% trypsin to obtain a single cell suspen-
sion which was then fixed in 4% paraformaldehyde (PFA) for 20 min at
room temperature (RT). After fixation, the cells were permeabilized
with 0.2% Triton X-100 (5 min at RT), followed by blocking with 1%
BSA (15min, RT). The cells were then incubatedwith the corresponding
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antibodies for 1 h at RT. For unconjugated primary antibodies the
isotype specific secondary antibodieswere used accordingly (for details
see Supplementary methods and tables: Suppl. Table 1). Samples were
analysed using ‘Flow Cytometer Cytomics FC 500′ (Beckman Coulter).
Data was analysed using the FlowJo software (version 7.6.5; FlowJo,
LLC).

2.5. Immunocytochemistry

Cell cultureswere fixed in 4% PFA (20min, RT), washed 3 timeswith
PBS and permeabilized (0.2% triton X-100 in PBS; 20 min). After
blocking for 40min (at RT in 3% BSA) the cells were incubated with pri-
mary antibodies (see details and dilutions in Supplementary methods
and tables: Suppl. Table 1) overnight at 4 °C. On the following day, the
isotype specific secondary antibodies (for details see Supplementary
methods and tables: Suppl. Table 1) were applied (1 h at RT). Samples
were mounted with Vectashield mounting medium containing DAPI
(1.5 μg/mL; Vector Laboratories) to label the nuclei of the cells. Samples
were visualized on afluorescencemicroscope equippedwith a 3D imag-
ing module (AxioImager system with ApoTome, Carl Zeiss
MicroImaging GmbH) controlled by AxioVision 4.8.1 software.

Fixed 3D neural induction derived spheres were embedded in
Shandon Cryomatrix gel (Thermo Fischer Scientific) according to the
manufacturer's instructions, and 10 μm parallel sections were cryo-sec-
tioned (Leica CM 1850 Cryostat, Leica GmbH) and stored at −20 °C
freezer until use. Immunostainings was performed as above and sec-
tions were analysed using FluoView FV10i confocal laser scanning mi-
croscope (Olympus Ltd., Tokyo, Japan).

2.6. Electron microscopy

Evaluation of the ultrastructural characteristics of the 2D and 3D
neural induction derived NPCs was performed in one control line
(CTL-2) and one disease line (DL-2). The 2D neuroepithelial sheets
were grown on POL/L coated coverslips (at Day 8 of the induction
phase) and the 3D neural induction-derived free-floating spheres (at
Day 8 of the induction phase) were fixed (3.2% PFA, 0.2% glutaralde-
hyde, 1% sucrose, 40 mM CaCl2 in 0.1 M cacodylate buffer) for 24 h (4
°C). Samples were rinsed for 2 days in cacodylate buffer, then postfixed
in 1% ferrocyanide-reduced osmium tetroxide (White et al., 1979) for
1 h (RT). The samples were then treated with aqueous 1% uranyl-ace-
tate for 30 min and embedded in Spurr low viscosity epoxy resin medi-
um (Sigma), according to themanufacturer's instructions, and cured for
24 h at 80 °C. Ultrathin sections were stained with 2.5% aqueous uranyl
acetate for 10min anReynolds's lead citrate for 2min and examined in a
JEOL JEM 1011 transmission electron microscope, operating at 60 kV.
Photographs were taken using Olympus Morada 11 megapixel camera
and iTEM software (Olympus).

2.7. Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was isolated from NPCs and differentiated neurons using
the RNeasymini extraction kit (Qiagen) according to themanufacturer's
protocol. A total of 500 ng of RNA was transcribed using Superscript III
VILO cDNA synthesis kit (Thermo Fisher Scientific). The PCR conditions
were subjected to 94 °C, 3 min, initial denaturation; followed by 40 cy-
cles of 95 °C, 5 s, denaturation; 60 °C 15 s, annealing and 72 °C 30 s, elon-
gation. The amplification reactions were carried out in a total volume of
15 μL using SYBR Green Master Mix (Thermo Fisher Scientific). Human
GAPDH and Beta-2-Microglobulin (B2M) were used as reference genes.
The data was analysed using REST software (2009 V2.0.13) and the sta-
tistics were analysed using Graph Pad prism 5. Values are expressed as
±SEMas indicated by Fig. legend text. Statistical significancewas tested
with an unpaired student t-test (two tailed) for evaluating differences
between two groups; and by a one way ANOVA with a Tukey's post-
test for testing differences between two or more groups. Statistically
significant differences were determined when p values were b0.05 (p
b 0.05). Oligonucleotide primers used in this study are listed in Supple-
mentary methods and tables: Suppl. Table 2. In the current study, iPSC-
derived NPCs (from 2D & 3D) were differentiated towards neurons for
5 weeks (35 days) for the qRT-PCR analysis.

2.8. Neurite length measurements

Human iPSC-derived neurons derived from both 2D and 3D neural
inductions (at Day 25) were dissociated with accutase for 3 min and
replated on POL/L (0.002%/1 μg/cm2) coated coverslips in 24-well plates
for neurite length analysis (10.000 cells/cm2). The plated cells were cul-
tured for a further 5 days and thereafter fixed with 4% PFA, immuno-
stained and analysed. Neurite length was assessed using neurite tracer
software of ImageJ. The analysis was carried out blinded by an indepen-
dent investigator. For details see Supplementary methods.

2.9. Electrophysiological recordings

Standard patch clamp electrophysiology experiments were per-
formed on eight week old terminally differentiated neuron cultures.
Whole cell recordings were carried out using an Axopatch 200 B ampli-
fier and the pClamp software (Molecular Devices, Sunnyvale, CA). For
further details see Supplementary methods.

2.10. Statistical analysis

For all experiments, data are represented asMean± SEM from 3 in-
dependent biological replicates. Statistical analysis was determined
using a two-tailed Student's t-test (for gene expression, FACS) or by
one way ANOVA with a Tukey's post-test for differences of mean be-
tween each group of datawith parametric distribution. Significant com-
parison were labelled in figures as (*p b 0.05, **p b 0.01).

3. Results

3.1. Dual SMAD inhibition efficiently induces neural rosette formation of
iPSCs in both 2D and 3D cultures

Wecompared twoneural inductionmethods to generate neural pro-
genitor cells (NPCs); (2D neural induction and 3D neural induction). In
the 2D neural induction method a neuroepithelial cell sheet formed,
where the majority of the cells organized in ‘rosettes’ expressed SOX1,
(a marker of early NEP cells) NESTIN and PAX6 (Fig. 1) after 10 days
of culture. The bright field images illustrated in Supplementary Figs. 1
and 2 exemplify the morphological changes over the course of the
induction.

In the case of the sphere-based 3D neural induction, aggregates
began to emerge around Day 4 following the neural induction. Follow-
ing the sphere formation (between Day 4–8), the spherical aggregates
showed similarities across the five different cell lines by gross morpho-
logical analysis (Supplementary Fig. 2).We did not observemorpholog-
ical differences in the efficiency of spheroid formation among the
different hiPSC lines (data not shown). As shown in Fig. 1, the majority
of the cells co-expressed NESTIN and PAX6, andwere positive for SOX1.
In both inductionmethods several cellswere positive for Ki-67 amarker
or dividing cells (Fig. 1).

Neural rosettes were observed in induction methods, which were
observed by phase contrast microscopy (Supplementary Fig. 2), confo-
cal microscopy (Fig. 1) and even electron microscopy (Fig. 2). In
semithin TEM sections, we observed several neural rosettes in various
sizes and shape (e.g. the number of cells forming the rosette), which
we believe is connected to the age of the rosettes (dependent on
which day during the induction they started to form). On the basis of
their regular pattern we called the area of the rosettes as zone I
(Fig. 2A–D). Central cavities contained cell debris or rarely intact cells
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(Fig. 2E–H). Long, radially ordered cells surrounding the central
cavity showed ultrastructural features typical of radial glial cells, includ-
ing cell coupling zonula adherens and tight junctions, deposits of glyco-
gen storage granules and cilia (Kriegstein and Alvarez-Buylla, 2009)
(Fig. 2I–L). A network of smaller, multipolar cells among the rosettes
formed a second zone (zone II) (Fig. 2A–D). The cells in zone II
contained smaller glycogen deposits and lipid droplets (Fig. 2M).
We observed mitotic cells both in the vicinity of the central cavities
(Fig. 2H) and further away from the centre of the rosettes (Fig. 2N–P).

In summary, early events such as neuroepithelial commitment and
neural rosette formation of the cells were observed, structural changes
were clearly distinguished and specific neuronal markers were already
identifiable with ICC without detecting significant differences between
the two induction methods or the different genetic background cell
lines.

3.2. A higher amount of PAX6+/NESTIN+ neural progenitor cells are
generated using 3D neural induction

Following 4 passages of the rosettes, the morphology of NPCs was
assessed by phase contrast imaging and for the expression of varying
neural lineage markers by ICC. Continual passaging resulted in NPCs
proliferating on a monolayer surface; however cells from both methods
continued to form rosette-like structures during the cell passaging
(Fig. 3A).

Next, we quantified the NPC populations. FACS analysis showed that
the average proportion of NESTIN and PAX6 double positive cells in 2D
was 83% ± 1.73 (mean± SEM) and in 3Dwas 93.34%± 1.55 (mean ±
SEM; p b 0.05; Fig. 3B and C; Supplementary methods and tables: Sup-
plementary Table 3). When tested for statistical differences between
both methods, there was an average of 10%±0.148 (mean± SEM) dif-
ference between the two induction methods with a significant increase
in 3D cultures (p b 0.05; Supplementary methods and tables: Supple-
mentary Table 3). Hereby indicating 3Dwas superior to 2D. Of particular
interest was the presence of two PAX6 positive cell populations with
both methods. One population was strongly positive for PAX6, whilst
the other population expressed PAX6 at lower levels (Fig. 3A). This is
in accordance with our previous study where we observed similar dif-
ferences in NPCs derived fromhiPSCs (Zhou et al., 2016a). Taken togeth-
er, the results indicate that the proportion of PAX6+ and NESTIN+ NPCs
was significantly higher when using the 3D neural induction method.

3.3. The 2D neural induction increases the expression of SOX1

In order to study the neural fate of the generated NPCs, we investi-
gated the expression of two important markers, SOX1 which marks
theNPCs and the neural crestmarker, SOX9. In both inductionmethods,
the passage five (p5) NPCs maintained their expression of SOX1, whilst
a small population was positive for SOX9 (Fig. 4A). Recent studies have
suggested that the transcription factor SOX9 is highly enriched in astro-
cytes (Sun et al., 2017; Farmer et al., 2016; Zhang et al., 2016a,b). In
order to assess the expression, we quantified the SOX1 and SOX9 popu-
lation using FACS (Fig. 4B). The proportion of SOX1+ cells was 86.1% ±
2.02 (mean ± SEM) in the 2D neural induction, while in the 3D neural
induction it was 76.4% ±1.8 (mean ± SEM). Subsequently, we found
that the neural crest population within the generated NPCs (i.e. the
proportion of SOX9+ cells) was 8.51%±0.838 (mean±SEM) in 2D cul-
tures and 12.3%±0.961 (mean±SEM) in the 3D cultures. (See detailed
data in Supplementary Table 3; p b 0.05; Fig. 4B). Based on quantitative
FACS data, we can conclude that the 2D neural induction method
Fig. 1. Immunocytochemical characterisation of 2D and 3D neural induction derived neuronal r
structures showed PAX6 (red) and NESTIN (green) and SOX1 (green) positivity. Dividing c
immunostained 2D neuroepithelial sheets grown on POL/L treated coverslips (B) Represent
differences were not observed. Nuclei were counterstained with DAPI (blue). Left hand-sid
magnifications. Scale bar: 100 μm.
generatedmore SOX1positive neural progenitor cells in all of our exam-
ined cell lines.

3.4. Terminal differentiation of the NPCs revealed similar neuronal fate

We then evaluated neuronal fate by performing ICC and quantitative
RT-PCR using varying neuronal markers. The ICC analysis showed that
the majority of cells derived from the NPCs' from the two induction
methodswere positive for tubulin, beta 3 class III (TUBB3), andmicrotu-
bule-associated protein 2 (MAP2). These neurons also contained long
neurites (Fig. 5A). As shown in Fig. 5A, all the differentiated neurons ex-
hibited fasciculation bundles. In order to quantify and compare the ex-
pression level of several markers and their gene expression profile,
qRT-PCR was performed on terminally differentiated neurons. As ex-
pected, a steady increase in the TUBB3 (2D = up to 6-folds increase
and 3D = up to 7-folds increase) and MAP2 expression (2D = up to
11-folds increase and 3D = up to 12-folds increase) was observed
(Fig. 5B). Our qRT-PCR data showed that 4 out of 5 lines had a verymod-
est increase in TUBB3 andMAP2 expression level in the 3D neural induc-
tion method at the mRNA level.

We then examined the expression of the cortical layermarkers CUX1
(cut-like homeobox 1; expressed in IV-II layer of late born/upper layer
cortical neuron) (Nieto et al., 2004) and TBR1 (T-box, brain, 1; labels
the cortical neurons and are widely expressed in layer IV)
(Hadjivassiliou et al., 2010) (Fig. 6A). As shown in Fig. 6B, a slightly
higher amount of TBR1 positive cells [ranging from 2D: 9.34% up to
22.39% (SEM ± 0.93 and SEM ± 2.20), while in 3D: 7.03% up to 22.2%
(SEM±0.96 and SEM±4.95), respectively] were found in theNPCs de-
rived from both neural inductions as compared to CUX1 [2D = 10.56%
up to 14.23% (SEM ± 1.69 and SEM ± 1.15), while in 3D = 7.16% up
to 18.98% (SEM± 0.86and SEM± 5.60), respectively] (Supplementary
methods and tables: Suppl. Table 3; p b 0.05).

Subsequently, we also evaluated the expression of glial subtype
markers glial fibrillary acidic protein (GFAP) and aquaporin-4 (AQP4)
(Roybon et al., 2013) at a late stage in differentiation (week 11;
Fig. 6C). Based on our results, a large variation in the proportion of
GFAP positive cells could be determined across both inductionmethods
[2D: 3.12% up to 45.29% (SEM± 0.12 and SEM± 1.69), 3D: 5.27% up to
48.11% (SEM ± 0.75 and SEM ± 11.41, respectively]. In the case of
AQP4, a large variation was also detected, but was generally lower
than GFAP [2D: 1% up to 36.43% (SEM ± 0.23 and SEM ± 3.0), 3D:
6.60% up to 32.20% (SEM±1.90 and SEM±4.74, respectively] (Supple-
mentary methods and tables: Suppl. Table 3; p b 0.05; Fig. 6D). This re-
sult indicates that both neural induction methods promote the
differentiation of cortical neurons, as well as glia and potentially radial
glia,which also expressGFAP. To conclude, cell line differenceswere rel-
atively high and modest differences could be determined in neuronal
fate when comparing the 2D and 3D neural induction methods; which
needs to be clarified in future studies.

3.5. Neurite outgrowth showed significant difference among the two
induction methods

Axonal growth and branching are essential for the formation of the
nervous system(Jiang andRao, 2005). The neurite length of neuronsde-
rived by both induction methods was investigated by comparing the
neurite outgrowth after five days of terminal differentiation. At the
timeof plating the pre-differentiated neurons (Day 25) appeared spher-
ical in shapewith no apparent neurite outgrowth. About 24 h post-plat-
ing, thin neurites began to emerge from the cell bodies of the cells. Five
osettes from CTL-2 and DL-2 cultures. Neuronal progenitor cells forming neuronal rosette
ells showed Ki-67 (red) expression (A) Representative confocal microscopic images of
ative confocal microscopic images of 3D sphere and its cryosections. By ICC, structural
e line: Images recorded at 20× magnification and thereafter images recorded at 60×



Fig. 2.Ultrastructural characterisation of CTL-2 and DL-2 cultures derivedwith 2D and 3Dmethod. (A–D) Semithin sections represent neural rosettes with central cavities (*) surrounded
by radially oriented cells (zone I). Cells among the rosettes form zone II. (E–H) Morphology of the rosettes on ultrathin sections at lowmagnification. The central cavities (cc) contain cell
debris (panel E, black arrowheads) or intact cells (panel G, black arrowheads) and bordered by processes of narrow, radially oriented cells. White arrow shows a mitotic radial glial cell in
panel H. (Panel E and F are magnified areas of panel A and B, respectively.) (I–L). Surface of the central cavities: cell coupling structures, i.e. tight junctions (TJ) and zonula adherens (ZA),
cilia (black arrowheads), basal bodies (white arrowheads) andglycogendeposits (Gl) can be seen in the cell processes limiting the central cavity (cc). Inset I: basal body (white arrowhead)
and cilium (black arrowhead) in longitudinal section. (Panel I and K aremagnified areas of panel E and G, respectively.) (M) Cells further away the central cavity contain glycogen deposits
(Gl) and lipid droplets (L). (N\\P) Mitotic cells with condensed chromatin (black arrowheads) (scale bars: A–D: 50 μm, E–G: 10 μm, H, N-P: 5 μm; I–M: 1 μm, E inset: 100 nm).
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days later, by the end of the differentiation period (at Day 30), many
cells possessed between one and three neurites. Fig. 6E describes the
way of analysis was performed. Analysis of neurite length revealed the
3D neural induction-derived neurons had longer neurites, ranging
from 236.82 μm ± 12.705 up to 461.16 μm ± 25.21 (mean ± SEM),
while in the 2D induction method, neurites were from 213.35 μm ±
13.36 up to 367.20 μm ± 26.52 (mean ± SEM). Cell line differences
were also relatively high (Fig. 6F; Supplementary methods and tables:
Suppl. Table 3; p b 0.05) and a remarkable and significant difference
was observed within the differentiated neurites, suggesting the 3D
method was more superior for neurite elongation.

3.6. Electrophysiology analysis

Functional analyses were deemed essential to verify the observation
of longer neurite outgrowth in 3D neural-induced neurons. Therefore,
eight week old neural cultures were analysed with patch clamp to de-
termine if spontaneous activation and electrophysiological properties
were different in neurons produced fromboth culturemethods. Sodium
and potassium channels were present in almost all cells analysed (40
out of 42 studied cells). There was no significant difference in the sodi-
um and potassium current amplitudes between the two induction
methods. Peak amplitude of sodium currents was 1.97 ± 0.36 nA
(range: 0.3 to 2.8 nA) for the 2D cultures (n = 7), and 2.26 ± 0.36 nA
(range: 0.1 to 8.2 nA) for the 3D cultures (n = 35). Fig. 7A and B
shows examples for families of sodium currents evoked by the activa-
tion and the inactivation protocols, respectively. Examples of sodium
currents from both induction methods are shown in Fig. 7C.

There was no significant difference between 2D and 3D neural in-
duction-derived cultures in their spontaneous synaptic activity (ob-
served in 4 out of 42 studied cells; an example is shown in Fig. 7D), or
in their LGIC-mediated currents. The presence of AMPA receptors was
shown by currents evoked by kainate, which was observed in 13 out
of 19 tested cells. Fourteen cells out of 21 responded to GABA (1333
± 392 pA), and 12 out of 17 responded to choline + PNU 120596
(749 ± 219 pA). Examples of LGIC-mediated currents are shown in
Fig. 7E. In conclusion, spontaneous and evoked synaptic activitywas de-
tected in both types of cultures. There were no significant differences
observed for the examined parameters which would be in correlation
with the inductionmethod. Overall, bothmethodswere suitable to gen-
erate mature, synaptically active neurons following terminal
differentiation.

4. Discussion

In our study, we performed a direct comparison of 2D neural induc-
tion and 3Dneural inductionmethods to assesswhich of thesemight be
more efficient in the production of cortical neurons.



Fig. 3. Comparison of hiPSC derived NPC populations generated with 2D or 3D neural induction methods. (A) Immunocytochemical analysis of NPCs after induction. Neural progenitor markers, PAX6 (in red) and NESTIN (in green). Nuclei are
counterstained with DAPI (in blue) Scale bar: 40 μm (B) Flow cytometer dot plots demonstrate PAX6 and NESTIN expression in a quantitative manner. The proportion of PAX6+ and NESTIN+ NPCs was significantly higher when the 3D neural
induction method was applied, independent from the genetic background of the cell lines used (see details in Supplementary Table 1). From the dot plot Q1: PAX6+ cells; Q2: PAX6+ and NESTIN+ cells; Q3: NESTIN+ cells; Q4: PAX6− and
NESTIN− cells. (C) Data analysis of dot plots into bar graphs, the bar graph illustrates the percentage of NESTIN and PAX6 positive cells; Test for significant difference (*p b 0.05) using Student's t-test. The bars represent the mean ± SEM of 3
independent cultures set.

145
A
.Chandrasekaran

etal./Stem
CellResearch

25
(2017)

139–151



Fig. 4. Characterisation of neural progenitor cells derivedwith 2D and 3D neural inductionmethods. (A) Immunocytochemical analysis of SOX1 (in red) and SOX9 (in green) populations in 2D and 3D neural progenitor cells. Nuclei are counterstained
with DAPI (in blue). Scale bar = 100 μm (B). Quantification of SOX1 and SOX9 expression with flow cytometry. Specific gating was applied to quantify the SOX1 and SOX9 expression populations. The histogram demonstrated that SOX1 and SOX9
expression in 2D and 3D NPCs wasmore homogeneous (C) Data analysis of FACS data into bar graphs. The bar graph illustrates the percentage of SOX1 and SOX9 positive cells; Test for significant difference (*p b 0.05) using Student's t-test. The bars
represent the mean ± SEM of 3 independent cultures set.
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Fig. 5. Terminal differentiation of NPCs after 35 days revealed cortical neurons. (A) Representative immunocytochemical analysis shows MAP2 (in green) and TUBB3 (in red) in neurons
differentiated from both induction methods. Nuclei are counterstained with DAPI (in blue). Scale bar = 100 μm (B) qRT-PCR analysis plots reveals the expression profile of terminally
differentiated neurons from 2D NPCs and 3D NPCs. The expression value was normalized to GAPDH and B2M. Subsequently, the expression values were calculated as relative amount
of mRNA versus expression values of differentiated cells. Test for significant difference were analysed using student t-test (p b 0.05).
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The first successful induction of neurons from human PSCswas pub-
lished by Zhang et al. in 2001 (Zhang et al., 2001). The efficiency of neu-
ral differentiation was enhanced by modulating pathways dependent
on SMAD factors either alone, or by dual inhibition. Yao et al. reported
the induction of neural differentiation of hESCs under culture conditions
using the BMP inhibitor, Noggin. Addition of Noggin suppresses the in-
duction of endodermal andmesodermal cell fates in suspension culture
(Yao et al., 2006) while a small molecule SB431542, a selective inhibitor
of the TGFβ pathway, inhibits SMAD signaling bymodulating phosphor-
ylation of ALK4, ALK5 and ALK7 receptors (Chambers et al., 2009;
Wattanapanitch et al., 2014). Thus, this synergic inhibition of these
two factors (BMP and TGFβ) alters the cellular fate of PSCs and directs
them into the neural lineage (Chambers et al., 2009).

Using Zhang's method of induction, important comparisons have
beenmade between the rosette stage and human embryo development
stage (indicating the neural tube formation vs. the third week of gesta-
tion) (Pankratz et al., 2007). During neural induction, human PSC un-
dergo morphogenetic events to form columnar epithelial cells termed
“neural rosettes” (Perrier et al., 2004). These structures are capable of
differentiating into various region-specific cells (neuronal and glial).
Our findings clearly demonstrate that the neural rosettes produced by
the synergistic inhibition of dual SMAD induction (BMP and TGF-β) ex-
hibits similar neural rosette formation when both methods were used.
Thus, the formation of neural rosette in vitro recapitulates the neural
tube formation in vivo (Muguruma and Sasai, 2012). Following
10 days of neural induction, nomorphological or qualitative differences
in the ICC could be observed in the formed rosettes, suggesting a uni-
form expression of NPC markers in the NEP phase (such as SOX1,
PAX6 and NESTIN) by both induction methods (2D and 3D).

Strikingly, our FACS analysis data showed a significant increase of
PAX6/NESTIN double positive cells in the 3D neural induction method
when NPCs were isolated from the rosettes. This observation is also in
agreement with previously described findings by Zhou and colleagues
(Zhou et al., 2016). This indicates that the 3D neural induction method
results in more forebrain neurons (Mariani et al., 2012; Molyneaux et
al., 2007).

PAX6 is a neuroectodermal marker (Onorati et al., 2014) in the dif-
ferentiating human CNS and is expressed in the dorsal forebrain, includ-
ing a region that gives rise to the cortex and functions in patterning the
brain (Osumi, 2001). Study by Suter et al., suggested that overexpres-
sion of PAX6 in noncommitted cells favour neural lineage commitment
by differentiation into radial glia and subsequently into neurons (Suter
et al., 2009). Based on our results, we find 2D neural induction is easy
to perform and is a faster protocol, but it generates less PAX6 positive
cells, whilst the 3D neural induction method is longer and requires
more labour but generates more PAX6 positive cells.

Several studies have showed that the transcription factor, SOX1, is
highly expressed in NPCs (Boissart et al., 2013; Shi et al., 2012a) while
SOX9 is expressed in glial progenitors (GPCs) and astrocytes
(Pompolo andHarley, 2001; Farmer et al., 2016). In order to analyse dif-
ferences in neural fate, we studied SOX1 and SOX9 positive cell popula-
tions. SOX1 is one of the earliest expressed pan-neuroectodermal
transcription factor that appears before PAX6 (Pankratz et al., 2007)
and increases when NEPs begin to differentiate towards NPCs, within
the embryonic neural tube (Pevny et al., 1998; Li et al., 2009). It is also
a marker for proliferating NPCs (Suter et al., 2009; Venere et al.,
2012).While SOX9 is expressed in GPCs and is important for its mainte-
nance (Scott et al., 2010), it is also expressed during neural crest stem
cell differentiation (Bergsland et al., 2011; Wegner, 2011; Stolt et al.,
2003), and this may lead to slightly different progenitor subtypes,
such as glial cells. Suter et al., suggested that overexpression of SOX1
in embryoid bodies leads to a large increase in NEP, RG cells andmature
neurons (Suter et al., 2009). Based on our quantitative FACS results, we
determined the 2D neural inductionmethod generatedmore SOX1 pos-
itive NPCs in themajority of the lines, indicating an early NEP formation
compared to the 3D neural induction method, which does suggest a di-
vergence in neural cell fate, however, this could not be verified follow-
ing neuron differentiation. Furthermore, it has been shown in various
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Fig. 7. Ionic currents of neuronal cultures. (A) Example for currents evokedby the activation protocol. Inset shows the voltage pattern. Thick line indicates current evoked by a 10ms step to
0 mV. (B) Example for currents evoked by the inactivation protocol. (C) Five representative examples for sodium currents from cultures differentiated by the 2D and 3Dmethod. Sodium
currents were evoked by depolarizations from−130 to 0 mV. (D) Example for the spontaneous synaptic activity observed in neuronal cultures. (E) Examples for LGIC-mediated currents
from cells differentiated by the 2D and 3D methods.
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publications, that the upregulation of SOX1 expression results in the
promotion of motor neurons (Shimojo et al., 2015), however, this
needs to be clarified in future studies.

Numerous hiPSC based studies have reported 3D neuronal differen-
tiation. For example, Kim et al., observed an elevated levels of pathogen-
ic Aβ species in theirMatrigel-based 3D culture system compared to the
conventional 2D conditions (Kim et al., 2015). It has been shown that 3D
culture is critical for sustaining the in vivo ontogeny of neurons (Ribeiro
et al., 2012; Blackshaw et al., 1997). Previous studies have shown that
3D differentiation enhances the generation of neurons and neurite out-
growth (Frimat et al., 2015; Sun et al., 2016). In addition, a study by
Zhang et al. accelerated neuronal differentiation and maturation of
functional neurons from iPSCs in three weeks rather than six weeks in
2D cultures (Zhang et al., 2016a,b). Similar to these studies, our neuritic
protrusion analysis demonstrated that neurons culturedwith 3D neural
induction generated significantly longer neurites, compared to the 2D
neural induction. Our neurite length observation is also in agreement
with previously described findings (Koh et al., 2008; Kraus et al.,
2015; Liu et al., 2016). In our study, we analysed relatively young in
vitro cultured neurons, due to technical limitations, which relate to
the difficulty in analysing longer projections in older and subsequently
denser cultures. It was therefore not possible to measure the neurite
length of terminally differentiated mature and electrophysiologically
active neurons. Sparsely seeding neurons early in differentiation could
be away to overcome this issue in future studies, since itwould be inter-
esting to determine whether neurite outgrowth differences could also
be observed at later stages in culture. In addition, we also examined
the effects of neural differentiation from hiPSC-derived 2D vs. 3D NPCs
Fig. 6. Characterisation of neuronal cultures. (A) Representative immunofluorescent microgr
CULT1+ positive neurons derived from 2D and 3D neural induction. The proportion of cortica
micrographs of CTL-2 iPSCs (2D vs. 3D) positive for GFAP/AQP4 (D) Quantification of AQP4+/
of 15 fields from 3 independent cultures (*p b 0.05), using Student's t-test; by one way ANOVA
First: the co-localization, Second: the soma size determined, Third: traced dendrites and Fin
measurements after 5 days post plating. Neurite measurements show a significant enhancem
was tested by an unpaired student t-test (two tailed). Results were reported as mean ± SEM o
towards neurons. Based on the mRNA profiling and ICC, our results
also indicated that 3D neural induction showed a modest increase in
both MAP2 and TUBB3 in both groups, which is also in accordance
with previous findings (Hosseinkhani et al., 2013).

Wenext sought todetermine theproportion of cortical layer identity
(TBR1 and CUX1) from these iPSC derived neurons. Our results showed
that both conditions resulted in slightly more TBR1+ than CUX1+
cells, which indicates a preference in the generation of the superficial
layer IV type cells over the other superficial layers. It is also essential
to note that our cultures of iPSC-derived neurons also contain RG,
reflecting a heterogeneous environment that is more physiologically
relevant to the development of the cells in vivo (Rooney et al., 2016).
This has been documented by several other groups in regardless to pro-
tocol differences (Johnson et al., 2007;Muratore et al., 2014; Paşca et al.,
2015). Our results also showed a line-to-line variability whichmight be
related to the genetic background differences. Taken together, our re-
sults demonstrate that there were no intrinsic obstacles for generating
different classes of projection neurons fromhiPSCs using both neural in-
duction methods; however the 3Dmethod resulted in a higher propor-
tion of NPCs with deep layer neurons that had longer neurites,
indicating a slight preference in the 3D method.

Finally, we evaluated the functional characteristics of iPSC-derived
neurons. We observed no significant differences between 2D and 3D
neural induction methods in their spontaneous activity, or in their
LGIC-mediated currents. This suggests that human neurons require lon-
ger periods to reach synaptic maturity in in vitro culture conditions,
consistent with other observations (Niu et al., 2015). Our study also
showed no significant difference between the DL lines vs. the CL lines
aphs of DL-3 iPSCs (2D vs. 3D) positive for TBR1/CUX1 (B) Quantification of TBR1/CUX/
l layers did not vary between induction methods. (C) Representative immunofluorescent
GFAP+ astrocytes derived from 2D and 3D NPCs. Results were reported as mean ± SEM
with a Tukey's post-test (E) Example of workflow of images analysed by Neurite Tracer
ally: traced and overlaid, Scale bar = 100 μm (F) Bar graphs show neurite outgrowth
ent in neurite length in 3D neural induction method than of 2D. Statistical significance
f 15 fields from 3 independent cultures.
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that was similar to Momcilovic et al., where they showed no significant
difference in the timeline of neural induction between the patient vs.
the control lines (Momcilovic et al., 2016).

5. Conclusion

Somatic cell reprogramming opens the possibility to model
human neural development and neurological disorders in a dish, using
hiPSCs. Previous 3Dneuronal differentiation studies have beenperformed
by embeddingNPCs in a scaffold-based system (Choi et al., 2014; Zhang et
al., 2016a,b) or by generating organoids (Lancaster and Knoblich, 2014)
but they have not directly compared the effects of 2D vs 3D induction
on early cell fate, neurite length, differentiation potential, and electro-
physiological activities. In this study, we applied an in vitro cellular
model to study the neural identity and neural fate of patient-derived
and control-derived cells by comparing 2D and 3D neural induction ap-
proaches. Based on our results, wewere able to document that 3D neuro-
nal induction can promote (i) more PAX6/NESTIN positive NPCs, (ii)
young neurons which exhibit longer neurites and (iii) promote glial pro-
genitor formation. Overall, we were able to demonstrate the importance
of 3D neural induction across 5 different cell lines.
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