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Abstract Cell models are promising tools for study-
ing hereditary human neurodegenerative diseases.
Neuronal derivatives of pluripotent stem cells provide
the opportunity to investigate different stages of the
neurodegeneration process. Therefore, easy and large-
scale production of relevant cell types is a crucial
barrier to overcome. In this work, we present an
alternative protocol for iPSC differentiation into
GABAergic medium spiny neurons (MSNs). The first
stage involved dual-SMAD signalling inhibition
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through treatment with SB431542 and LDN193189,
which results in the generation of neuroectodermal
cells. Moreover, we used bFGF as a neuronal survival
factor and dorsomorphin to inhibit BMP signalling.
The combined treatment of dorsomorphin and
SB431542 significantly enhanced neuronal induction,
which was confirmed by the increased expression of
the telencephalic-specific markers SOX/ and OTX2 as
well as the forebrain marker PAX6. The next stage
involved the derivation of actively proliferating MSN
progenitor cells. An important feature of our protocol
at this stage is the ability to perform prolonged
cultivation of precursor cells at a high density without
losing phenotypic properties. Moreover, the protocol
enables multiple expansion steps (> 180 days culti-
vation) and cryopreservation of MSN progenitors.
Therefore, this method allows quick production of a
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large number of neurons that are relevant for basic
research, large-scale drug screening, and toxicological
studies.

Keywords Induced pluripotent stem cells -
Neuronal differentiation - Medium spiny neurons -
Neuronal precursors

Abbreviations

BDNF  Brain derived neurotrophic factor
iPSCs  Induced pluripotent stem cells
MSN  Medium spiny neuron

NDM  Neuronal differentiation medium
NE Neuroectodermal

pMSN  Precursor of medium spiny neuron

Introduction

GABAergic medium spiny neurons (MSNs) represent
the major cell population of the striatum, which is the
region that is most affected in Huntington’s disease.
MSN loss leads to cognitive, psychiatric and motor
dysfunctions, resulting in the death of the patient
(Graybiel 2005; Knowlton et al. 1996). Currently,
there are no effective ways to treat the disease due to
insufficient understanding of the pathological mech-
anisms. Different animal models recapitulate only
some of the relevant processes occurring in the human
brain, while the molecular mechanisms of neurode-
generation remain unclear. Human induced pluripo-
tent stem cell-derived MSNs can serve as an adequate
model for studying molecular processes in affected
cells. Thus, the development of an easily reproducible
differentiation protocol is an important task.
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There are different protocols for pluripotent stem
cell differentiation into MSNs (Arber et al. 2015;
Aubry et al. 2008; Hunt et al. 2017; Jeon et al. 2012;
Ma et al. 2012; Mattis et al. 2012; Nekrasov et al.
2016). Early protocols are based on 3D cultivation of
pluripotent cells, or they include a step of cocultiva-
tion with stromal cells, as well as the manual selection
of neural rosettes, which is time-consuming (Aubry
et al. 2008; Jeon et al. 2012; Kawasaki et al. 2000; Liu
and Zhang 2011). In 2009, the first protocol for 2D
differentiation of pluripotent stem cells into MSNs
was developed using dual-SMAD signalling inhibi-
tion, which was achieved by treating cells with the
small molecules SB431542 and LDN193189/Noggin
for BMP/TGFp inhibition and induction ventral
telencephalic specification (Chambers et al. 2009).
This method allowed the quick generation of a large
number of synchronously differentiated cells in
feeder-free conditions. Additional components for
the transition of pluripotent cells into neuroectodermal
(NE) cells are purmorphamine and dorsomorphin,
which increase the efficiency of neuronal induction
(Hunt et al. 2017; Ma et al. 2012; Nekrasov et al. 2016)
and inhibit BMP signalling (Arber et al. 2015;
Nekrasov et al. 2016).

Neural induction is followed by the proliferation of
neuronal progenitor cells and their subsequent termi-
nal differentiation into MSNs (Arber et al. 2015; Hunt
et al. 2017; Ma et al. 2012). Activation of the TGFp/
BMP signalling pathway is important for terminal
differentiation into MSNs, which makes this step
common for all differentiation protocols. Activin A
plays a key role in forebrain neurogenesis induction,
promoting cell differentiation towards lateral gan-
glionic eminence (precursor of the ventral striatum)
(Abdipranoto-Cowley et al. 2009; Arber et al. 2015;
Hunt et al. 2017). Another important component is the
brain-derived neurotrophic factor (BDNF), which is
necessary for MSN survival (Arber et al. 2015; Aubry
et al. 2008; Baquet et al. 2004; Hunt et al. 2017; Jeon
et al. 2012; Ma et al. 2012; Mattis et al. 2012;
Nekrasov et al. 2016; Xu et al. 2017; Zuccato and
Cattaneo 2007). Ascorbic acid also plays an important
role in terminal differentiation (Hunt et al. 2017; Xu
et al. 2017). Some components of differentiation
media differ; for example, Nekrasov et al. added
Forskolin (Nekrasov et al. 2016), activating adenylyl
cyclase and increasing cAMP levels in cells, while
other authors directly added cAMP (Aubry et al. 2008;
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Hunt et al. 2017; Ma et al. 2012; Mattis et al. 2012; Xu
et al. 2017). Here, we present a novel protocol for
differentiating pluripotent stem cells into GABAergic
striatal neurons. The three-step protocol includes dual
SMAD inhibition, subsequent progenitor cell cultiva-
tion and terminal differentiation into neurons. Neu-
ronal progenitors undergo successful long-term
cultivation and cryopreservation, during which time
they maintain stage-specific markers. This benefit of
the protocol is that it facilitates obtaining a large
number of target neurons for high-throughput drug
screening.

Materials and methods
Ethical statements

This study was approved by the Scientific Ethics
Committee of Research Institute of Medical Genetics,
Tomsk NRMC (protocol number 106; 27th June
2017). Written informed consent was obtained from
the couple. The animals were conducted in an SPF
vivarium according to the Guidelines for Manipula-
tions with Experimental Animals and approved by the
Ethics Committee of The Federal Research Center
Institute of Cytology and Genetics of the Siberian
Branch of the Russian Academy of Sciences, Novosi-
birsk (permit No. 22.4 by 30.05.2014).

Cultivation of iPSCs

iPSC lines were cultivated on mitotically inactivated
mouse embryonic fibroblast layer (feeder layer) in
iPSC-medium (Knockout DMEM (KoDMEM, Life
Technologies), 15% Knockout serum replacement
(Life Technologies), 10 ng/ml rhFGF basic (bFGF,
StemCell Technologies), 1 x NEAA (Lonza), 1x
GlutaMAX-I (Life Technologies), 0.1 mM 2-mercap-
toethanol (2-mce, Sigma), 1 x penicillin—streptomycin
(pen/strep, Lonza)). TrypLE Express (TrypLE, Life
Technologies) was used for iPSC disaggregation.
ROCK inhibitor (10 uM Y-27632; R&D systems)
was added to the culture medium following passage
for the subsequent 24 h.

Differentiation of iPSCs into the MSNs
Before differentiation

iPSCs were seeded on hESC-qualified Matrix (Ma-
trigel-ESQ, BD Biosciences) treated plates and culti-
vated in Essential 8™ Medium (Essential 8, Life
Technologies) for 2 passages and detached by 0.5 mM
EDTA (Life Technologies). iPSCs were cultured until
70-80% confluency. All stages of differentiation were
performed in 5% CO,, 37 °C and humidity
atmosphere.

The first step: obtaining NE derivatives

When iPSCs confluent reached 70-80%, medium was
changed to neuronal differentiation medium (NDM)
(F12/DMEM:Neurobasal (Life Technologies) 2:1, 1x
N2 Supplement (N2, Life Technologies), 100 ng/ml
LDN193189 hydrochloride (LDN, Sigma), 8 uM
SB431542 inhibitor (SB, StemRD), 2 uM dorsomor-
phin (Dors, Sigma), 4 ng/ml bFGF, 1x pen/strep).
This day was referred to as day O of differentiation (0
day). The cells were cultured for 5 days with daily
medium refreshing. Next 7 days the medium was
replaced to NDM without SB and Dors (NDM-SD).
Purmorphamin (0.6 pM, Stemgent) was added from 1
day till 12-13 days.

The second step: prolonged cultivation of pMSNs

At 12d the NE cells were disaggregated with Accutase
Cell Dissociation Reagent (Accutase, Life Technolo-
gies) and seeded in the ratio 1:2 on Matrigel-ESQ in
NDM-SD medium supplemented with ROCK. The
next 2 days the medium was changed to 1:1 mixture of
NDM-SD:NeuroB. The NeuroB medium consisted of
Neurobasal, 1x B-27 Supplement (B-27, Life Tech-
nologies), 20 ng/ml recombinant human BDNF
(BDNF, PeptoTech), 1.1 mM ascorbic acid (Sigma),
1x pen/strep. At 15 days the medium was completely
changed to NeuroB and the cells were cultured in a
dense monolayer, passaged every 7-10 days at a
density of 2.5-3.25 x 10° cells/cm®. Medium for
cryopreservation of pMSNs consisted of 10% DMSO
(Sigma), 10% fetal bovine serum (Life Technologies)
and 80% NeuroB medium.
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The third step: terminal differentiation of cells
into MSNs

The pMSNs were passaged using Accutase and seeded
at a density of 2-3 x 10* cells/cm?® on Matrigel-ESQ
or poli-D-lisin/laminin (Sigma) coated plates in Neu-
roBC medium (Neurobasal, 1x B-27, 1x pen/strep,
20 ng/ml BDNF, 1.1 mM ascorbic acid, 25 ng/ml
recombinant human/murine/rat Activin A (Activin A,
Peprotech), 10 ng/ml recombinant human CNTF
(CNTF, BioLegend), 0.5 mM dbcAMP (Sel-
leckchem)). The medium was refreshed every other
day. MSNs were cultured and maturated for
10-20 days in the NeuroBC medium.

Cell analysis by flow cytometry

Cell suspension was fixed in 1% paraformaldehyde
(Sigma). For transcription factors, cell membrane was
permeabilized in 0.2% Triton X-100 (Sigma) for
10 min, washed 1 time with PBS (Life Technologies)
and immunoprecipitated with the first antibodies
diluted in 0.2% Triton X100 overnight at 4 °C. For
cytoplasmic markers, cell membrane was permeabi-
lized for 30 min using 0.1% Saponin (Sigma) and then
cells were incubated with the first antibodies diluted in
0.1% Saponin overnight at 4 °C.

Flow cytometry was performed by the BD FACS-
Canto II (BD Biosciences) using the BD FACSDiva
Software. All measurements were made in at least
three replicas. The antibodies sets used are presented
in the S1 Table in Supplementary Information.

Immunofluorescent analysis

Immunofluorescent staining was performed according
to the previously described protocols (Grigor’eva et al.
2019; Medvedev et al. 2011) with modifications.
Permeabilization of cells was carried out using 0.5%
Triton X100 for 30 min to detect transcription factors.
Incubation with primary antibodies was performed at
4 °C overnight. The list of antibodies is presented in
S1 Table in Supplementary Information. The visual-
ization of the preparations was performed using the
Nikon eclipse Ti-E microscope (Japan) and NIS
Advanced Research software.

@ Springer

RNA isolation, RT-PCR and Real-time PCR

RNA isolation and RT-PCR were performed accord-
ing to the previously described methods (Grigor’eva
et al. 2015; Medvedeyv et al. 2011). Quantitative PCR
was carried out using the reaction mixture containing
SYBR Green I (No. M-427, Syntol) on a Light Cycler
4801 (Roche). Relative gene expression levels were
analyzed using the Comparative CT Method (AACT
Method). The primer sets used are presented in
Table 1 and S2 Table in Supplementary Information.

Cell proliferation and survival assays

For cell proliferation analysis pMSN-1L were plated
on Matrigel-treated 48-well plate at the equal density
of 3 x 10° cells/cm?. Cell counting was performed at
the 3, 5, 7, 9 and 11 days after plating, 3 wells for
every time point.

For survival assay pMSNs were thawed and stained
by trypan blue (Thermo Fisher Scientific) and counted
using Countess Automated Cell Counter (Thermo
Fisher Scientific).

Electron microscopy

Cells cultured on plastic film (Agar Scientific, UK)
were fixed in 2.5% glutaraldehyde solution in culture
medium for 15 min and then in 0.1 M sodium
cacodylate buffer, pH-7.3 for 1 h at RT. Samples
were washed three times in buffer and postfixed in 1%
0OsQ, buffer solution with the addition of several
pellets K3[Fe(CN)g] for 1 h (19). After three times
washing in ddH,O, cells were incubated in 1% uranyl
acetate water solution overnight at 4 °C. After dehy-
dration with ethanol and acetone, samples were
embedded in epoxide resin Agar-100 and polymerised
for 2 days at 60 °C. Ultrathin sections were obtained
with a diamond knife at Ultracut ultratome (Reichert)
and analyzed in JEOL 1400 microscope (JEOL, Japan)
at 80 kB.

Electrophysiology

For patch clamp recordings, NeuroBC medium was
gradually replaced over the course of 1 h by recording/
perfusing solution, which contained the following (in
mM): 140 NaCl, 2.8 KCl, 10 HEPES, 1 MgCl,*6H,0,
2 CaCl,*2H,0, 10 D-(+)-Glucose; pH 7.2-7.4



Cytotechnology (2020) 72:649-663

653

Table 1 List of primer sequences used for positional specification analysis

Gene Forward Reverse

SYP CAATGCCTGCCTGAACAAAG GGGTCCTAAACTGTCCTCTCTA
CALBI CCGAACGGATCTTGCTCTTAT ACTCCCTTATAGTGCACAGTTATT
ARPP21 CTGGATGAAGAGGAGAAACTGG CCTGCTCCTGACTTGGATTT

GADI1 AAACCGTGCAATTCCTCCTG GCAACTGGTGTGGGTGATGA
DRDI1 CAACCTGAACTCGCAGATGAA CAGAGTCTCACCGTACCTTAGT
DRD2 CACTCCTCTTCGGACTCAATAAC GACAATGAAGGGCACGTAGAA
MAP2 TTCGTTGTGTCGTGTTCTCA AACCGAGGAAGCATTGATTG
FOXP2 CCAAAGCATCACCACCAATAAC CTGTCTCGTCTTGCACTTAGAA

HPRT House-keeping gene

GACTTTGCTTTCCTTGGTCAGG

AGTCTGGCTTATATCCAACACTTCG

adjusted with NaOH. The solution was oxygenated
with 95% O,/5% CO,, perfused through the recording
chamber at ~ 1 ml/min and maintained at ~ 35 °C.
Whole cell patch clamp recordings were held through
borosilicate glass pipettes (~ 5 MQ, P-1000, Sutter
Instruments, fire-polished) filled with internal solution
containing the following (in mM): 10 NaCl, 140
C¢H,,KO-, 10 HEPES, 1 MgCl,*6H,0; pH 7.2-7.4
adjusted with KOH. Cell viability was determined by
ramp stimulus applied in voltage clamp mode yielding
one to several current spikes in live and active cells.
After that, background activity of the cell was
recorded. To evaluate total cell currents incrementing
depolarizing stimuli were applied in voltage clamp
mode ranging from — 60 mV to + 60 mV with
10 mV increase per step. All electrophysiological
experiments were carried out with Molecular Devices
Multiclamp 700B amplifier and Axon Instruments
Digidata 1440A digitizer; data was extracted, analysed
and visualized using Clampfit software.

Statistical analysis

Represent the mean =+ standard error of the mean
(SEM). Comparisons between groups were assessed
using a one-way ANOVA with Fisher’s LSD post hoc
analysis. Differences were considered statistically
significant when p < 0.05.

Results
iPSC generation

First, we generated iPSCs from human embryonic
fibroblasts using episomal vectors that encode the
following pluripotency factors: OCT4, KLF4,
L-MYC, SOX2, LIN28 and Trp53 (see Online
Resource) (Okita et al. 2011; Yu et al. 2009). Four
iPSC lines (iMA-1T, iMA-1L, iMA-17L, and iMA-
23L) demonstrated high proliferative activity and
grew in tight flat colonies that were similar in
appearance to human embryonic stem cells on a
feeder layer of mouse embryonic fibroblasts. The
iPSCs had a stable karyotype and expressed pluripo-
tency markers (Fig. S1 and S2). Additionally, the cells
differentiated into cell types from each of the three
germ layers during spontaneous differentiation in vitro
(Fig. S3) and in vivo (Fig. S4).

Our protocol was based on 2D cultivation of the
cells in a dense monolayer. The differentiation media
contained morphogens, which induced cells to specif-
ically differentiate into striatal MSNs. The three main
stages of the protocol are depicted in Fig. 1 which
demonstrates the differentiation scheme (Fig. 1a), the
cell morphology results (Fig. 1 b-f), and the
immunofluorescent staining results (Fig. 1g—i).

First step of neuronal differentiation—neural
induction

Three iPSC clones, iMA-1T, iMA-1L and iMA-17L,

were chosen for differentiation experiments. iPSCs
were cultured on mouse embryonic fibroblasts

@ Springer
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(Fig. 1b), and cells were plated on a Matrigel-ESQ
matrix before differentiation (Fig. 1c and g). NE
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differentiation of iPSCs was induced by dual SMAD
inhibition and neural conversion by adding SB431542



Cytotechnology (2020) 72:649-663

655

«Fig. 1 IPSCs differentiate into MSNs. a Scheme of the
differentiation protocol. b Morphology of iPSC colonies on
the feeder layer. ¢ Morphology of iPSC colonies on Matrigel.
d Monolayer of NE cells; neural rosette-like structures (black
arrow). ¢ pMSN morphology. f MSNs. g Immunofluorescent
staining of iPSCs for pluripotency markers: NANOG and SOX2
(green signal), and OCT3/4 and TRA-1-60 (red signal).
h Immunofluorescent staining of NE cells on the 8th day of
differentiation: SOX1 and OTX2 (green signal), and PAX6 (red
signal). i Immunofluorescent staining of terminally differenti-
ated MSNs. b—f Phase contrast images. The nuclei were
counterstained with DAPI (blue signal). The scale bars are as
follows: b, ¢, d 500 pm, e-i 100 um

and LDN193189 to the growth medium (Chambers
et al. 2009). Furthermore, to increase differentiation
efficiency and to promote ventralization (El-Akabawy
etal. 2011; Ma et al. 2012) we added purmorphamine
to the growth medium. After day 12 (the last day of the
first stage of differentiation), we observed formations
of neural rosette-like structures (Fig. 1d), which are
indicators of successful NE differentiation. At this
stage cells expressed early NE markers, such as PAX6,
SOXI1 and OTX2 (Fig. 1h), and they had the potential
to differentiate into diverse neuronal cell types (Li
et al. 2005).

Second step of neuronal differentiation—
proliferating neuronal progenitor cells

The next step of differentiation is the stage of neuronal
progenitors of MSN (pMSN) (Fig. 2). At day 13, we
reseeded cells on Matrigel-coated plates at a split ratio
of 1:2, and we exchanged growth medium for NeuroB

medium with brain-derived neurotrophic factor
(BDNF) and ascorbic acid. These steps led to an
intensive proliferation of OTX2- and SOX1-positive
pMSNs (Fig. 2a). The expression level of the NE
marker SOX1 in pMSNs varies insignificantly in the
range of 89% at day 12 to 75% at day 120, and OTX2
expression was detected in approximately 75% of cells
regardless of the differentiation day. Thus, we found
that pMSNs have the ability to continuously grow in a
dense monolayer (up to 2 x 10° cells per 1 cm?) and
can undergo multiple passages for up to 180 days.

Proliferation intensity and cryopreservation
of pMSN

To assess the possibility of large-scale production of
MSNs, we analysed the proliferation intensity of the
pPMSNss at day 50 of differentiation. After seeding the
cells at an equal density on Matrigel-treated plates, we
calculated the number of pMSNs every other day for
12 days. It was found that the cells were able to
multiply by more than 8 times during the 12-day
experiment (Fig. 2b). Thus, an average doubling time
of the pMSNs is 4 days.

PMSNss intensively proliferate and can be cryopre-
served in the period from day 20 to day 180 of
differentiation. To evaluate pMSN survival after
thawing, we counted cells stained by trypan blue
using an automatic cell counter. Living cells varied
from 80 to 90%, which indicated good cell viability
post-cryopreservation (Fig. 2¢). Moreover, we evalu-
ated pMSN viability after reseeding; cell survival was
more than 95% (Fig. 2¢). Thus, the cryopreservation

100 4
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10 1

Cells rate (%)

a b
100 - mSOX1 R
90 1 EOTX2 )5
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Fig. 2 Proliferation and survival of pMSNs. a The number of
OTX2- and SOXI-positive pMSNs on different days of
differentiation. b Proliferation of pMSNs on the 85th day of

T T 1 0 +

6d 8d 10d12d Thawing Reseeding

Days after plating

differentiation after plating on Matrigel; cells were counted
every other day. ¢ Survival of pMSNs after reseeding and
thawing
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and cultivation of precursor cells did not significantly
affect cell viability, simplifying the differentiation
procedure and enabling the generation of a large
number of target neurons in a single step of terminal
differentiation.

Third step—terminal differentiation

Terminal differentiation of pMSNs into MSNs was
performed by reseeding of 1.5-2 x 10* cells per
1 cm? on Matrigel-ESQ or poly-p-lysine/Laminin
treated plates (Ma et al. 2008; Wang et al. 2015) in
NeuroBC medium containing neurotrophic factors
such as ciliary neurotrophic factor (CNTF), BDNF,
Activin A and dibutyryl-cAMP (dbcAMP). We culti-
vated cells for 10-20 days in these conditions. We
assessed the cells by immunostaining and FACS
analysis and observed a high number that were
positive for standard neuronal markers, such as
TUJ1, NF200, and MAP2 as well as GABA, ISL1,
and DARPP32, which are major MSN markers
(Fig. 3a, b). Moreover, cells were positive for
SYNAPSIN 1 (SYN1), which is responsible for the
synapse formation between neurons. qRT-PCR
showed the expression of the following MSN markers:
ARPP21, CALBI, SYP, FOXP2, DRDI, and DRD2
(Fig. 3c¢).

Via implementation of patch clamp technique cells
were revealed (n = 15) to exhibit voltage-dependent
membrane currents (Fig. 3d) as well as were capable
of resting and action potentials generation (Fig. 3e).

Ultrastructural characteristics of cells
during differentiation into MSN’s

At every stage of differentiation from iPSCs to MSNss,
we performed ultrastructural cell analysis. The anal-
ysis demonstrated dynamics in progressive morpho-
logical alterations of cells. Initially, we analysed
iPSCs that were small and round, with large nuclei and
few cytoplasm depleted of organells (Fig. 4a, b). Five
days after the start of differentiation, the cells became
larger and began to form short branches (processes);
the cytoplasm became more enriched with organelles
(Fig. 4c). At day 12-13 of differentiation (early
precursor stage), we observed free and bundled
neurofilaments present in cells (Fig. 4d). Moreover,
there was an increase in the number of mitochondria,

@ Springer

Fig. 3 Characteristic of terminal differentiated MSNs. a Im-p
munostaining of MSNs derived from 70-day pMSNs (58 days at
PMSN stage and 12 days at the terminal stage) the following:
OTX2 (red signal), NF200 (green signal), ISL1 (red signal),
TUJI1 (green signal), SYN 1 (red signal), MAP2 (green signal),
GABA (green signal), SOX1 (red signal), and DARPP32 (green
signal). The nuclei were counterstained with DAPI (blue signal).
The white arrows indicate SYN 1 point signals. b FACS
analyses of ISL1", NF200", GABA™ and DARPP32™ cells.
¢ Expression of MSN markers SYP, CALB, ARPP21, GADI,
DRDI, DRD2, MAP2, and FOXP2 measured by qRT-PCR
(n = 3 per cell type; values for independent biological replicates
shown as the mean £ SEM). d Total currents across cell
membrane elicited by incrementing command potential protocol
(from — 60 mV to + 60 mV in 10 mV increments) next to an -
V diagram with standard deviation plotted. e An example of the
functional activity of neurons derived from iPSCs. Spontaneous
action potentials recorded by the whole cell patch clamp
method. Average rest potential value is — 62.4 mV

short cisterns of endoplasmic reticulum, numerous
intermediate filaments and autolysosomes (Fig. 4e).

Finally, we analysed the ultrastructure of MSNs.
Cells exhibited a morphology specific to mature
neurons (Fig. 5). MSNs also featured smaller sizes
and elongated shapes with long branches (Fig. 5a—
and g) that formed synapses with synaptic vesicles
(Fig. 5d—f). We also observed neurofilaments
(Fig. 5h), Nissl bodies (Fig. 5i) and numerous spines
at dendrites and near the synapses, all of which are
specific for MSNs (Fig. 5c, e and g).

Discussion

Animal models and patient-derived post-mortem tis-
sues are usually used in studies of Huntington’s
disease. As an alternative approach, iPSC-derived
medium spiny neurons can be created. Therefore, the
development of an efficient and reproducible iPSC
differentiation protocol is an actual problem. Although
there are some different protocols for iPSC differen-
tiation into MSNs (Arber et al. 2015; Aubry et al.
2008; Hunt et al. 2017; Jeon etal. 2012; Ma et al. 2012;
Mattis et al. 2012; Nekrasov et al. 2016), the
opportunity for scalability and cryopreservation of
large-scale amounts of cells at the MSN progenitor
stage has never been reported. We believe that our
protocol has several advantages. First, it lacks a stage
of co-cultivation with mitotically inactivated murine
bone marrow-derived stromal feeder cells MSS.
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Fig. 4 Ultrastructural transformation of the cells during
differentiation. a An overview of a pluripotent cell containing
a large nucleus surrounded by a narrow layer of cytoplasm.
b Part of a pluripotent cell at higher magnification showing the
following: mitochondria, short ER cisternae and cytoplasm with
organelles. ¢ An overview of cells on the 5th day of
differentiation: triangular cells were observed with an emerging

Another advantage is absence of the laborious stage of
manual collection of rosette-like structures. In this
study, we developed a new three-step protocol for

@ Springer

branch and cytoplasm filled with organelles (on the right). d A
branch fragment of the cell after a first stage of differentiation
(12-13 days) with free-lying and bundled neurofilaments. e A
part of the cytoplasm on day 12-13 with a high density of
mitochondria, ER cisterns, and autolysosomes. The scale bar is
2 pum

human iPSC differentiation into striatal MSNs that
allows prolonged cultivation and cryopreservation of
MSN progenitors. We showed that cryopreservation of
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Fig. 5 Ultrastructural organization of spiny neurons derived
from iPSCs. a, b An overview of neurons: the long branches are
visible. ¢ Two spines (black arrows) on the axon. d, e Synaptic
connection between two different neurons (the synaptic cleft is
marked by white arrowheads). f Synaptic vesicles in the

PMSN does not affect their viability and allows us to
differentiate pMSN into terminal neurons in one step
after thawing. This greatly simplifies the experiment.

terminal bulb. g A fragment of a neuron with a spine in the
axon formation zone (in the region of the axon hillock).
h Neurofilaments in a neuron. i Rough ER cisterns form Nissl
bodies in the cytoplasm of a neuron. The scale bars are as
follows: a—¢ 5 pm, d=i 1 um

The first stage of iPSC differentiation was treatment
with dual SMAD inhibition, which is a common part
of many protocols. The dual SMAD inhibition
prevented cell differentiation towards meso- and
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endodermal cell types (Chambers et al. 2009). The
inhibition was performed by adding SB431542 and
LDN193189, which suppressed the Activin/TGFf and
BMP pathways, respectively (Elkabetz et al. 2008;
Lee et al. 2007). The inhibition of these pathways
leads to the formation of neuroepithelial cells.
Immunofluorescence staining and flow cytometry
showed the expression of NE markers, such as
PAX6 and SOXI1, in NE cells on day 8 (Fig. 1h). In
addition, we observed the formation of neural rosette-
like structures, which recapitulates neural tube for-
mation in vitro (Fig. 1d) (Wilson and Stice 2006). We
also detected alterations in the cell morphology by
electron microscopy (Fig. 5).

During embryo development, the sonic hedgehog
(SHH) concentration gradient in the dorsoventral
direction promotes the induction of individual cell
specifications in the neural tube (Ericson et al. 1995),
and the exact concentration of SHH is critical for the
correct induction of cell specification in forebrain cells
(Ma et al. 2012). Thus, further regional cell specifi-
cation was induced by SHH pathway activation using
purmorphamine (an agonist of the SHH signalling
pathway). Moreover, we used bFGF as a neuronal
survival factor (Gage et al. 1995), and dorsomorphin
for additional BMP signalling inhibition. We con-
firmed the co-expression of the forebrain markers
OTX2, PAX6 and SOXI1 in NE cells by immunos-
taining (Fig. 1h).

At the next stage of differentiation, we obtained
MSN progenitor cells by replating NE cells and
removing inhibitors and morphogens. We cultivated
the progenitors in medium supplemented only with
BDNF and ascorbic acid. Ascorbic acid plays an
important role in the formation and maintenance of the
neuronal microenvironment, enhances the expression
of genes involved in neurogenesis, and has a neuro-
protective effect (Haramoto et al. 2008). BDNF
increases the survival rate of progenitors and MSNs
by activating anti-apoptotic pathways (Alcala-Barraza
et al. 2010). The actively proliferating progenitors
were able to undergo many passages (more than 20
passages) and could be cultured at a high density (up to
2 x 10° cells/cm?) without loss of marker expression
(Fig. 2a). Additionally, MSN progenitors successfully
underwent cryopreservation (Fig. 2c). All of these
results allows great simplification of the large-scale
production of MSN populations that is required for
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high-throughput drug screening and toxicological
studies.

The last stage is terminal differentiation into MSNSs,
which is achieved by adding a cocktail of inhibitors
and neurotrophic growth factors in the MSN progen-
itor medium. The medium contained Activin A [an
activator of the TGFB/BMP signalling pathway that
promotes differentiation into DARPP32-positive neu-
rons (Abdipranoto-Cowley et al. 2009; Arber et al.
2015; Hunt et al. 2017)], dibutyrylcyclic AMP
[dbcAMP, an analogue of cAMP that significantly
increases the neuronal output (Lopez-Toledano et al.
2004; Mena et al. 1995; Sharma et al. 1990; Tojima
et al. 2003; Zahir et al. 2009)], and CNTF [an inhibitor
of pro-apoptotic signalling (Alcala-Barraza et al.
2010)]. We found that over 90% of the cells were
GABA, ISL1 and NF200 positive. ISL1 and GABA
expression, indicates that the cells are derivatives of
lateral ganglionic eminence, which is the precursor of
ventral striatum (Skogh et al. 2003). We found
increased expression of MAP2 (a common marker of
mature neurons); SYP, which encodes synaptophysin
presynaptic marker; and GADI, encoding glutamate
decarboxylase 1, which synthesizes the MSN mediator
GABA (Fig. 3c). In addition, we found high expres-
sion levels of the main striatal markers, such as
ARPP21 (which plays a central role in the integration
of key signals of neurotransmitters to the MSNs
through regulation of calmodulin-dependent kinase I
and protein phosphatase-2B), CALBI (calbindin,
which is one of the main calcium-binding and buffer
proteins and plays an important role in preventing the
death of neurons, as well as in maintaining calcium
homeostasis), FOXP2 (which is a transcription factor
involved in the positive regulation of the differentia-
tion of MSNs from the lateral ganglionic eminence
cells and in the negative regulation of the formation of
interneurons from the cells of the dorsal medial
ganglionic eminence through interaction with the
SHH signalling pathway), and DRDI and DRD2,
which are the main types of dopamine receptors in the
striatum and, accordingly, divide the striatal MSN
population into two subpopulations—D1- and D2-
MSNs (Fig. 3c).

MSNs are tightly involved with vast array of
functions including motor control, habit formation and
motivated behavior (Chuhma et al. 2011). One of the
most distinct and crucial features behind neuronal
operation is the capability to generate and maintain
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potentials. AP generation requires chain of specific ion
channels to be developed as well as finely tuned ion
homeostasis system to be functional. The cells
obtained demonstrated the ability to both maintain
resting potential and generate APs. These processes
are mediated by voltage sensitive ion channels com-
plex activity, demonstrated in voltage clamp
recordings.

Moreover, we first performed a step-by-step ultra-
structural analysis of the cells during all differentiation
processes. We found a gradual formation of neuron
progenitors and then neurons from iPSCs. MSNs had
round shape nucleus with a few indentations sur-
rounded by cytoplasm containing Nissl bodies, neu-
rofilaments and long processes with spines, which are
typical for MSNs (Fig. 5). The ultrastructural analysis
expands the understanding of subtle changes occurring
during in vitro differentiation that reproduce the
development of nervous tissue during in vivo embryo-
genesis. Electron microscopy is also indispensable for
studying ultrastructural defects associated with differ-
ent stages of neurodegenerative disease development
(Morozova et al. 2018).

Conclusion

In this study, we established a protocol for efficient
stepwise iPSC differentiation into GABAergic striatal
neurons that enables long-term cultivation of neuronal
precursors and multifold increases in MSN output. We
confirmed that differentiated cells expressed general
neuronal markers and MSN-specific markers and
demonstrated specific electrophysiological activities.
In addition, for the first time, we investigated the
ultrastructural organization of the cells at every
differentiation step. We believe that MSNs obtained
by our protocol can serve as an adequate in vitro model
for studying Huntington’s disease and other forms of
neurodegeneration.
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