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Running Head: iPSCs for modeling Neurological disorders.

Abstract: Human induced pluripotent stem cells (hiPSCs) have two characteristic abilities 1) self-
renewal and 2) differentiation into all cell types in the human body. It is this ability of iPSCs to
differentiate into any desired cell type that makes them amenable to disease modeling. iPSCs can
further be engineered to carry a disease-specific mutation or be derived from patients to phenocopy
the disease. To model neurodegenerative/neurodevelopmental disorders iPSCs are differentiated
into neurons. This chapter describes protocols for two different approaches to generate neurons
from iPSCs, first using dual SMAD inhibition to generate neural progenitor cells which are then
differentiated into neurons, and second using single transcription factor (NGN2) over-expression to
drive differentiation of iPSCs directly into neurons.

Keywords: hiPSC; differentiation; neurons; disease modeling; dual SMAD inhibition; NGN2
overexpression

1. Introduction

Pluripotent stem cells are defined as cells with the ability to self-renew [1,2] and differentiate
into all cells of the tissues of the body [3-5]. The first human embryonic stem cell (hESC) line was
established by isolating the inner cell mass (ICM) of a human blastocyst and cultured under
conditions supporting pluripotency [6]. Since then, using different techniques for derivation and
culture hundreds of hESC lines have been established in different labs around the world [7-9]. Owing
to the property of hESCs to be able to differentiate into all cell types of the body hESCs can be used
to model human development with two main advantages over its alternatives: 1) use of human
embryos/fetuses is ethically restricted for research, and it is impossible to study human embryos
during development in the uterus; 2) animal models do not always recapitulate human
development/biology due to evolutionary divergence. However, the use of hESC lines also poses
some ethical concerns for the acquisition of sensitive human tissues (invitro derived embryos and
human oocytes) to derive the hESC lines and is better discussed in [10]. Modeling diseases using
human embryonic stem cells also requires recreating patient mutations/variants which entails
additional cell line engineering. In 2006 Takahashi and Yamanaka made a breakthrough discovery
where they generated pluripotent stem cells from somatic cells by ectopic expression of 4
transcription factors Oct3/4, Sox2, Klf4, and c-Myc [11]. These cells possess all the basic characteristics
of hESCs, show the expression of pluripotency markers, and can self-renew and differentiate into
cells of all three germ layers [12]. They called these cells human induced pluripotent stem cells
(hiPSCs). iPSC technology overcame ethical considerations associated with hESCs as the somatic cells
can be easily acquired using minimally invasive procedures such as skin biopsies or blood draw.
hiPSCs also readily enable the modeling of disease-associated mutations as the somatic cells which
are to be reprogramed to hiPSCs can be directly derived from the patient. Hence, hiPSCs have been
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widely used in 2D and complex 3D culture systems to model a variety of disorders to understand
disease pathology and enable drug discovery.

Neurodevelopmental and neurodegenerative disorders present different challenges for disease
modeling. An important consideration is the time of disease manifestation. Neurodevelopmental
disorders usually manifest during embryonic development and the symptoms are seen in newborns.
Thus, while modeling neurodevelopmental disorders, it is important to have a system that
recapitulates neuronal development. This would allow looking for disease phenotypes at different
stages of development. While neurodegenerative disorders usually manifest later during adulthood
and hence protocols modeling such disorders should involve long-term culture of neurons. Here I
describe two protocols to differentiate hiPSCs into neurons. The first protocol uses dual SMAD
inhibition and embryoid body formation for neural induction. This first results in the formation of
neural progenitor cells which are then differentiated into functional neurons. The second protocol
uses transcription factor NEUROG2 (NGN2) overexpression to drive direct neuron differentiation.
Both protocols described here result in the formation of cortical neurons. Neurons derived using both
protocols are suitable for long-term neuronal culture. Both protocols can be modified to generate
other neuron types. Strategies to generate other neuron types are described elsewhere in the literature
[13,14]. Neurodegenerative/neurodevelopmental disorders can be effectively modeled by
differentiating hiPSCs carrying disease mutations or patient-derived hiPSCs and isogenic controls
into neurons using the protocols described here.

2. Materials

2.1. Laboratory Culture-Ware and Common Ingredients

6/12/24/96 well tissue culture treated dishes.
Poly-L-Ornithine
Laminin (Sigma L2020-1MG)
mTeSR™1 media for maintenance of hiPSCs (StemCell Technologies Catalog # 85850).
Corning® Matrigel® hESC-Qualified Matrix (Corning 354277).
70% (vol/vol) ethanol.
D-PBS (Without Ca++ and Mg++).
Conical Tubes.
Serological Pipettes 5ml/10ml/25ml.
Rock inhibitor Y-27632 (StemCell Technologies Catalog #72302).
Cell counter or hemocytometer.
Trypan blue.
Doxycycline.
Glutamax.
Parafilm.
ReLeSR.
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2.2. Materials for the Dual SMAD Inhibition Protocol

STEMdiff™ SMADi Neural Progenitor Kit (StemCell Technologies #08581).

STEMdiff™ Neural Progenitor Medium (StemCell Technologies #05833).

STEMdiff™ Forebrain Neuron Differentiation kit (StemCell Technologies #08600).

STEMdiff™ Forebrain Neuron Maturation kit (StemCell Technologies #08605).

Neural Progenitor Freezing Media.

5ml FACS tubes with a cell strainer.

Wide bore 200ul and 1000ul pipette tips.

Anti-Adherence rinsing solution (StemCell Technologies Catalog #07010).

AggreWell™ 800 (StemCell Technologies Catalog #34815) or Corning Elplasia (Corning 4441)
plates for embryoid body formation.
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2.3. Materials for the Generation of Neurons Using Transcription Factor Overexpression Protocol

1. hiPSCs expressing doxycycline-inducible NEUROG2 (NGN2) expression cassette. The method
for generating this cell line is not described in this protocol but can be found here in the article
published by Schmid et al. [15]. The iPSC lines generated by Schmid et al. are available for
purchase through the European Bank for Induced pluripotent Stem Cells (EBiSC).

2. Knockout DMEM/F12

3. Non-Essential Amino Acid supplement

4. N2 supplement

5. NT-3

6. BDNF

7. Mouse Laminin (Img/ml stock Sigma 1.2020)

8. Rock Inhibitor

9.  Gem21 supplement/ B27 supplement

10. DMEM/F12

11.  Neurobasal medium

2.4. Materials Required for Cell Characterization by Immunofluorescence

BSA

TritonX-100

PBS

4% Paraformaldehyde
Fluorescence microscope

O WD

Antibodies for immunofluorescence:

Anti-MAP2 antibody (Abcam, catalog number: ab92434)

Anti-DCX antibody (Cell Signaling Technology, catalog number: 4604)
Anti-NeuN antibody (Invitrogen, catalog number: PA5-78499)

OCT4 antibody (Cell Signaling Technology, catalog number: C52G3)
SOX2 antibody (SantaCruz Biotechnology, catalog number: sc-365823)
SSEA4 antibody (SantaCruz Biotechnology, catalog number: sc-59368)
MSI1 antibody (Millipore Sigma, catalog number: AB5977)

PAX6 antibody (Biolegend, catalog number: 901301)

PN A DD

3. Methods
3.1. Coating Cell Culture Plates with Matrix

3.1.1. Coating Plates with Corning Matrigel

1. Thaw an aliquot of 100x stock concentration of Matrigel on ice.

2. Dispense ice-cold DMEM or DMEM/F12 in a conical tube and add freshly thawed Matrigel to
the conical tube to a final concentration of 1X. Mix well.

3. Add the Matrigel DMEM solution to culture plates such that it covers the surface of the plate
completely (See Table 1 for recommended coating volumes). Incubate at 37°C for at least an hour
before plating cells. Coated plates can be sealed using parafilm stored for up to a week at 4°C.
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Table 1. Recommended volumes for coating cell culture plates with matrigel.

Plate Type | Recommended Volume of Matrix
384 well 30 ul
96 well 50 ul
24 well 250 ul
12 well 500 ul
6 well 1000 ul

3.1.2. Coating Plates with Poly-L-Ornithine/Laminin

1.

9.

Thaw an aliquot of the Poly-L-Ornithine (PLO) solution on ice and dilute it in phosphate-
buffered saline (PBS) to a final concentration of 15ug/ml.

Add the diluted PLO solution to culture plates. Use the volumes recommended in Table 1.
Incubate at 37°C for 1.5 to 2hr or incubate overnight at 2 — 8°C. Make sure the PLO solution does
not evaporate.

Aspirate PLO solution with a pipette. Make sure the surface of the cultureware is not scratched
while aspirating.

Wash 2-3 times with 1x PBS.

Dilute laminin in DMEM/F12 to a final concentration of 10ug/ml.

Add diluted laminin to the culture plates coated with PLO. Use the volumes recommended in
Table 1.

Incubate at 37°C for 1.5 to 2hr or incubate overnight at 2 — 8°C. Make sure the Laminin solution
does not evaporate.

Coated plates can be sealed using parafilm and stored for up to a week at 4°C.

3.1.3. Preparing AggreWell™ 800 Plates

Add 500ul of anti-adherence rinsing solution to each well of the AggreWell™ plate.

Centrifuge for 5 min at 1300 x g. Make sure that the centrifuge is balanced.

Observe under the microscope to ensure that the bubbles are removed from the microwells of
the AggreWell™ plate. If the bubbles are still trapped centrifuge again for 5 min at 1300 x g.
Aspirate the anti-adherence rinsing solution and add 1 ml warm media to each well of a 24-well
plate.

3.2. Preparing Cell Culture Media

3.2.1. mTeSR™1]1 Medium

Thaw a bottle of mTeSR™1 supplement overnight at 4°C. Add the thawed supplement to 400

ml of mTeSR™1 basal media. Warm media in small aliquots as needed for use. Reconstituted media
can be stored at 4°C for 2-3 weeks.

3.2.2. STEMdiff™ Neural Induction Medium + SMADi

Thaw a bottle of STEMdiff™ Neural Induction Medium and one vial of the SMADi supplement

overnight at 4°C. Mix thoroughly. Add 0.5ml of STEMdiffM SMADi supplement to 250ml of
STEMdiff™ Neural Induction Medium and mix thoroughly.

doi:10.20944/preprints202304.0352.v1
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Reconstituted media can be stored at 4°C for 2-3 weeks and at -20°C for the long term.

3.2.3. Neural Progenitor Medium

Thaw STEMdiff™ Neural Progenitor Basal medium and STEMdiff™M Neural Progenitor
Supplement A (50X) and STEMdiff™ Neural Progenitor Supplement B (1000X) at 4°C overnight. Add
2ml of STEMdiff™ Neural Progenitor Supplement A and 100 ul of STEMdiff™ Neural Progenitor
Supplement B to 98 ml of STEMdiff™ Neural Progenitor Basal medium. Mix thoroughly. The
complete medium can be stored at 4 °C for 2-3 weeks.

3.2.4. STEMdiff™ Forebrain Neuron Differentiation Medium

Thaw the differentiation supplement at 4 °C overnight. Mix thoroughly and add 20 ml of the
differentiation supplement to 80 ml of differentiation basal medium. Mix well. The reconstituted
medium can be stored at 4 °C for 2-3 weeks.

3.2.5. STEMdiff™ Forebrain Neuron Maturation Medium

Thaw the maturation supplement at 4 °C overnight. Mix thoroughly and add 25ml of the
supplement to 100 ml of Brainphys Neuronal Medium. Mix well. The reconstituted medium can be
stored at 4 °C for 2-3 weeks.

3.2.6. Neuron Pre-Differentiation Media

The following volumes are for 50 ml pre-differentiation media. Scale-up volumes for making
larger amounts of media appropriately.

¢  Knockout DMEM/F12 - 50 ml

¢  Non-essential amino acid supplements — 500 ul

e  Glutamax - 500 ul

e  NT-3 (10ug/ml stock) — 50 ul

e  BDNF (10ug/ml stock) — 50 ul

e  Mouse Laminin (1 mg/ml stock) — 50 ul

¢ Rock inhibitor Y-27632 (10 uM stock) — Final concentration 10 nM
e  Doxycycline (2 mg/ml stock) — Final concentration 2 ug/ml

Add the rock inhibitor and doxycycline to the media fresh just before adding it to the cells. Rock
inhibitor should be added only on day 0 of differentiation.

3.2.7. Neuron Differentiation Media

The following volumes are for 50 ml differentiation media. Scale-up volumes for making larger
amounts of media appropriately.

e DMEM/F12 -25ml

e  Neurobasal Media — 25 ml

e  Glutamax - 500 ul

e  Non-essential amino acid supplements — 500 ul

e  NT-3 (10ug/ml stock) — 50 ul.

e  BDNF (10ug/ml stock) — 50 ul

e  Mouse Laminin (1 mg/ml stock) — 50 ul

e  Doxycycline (2 mg/ml stock) — Final concentration 2 ug/ml

Add the doxycycline to the media fresh just before adding it to the cells. Doxycycline needs to
be added only on the first day of culturing cells in Neuron differentiation media.
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3.3. Differentiating hiPSCs into Forebrain Neurons via a Neural Progenitor Intermediate Using Dual
SMAD Inhibition

This procedure involves first inducing neural differentiation of hiPSCs using a dual SMAD
inhibitor approach into neural progenitors which are then differentiated into forebrain-specific
neurons. In this protocol, we focus

on the embryoid body, protocol to generate neural progenitors via a neural rosette intermediate.
This protocol was modified from the protocol published by Chambers et al. [16].

Warm-up all media to 37°C before use.

iPSC Maintenance:

Culture hiPSCs on a Matrigel-coated plate in mTeSR™1 media. Make sure hiPSCs are mostly
undifferentiated. Do not let the hiPSCs get more than 70-80% confluent. To identify undifferentiated
iPSC colonies, see Note 2. To passage hiPSCs use the following protocol:

1. Aspirate media and wash with 1X PBS once to remove any dead cells.

2. Add ReLeSR to the well such that it covers the surface completely. Aspirate ReLeSR solution
and incubate at 37°C for 5-6 min.

3.  Add warm mTeSR™1 media and passage 1:10 of the cell suspension to a new Matrigel-coated
well.

Day 0

1.  Warm enough reconstituted STEMdiff™ + SMADi Neural induction media and DMEM/F12.
Add rock inhibitor (Y-27632) to the media at a final concentration of 10uM.

2. Prepare a well of AggreWell™-800 24 well plate (Section 3.1.3).

Rinse the well of hiPSCs with 2ml of sterile PBS.

4. Aspirate the PBS and add 1ml of accutase to one well of the 6 well plates. Incubate at 37°C for 4-
5 min till the hiPSCs detach.

5. Resuspend the cells by pipetting up and down with a 1ml pipette. Transfer the suspension to a
15ml conical tube and add 5ml of warm DMEM/F12 media to the tube.

6. Centrifuge the cells at 300xg for 5min. Carefully aspirate the supernatant and resuspend the cells
in 1ml of DMEM/F-12.

7. Count the cells using Trypan blue and the cell counter of your choice.

8. Aliquot 3 x 10¢ cells in 1 ml of STEMdiff™ + SMADi Neural induction medium + 10uM Y-27632
and add the suspension to the pre-prepared well of AggreWell™800 plate.

9. Centrifuge the AggreWell™ plate at 100 x g for 3 minutes. This will capture the cells in the
microwells. Make sure to balance the plate during centrifugation. Observe the well under the
microscope to make sure that the cells are evenly distributed in the microwells.

10.  Incubate the cells at 37°C.

For alternative culture-ware to induce embryoid bodies see note 1.
Days 1-4
Perform 3/4" media change from day 1-4.

1.  Uniform embryoid bodies (EBs) should be seen on day 1 (Figure 1A). More than 50% of cells
should be incorporated into the EBs.

2. Gently aspirate the media from a well of the AggreWell™-800 plate. Tilt the plate a little bit and
aspirate media touching the pipette tip to the wall of the well. Make sure to aspirate media very
slowly so that the EBs are not disturbed. Aspirate 1.5 ml of media.

3. Add 1.5 ml of warm STEMdiff™ Neural Induction medium + SMADI to the well. Add the media
very slowly. Again, tilt the plate while adding media and add media by touching the pipette tip
to the wall of the well. Do not add medium to the surface of the well.

4. Incubate at 37°C.

5. Repeat steps 2-4 until day 4.

@
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Day 5

1.  Warm enough DMEM/F12 and STEMdiff™ Neural Induction Medium + SMAD;1.

2. Resuspend the EBs in the medium in the well. Use a 1ml pipettor with wide bore tips to remove

the medium from the well and then firmly expel the medium onto the surface of the well. This

will dislodge the EBs from the microwells.

Aspirate the EB solution and pass it through a cell strainer on a 5ml FACS tube (sterile).

4. Observe under the microscope to make sure all the EBs have been dislodged and transferred. If
the well still contains EBs repeat steps 2-3 using warm DMEM/F12 till all the EBs have been
dislodged and transferred.

5. Remove the cell strainer and invert over a well of 6 well plate coated with Matrigel. Pass 2ml of
warm STEMdiff™ Neural Induction Medium + SMADi through the strainer into the Matrigel-
coated well. This should transfer all the EBs to the well.

6. Move the plate in a quick back-and-forth and sideways motion to distribute the EBs in the well
and incubate at 37°C.

@

DAPI, SOX2, MSI1
DAPI, PAX6

Figure 1. Day 19 Neural Progenitor Cells (NPCs). (A) Image showing microwells with embryoid
bodies at dayl and a Zoomedin image of one of the microwells of the Aggrewell plate showing a
single embryoid body. (B) Immunofluorescence image showing day 19 NPCs expressing NPC
markers SOX2 (Green) and MSI1 (Red). Cells are counterstained with DAPI (Blue). (C)
Immunofluorescence image showing day 19 NPCs expressing NPC marker PAX6 (Red). Cells are
counterstained with DAPI (Blue).

Day 6-11
Perform daily media change with warm STEMdiff™ Neural Induction Medium + SMAD;i.

Aspirate all the media out of the well and add 2 ml of STEMdiff™™ Neural Induction Medium +
SMAD:I to the well.
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On day 8/9 examine the culture to count neural rosettes and determine % neural induction. If %
Neural Induction is <75 % neural rosette selection will be inefficient. It is best to abort such cultures
and to begin again with undifferentiated hiPSCs. To quantify % neural induction see Note 4.

Day 12

On day 12 we select the neural rosettes and replate them on a Matrigel-coated well of a 6 well
plate

1. Aspirate the medium from the well and wash the rosettes with 2ml of warm DMEM/F12.

2. Aspirate DMEM/F12 and add 1ml of Neural Rosette Selection Reagent.

3. Incubate the plate for 1.5 hours.

4. Carefully remove the Neural Rosette Selection Reagent with a pipettor. To dislodge the neural
rosettes firmly dispense 1ml of warm DMEM/F12 onto the rosettes with a 1ml pipettor. Transfer
the rosettes to a 15ml conical tube. Repeat till most of the neural rosettes are dislodged. See note
5 for precautions to be taken during neural rosette selection.

5. Centrifuge at 300xg for 5 minutes.

6. Aspirate the supernatant and resuspend the rosettes gently in 2ml of warm STEMdiff™ Neural
Induction media + SMAD:.

7. Transfer the rosettes and STEMdiff™M Neural Induction media + SMADi to a Matrigel-coated
well of a 6-well plate. Move the plate in a quick back-and-forth and sideways motion to
distribute the rosette clusters in the well and incubate at 37°C.

Day 13 -19

Change all the media daily from the well between days 13-19. Use 2ml media per day per well
of a 6 well plate. The rosettes will attach to the dish and the neural progenitor cells (NPCs) will
migrate out into the spaces between the rosettes. NPCs are ready for passage on day 19. NPCs are
positive for neural progenitor markers SOX2, PAX6, and MUSASHI1 (Figure 1B,C). NPCs and be
passaged, expanded, and frozen for use later. For details on how to expand and freeze NPCs see Note
6. (Figure 1 near here).

Day 19 - 25
During this time NPCs are differentiated into neuron precursors.

1. Dissociate the day 19 NPCs using accutase into a single cell suspension. Briefly, aspirate the
STEMdiff™ Neural Induction media + SMADi and wash the cells once with PBS. Add 1 ml
accutase and incubate for 5 mins at 37 °C till the cells dissociate. Transfer the cell suspension and
add 4-5ml of warm DMEM/F12.

2. Centrifuge at 300 x g for 5 min.

Aspirate the supernatant and resuspend the cells in 1ml of DMEM/F12.

4. Count the cells using trypan blue and a cell counter. Plate approximately 1 million live cells on
a PLO/laminin-coated well of a 6 well plate in 2ml of warm STEMdiff™ Forebrain Neuron
Differentiation Medium. For recommended seeding densities for NPCs in different culture
vessels see Table 2.

5. Change the media daily till day 25.

@

Table 2. Recommended seeding densities for NPCs in different culture vessels.

Plate Type Growth Area (cm2) Seeding Density Number of Cells
6 well 9.5 1.25E+05 1.19E+06
12 well 3.8 1.25E+05 4.75E+05
24 well 1.9 1.25E+05 2.38E+05
96 well 0.32 1.25E+05 4.00E+04
384 well 0.056 1.25E+05 7.00E+03

doi:10.20944/preprints202304.0352.v1
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Day 25 onwards
During this time the neuron precursors undergo maturation into functional neurons.

1. Dissociate neuron precursors on day 25 using accutase into a single cell suspension. Briefly,
aspirate the media and wash the cells once with PBS. Add 1 ml accutase and incubate for 5 mins
at 37 °C till the cells dissociate. Transfer the cell suspension and add 4-5ml of warm DMEM/F12.
Centrifuge at 300 x g for 5 min.

2. Aspirate the supernatant and resuspend the cells in 1ml of DMEM/F12.

3. Count the cells using trypan blue and a cell counter. Plate approximately 1 million live cells on
a PLO/laminin-coated well of a 6 well plate in 2ml of warm STEMdiff™ Forebrain Neuron
Maturation Medium. For recommended seeding densities for neuron precursors in different
culture vessels see Table 3.

4.  Change the media every 3 days. Mature neurons are positive for neuron markers MAP2, DCX,
and NeuN (Figure 2A-C). Mature neurons also express calcium and potassium channel subunits
(Figure 2D). Mature neurons generated using this protocol express both GABA and Glutamate
receptor subunits indicating the presence of both GABAergic and glutamatergic neurons in
culture (Figure 2E). Mature neurons capable of exhibiting spontaneous electrical activity (Figure
2E-G) are seen around 18-22 days after culturing in maturation media. The protocols for
performing functional assays on neurons are out of the scope of this publication. For more
information on functional assays for neurons see note 8.

Table 3. Recommended seeding densities for neuron precursors in different culture vessels.

Plate Type Growth Area (cm2) Seeding Density Number of Cells
6 well 9.5 3.00E+04 2.85E+05
12 well 3.8 3.00E+04 1.14E+05
24 well 1.9 3.00E+04 5.70E+04
96 well 0.32 3.00E+04 9.60E+03
384 well 0.056 3.00E+04 1.68E+03
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Figure 2. Mature Neurons derived using dual SMAD inhibition protocol at day 45. (A-C) Neurons
expressing neuronal markers NeuN, MAP2 and DCX. Bottom panel shows cells counterstained with
DAPI showing their nuclei. (D) Bar graph showing expression of calcium channel subunits in Mature
Neurons (Day 45) vs iPSCs. (E) Bar graph showing expression of potassium channel subunits in
Mature Neurons (Day 45) vs iPSCs. (F) Bar graph showing expression of GABA receptor subunits in
Mature Neurons (Day 45) vs iPSCs. (G) Bar graph showing expression of Glutamate receptor subunits
in Mature Neurons (Day 45) vs iPSCs. For all the bar graphs, Y axis represents normalized RNA-seq
readcounts and X axis represents cell type. Error bars represent standard deviation. (H-J) Images
showing Berstl dye staining to measure spontaneous electrical activity in neurons at day 45. H)
Neurons stained by Calcien-AM to label live cells. (I) Berst1 staining of the same field of view as in
(H) showing labelled neuronal membranes. (J) Neuron activity traces of three neurons circled in (H,I).
Blue, red and green traces represent the neurons highlighted in (H,I) with blue, green and red circles
respectively. Arrowheads represent electrical spikes exhibited by neurons. Y-axis represents the
fluorescence intensities of Berstl dye and X-axis represents time.
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3.4. Differentiating hiPSCs into Neurons Using NGN2 Ouverexpression

This protocol uses transcription factor overexpression to drive the differentiation of hiPSCs into

functional neurons. This protocol is derived from methods described by Zhang et al and Tian et al
[17,18]. This protocol generates mostly glutamatergic excitatory neurons. For methods to generate
other neuron types using NGN2 overexpression refer to note 7. Make Neuron Pre-differentiation and
Neuron Differentiation media as mentioned in Sections 3.2.6 and 3.2.7.

Warm-up all media to 37°C before use.

Day 0

1. Start with undifferentiated iPSC colonies which express dox inducible NEUROG2 cassette.

2. Wash the cells with PBS and add 1ml of accutase to 1 well of a six-well plate. Incubate for 5 min
at 37 °C till the cells lift off. Pipette the cells with a 1 ml pipettor to make a single-cell suspension
and add it to a 15ml conical tube. Add 4-5ml of PBS and mix well. Centrifuge at 300 x g for 5
min. Remove the supernatant and resuspend the cells in 1 ml of pre-differentiation media.

3. Count the cells using trypan blue and a cell counter.

4. Add 1x10¢ cells to a Matrigel-coated well of a 6 well plate and add 2ml of warm Neuron Pre-
differentiation media.

5. Perform half media change till day 3. Keep adding doxycycline to the media till day 3.

6. Pre-differentiated cells on day 3 can be frozen in pre-differentiation media + 10% DMSO.

Day 3
Neuron precursors are differentiated into mature functional neurons after day 3.

1. Aspirate the media from the well and wash the cells once with PBS.

2. Add 1ml of accutase to 1 well of a six-well plate. Incubate for 5 min at 37 °C till the cells lift off.
Pipette the cells with a 1 ml pipettor to make a single-cell suspension and add it to a 15ml conical
tube. Add 4-5ml of PBS and mix well. Centrifuge at 300 x g for 5 min. Remove the supernatant
and resuspend the cells in 1 ml of neuron differentiation media.

3. Count the cells using trypan blue and a cell counter.

4. Using Table 3 plate appropriate numbers of cells for the type of culture dish and add an
appropriate amount of differentiation media to the well of the culture dish.

5. Dox should be added only on the day of transition to differentiation media.

6. Change half of the media every 3-4 days. While changing media aspiration and dispensing into
the wells should be performed very gently. Tilt the plate and change the media by touching the
pipette tip to the sides of the well.

7. Mature neurons which exhibit spontaneous electrical activity and are positive for MAP2 and

DCX are observed between days 14-21 after switching to neuron differentiation media (Figure
3). The protocols for performing functional assays on neurons are out of the scope of this
publication. For more information on functional assays for neurons see note 8.

doi:10.20944/preprints202304.0352.v1
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[sy)

DCX, DAPI
MAP2, DAPI

Figure 3. Day 21 Neurons generated via NGN2 overexpression. (A) Neurons expressing neurons
marker DCX (Green). (B) Neurons expressing neuronal marker MAP2 (Red). Bottom panel shows
cells counterstained with DAPI showing their nuclei. (C,D) Images show Berstl dye staining to
measure spontaneous electrical activity in neurons at day 21. (C) Neurons stained by Calcien-AM to
label live cells. (D) Berstl staining of the same field of view as in image H showing labelled neuronal
membranes. (E) Neuron activity traces of three neurons circled in (C,D). Blue, red and green traces
represent the neurons highlighted in (C,D) with blue, green and red circles respectively. Arrowheads
represent electrical spikes exhibited by neurons. Y-axis represents the fluorescence intensities of
Berstl dye and X-axis represents time.

3.5. Immunofluorescence

The following protocol was used to perform antibody staining on cells shown in Figures 1A,B,
2A-C, 3A,B, N1C,D and N2C,D. This protocol is for staining cells in a 96-well format. Scale up the
buffer volumes as required for other plate types.

Making Blocking Buffer in PBS

1. 2% w/v BSA

2. 0.1% v/v Triton X-100 (Make a 10% solution of Triton X-100 in water and use that as a stock
solution while making the blocking buffer)

3. Dissolve BSA in PBS and add Triton X100 to a final concentration of 0.1% to make the blocking
buffer.

Day1 (Fixation of cells and Incubation with Primary antibody)
Fixation:

1. Aspirate media from the wells of 96 well plate (Make sure to avoid touching the center of the
plate to avoid disturbing the attached cells).
2. Rinse gently with PBS (2 times) to remove traces of media.
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3. Add 100ul 4% PFA (enough to cover a well of a 96 well plate) and incubate at room temperature
for 15-20 min.

4.  Aspirate the PFA and collect it in an appropriate waste container.

5. Rinse the wells gently with PBS (2 times) and continue for incubation with primary antibody
(Alternatively, cells can be stored in PBS at 4 degrees at this step and the rest of the protocol can
be continued later. Seal the plates with parafilm before storing at 4 degrees to minimize
evaporation of PBS). Be very gentle during the wash steps. Add PBS from the sides of the well
extremely slowly.

Blocking and incubation with primary antibody.

1. Aspirate the PBS and add 100 ul of blocking buffer to the wells.
Incubate at room temperature for 45-60 min.

3. Meanwhile, prepare appropriate dilutions of primary antibodies in the blocking buffer and keep
them on ice.

4.  Aspirate the blocking buffer from the wells and add 150ul of the appropriate primary antibody
per well.

5. Incubate overnight at 4 degrees.

A

SOX2, MSIH
PAX6, DAPI

Figure N1. Embryoid body and neural rosettes generated using 96well plate. (A) Embryoid body
formed between day 1-4 from 10000 cells plated in a single well of a 96 well plate. (B) Neural rosettes
formed at day 9 from embryoid bodies generated using a 96 well plate. Inset shows a single rosette
from the area marked with the red box. (C) Day 12-13 rosettes showing expression of neural
progenitor markers SOX2 and MSI1. (D) Day 13 rosettes showing expression of neural progenitor
marker PAX6.
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OCT4, SSEA4

MERGE

Figure N2. iPSC colony characteristics. (A) Undifferentiated iPSC colony. (B) Differentiating iPSC
colony. Black arrow shows differentiated cells migrating out of the iPSC colony. (C) iPSC colony
expressing iPSC markers OCT4 and SSEA4. (D) iPSC colony expressing iPSC marker SOX2.

Day 2 (Incubation with secondary antibody and staining of nuclei with DAPI)
Incubation with secondary antibody.

Aspirate the primary antibody solution from the wells.

Wash 3 times for 5 min with the blocking buffer.

Dilute the secondary antibodies in blocking buffer usually at 1:1000 dilution.

Aspirate blocking buffer from the wells and add 150ul of the appropriate diluted secondary
antibody.

Incubate at room temperature in dark for 45-60 min.

Aspirate the secondary antibody solution and wash the cells with PBS twice (5 min).

Aspirate the PBS and add with 1X DAPI solution in PBS.

Aspirate the DAPI and wash twice with PBS. Store the cells at 4 degrees in PBS and protect them
from light.

LN

® N

Notes

Note 1: Culture-Ware That Can be Used Instead of AggreWell™ Plates to Generate Embryoid Bodies

In the protocol described in Section 3.3 AggreWell™ plates were used to generate embryoid
bodies. 96 well plates can also be used in place of AggreWell™ plates. Prepare 96 well plates using
the anti-adherence solution in the same way as one prepares AggreWell™ plates described in Section
3.1.3. Plate 10000 hiPSCs per well of a 96 well plate. Embryoid bodies are also seen in 96 well plates
by day 1 (Figure N1A). When plated, the embryoid bodies form neural rosettes by day 9 (Figure N1B).
The cells in the neural rosettes show expression of neural progenitor markers SOX2, MSI1, and PAX6
(Figure N1C,D) indicating efficient neural differentiation. (Figure N1 near here)
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Note 2: Identifying Undifferentiated iPSC Colonies

Both the protocols require high-quality undifferentiated hiPSCs as starting material. An example
of an undifferentiated and differentiated iPSC colony can be seen in Figure N2A. Undifferentiated
iPSC colonies should have the following features which can be verified by observing under a
microscope:

1. Undifferentiated colonies are tight and compact with very little space between cells.

2. Undifferentiated colonies have sharp boundaries. Cells should not be migrating away from the

colonies.

Undifferentiated hiPSCs have a large nucleus with very little cytoplasm.

4.  Undifferentiated hiPSCs should be positive for iPSC markers OCT4, SOX2, and SSEA3/4 (Figure
N2B). (Figure N2 near here)

@

Note 3: Determining % Neural Induction

Examine the culture to detect % EBs forming rosette-like morphologies. EBs would give rise to
neural rosettes.

1. Count all attached EBs

2. Count all EBs in which at least 50-70% of the area is filled with neural rosettes. See Figure N3A
for a representative image of EBs with 100% neural rosettes and Figure N3B for a representative
image of EBs with less than 50% neural rosettes. (Figure N3 near here)

Calculate % neural induction using the following formula

4. % Neural Induction = (Number of EBs with > than 50-70% neural rosettes/Total # of EBs) * 100

@

Figure N3. Neural rosettes at day 8-9 of differentiation. (A) Attached embryoid body showing 100%
neural rosette formation. (B) Attached embryoid body showing less than 50% neural rosette formation.

Note 4: Precautions to Take during Neural Rosette Selection

1. Make sure you incubate the cells with a neural rosette selection reagent for at least an hour and
not more than 1.5 hours. The neural rosettes should start dislodging when you shake the plate,
but increased incubation time can release the cells that have migrated out of the neural rosettes.

2. While dislodging the rosettes with DMEM/F12 do not pipette too many times to try and get each
rosette dislodged. This might result in the release of contaminating non-neural cells. Under-
selection is better.

3. Figure N4 shows an image of a neural rosette before and after neural rosette selection. (Figure
N4 near here)
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Figure N4. Neural Rosette Selection. (A) Neural rosettes before selection with the neural rosette
selection reagent. (B) After selection with neural rosette selection reagent. A ring of cells that not part
of the neural rosettes are left behind.

Note 6: Freezing NPCs Obtained via Dual SMAD Inhibition Protocol

1. Dissociate the cells into a single cell suspension using accutase as described before.

2. Count viable cells using a cell counter.

3. Centrifuge cells at 300 x g for 5 minutes.

4.  Aspirate the supernatant and resuspend the ~2 x 10¢ cells in 1 ml of cold STEMdiff™ neural
progenitor freezing medium.

5. Transfer 1ml of cell suspension into a cryovial.

6. Transfer the vial to a Mr. Frosty cooler and place the cooler at -80°C. Transfer the cryovials to
liquid nitrogen storage the next day.

Note 7: Current Protocols to Generate Different Types of Neurons by NGN2 Ouverexpression

Table 5 adapted from Hulme et al. 2022 [14] lists the current published protocols to generate
different neuronal subtypes using NGN2 overexpression.

Note 8: Neuron Functional Assays

One of the most prominent characteristics of neurons is electrical excitability. Changes in
neuronal excitability are associated with neurological disease and such changes have been reported
in a variety of disorders such as epilepsy, neuropathic pain, anxiety, depression, psychiatric
disorders, and dementia. Different methods have been developed to assay the electrical activities of
neurons in in-vitro cultures. For Figures 2H-J and 3C,D in this chapter an optical electrophysiology
approach was used where neuronal membranes were labeled using BeRST1 dye. BeRST1 is a far-red
to near-infrared voltage-sensitive dye that uses a photoinduced electron transfer which results in
rapid fluorescence increase upon depolarization of plasma membrane. This increase in fluorescence
can be quantified by time-lapse microscopy of live cells at a high frame rate of 500 fps. For optical
electrophysiology like what was done here using the BeRST1 dye genetically encoded voltage
indicators (GEVIs) have also been developed (Reviewed in [19]). Table 4 lists the techniques currently
available to interrogate the electrical activity of cultured neurons along with the resolution and
throughput of each technique.
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Table 4. Current techniques used to interrogate the electrical activity of neurons in culture.
Method Cellular Resolution | Throughput
Patch Clamp Single cell Low can sample from 10-12 cells at
the most in one experiment.
Multi-electrode arrays Groups of cells High throughput can be scaled to 96
well plate
Optical Electrophysiology | Single Cell High throughput can be scaled to
(Voltage Sensing Dyes and GEVIs) 96/384 well plate

Table 5. Current protocols to generate different neuronal subtypes using NGN2 overexpression.
Table reprinted from ‘Stem Cell Reports, Volume 17, Issue 1, Hulme et al. Making Neurons, made
easy: The use of Neurogenin-2 in neuronal differentiation, Pages 14-34, 2022, with permission from

Elsevier’.
Transcripti
on Factors
Used and | NGN2 Time to | Developme | Growth
Neuronal Source/Spe | Method of | Induction Functional ntal Factors and
Subtype cies Delivery Duration Neurons Patterning Co-Culture | Reference
4 days for

single action

Ngn2 and potentials,
Ngnl  via 14 days for
Human lentiviral action Co-cultured
Bipolar ESCs and | gene potentials with rat
neurons iPSCs delivery 1-4 days trains NA astrocytes [20]
Glutamater Ngn2  via
gic lentiviral
excitatory Human ESC | gene Entire
neurons and iPSCs delivery duration 2 weeks NA BDNF [17]
Transient
Ngn2
expression Entire

Mouse ESCs | and clonal | duration 7 days NA NA [21]
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transgenic
line
Ngn2 or
NPCs NGN2 via
derived lentiviral SB431542
from human | gene 2 days-3 and
iPSCs delivery weeks 2 weeks LDN193189 | NA [22]
BDNF, NT-3
co-cultured
with
primary
mouse
astrocytes
(also
recommend
NGN2 using
transgenic astrocyte
Human line (i3 conditioned
iPSCs neurons) 72 h 2 weeks NA media) [23]
Co-cultured
Ngn2 via SB431542, with mouse
Human lentiviral XAV939, primary
ESCs and | gene Entire and cortical glial
iPSCs delivery duration 2-3 weeks LDN193189 | cells [24]
NGN2 alone
or in
addition to
one of the
following;:
EMX1,
Human EMX2,
ESCs or | OTX1,
ESC- OTX2, 4 days or for Co-cultured
derived EOMES single-cell SB431542, with mouse
anterior and | (TBR2), RNA LDN193189 | glia for long
posterior LHX2, or | sequencing and term
NPCs FOXG1 14 days 28 days CHIR99021 | cultures [25]
NGN2,
Dopaminer ASCL1,
gic neuron- | Human S0OX2,
like fibroblasts NURR1, Transient 20 days SHH, FGF8 NA [26]
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PITX3  via
lentiviral
gene
delivery
Multiple BDNEF,
mRNA GDNF,
NGN2, transfection TGFb-3,
ATOH1 via | s ATOH1 cAMP,
Midbrain synthetic for 3 days, SHH, ascorbic
dopaminerg | Human mRNA NGN2 for 1 FGF8b, and | acid, and
ic neurons iPSCs delivery day 20-49 days DAPT DAPT [27]
Ngn2,
Nurrl  via
Mouse ESC- | retroviral
Dopaminer | derived gene
gic neuron NPCs delivery 3-10 days 9-16 + days | bFGF, EGF NA [28]
GDNF,
BDNEF,
dibutyryl
cyclic-AMP
NGN2, co-culture
ASCL1, Dibutyryl with
NKX2.2, cyclic-AMP, | primary
FEV, noggin, rodent
GATA2, LDN193189, | astrocytes
LMX1B via A83-1, for
Human lentiviral CHIR99021, | electrophysi
Serotonergi | dermal gene SB431542, ological
C neurons fibroblasts delivery 3-4 weeks 6 weeks forskolin analyses [29]
NGN2
NGN1,
NGNS,
ND1, ND2 Forskolin,
via 2-4 SB431542,
synthetic transient dorsomorph | BDNF,
Motor Human ESC | mRNA transfection in, retinoic | GDNF, NT-
neurons and iPSCs delivery s 7-10 days acid 3 [30]
Human ESC | NGN2, Retinoic
and iPSC- | ISL1, LHX3 acid,
derived via Transduce forskolin, Retinoic
NPCs adenoviral dayOand 4 | 21 days SHH acid, SHH [31]



https://doi.org/10.20944/preprints202304.0352.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2023

doi:10.20944/preprints202304.0352.v1

20
gene
delivery
Ngn2, Isll,
Lhx3 via Co-culture
Spinal inducible with mouse
motor Mouse ESC- | transgenic astrocytes
neurons derived EBs | line 2 days 7-11 day NA 7-10 days [32]
Ngn2,
Ascll, Brn2,
Mytll, Lhx3,
HD9, Isl1 via
Mouse and | retroviral GDNEF,
human transductio BDNF,
fibroblasts n Undefined 21 +days NA CNTF [33]
Ngn2, Isll,
Lhx3
inducible
line via a BDNF,
piggyBac GDNF, L-
Human transposon DAPT, ascorbic
iPSCs vector 5 days 13 days SU5402 acid [34]
Ngn2, Isll,
Phox2a via Co-culture
Cranial Mouse inducible with mouse
motor ESCs- transgenic astrocytes
neurons derived EBs | line 2 days 11 days NA 7-10 days [32]
Ngn2, Isll,
Phox2a
inducible
line via a BDNF,
piggyBac GDNF, L-
Human transposon DAPT, ascorbic
iPSCs vector 5 days 13 days SU5402 acid [34]
NGN2,
ISL1, LHX3
Lower inducible Optional co-
motor Human transgenic culture  of
neurons iPSCs line 72h 14 + days NA astrocytes [23]
Cholinergic | Human fetal | NGN2 Dorsomorp | Co-cultured
motor lung (+Sox11 for hin and | with C2Cl12
neurons fibroblasts skin 2-35 days 50 days forskolin murine [35]
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or human | fibroblasts) myoblast
postnatal using line
and adult | retroviral
skin gene
fibroblasts delivery
Ngn2 and
BRN3A or
Ngnl and
Mixed BRNBA via
population Human and | lentiviral
of sensory | mouse transductio BDNF,
neurons fibroblasts n 8 days 14-22 days NA GDNF, NGF [36]
Mixed NGN2 via BDNF,
population Human ESC | lentiviral SB431524, GDNF, NT-
of sensory | neural crest | transductio CHIR99021, | 3, bNGF, Y-
neurons progenitors | n 4 days 32 days BMP2, FGF2 | 27632 [37]
Human
iPSCs or
Cold- iPSC- NGN2 and BDNF,
sensing derived BRN3A via Y-27632, GDNF, NT-
mechanorec | neural crest | an inducible bFGF, EGF, | 3, bNGF, Y-
eptors cells line 14 days 20 days SB431524 27632 [38]
Human BDNEF,
iPSC- NGN2 and GDNF, NT-
derived BRN3A via Y-27632, 3, bNGF
Mechanorec | neural crest | an inducible bFGF, EGF, | Retinoic
eptors cells line 1 day 20 days SB431524 acid [38]
BDNF,
Human ESC | NGN2 via GDNF, NT-
and iPSC | lentiviral 3, bNGF
neural crest | transductio Retinoic
progenitors | n 1 day 21-30days | FGF, EGF acid [39]
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