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Abstract 
 
Neurons and oligodendrocytes are the building blocks of the brain. Neurons form synaptic connections and 
transmit signals, while oligodendrocytes, including oligodendrocyte precursor cells (OPCs) and their derivatives, 
are vital for central nervous system maintenance and myelination. The demand for human-specific neuron-
oligodendrocyte model systems to study these interactions has grown, yet co-culture protocols remain limited. 
Recent advancements in the field provide methods for deriving co-cultures of neurons and OPCs from human 
induced pluripotent stem cells (hiPSC), each with distinct benefits and challenges. This study presents a time-
efficient, reproducible method to derive neurons and O4-expressing oligodendrocytes, followed by a 
straightforward co-culture system that minimizes astrocyte differentiation and ensures robust neuron and 
oligodendrocyte populations. 
 
 

Key features 
• Reliable, stable generation of neurons and O4-expressing oligodendrocytes within a practical timeframe. 
• Co-culture system utilizing hIPSC-derived neurons and O4-expressing oligodendrocytes. 
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• Maturation of neurons and oligodendrocytes achieved within 10 days of co-culturing. 
 
 
Keywords: hiPSC, Human NPCs, Neurons, O4-expressing oligodendrocyte, Co-culture, Myelin, Screening assay  
 
 

Graphical overview 
 

 
 
Graphical overview. The diagram outlines the sequential steps involved in the preparation, differentiation, and 
analysis phases. Key stages include the differentiation of neural progenitor cells (NPCs) into O4-expressing 
oligodendrocytes and neurons separately and then combining them into a co-culture, which can then be used 
for further experiments. 
 
 

Background 
 
Neurons and oligodendrocytes are pivotal cell types in the brain, supporting the central nervous system and 
participating in white matter formation [1–4]. This is critical for higher brain functions such as social and 
cognitive learning [5–8]. Neurons establish synaptic connections and transmit signals across the brain [9,10], 
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while oligodendrocyte lineage cells—including oligodendrocyte precursor cells (OPCs), myelinating 
oligodendrocytes, and transitional cell types—perform essential functions for central nervous system (CNS) 
maintenance and myelination of axons [3,11,12]. Beyond myelination, oligodendrocytes support neuronal 
energy metabolism, help buffer potassium [13], and promote synaptic plasticity through the secretion of 
neurotrophic factors such as BDNF [14,15]. Early in life, the disruption of the oligodendrocyte-neuron unit 
results in axonal dysfunction and impairs neurodevelopment [16,17]; later, it can be observed in traumatic 
injuries, Alzheimer’s disease, demyelinating diseases such as multiple sclerosis [18–20], and psychiatric 
disorders such as bipolar disorders and schizophrenia [21].  
Consequently, there is an increasing demand for the development of human-based neuron-oligodendrocyte 
model systems for studying these interactions in both healthy and diseased brains. Compared to equivalent 
models derived from mice, primary cultures, or animal-derived co-cultures [22,23], the induced pluripotent 
stem cell (iPSC) technology allows the generation of several cell types that can respond to the full spectrum of 
human nutritional and hormonal stimuli.  
Although numerous methods exist for deriving neurons or OPCs individually from iPSCs [24,25], protocols for 
their co-culture are limited. Over the past five years, there has been a rise in neuron-oligodendrocyte co-culture 
studies. Notably, Dooves et al. [26], Assetta et al. [27], and von der Bey et al. [28] have developed 
comprehensive protocols for deriving neurons and OPCs from human iPSCs. Each protocol offers distinct 
advantages and drawbacks. Dooves et al. [26] presented a straightforward but time-consuming method 
involving small molecule-directed differentiation, achieving mature neurons by day 37 and mature 
oligodendrocytes by day 67, followed by a 28-day co-culture period. In contrast, Assetta et al. and von der Bey 
et al. achieved neuron and oligodendrocyte maturation and subsequent co-culture in a shorter timeframe, 
utilizing pro-myelinating compounds (small molecules that promote myelination by the direct interaction with 
the oligodendrocytes) or complex media changes [27,28].  
In this study, we generate well-characterized populations of neurons and O4-expressing oligodendrocytes 
separately from the same iPSC line and from neural progenitor cells (NPCs) in a time-efficient, robust, and 
reproducible manner. Additionally, we aimed to establish a straightforward co-culture system using these 
defined cell types. Neurons were derived using a standardized small molecule-driven differentiation protocol, 
incorporating the CultureOneTM Supplement (Gibco) to minimize astrocyte production. This method yielded 
stable neuronal cultures after 29 days of differentiation. O4-expressing oligodendrocytes, cells that are 
considered pre-myelinating oligodendrocytes, were generated by integrating methodologies from Ehrlich et al. 
[25] and Dooves et al. [26]. A tetracycline-inducible lentivirus transduction method [25,29] was combined with 
simplified media changes [26], achieving stable O4-expressing oligodendrocytes after 28 days of differentiation. 
Compared to other protocols, this approach ensures that most of the cell population differentiates into a high 
percentage of neurons or oligodendrocyte lineage cells. In addition, the experimenter can control the percentage 
of astrocytes in co-culture. While the presence of astrocytes maintains neurons in culture for longer [30], they 
also decrease the percentage of neurons after differentiation and might represent a confounding factor in 
studying the exclusive interaction between neurons and oligodendrocytes [31].  
This co-culture demonstrates the potential for future studies investigating neuron-oligodendrocyte crosstalk in 
various human myelin disorders [32]. The co-culture also offers high translational potential to humans and 
broad scientific impact. Since neurons and oligodendrocytes retain the genome of the donor [33], they could be 
used to develop drug screening platforms for targeted drug discovery and personalized medicine in a reasonable 
time. 
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Materials and reagents 
 

Biological materials 

 
1. Lentiviral vector (provided by Prof. Dr. Kuhlman [25,29]) 
 

Reagents 

 
1. 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, catalog number: D9542) 
2. Accutase (Sigma-Aldrich, catalog number: A6964-500ML) 
3. Antibiotic antimycotic (Merck, Sigma-Aldrich, catalog number: A5955-20ML) 
4. Anti-forkhead box protein G1 (FoxG1) (dilution 1:400; working concentration: 2.25 μg/mL) (Abcam, catalog 
number: Ab18259) 
5. Anti-galactosylceramidase (GalC) (dilution 1:250; working concentration: 4 μg/mL) (Millipore, catalog 
number: MAB342) 
6. Anti-glial fibrillary acidic protein (GFAP) (dilution 1:3,500; working concentration: 0.5 μg/mL) (Novusbio, 
catalog number: NBP1-05198) 
7. Anti-myelin-associated protein (MAG) (dilution 1:400; working concentration: 5 μg/mL) (Merck, catalog 
number: MAB1567) 
8. Anti-microtubule-associated protein 2 (MAP2) (dilution 1:900; working concentration: 0.84 μg/mL) (Abcam, 
catalog number: Ab183830) 
9. Anti-myelin basic protein (MBP) (dilution 1:1,500; initial concentration not disclosed from the manufacturer) 
(Invitrogen, catalog number: PA1-10008) 
10. Anti-nestin (dilution 1:250; working concentration: 4 μg/mL) (Merck, Sigma-Aldrich, catalog number: 
MAB5326) 
11. Anti-neuronalNuclei (NeuN) (dilution 1:500; working concentration: 2 μg/mL) (Merck, catalog number: 
ABN78) 
12. Anti-neurofilament heavy (NFH) (dilution 1:400; working concentration: 20 μg/mL) (Merck, catalog number: 
N4142) 
13. Anti-neural/glial antigen 2 (NG2) (dilution 1:100; working concentration: 10 μg/mL) (Invitrogen, catalog 
number: 14-6504-82) 
14. Anti-oligodendrocyte marker O4 (O4) (dilution 1:400; working concentration: 1.25 μg/mL) (Merck, catalog 
number: MAB1326) 
15. Anti-oligodendrocyte transcription factor 2 (Olig2) (dilution 1:250; initial concentration not disclosed from 
the manufacturer) (Merck, catalog number: AB9610) 
16. Anti-paired box protein (Pax6) (dilution 1:100; working concentration: 20 μg/mL) (BioLegend, catalog 
number: 901301) 
17. Anti-Sox10 (dilution 1:250; working concentration: 4 μg/mL) (Millipore, catalog number: AB5727) 
18. Anti-class III-beta tubulin (Tuj1) (dilution 1:750; working concentration: 1.32 μg/mL) (BioLegend, catalog 
number: MMS-435P) 
19. Ascorbic acid (AA) (Sigma-Aldrich, catalog number: A4403-100MG) 
20. B27 with vitamin A (Thermo Fisher Scientific, catalog number: 17504044) 
21. B27 without vitamin A (Thermo Fisher Scientific, catalog number: 12587010) 
22. Basic fibroblast growth factor (bFGF or FGF) (Sigma-Aldrich, catalog number: SRP4037-50UG) 
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23. Biotin (Sigma-Aldrich, catalog number: B4501) 
24. Brain-derived neurotrophic factor (BDNF) (PeproTech, catalog number: AF-450-02-10UG) 
25. CHIR99021 (Cayman Chemicals, catalog number: CAY13122-10mg) 
26. Cholest-4-en-3-one (Sigma-Aldrich, catalog number: 188174) 
27. Clemastine fumarate salt (Sigma-Aldrich, catalog number: SML0445) 
28. CultureOneTM supplement (100×) (Thermo Fisher Scientific, catalog number: A3320201) 
29. Cyclic adenosine monophosphate (Merck, catalog number: D0260-25UG) 
30. DMEM/F12 – L-glutamine (Thermo Fisher Scientific, Gibco, catalog number: 21331-020) 
31. DMEM/F12 +/+ L-glutamine/sodium bicarbonate (Thermo Fisher Scientific, Gibco, catalog number: 
11320-033) 
32. DMEM/F12 + GlutaMAX (Thermo Fisher Scientific, Gibco, catalog number: 31331-093) 
33. Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, catalog number: D2438) 
34. Donkey-anti-rabbit (Alexa 488) (Jackson Immuno Research, catalog number: 711-545-152) 
35. Donkey-anti-chicken (Alexa 647) (Jackson Immuno Research, catalog number: 703-175-155) 
36. Donkey-anti-mouse (Cy3) (Jackson Immuno Research, catalog number: 715-165-150) 
37. Dorsomorphin (Cayman Chemicals, catalog number: 11967-5mg) 
38. Doxycycline (Sigma-Aldrich, catalog number: D3447-500MG) 
39. DPBS (-/- Ca2+ and Mg2+) (Gibco, catalog number: 14190-094) 
40. DPBS (+/+ Ca2+ and Mg2+) (Gibco, catalog number: 14040-133) 
41. Epidermal growth factor (EGF) (Sigma-Aldrich, catalog number: SRP3027-500UG) 
42. Fluoromount G (Invitrogen, catalog number: 00-4958-02) 
43. Geltrex (Thermo Fisher Scientific, catalog number: A1413202) 
44. Glial cell line–derived neurotrophic factor (GDNF) (PeproTech, catalog number: 450-10) 
45. GlutaMAX (Thermo Fisher Scientific, catalog number: 35050-038) 
46. Hydrochloric acid (HCl) (Sigma-Aldrich, catalog number: 258148) 
47. Human leukemia inhibitory factor (hLIF) (PeproTech, catalog number: AF-300-05-25UG) 
48. Insulin (Sigma-Aldrich, catalog number: I9278-5mL) 
49. BioLaminin (LN521) (Biolaminin, catalog number: LN521-02) 
50. MEM non-essential amino acids (Thermo Fisher Scientific, catalog number: 11140-035) 
51. Miconazole nitrate salt (Sigma-Aldrich, catalog number: M3512) 
52. Mouse laminin (L2020) (Sigma-Aldrich, catalog number: L2020-1MG) 
53. N1 supplement (Sigma-Aldrich, catalog number: N6530-5ml) 
54. N2 supplement (Thermo Fisher Scientific, catalog number: 17052048) 
55. Neurobasal media (Thermo Fisher Scientific, Gibco, catalog number: 21103-049) 
56. Noggin (PeproTech, catalog number: 120-10C-50UG) 
57. Normal donkey serum (Merck, catalog number: S30-100ml) 
58. NSC freezing media (Merck, catalog number: SCM007) 
59. NT3 (Merck, catalog number: CS204470) 
60. Papain (Worthington Biochemistry, catalog number: LK003178) 
61. Paraformaldehyde (PFA) (Sigma-Aldrich, catalog number: 441244) 
62. PBS (Gibco, catalog number: 10010-015) 
63.Poly-L-ornithine solution (PLO) (Sigma-Aldrich, catalog number: P4957-50mL) 
64. Potassium phosphate (Sigma-Aldrich, catalog number: P5655-500G) 
65. Protamine sulfate (Sigma-Aldrich, catalog number: 110123) 
66. Purmorphamine (Calbiochem, catalog number: 540220-5mg) 
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67. Puromycin (Thermo Fisher Scientific, catalog number: J67236) 
68. Rock inhibitor (also known as Y-27632) (Lubioscience, catalog number: HB2297-5MG) 
69. SB431542 (Sigma-Aldrich, catalog number: S4317) 
70. Smoothened agonist (SAG) (Calbiochem, catalog number: 566660) 
71. Sodium hydroxide solution (NaOH) (Fuka, catalog number: 35255) 
72. Sodium phosphate (ACROS, catalog number: 204855000) 
73. Triiodothyronine (T3) (Merck, catalog number: T6397-100MG) 
74. Triton X-100 (Sigma-Aldrich, catalog number: 93443-100ml) 
75. β-Mercaptoethanol (Sigma-Aldrich, catalog number: M3148-25ml) 
 

Solutions 

 
1. Neuronal differentiation media with CultureOneTM supplement for neurons (NDMC) (see Recipes) 
2. Neural maintenance media for oligodendrocyte progenitor cells (OPC) and oligodendrocytes (NMM) (see 
Recipes) 
3. Neural stem cell maintenance media for NPCs maintenance (NSMM) (see Recipes) 
4. Neuroglia co-culture media (see Recipes) 
5. NPC transduction media for transduction of NPCs to obtain (OPC) (NTM) (see Recipes) 
6. Clemastine or miconazole treatment 
7. Sodium phosphate buffer (see Recipes) 
8. 4% PFA (see Recipes) 
9. Blocking buffer (PBS+) (see Recipes) 
10. Permeabilization buffer (see Recipes) 
11. Poly-L-ornithine/BioLaminin (PLO/LN521) coating (see Recipes) 
12. Poly-L-ornithine/mouse Laminin (PLO/L2020) coating (see Recipes) 
13. Geltrex coating (see Recipes) 
 

Recipes 
 
Media recipes 
1. Neuronal differentiation media with CultureOneTM supplement for neurons (NDMC)  

Reagent Final concentration Amount 

Neurobasal media  N/A 474 mL 
GlutaMAX (100×) 1× 5 mL 
B27 supplemented with vitamin A (50×) 1× 10 mL 
Antibiotic antimycotic (100×) 1× 5 mL 
Ascorbic acid (100 mM) 200 μM 1 mL 
CultureOneTM supplement (100×) 1× 5 mL 
Total N/A 500 mL 

To prepare a 100 mM stock solution of ascorbic acid, dissolve 100 mg of the powder in 5.67 mL of sterile ddH2O. 
Mix reagents and filter (pore size 0.4 μm or smaller) media. Media can be stored for 2 weeks at 4 °C. 
Note: The CultureOneTM supplement minimizes astrocyte differentiation. It can be introduced during a later phase of 
differentiation to obtain the desired number of astrocytes. 
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2. Neural maintenance media for oligodendrocyte progenitor cells and oligodendrocytes (NMM)  

Reagent Final concentration Amount 

Neurobasal media  N/A 241 mL 
DMEM/F12 + GlutaMAX N/A 241 mL 
GlutaMAX (100×) 0.5× 2.5 mL 
MEM non-essential amino acids (100×) 0.5× 2.5 mL 
B27 supplement without vitamin A (50×) 0.5× 5 mL 
N2 supplement (100×) 1× 2.5 mL 
Antibiotic antimycotic (100×) 1× 5 mL 
Insulin (10.5 mg/mL) 5 μg/mL 238 μL 
β-Mercaptoethanol (143 mM) 10 μM 35 μL 
Total N/A 500 mL 

Mix reagents and filter (pore size 0.4 μm or smaller) media. Media can be stored for 2 weeks at 4 °C. 
 
3. Neural stem cell maintenance media for NPC maintenance (NSMM)  

Reagent Final concentration Amount 

Neurobasal media  N/A 237.5 mL 
DMEM/F12 +/+ L-glutamine/sodium bicarbonate  N/A 237.5 mL 
GlutaMAX (100×) 1× 5 mL 
B27 supplemented with vitamin A (50×) 1× 10 mL 
N2 supplement (100×) 1× 5 mL 
Antibiotic antimycotic (100×) 1× 5 mL 
Total N/A 500 mL 

Mix reagents and filter (pore size 0.4 μm or smaller) media. Media can be stored for 2 weeks at 4 °C. 
 
4. Neuroglia co-culture media  

Reagent Final concentration Amount 

Neurobasal media  N/A 237.5 mL 
DMEM/F12 – L-glutamine  N/A 237.5 mL 
MEM non -essential amino acids (100×) 1× 5 mL 
B27 supplemented with vitamin A (50×) 1× 10 mL 
N1 supplement (100×) 1× 5 mL 
Antibiotic antimycotic (100×) 1× 5 mL 
Total N/A 500 mL 

Mix reagents and filter (pore size 0.4 μm or smaller) media. Media can be stored for 2 weeks at 4 °C. 
 
5. NPC transduction media for transduction of NPCs to obtain oligodendrocyte progenitor cells (NTM)  

Reagent Final concentration Amount 

Neurobasal media  N/A 241.25 mL 
DMEM/F12 +/+ L-glutamine/sodium bicarbonate N/A 241.25 mL 
GlutaMAX (100×) 1× 5 mL 
B27 supplement without vitamin A (50×) 0.5× 5 mL 
N2 supplement (100×) 0.5× 2.5 mL 
Antibiotic antimycotic (100×) 1× 5 mL 
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Total N/A 500 mL 

Mix reagents and filter (pore size 0.4 μm or smaller) media. Media can be stored for 2 weeks at 4 °C. 
 
6. Clemastine or miconazole treatment 
Clemastine: Prepare a 100 mM stock solution dissolving 45.9 mg of clemastine in 1 mL of DMSO. Store at -20 °C. 
Miconazole: Prepare a 100 mM stock solution by dissolving 47.914 mg of miconazole in 1 mL of DMSO. Store 
at -20 °C.  
 
Immunostaining recipes 
7. Sodium phosphate buffer, 0.4 M stock, pH 7.4–7.6 

Reagent Final concentration Amount 

Sodium phosphate N/A 0.53 g 
Potassium phosphate N/A 0.28 g 
Deionized water  N/A ~50 mL 
HCl 1 M As needed 
NaOH 1 M As needed 
Total N/A 50 mL 

Dissolve in ~90% of deionized water, adjust pH to 7.4–7.6 with 1 M HCl or 1 M NaOH, and then bring to the 
final volume. 
 
8. 4% Paraformaldehyde fixative (PFA), pH 7–7.4 

Reagent Final concentration Amount 

Paraformaldehyde N/A 2 g 
Deionized water  N/A ~37.5 mL 
0.4 M sodium phosphate buffer 0.4 M 12.5 mL 
HCl 1 M As needed 
Total N/A 50 mL 

a. Add 2/3 deionized water to a flask and heat to 60 °C, keeping below 70 °C. 
b. Add the paraformaldehyde with constant stirring for 10 min. 
c. Slowly add a few drops of 10 M NaOH to the cloudy mixture, stirring until the solution clears.  
d. Stir a few minutes longer, adding more NaOH if necessary to clear. 
e. Remove from heat and cool to room temperature.  
f. Filter with #3 Whatman® filter paper. 
g. Add the 0.4 M sodium phosphate buffer. 
h. Adjust pH to 7–7.4 with 1 M HCL and check with a pH meter. 
i. Bring to the final volume with deionized water.  
Notes:  
1. Paraformaldehyde will never appear to be dissolving until the NaOH is added.  
2. Be patient, allow time for the NaOH to cause the paraformaldehyde to dissolve before adding more.  
3. There is always a little colloidal “fluff’ in an unfiltered state.  
4. Do not weigh paraformaldehyde in plastic weigh boats; instead, use a glass beaker to minimize static dispersion of 
paraformaldehyde dust. 
5. Wash out the filter paper with tap water before discarding, rinse everything that was in contact with 
paraformaldehyde, and make sure you collect it in a special container.  
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9. Blocking buffer (PBS+) 

Reagent Final concentration Amount 

PBS  N/A 45 mL 
Normal donkey serum (100%) 10% 5 mL 
Total N/A 50 mL 

Mix reagents and filter (pore size 0.2 μm). Blocking buffer can be stored at 4 °C for 48 h. 
 
10. Permeabilization buffer 

Reagent Final concentration Amount 

Blocking buffer (PBS+) N/A 49 mL 
Triton X-100 (10%) 0.2 % 1 mL 
Total N/A 50 mL 

Use the filtered PBS+. Permeabilization buffer can be stored at 4 °C for 48 h.  
 
Coating of plates  
11. Poly-L-ornithine/BioLaminin (PLO/LN521) coating 
a. Place coverslips into a 24-well plate. 
b. Dilute PLO in PBS (500 μL/well = 75 μL PLO + 425 μL PBS). 
c. Incubate at room temperature for 2 h. 
d. Remove PLO and wash three times with PBS. 
e. Allow coverslips to dry slightly before the next step. 
f. Add 10 μg/mL of LN521 + cold DPBS ++ [50 μL BioLaminin + 450 μL DPBS+ Ca2+ and Mg2+(DPBS++)]. 
g. Cover with parafilm. 
h. Incubate at 37 °C overnight or at room temperature for 48 h.  
i. Remove BioLaminin and immediately add medium with the cells. 
Notes:  
1. PLO should be stored at -20 °C in smaller aliquots upon arrival.  
2. Thaw LN521 on ice, aliquot, and store at -20 °C. 
3. PLO/LN521 coverslips can be prepared in advance. To store, add cold DPBS to the wells, wrap the plate with parafilm, 
and keep it at 4 °C for up to two weeks. Before use, place the plate in the incubator for 30 minutes. Ensure that there 
is sufficient liquid to cover the wells to prevent them from drying out.  

 
12. Poly-L-ornithine/mouse Laminin (PLO/L2020) coating 
a. Place coverslips into a 24-well plate. 
b. Dilute PLO in PBS (500 μL/well = 75 μL PLO + 425 μL PBS). 
c. Incubate at room temperature for 2 h. 
d. Remove PLO and wash three times with PBS. 
e. Allow coverslips to dry slightly before the next step. 
f. Add L2020 + cold DPBS ++ (50 μL L2020 + 4.95 mL DPBS++). 
g. Cover with parafilm. 
h. Incubate at 37 °C overnight or at room temperature for 48 h.  
i. Remove L2020 and immediately add medium with the cells. 
Notes: 
1. Thaw L2020 on ice, aliquot, and store at -20 °C. 
2. PLO/L2020 coverslips can be prepared in advance. To store, add cold DPBS to the wells, wrap the plate with parafilm, 
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and keep it at 4 °C for up to two weeks. Before use, place the plate in the incubator for 30 min. Ensure that there is 
sufficient liquid to cover the wells to prevent them from drying out.  
 
13. Geltrex coating 
a. Dilute Geltrex 1:1 with cold DMEM/F12 – L-glutamine and aliquot in appropriate sizes. 
b. Store aliquots at -20 °C. 
c. Dilute 1:100 with cold DMEM/F12 – L-glutamine. 
d. Add the appropriate amount to flask or well (5 mL per T75 flask; 1 mL per 6-well plate). 
e. Incubate at 37 °C for 1 h. 
f. Remove Geltrex and immediately add medium with the cells.  
CRITICAL: Geltrex must be handled at low temperatures to prevent polymerization. It is recommended to pre-
cool laboratory consumables, such as tubes for aliquots, pipette tips, and Falcon tubes, prior to diluting and 
aliquoting. Ideally, perform this work on a cooling block or on ice. 
 

Laboratory supplies  
 
1. 0.2 μm filters (Sarstedt, catalog number: 83.1826.001) 
2. 1.5 mL Eppendorf tubes (Eppendorf, catalog number: 0030120.086) 
3. 10 μL pipette tips (Tip One, catalog number: S1111-3700) 
4. 1,000 μL pipette tips (Tip One, catalog number: S1111-6001) 
5. L graduated pipette (Greiner Bio-One, catalog number: 607180) 
6. 15 mL Falcon (Cellstar Tubes, catalog number: 188271N) 
7. 200 μL pipette tips (Tip One, catalog number: S1111-0006) 
8. 24-well plate (Falcon, catalog number: 353047) 
9. 50 mL Falcon (Cellstar Tubes, catalog number: 227261) 
10. 5 mL graduated pipette (Greiner Bio-One, catalog number: 606180) 
11. 6-well plates (Falcon, catalog number: 353046) 
12. Whatman® qualitative filterpapier (Merck, catalog number: WHA1001090) 
13. Coverslips (VWR, catalog number: 631-1578) 
14. Microscope slides (25 mm × 75 mm × 1.0 mm, super frost) (Epredia, catalog number: J1800AMNZ) 
15. One-way 20 mL syringes (Injekt, catalog number: 4606205V 
16. 500 mL vacuum filter, 0.45 μm (Sarstedt, catalog number: 83.3941) 
17. T75 flask (Sarstedt, catalog number: 833911002) 
 
 

Equipment 
 
1. Pipet boy (Integra, catalog number: 155000) 
2. Incubator (Binder, catalog number: 9040-0131) 
3. Benchtop centrifuge 420R (Hettich, model: Rotina 420R) 
4. Benchtop centrifuge (Eppendorf, model: 5430/5430R) 
5. 4 °C refrigerated storage unit (Liebherr, model: K3130Index20C/001) 
6. -20 °C ProFiline freezer (Liebherr, model: GG5210Index40A/006) 
7. 37 °C water bath (Sun Lab, model: SU1811) 
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8. Widefield microscope Zeiss, Axio Observer 1 (Center for Microscopy and Image Analysis, University of 
Zurich) 
 
 

Software and datasets 
 
1. Fiji ImageJ-win64 
2. GraphPad Prism V10 
3. ZEN V3.1 (blue edition) 
 
 

Procedure 
 
Point 1: 
The protocol involves several steps of Accutase-based cell passaging. Follow the standard enzymatic dissociation 
as outlined: 
1. Prewarm DMEM/F12 + GlutaMAX in a 37 °C water bath for a maximum of 10 min (for neutralization).  
2. Aspirate the used media and wash 1× with DPBS (5 mL per T75 flask). 
3. Add cold Accutase (4 mL per T75 flask). 
4. Incubate at 37 °C for 3–5 min. Check after 3 min.  
5. By gently tapping the plate, the cells will visibly come off. 
6. Neutralize the Accutase by adding 4 mL of DMEM/F12 + GlutaMAX and transfer everything into a 15 mL 
Falcon tube.  
7. Centrifuge at 200 rcf for 5 min at room temperature (RT). 
8. Aspirate the supernatant and resuspend the cells in the suggested specific media for cell type. 
 

A. Neural progenitor cell (NPC) maintenance 
 
This protocol starts with NPCs since they serve as a critical intermediate cell type, capable of differentiating into 
neurons and OPCs under specific conditions. It outlines robust and reproducible methods for NPC maintenance, 
neuronal differentiation, and OPC generation, followed by their co-culture for studying neuron-oligodendrocyte 
interactions.  
NPCs, provided by the Institute of Regenerative Medicine (IREM), Zurich, were derived from peripheral blood 
nuclear cells (PBMCs) via iPSC reprogramming as described previously [34]. Quality control for iPSCs 
[permission from the cantonal ethics commission of Zurich, Switzerland (KEK-ZH-2014-0430)] has been 
performed at RNA and protein level for pluripotent markers, in vitro differentiation, and karyotyping. 
 
1. Thawing and seeding NPCs: thaw NPCs onto Geltrex-coated T75 flasks in 10 mL of NSMM (Recipe 3) + 10 
μM Y (Rock inhibitor) + factors [5 ng/mL FGF, 10 ng/mL hLIF, 4 μM CHIR99021 + 3 μM SB431542].  
a. Prepare Geltrex-coated flasks (Recipe 13).  
b. Prewarm NSMM in a 37 °C water bath for a maximum of 10 min (for neutralization and seeding).  
c. Thaw frozen cells in a 37 °C water bath (for no longer than 1 min).  
d. Gently transfer cells into a 15 mL Falcon and dropwise add 10 mL of prewarmed NSMM to the side of the 
Falcon tube. 
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Note: NPCs are sensitive; add the media on the flask’s corner without touching the cells. 
e. Spin down at 200 rcf for 5 min at RT.  
f. Gently aspirate away the supernatant.  
g. Resuspend cells in 1 mL of prewarmed NSMM + factors + Y-27632.  
h. Remove Geltrex and immediately seed cells in a total of 10 mL of NSMM + factors + Y-27632.  
i. Place the flask into the incubator and gently move back to front and left to right to homogenously distribute 
the cells and avoid clumping.  
 
2. Daily media change. 
a. Prewarm NSMM in a 37 °C water bath. 
b. Add factors (5 ng/mL FGF, 10 ng/mL hLIF, 4 μM CHIR99021, and 3 μM SB431542) to prewarmed NSMM.  
c. Aspirate 3/4 of the media from the flask.  
d. Gently add fresh prewarmed NSMM + factors to the side of the flask. 
3. Splitting NPCs: Typically, NPCs reach 90%–100% confluency within 3–4 days, depending on initial plating 
density and culture conditions. When they are confluent, enzymatically split them using Accutase.  
a. Prepare Geltrex-coated T75 flasks (Recipe 13). 
b. Prewarm NSMM and DMEM/F12 + GlutaMAX in a 37 °C water bath for a maximum of 10 min (for seeding 
and neutralization, respectively).  
c. Aspirate the supernatant and resuspend the cells in 1 mL of NSMM + factors + Y-27632.  
d. Remove Geltrex and immediately plate 2.5–3 million cells per T75 flask in 10 mL of NSMM + factors + Y-
27632. 
e. Place the flask into the incubator and gently move back to front and left to right to homogenously distribute 
the cells and avoid clumping.  
Note: NPCs should be split at least once before being used for differentiation into neurons or oligodendrocyte progenitor 
cells. 
4. Assessing proliferation capacity: To ensure NPC quality and purity before further differentiation, the 
expression of two specific NPC markers, PAX6 and Nestin [35], was assessed. To this aim, plate the cells onto 
coverslips coated with PLO/LN521 at a density of 10,000–15,000 cells per coverslip. Allow the cells to attach 
for 24 h and then fix them with 4% PFA (Recipe 8) for 12 min at RT. Wash the cells 3× with PBS, leaving the 
final wash on the cells. Use the coverslips for immunostaining within a timeframe of 24 h to two weeks (Figure 
1). 
 

 
 
Figure 1. Characterization of neural progenitor cells (NPCs) derived from human induced pluripotent 
stem cells (hiPSCs). Representative immunofluorescence images showing different proliferative NPC markers 
at passage 10. Nestin (red) marks intermediate filaments and Pax6 (green) stains a specific transcription factor. 
Nuclei are counterstained with DAPI (blue). Scale bar, 50 μm. Images are representative of three biological 
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replicates. Images were acquired and processed using identical microscope settings. Abbreviations are as follows: 
DAPI: 4’,6-diamidin-2-phenylindol; Pax6: paired box protein 6. 
 

B. Neurons derived from NPCs 
 
Differentiate neurons according to the manufacturer’s user guideline (CultureOneTM Supplement, Gibco) as 
follows: 
1. On day 0, passage NPCs at a density of 3 × 106 cells onto PLO/L2020-coated T75 flasks in 10 mL of NDMC 
(Recipe 1) + 10 μM Y-27632 (Rock inhibitor) and factors (10 ng/mL BDNF and 10 ng/mL GDNF). Rock inhibitor 
is essential for preventing apoptosis and improving cell survival during and after dissociation [36]. BDNF and 
GDNF promote neuronal survival and differentiation [37]. By day 10–14, cells begin extending neurites, and 
early neuronal markers such as Tuj1 can be detected. Mature markers like MAP2 and NeuN are expressed by 
day 29. 
a. Prepare the PLO/L2020-coated T75 flasks (Recipe 12) at least 24 h in advance.  
b. Aspirate the supernatant and resuspend the cells in 1 mL of NDMC + factors + Y-27632.  
c. Remove L2020 and immediately plate 2.5–3 million cells per T75 flask in 10 mL of NDMC + factors + Y-
27632. 
d. Place the flask into the incubator and gently move back to front and left to right to homogenously distribute 
the cells and avoid clumping.  
 
2. Change media every two to three days.  
a. Prewarm NDMC in a 37 °C water bath (maximum of 10 min). 
b. Add factors (10 ng/mL BDNF and 10 ng/mL GDNF) to prewarmed NDMC.  
c. Aspirate 2/3 of the media from the T75 flask.  
d. Gently add fresh prewarmed NDMC + factors to the side of the flask.  
Note: Avoid touching the cells during media changes to prevent detachment, which could reduce differentiation efficiency. 
 
3. Following the initial plating of NPCs, the cells are maintained under neurodifferentiation conditions with 
regular media changes to support their maturation into neurons. Under optimal conditions, neurons typically 
reach 90%–100% confluency within 5–7 days after initial plating. When they are confluent, enzymatically split 
them using papain (135 u/vial) and Accutase. Papain enhances neuronal survival during dissociation by gently 
dissociating cells while preserving their viability. Prepare PLO/L2020-coated T75 flasks (Recipe 12) at least 24 
h in advance.  
a. Prepare 30 min before use. Dissolve 1 vial of papain in 10 mL of cold Accutase according to the manufacturer’s 
recommendation and store at 4 °C.  
b. Prewarm NDMC and DMEM/F12 + GlutaMAX in a 37 °C water bath for a maximum of 10 min (for seeding 
and neutralization, respectively).  
c. Aspirate the used media and wash once with DPBS (5 mL per T75 flask). 
d. Add cold papain/Accutase (4 mL per T75 flask). 
e. Aspirate the supernatant and resuspend the cells in 1 mL of NDMC + factors + Y-27632.  
f. Remove L2020 and immediately plate 2–3 million cells per T75 flask in 10 mL of NDMC + factors + Y-27632. 
Note: As differentiation progresses, the number of cells needed for seeding increases due to the lack of proliferating cells. 
Ideally, neurons should only be split within the first 14 days or when they are used for the assessment of lineage markers 
or for co-culture. 
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4. Continue changing media until day 29 or later, following the instructions in step B2. 
5. At day 24/25, seed 25,000–30,000 neurons onto coverslips coated with PLO/LN521 to facilitate final 
maturation and subsequent immunostaining for marker validation. 
a. Prepare PLO/LN521-coated coverslips (Recipe 11) at least 24 h in advance.  
b. Perform papain/Accutase treatment as outlined in step A3.  
c. Remove LN521 and immediately plate 25,000–30,000 cells per coverslip in 500 μL of NDMC + factors + Y-
27632. 
Note: The number of cells depends on the clumping and attachment of the specific neurons generated.  
d. Place the plate into the incubator and gently move back to front and left to right to homogenously distribute 
the cells and avoid clumping.  
 
6. Fix the coverslips on day 28 or 29. 
a. Aspirate the used media and wash once with PBS. 
b. Add 500 μL of 4% PFA and fix for 12 min at RT. 
c. Wash 3× with PBS, leaving the last wash on the cells.  
d. Use coverslips for immunostaining within a timeframe of 24 h to two weeks (Figure 2).  
 

 
 
Figure 2. Characterization of day-29 neurons derived from neural progenitor cells (NPCs). Representative 
immunofluorescence images showing the expression of specific neuronal markers. (A) NeuN (green), Tuj1 (red), 
astrocyte marker GFAP (yellow), and merged (white). NeuN is a marker of mature neuronal differentiation 
[38,39]. (B) FoxG1 (green), Tuj1 (red), GFAP (yellow), and merged (white). FoxG1 is a marker for early cortical 
neurons [40]. (C) MAP2 (green), Tuj1 (red), GFAP (yellow), and merged (white). MAP2 is a marker of neuronal 
differentiation [41]. Nuclei are counterstained with DAPI (blue). Scale bar, 50 μm. Images are representative of 
three biological replicates. Images were acquired and processed using identical microscope settings. DAPI: 4’,6-
diamidin-2-phenylindol; FoxG1: Forkhead box protein G1; GFAP: glial fibrillary acidic protein; MAP2: 
microtubule-associated protein 2; NeuN: also known as Fox-3, RNA binding protein; Tuj1: class III-beta tubulin.  
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C. Oligodendrocyte progenitor cells (OPCs) derived from NPCs 
 
OPCs were generated from NPCs by combining two previously published protocols [25,26]. The differentiation 
protocol begins on day -6 with the seeding of NPCs into specific conditions to induce oligodendrocyte lineage 
commitment. The timeline includes lentiviral transduction (Day 0) and subsequent media changes designed to 
promote OPC maturation and marker expression, which peaks around day 28. 

 
1. On day -6, passage NPCs at a density of 3 × 106 cells onto Geltrex-coated T75 flask in NSMM + factors (3 
μM CHIR99021, 10 μM SB431542, 1 μM dorsomorphin, 0.5 μM purmorphamine). 
a. Prepare Geltrex-coated T75 flasks (Recipe 13). 
b. Enzymatically detach NPCs from the flask as outlined in Procedure, point 1. 
c. Prewarm NSMM and DMEM/F12 + GlutaMAX in a 37 °C water bath for a maximum of 10 min (for seeding 
and neutralization, respectively).  
d. As a final step of Accutase dissociation, aspirate the supernatant and resuspend the cells in 1 mL of NSMM 
media + factors + Y-27632.  
e. Remove Geltrex and immediately plate 2.5–3 million cells per T75 flask in 10 mL of NSMM media + factors 
+ Y-27632. 
 
2. On day -4, NPC media is changed to NTM (Recipe 5) + factors (10 μM SB431542, 3 μM CHIR99021, 1 μM 
dorsomorphin, 0.5 μM purmorphamine) to support early differentiation of NPCs into pre-OPC stages. 
a. Prewarm NTM in a 37 °C water bath for a maximum of 10 min. 
b. Add factors to prewarmed NTM. 
c. Aspirate the used media and gently add fresh NTM + factors to the side of the flask.  
 
3. On day -2, split NPC onto Geltrex-coated 6-well plates at a density of 500,000 cells per well in NTM + factors 
[3 μM CHIR99021, 150 μg/mL ascorbic acid (AA), and 0.5 μM purmorphamine]. 
a. Prepare Geltrex-coated 6-well plates (Recipe 13).  
b. Prewarm NTM and DMEM/F12 + GlutaMAX in a 37 °C water bath for a maximum of 10 min (for seeding 
and neutralization, respectively).  
c. Aspirate the supernatant and resuspend the cells in 1 mL of NTM + factors + Y-27632.  
d. Remove Geltrex and immediately plate 500,000 cells per well in 2.5 mL of NTM + factors + Y-27632. 
 
4. On day 0, transduce cells with the lentivirus vector [multiplicity of infection (MOI) 50] in fresh NTM 
supplemented with 3 μM CHIR99201 + 0.5 μM smoothened agonist + 150 μg/mL AA + 5 μg/mL protamine 
sulfate. Lentiviral transduction is performed to enhance OPC-specific gene expression [25,29]. CHIR99021 
(GSK3 inhibitor) promotes Wnt signaling [42] to support oligodendrocytes lineage commitment. Noggin inhibits 
BMP signaling, ensuring cells remain in the oligodendrocyte lineage [43]. 
a. Prewarm NTM media. 
b. Add factors and lentivirus vector to warmed NTM. 
c. Remove all used media and add fresh NTM + factors + lentivirus vector to the side of the wells. 
CAUTION: (Risk-mitigation strategies) Lentiviral transduction must be performed in a BSL2 laboratory in a 
biological safety cabinet. Proper disposal of contaminated materials, such as pipettes and media, should follow 
institutional biosafety protocols. Always wear appropriate PPE, including gloves, a lab coat, and safety glasses. 
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5. On day 1, 24 h after transduction, change media to NMM (Recipe 2) + factors [5 ng/mL epidermal growth 
factor (EGF) + 5 ng/mL fibroblast growth factor (FGF) + 1 μg/mL L2020 + 50 μg/mL AA + 2 μg/mL 
doxycycline + 0.5 μg/mL puromycin].  
a. Prewarm NMM in a 37 °C water bath. 
b. Add factors to NMM. 
c. Remove transduction media and gently add fresh NMM + factors to the side of the wells. 
 
6. Change media every two days. 
Note: Media composition is similar to day 1 (step C5). 
 
7. On day 5, media should contain new factors to promote differentiation. 
a. Prewarm NMM in a 37 °C water bath.  
b. Add 5 ng/mL EGF + 5 ng/mL FGF + 1 μg/mL L2020 + 50 μg/mL AA + 2 μg/mL doxycycline + 0.5 μg/mL 
puromycin + 50 ng/mL noggin to NMM. 
c. Aspirate the used media and replace with the new prepared media from step C7b.  
8. On day 7, end puromycin selection by removing puromycin. Do this by replacing the media with fresh NMM 
+ factors (1 μg/mL L2020 + 50 μg/mL AA + 50 ng/mL noggin + 2 μg/mL doxycycline).  
a. Prewarm NMM in a 37 °C water bath.  
b. Add factors to NMM. 
c. Aspirate the used media and replace with the new prepared media from step C8b.  
Note: Once cells have reached 80%–90% confluency, they can be pulled into a T75 flask. Accutase passaging is as 
described in Procedure, point 1; use 1 mL of Accutase per well. Make sure to use the correct media composition.  
 
9. On day 10, remove doxycycline by replacing media with fresh NMM + factors (1 μg/mL L2020 + 50 μg/mL 
AA + 50 ng/mL noggin). 
a. Prewarm NMM in a 37 °C water bath.  
b. Add factors to NMM. 
c. Aspirate the used media and replace with the new prepared media from step C9b.  
 
10. Change media every other day and replace with fresh NMM + factors (1 μg/mL L2020+ 50 μg/mL AA + 
50 ng/mL noggin). 
11. Between days 14 and 18, perform a second puromycin selection to promote the full selection of transduced 
cells. 
a. Prewarm NMM in a 37 °C water bath.  
b. Add 1 μg/mL L2020 + 50 μg/mL AA + 50 ng/mL noggin + 0.5 μg/mL puromycin to NMM. 
c. Aspirate the used media and replace with the new prepared media from step C11b.  
 
12. At day 20, end the puromycin selection by replacing media with fresh NMM +1 μg/mL L2020 + 50 μg/mL 
AA + 50 μg/mL noggin.  
a. Prewarm NMM in a 37 °C water bath.  
b. Add factors to NMM. 
c. Aspirate the used media and replace with prepared media from step C12b.  
 
13. Continue changing media every second day, keeping oligodendrocytes in cultures in the media of step C9 
until needed for quality control or co-culture. 
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Note: OPCs typically reach 85%–95% confluency within 4–6 days, depending on initial seeding density and culture 
conditions. Split at a 1:2–1:3 ratio for optimal growth. Cell proliferation decreases as cells mature. Follow the general 
enzymatic detachment procedure using Accutase as outlined in Point 1. From day 10, use NMM supplemented with 1 
μg/mL L2020, 50 μg/mL ascorbic acid (AA), and 50 μg/mL noggin. 
 
14. Check the oligodendrocytes for specific lineage markers at day 28 by plating 15,000–20,000 oligodendrocyte 
progenitor cells onto coverslips coated with PLO/LN521.  
a. Prepare PLO/LN521-coated coverslips (Recipe 11) at least 24 h in advance.  
b. Prewarm NMM and DMEM/F12 + GlutaMAX in a 37 °C water bath for a maximum of 10 min (for seeding 
and neutralization, respectively).  
c. Aspirate the media and resuspend the cells in 1 mL of NMM + factors + Y-27632.  
d. Remove LN521 and plate 15,000–20,000 cells per coverslip in 500 μL of NMM + factors + Y-27632. 
 
15. Fix the coverslips 24–48 h after seeding.  
a. Aspirate the used media and wash once with PBS. 
b. Add 500 μL of 4% PFA and fix for 12 min at RT. 
c. Wash 3× with PBS, leaving the last wash on the cells.  
d. Use coverslips for immunostaining within a timeframe of 24 h to two weeks (Figure 3). 
 

 
 
Figure 3. O4-expressing oligodendrocytes derived from neural progenitor cells (NPCs). Representative 
immunofluorescence images showing the expression of specific O4-expressing oligodendrocytes. (A) Sox10 
(green), NG2 (red), MBP (yellow), and merged (white). (B) Sox10 (green), GalC (red), GFAP (yellow), and 
merged (white). (C) Olig2 (green), O4 (red), MBP (yellow), and merged (white). (D) Sox10 (green), NG2 (red), 
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MBP (yellow), and merged (white). DAPI (blue) counterstains the nucleus. Nuclei are counterstained with DAPI 
(blue). Scale bar, 50 μm. Images are representative of three biological replicates. Images were acquired and 
processed using identical microscope settings. DAPI: 4’,6-diamidin-2-phenylindol; GalC: Galactosylceramidase; 
GFAP: glial fibrillary acidic protein; MAP2: microtubule-associated protein 2; MBP: myelin basic protein; NG2: 
neural/glial antigen 2; Olig2: oligodendrocyte transcription factor 2. 
 
16. Assess the ability of O4+oligodendrocytes to respond to clemastine or miconazole, two well-known pro-
myelinating compounds. 
a. Prepare Geltrex-coated T75 flasks (Recipe 13). 
b. Plate 5 million cells per flask and add 10 mL of fresh NMM + factors (1 μg/mL L2020 + 50 μg/mL AA + 
50 ng/mL noggin) plus 2.5 μM or 5 μM miconazole or clemastine treatment (Recipe 6). 
c. Change media every other day and add treatment every day for 10 days. 
d. After 10 days of treatment, treat the cells as outlined in steps C14 and C15 (Figure 4). 
 

 
 
Figure 4. O4-expressing oligodendrocytes respond to pro-myelinating compounds. (A–E) O4-expressing 
oligodendrocytes were treated for ten days with 2.5 μM or 5 μM clemastine or miconazole, two widely validated 
pro-myelinating compounds [44–47]. Representative immunofluorescence images show the expression of MBP 
(yellow) and DAPI (blue)-counterstained nucleus. Scale bars, 50 μm. Images are representative of three 
biological replicates. Images were acquired and processed using identical microscope settings. (F) Corresponding 
quantification of MBP. The number of cells positive for MBP relative to all treated cells was determined relative 
to the total number of DAPI. Cell counting was performed manually by analyzing 24 randomly selected fields 
at 25× magnification. Data are presented as the mean ± SEM from three independent experiments; each dot 
= (positive cells/total cell number) * 100 from one image field. Statistical analysis was performed using two-
way ANOVA followed by Tukey’s multiple comparisons test. Statistical significance was considered at ****p < 
0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05. DAPI: 4’,6-diamidin-2-phenylindol; MBP: myelin basic 
protein. 
 

D. Neuron-OPC co-culture  
 
1. At day 1 of co-culture, seed day-37 neurons and day-38 oligodendrocytes (OPCs) in a 5:1 ratio in poly-L 
ornithine (PLO)/BioLaminin (LN521)-coated coverslips in co-culture media (Recipe 4) + factors [20 ng/mL 
BDNF + 60 ng/mL T3 + 100 ng/ mL biotin + 1 μg/mL L2020 + 10 ng/mL NT3 + 1 μM cyclic adenosine 
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monophosphate (cAMP) + 300 nM cholest-4-en-3-one]. The 5:1 neuron-to-OPC ratio ensures robust myelination 
and support in the co-culture. BDNF and NT3 support neuronal survival and growth [48]. T3 promotes 
oligodendrocyte maturation and myelination [49]. cAMP enhances neuron-glia communication and 
oligodendrocyte differentiation [50]. 
a. Enzymatically detach neurons from the flask with papain (135 u/vial) or Accutase as outlined in step A3. 
b. Enzymatically detach OPCs from the flask with Accutase as outlined in Procedure, point 1.  
c. In the same 1.5 mL Eppendorf tube, add 5,000 OPCs + 25,000 neurons. 
Note: If you have more than one coverslip, each coverslip is allocated to its own Eppendorf tube, containing 5:1 neurons-
to-OPCs. Do not make a master mix. It is important to get the correct ratio of cells per coverslip. 
 
2. Seeding co-culture mixture onto coverslips. 
a. Remove PLO/LN521 from coverslips.  
b. Add 250 μL of co-culture media + factors + Y-27632 to the wells. 
c. Gently mix cells in the Eppendorf tube and add them to the coverslips containing 250 μL of co-culture media 
+ factors + Y-27632. 
d. Place the plate into the incubator and gently move back to front and left to right to homogenously distribute 
the cells and avoid clumping.  
Note: Instead of moving the plate as described in step D2, one can also gently pipette up and down in the well to gently 
mix before placing the plate into the incubator. However, when pipetting up and down, make sure the coverslip does not 
lift up. 
 
3. Change media every two to three days.  
Note: Cells are sensitive and might not appreciate media changes too often.  
a. Prewarm co-culture media in a 37 °C water bath for a maximum of 10 min. 
b. Add 20 ng/mL BDNF + 60 ng/mL T3 + 100 ng/mL biotin +1 μg/mL L2020 + 10 ng/mL NT3 + 1 μM 
cAMP + 300 nM cholest-4-en-3-one.  
c. Gently aspirate 2/3 of the used media. 
Note: Make sure to add factors for the final volume of media in the wells. 
 
4. In our experiment, cells are fixed on day 10 of co-culturing. By day 10, signs of myelination begin to appear 
in the co-culture, and neurite outgrowth and initial interactions between neurons and OPCs can be observed. 
a. Aspirate the used media and wash once with PBS. 
b. Add 500 μL of 4% PFA and fix for 12 min at RT. 
c. Wash 3× with PBS, leaving the last wash on the cells.  
d. Use coverslips for immunostaining from 24 h up to two weeks (Figure 5).  
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Figure 5. Characterization of neurons and oligodendrocytes grown in a co-culture for 10 days. 
Representative immunofluorescence images of day 10 co-cultured neurons and O4-expressing oligodendrocytes. 
(A) Expression of specific neuronal marker MAP2 (green), O4-expressing oligodendrocyte marker O4 (red), and 
mature oligodendrocyte lineage marker MBP (yellow). (B) Expression of specific neuronal marker NFH (green) 
and mature oligodendrocyte lineage markers MAG (red) and MBP (yellow). For all images, nuclei are 
counterstained with DAPI (blue). Scale bar, 50 μm. Images are representative of three biological replicates. 
Images were acquired and processed using identical microscope settings. 
 

E. Immunostaining 
 
Note: Except for changes in primary and secondary antibodies, the same protocol was used for all cell types.  
1. Remove PBS. 
Note: Avoid direct contact with the cells. Always add or remove liquid from the side of the well. 
2. Add 300 μL of permeabilization buffer (Recipe 10) for 5 min.  
3. Remove permeabilization buffer and add 300 μL of blocking buffer (Recipe 9) to the coverslips.  
4. Incubate for 1 h at RT.  
5. Remove blocking buffer. 
6. Add primary antibodies diluted in 300 μL of blocking buffer and incubate for 3 h at RT. 
7. Wash three times for 7 min with PBS. 
Note: Keep protected from light from this point onward. 
8. Add blocking buffer and incubate for 1 h at RT in the dark. 
9. Add secondary antibodies diluted in 300 μL of blocking buffer and incubate at RT for 1.5 h in the dark. 
10. Wash three times for 7 min with PBS. 
11. Remove coverslips from the wells (cells face up) and dry on paper towels. 
12. Allow coverslips to dry completely (white coloring) and then mount coverslips on glass slides using 
Fluoromount G. 
Note: Remember to flip coverslips over, so cells are between the coverslip and the glass. 
13. Dry at room temperature in the dark for 24 h before imaging. 
Note: Once mounted and dry for 24 h, store at 4 °C protected from moisture and light.  
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Data analysis 
 
Prior to experimental use, NPCs were stained at various passages (P7, P10, and P15) for the proliferative markers 
Pax6 and nestin. Positive cells were manually quantified using ImageJ, with NPCs typically expressing 95%–
100% of Pax6 and nestin in all three passages, confirming that NPCs can be used up to passage 15 for 
experiments.  
For neuron and oligodendrocyte differentiation, coverslips were individually stained at specific time points for 
lineage markers. Neuronal markers included NeuN, FoxG1, Tuj1, and MAP2, with GFAP as a negative control. 
Oligodendrocyte markers at various stages of differentiation included Sox10, NG2, O4, GalC, Olig2, and MBP, 
with MAP2 and GFAP as negative controls. Three independent experiments were analyzed, and positive cells 
were manually quantified using ImageJ. Typically, in a control line, approximately 25% of cells expressed early 
neuronal markers NeuN and FoxG1, approximately 35% expressed mature markers Tuj1 or MAP2, and less than 
5% expressed GFAP. In the O4-expressing oligodendrocyte cell line on day 28, 75% of cells expressed Sox10, 
30% expressed O4, 15% expressed GalC or MAP2, and less than 10% expressed NG2, MBP, or GFAP. O4-
expressing oligodendrocytes were kept in culture for up to 53 days.  
For the co-culture analysis, coverslips were stained to assess mature lineage markers for neurons (MAP2 and 
NFH) and O4-expressing oligodendrocytes, as well as more mature oligodendrocytes (O4, MAG, and MBP). 
Three independent experiments were conducted, combining neurons and oligodendrocytes from different 
experiments. Positive cells were manually quantified using ImageJ. All graphs were plotted using GraphPad 
Prism, and images were processed in ImageJ. Student’s T-test was used to compare two groups, while one-way 
or two-way ANOVA was used to compare multiple groups. 
 
 

Validation of protocol 
 
The generation of NPC was validated in Rust et al. [34] and Weber et al. [51]. The generation of 
oligodendrocytes overexpressing transcription factors was validated in Ehrlich et al. [25] and Chanoumidou et 
al. [29]. The generation of neurons was validated in Walter et al. [52]. 
 
 

General notes and troubleshooting 
 

General notes 
 
1. All cell culture work must be carried out in a sterile environment using correct BSL1 and BSL2 cell culture 
practices.  
2. Pipette tips and coverslips are autoclaved before use. 
3. Long-term storage of NPCs for up to 1–3 years requires a liquid nitrogen tank.  
4. As some variation is common in NPC differentiation protocols, we recommend some quality checks before 
the start of a neuron-OPC co-culture.  
5. Proper O4-expressing oligodendrocyte differentiation can be verified by checking for O4 expression around 
day 28 of the differentiation protocol, where 30%–50% of cells should express the lineage marker O4.  
6. Proper neuronal differentiation can be verified by staining for MAP2/beta-III tubulin/NeuN in the cultures 
on day 29. 



 

Cite as: Chie, S.E. et al. (2025). Human iPSC-Derived Neuron and Oligodendrocyte Co-culture as a Small-Molecule 
Screening Assay for Myelination. Bio-protocol 15(9): e5227. DOI: 10.21769/BioProtoc.5227 

22 

 

 

Published: May 05, 2025 

7. Antibody performance varies across suppliers. Ensure lot-to-lot consistency for primary and secondary 
antibodies by validating each new batch with a small-scale test before full experimental use. 
 

Troubleshooting 
 
Ensure even distribution of cells on coverslips to avoid clustering, which can hinder cell interactions. 
Avoid frequent media changes, as cells are sensitive and may detach. 
Avoid excessive pipetting during washing steps. Use a low-flow pipette tip or tilt the plate to gently remove 
solutions.  
1. Neurons:  
a. According to the manufacture protocol (CultureOneTM Supplement, Gibco), 5 million NPCs is the ideal starting 
cell density. Depending on the NPCs that the neurons are derived from, they might clump during differentiation 
stages. The clumping can be reduced by using fewer cells.  
b. Neurons should not be subjected to freezing/thawing cycles, as they are prone to poor attachment. 
 
2. Oligodendrocyte progenitor cells, O4-expressing oligodendrocytes, and oligodendrocytes: 
a. To achieve optimal transduction efficiency, it is recommended to adjust the MOI, according to the specific 
experimental conditions. 
b. OPCs might need to be split more often depending on the proliferation rate. This can also vary slightly 
between starting passages of NPCs. 
c. OPCs can be cryopreserved at any point following the second puromycin selection. A minimum recovery 
period of one week is required for them to exhibit the same level of O4 lineage marker expression as day 28 O4-
expressing oligodendrocytes that were not cryopreserved. 
 
3. Co-culture:  
The 5:1 ratio has been rigorously tested and found to be optimal for these cells. However, the total number of 
cells should be specifically adjusted for the desired experimental conditions. When testing drugs that may cause 
a reduction in cell numbers, it is necessary to increase the initial cell seeding density. For example, instead of 
using 25,000 neurons and 5,000 O4-expressing oligodendrocytes, consider starting with 30,000 neurons and 
6.000 OPCs. 
 
4. As a specific threshold for acceptable differentiation efficiency, cultures are considered ready for co-culture 
or downstream experiments when >30% of cells express MAP2 (neurons) or O4 (OPCs). 
 
5. Regularly validate differentiation progress by staining a small sample of cells at intermediate stages (e.g., day 
14 for OPCs, day 20 for neurons) to ensure proper lineage commitment. 
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