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Abstract
TAU pathology is a major hallmark of many neurodegenerative diseases summarized under the term
tauopathies. In most of these diseases, e.g., Alzheimer’s Disease, the neuronal axonal microtubule-
binding TAU protein becomes mislocalized to the somatodendritic compartment. In human disease, this
missorting of TAU is accompanied by an abnormally high phosphorylation state of the TAU protein, and
several downstream pathological consequences (e.g. loss of microtubules, degradation of postsynaptic
spines, impaired synaptic transmission, neuronal death). While some mechanisms of TAU sorting,
missorting and associated pathologies have been addressed in rodent models, few studies have
addressed human TAU in physiological disease-relevant human neurons. Suitable human-derived in vitro
models are necessary. This protocol provides a simple step-by-step protocol for generating homogeneous
cultures of cortical glutamatergic neurons using an engineered Ngn2 transgene carrying WTC11 iPSC
line. We further demonstrate strategies to improve neuronal maturity, i.e., synapse formation, TAU isoform
expression, and neuronal activity by co-culturing hiPSC-derived glutamatergic neurons with mouse-
derived astrocytes. Finally, we explain a simple way for high-e�ciency lentiviral transduction of hiPSC-
derived neurons at almost all stages of differentiation.

Introduction
The microtubule-associated protein TAU is highly abundant in the axons of human brain neurons (Binder
et al., 1985). By binding axonal microtubules (MTs) with its C-terminal MT-binding domain, TAU increases
the stability and polymerization of MT �laments (reviewed in Barbier et al., 2019). Thereby, TAU controls
essential axonal functions like elongation, branching, or cargo transport (reviewed in Arendt et al., 2016).
Somatodendritic TAU accumulation is considered a pathological key event of many neurodegenerative
diseases called tauopathies (reviewed in Zempel & Mandelkow, 2014). This TAU missorting coincides
with an abnormally high phosphorylation state of TAU that decreases its MT binding a�nity leading to
elevated mobility of TAU. Missorted TAU can induce TTLL-mediated loss of dendritic MT �laments,
resulting in degradation of postsynaptic spines, impaired synaptic transmission, and eventually neuronal
dysfunction (Schützmann  et al., 2021; Zempel et al., 2013; Zempel & Mandelkow, 2015).

Since TAU missorting is a critical step in the pathological cascade, numerous studies have focused on
mechanisms that might underlie subcellular TAU sorting. Different reports suggested the relevance of
either substantial somatic TAU degradation, active axonal TAU transport, axonal TAU retention, or even
preferential axonal TAU translation (Zempel  & Mandelkow, 2019). In addition, the axon initial segment
(AIS) is thought to be critical for TAU enrichment as it regulates anterograde and retrograde TAU transit
(Li et al., 2011; van Beuningen et al., 2015; Zempel et al.,  2017). However, we still lack a conclusive model
of how cellular components and TAU-intrinsic motifs collaborate during the sorting process and how this
interplay becomes compromised during pathological missorting.

One model of choice for modeling TAU physiology and pathological functions in vitro are human-derived
induced pluripotent stem cells (hiPSCs)-derived neurons. However, the differentiation of hiPSCs into
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functional neurons often requires complex differentiation procedures that are time-consuming and often
result in heterogeneous cultures, including different neuronal subtypes and considerable amounts of glial
cells (Muratore et al., 2014; Nicholas et al., 2013).

In this protocol, we provide a simple step-by-step protocol for generating homogeneous cultures of
cortical glutamatergic neurons using an engineered WTC11 iPSC line, which carries an inducible
Neurogenin2 (Ngn2) transgene in the AAVS1 gene locus (Hayashi et al., 2016; Kreitzer et al., 2013;
Miyaoka et al.,  2014; Wang et al., 2017). We further demonstrate strategies to improve neuronal maturity,
i.e., synapse formation, TAU isoform expression, or neuronal activity by co-culturing hiPSC-derived
glutamatergic neurons with mouse-derived astrocytes. Finally, we explain a simple way for high-e�ciency
lentiviral transduction of hiPSC-derived neurons at almost all stages of differentiation.

Reagents

1.1.  Cell lines
·        Ngn2-WTC11 hiPSCs as generated by . See Note 1.

Wang et al. (2017)

·        HEK293T cells (ATCC, CRL-3216)

1.2.  HiPSC maintenance reagents
·        Geltrex LDEV-Free, hESC-Quali�ed, Reduced Growth Factor Basement Membrane Matrix
(Thermo�sher Scienti�c, A1413302): Thaw Geltrex (GT) overnight at 4°C. All following steps must be
carried out on ice with pre-cooled labware. Dilute 5 ml Geltrex with 5 ml ice-cold KnockOut DMEM, vortex
to mix. Prepare 300 µl aliquots in 15 ml conical tubes and store at -20°C.

·        KnockOut DMEM (Thermo�sher Scienti�c, 10829018)

·        StemMACS iPS-Brew XF (Miltenyi Biotec, 130-104-368): add 10 ml StemMACS iPS-Brew XF 50×
Supplement to 500 ml media before usage.

·        10 mM Thiazovivin (Axon Med Chem, 1535): Dissolve 5 mg of Thiazovivin in 1605 µl DMSO, aliquot
to 50 µl and store at -20°C.

·        Dulbecco’s Phosphate Buffered Saline (DPBS; Merck, D8537)

·        Versene (Thermo�sher Scienti�c, 15040066)

·        KnockOut Serum Replacement (KSR, Thermo�sher Scienti�c, 10828028)

·        Antibiotic-Antimycotic Solution 100x (Merck, A5955)
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1.3.  HiPSC differentiation reagents
·        Accutase (Merck, A6964)

·        KO DMEM/F-12 (Thermo�sher Scienti�c, 12660012)

·        DMEM/F-12 (Thermo�sher, 11320033)

·        Neurobasal Medium (Thermo�sher, 21103-049)

·        GlutaMAX Supplement 100x (Thermo�sher Scienti�c, 35050061)

·        B27 Supplement, 50x, serum free (Thermo�sher Scienti�c, 17504044)

·        Neuropan 2 Supplement, 100x (Pan-Biotech, P07-11010)

·        Non-essential amino acids (NEAA, Thermo�sher Scienti�c, 11140035)

·        10 µg/ml Recombinant Human BDNF (Peprotech, 450-02): Dissolve 10 µg in 1 ml DPBS+0.1 % BSA,
aliquot and store at -20 °C.

·        10 µg/ml Recombinant Human NT-3 (Peprotech, 450-03): Dissolve 10 µg in 1 ml DPBS+0.1 % BSA,
aliquot and store at -20 °C.

·        Laminin from Engelbreth-Holm-Swarm murine sarcoma basement membrane (Sigma, L2020):
Laminin concentration is batch-dependent and must be considered when preparing pre-differentation or
maturation medium for the differentiation of hiPSCs.

·        1 mg/ml Doxycycline hyclate (Merck, D9891): Dissolve 10 mg in 10 ml ddH20, aliquot and store at
-20 °C.

·        Trypan Blue (BioRad, 1450021)

·        1 mg/ml Poly-D-Lysine (Merck, P7886): Dissolve 10 mg PDL in 10 ml DPBS. Store 1 ml aliquots at
-20 °C. 

·        6 mg/ml Cultrex 3D Culture Matrix Laminin I (Biotechne, 3446-005-01): Aliquot and store at -20 °C.

1.4.  Primary glial cell culture reagents
·        Hank’s Balanced Salt Solution (HBSS) without Calcium and Magnesium (Thermo�sher Scienti�c,
14175095)

·        Trypsin 0.5 %/EDTA 0.2 % in PBS, w/o: Ca and Mg (10x, Pan-Biotech, P10-024100)



Page 5/23

·        Fetal Bovine Serum (FBS, Biochrom AG, S 0615)

·        DMEM/ F-12 with GlutaMAX supplement (Thermo�sher Scienti�c, 10565-018)

·        1 mg/ml Cytosine β-D-arabinofuranoside (AraC , Merck, C1768): Dissolve 10 mg in 1 ml ddH20, �lter
sterile, aliquot and store at -20 °C.

·        Dimethylsulfoxid (DMSO, Carl Roth, A994)

1.5.  HEK293T maintenance reagents
·        Trypsin 0.5 %/EDTA 0.2 % in PBS, w/o: Ca and Mg (10x, Pan-Biotech, P10-024100)

·        DMEM (Thermo�sher Scienti�c, 31966047)

·        Fetal Bovine Serum (FBS, Biochrom AG, S 0615)

·        Antibiotic-Antimycotic Solution 100x (Merck, A5955)

1.6.  Transduction reagents
·        Polyethylenimine (PEI) transfection reagent (#23966, Polysciences): prepare according to
manufacturer’s protocol.

·        Lentiviral plasmids (see Note 2):

o   Transfer plasmid, e.g., pUltra (Addgene #24129)

o   envelope plasmid, e.g., pMD2.G (Addgene #12259)

o   packaging plasmid, e.g., psPAX2 (Addgene #12260)

·        DMEM (without supplements, serum and antibiotic-free)

1.7.  Medium recipes
·        iPSC- freezing medium: Mix 9 ml KSR with 3 ml Brew and 3 ml DMSO, store at 4 °C for up to one
month.

·        cBrew: StemMACS™ iPS-Brew XF with supplement, add 1x Antibiotic- Antimycotic Solution

·        Pre-differentiation medium:

o   KO DMEM/F-12
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o   1x Neuropan-2 Supplement

o   1x non-essential amino acids

o   10 ng/ml BDNF

o   10 ng/ml NT-3

o   1.5 µg/ml Laminin

o   2 µg/ml Doxycycline

o   1x Antibiotic- Antimycotic solution

·        Neuronal maturation medium

o   50 % Neurobasal Medium

o   50 % DMEM/F-12

o   0.5x Neuropan-2 supplement

o   1x non-essential amino acids

o   0.5x GlutaMax

o   0.5x B27 Supplement

o   10 ng/ml BDNF

o   10 ng/ml NT-3

o   1.5 µg/ml Laminin

o   2 µg/ml Doxycycline

o   1x Antibiotic- Antimycotic solution

·        Astrocyte maintenance medium (AMM):

o   DMEM/F-12 with GlutaMAX

o   10 % FBS

o   1x Antibiotic- Antimycotic Solution

·        Astrocyte freezing medium:
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o   90 % FBS

o   10 % DMSO

·        HEK maintenance medium:

o   DMEM, high glucose, GlutaMAX Supplement, pyruvate (Thermo�sher Scienti�c, 31966047)

o   10 % FBS

o   1x Antibiotic- Antimycotic Solution

Equipment

Procedure

1.1.  Cultivation of hiPSCs

1.1.1.     Coating of culture plates

For routine cultivation of hiPSCs, cell culture plates are coated with Geltrex (GT). Coating on the day of
usage is highly recommended, and long-term storage of plates might in�uence cell survival.

1.     Thaw one aliquot (300 µl) of GT at 4 °C.

2.     Dilute with 14 ml KnockOut DMEM (KO DMEM) to working concentration (~200 µg/ml).

3.     Add diluted GT to cell culture plates (i.e., 1 ml for a well of a 6-well plate) and incubate at least for 30
min at 37 °C.

4.     Plates are ready to use; no further washing is required before seeding of cells. 

1.1.2.     Thawing of hiPSCs

Coat two wells of a 6-well plate using GT as described before (see 3.1.1.).

1.     Pre-warm all necessary reagents to 37 °C using a water bath.

2.     Prepare 10 ml of KO DMEM in a 15 ml conical tube.

3.     Thaw one vial of Ngn2-WTC11 iPSCs for 1-2 min in a 37 °C water bath. Rapidly proceed with the
following steps to avoid extensive exposure of cells to DMSO.

4.     Transfer vial to a sterile clean bench and pour cell suspension to KO DMEM containing conical tube.
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5.     Invert cells carefully 2-3 times.

6.     Centrifuge cells at 400g for 5 min.

7.     Carefully aspirate supernatant and resuspend cells in 5 ml cBrew. It is essential to keep smaller cell
clumps and not completely dissociate cells. This increases survival and avoids spontaneous
differentiation.

8.     Add 1 µl 10 mM Thiazovivin (T; 1:5000 dilution, �nal concentration: 2 µM) to the cell suspension.

9.     Aspirate GT from culture plates and seed 2.5 ml of cell suspension to each well. 

10.  On the next day: change media to fresh cBrew without T (see Note 3).

1.1.3.     Routine cultivation of hiPSCs

For the routine maintenance of hiPSCs, media should be exchanged every 2-3 days. Passage cells when
they reach ~70-80 % con�uency. Monitor cells under a microscope and remove all spontaneous
differentiating cells before continuing (see Note 4). Healthy cultures of undifferentiated hiPSCs are
shown in Figure 1.

Remove differentiating cells from the cultures before passaging.

1.     Coat the desired amount of cell culture wells using GT as described before.

2.     Pre-warm all necessary reagents to 37 °C using a water bath.

3.     Wash cells once with DPBS.

4.     For a 6-well, add 1 ml of Versene and incubate cells for 3-5 min at room temperature (RT) until cells
start to dissociate.

5.     Aspirate Versene carefully and add 1 ml cBrew.

6.     Gently detach colonies using a cell scraper.

7.     Collect the cell-containing medium in a conical tube. Optional: add another 1 ml of cBrew to wells to
collect remaining cells. Break up bigger clumps of hiPSCs by gentle trituration with a 5 ml plastic pasteur
pipette (see Note 5).

8.     Dilute cells to desired density using cBrew. Routine passaging ratios are 1:5-1:20 (see Note 6)

9.     Add 1:5000 Thiazovivin to cells and distribute cells to culture wells.

10.  Change media the next day to fresh cBrew without Thiazovivin.
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1.1.4.     Freezing of hiPSCs

A con�uency of about 70-80 % is recommended before freezing down the cells.

1.     Prepare freezing medium and freshly add 1:2500 Thiazovivin (�nal concentration: 4 µM)

2.     Follow steps 2. - 7. of 3.1.3.

3.     Collect 900 µl of cell suspension (avoid extensive pipetting to preserve cell clumps) and add them to
a cryovial.

4.     Add 900 µl of iPSC-freezing medium directly to the cells. Proceed as fast as possible to avoid
extensive exposure of cells to DMSO.

5.     Transfer cells to a freezing device (Mr. Frosty) and store them at -80 °C for short-term storage (less
than a week). For long-term storage, transfer cells to -180 °C.

1.2.  Doxycycline-induced differentiation of hiPSCs into cortical
glutamatergic neurons

1.2.1.     Pre-differentiation

Cultivate hiPSCs on GT-coated plates until they reach around 70-80 % con�uency. Prepare fresh GT-
coated 6-well plates. Pre-differentiation is started 3 days before sub-plating and start of differentiation
(day -3) (see 3.2.3.).

1.     Pre-warm all necessary reagents to 37 °C using a water bath.

2.     Wash cells once with DPBS

3.     Add 1 ml accutase to each well, incubate 5- 8 min at 37 °C, until all cells are detached from the
culture plate; non-detached cells can be detached by gently tapping the culture plate.

4.     Stop accutase treatment by adding 3 ml DPBS to the cells.

5.     Collect cells in a 15 ml conical tube, centrifuge at 400 g for 5 min, discard supernatant carefully with
a vacuum pump.

6.     Resuspend cells in 0.5 - 1 ml cBrew depending on pellet size.

7.     Count viable cells using an automated cell counter and trypan blue.

8.     Dilute to desired density using pre-differentiation medium with 1:5000 Thiazovivin

9.     Seed 1.5 - 2 x 106 cells to each well of a 6-well plate in 3 ml.
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10.  Day -2 and -1: Exchange media to fresh pre-differentiation medium without Thiazovivin. Since cells
have high density use at least 3-4 ml.

Pre-differentiated hiPSCs at day 0 (before seeding) are shown in Figure 1.

1.2.2.     Coating of culture plates for hiPSC differentiation

Prepare coatings 1 day before starting the differentiation (see Note 7). Thaw PDL and Cultrex 3D Laminin
aliquots at 4 °C. For imaging of neurons, grow the cells on glass coverslips.

1.     Prepare 20 µg/ml PDL: dilute 1 ml aliquot of 1 mg/ml PDL in 50 ml DPBS.

2.     Add PDL to culture plates and incubate overnight at 37 °C (see Note 8).

3.     On the following day: Thaw Cultrex 3D Laminin aliquot at 4 °C.

4.     Remove PDL from plates and wash once with DPBS.

5.     Dilute Cultrex 3D Laminin to 20 µg/ml with DPBS.

6.     Add Laminin to culture plates and incubate for at least 1 hour at 37°C.

7.     Wash twice with DPBS before seeding of cells.

1.2.3.     Differentiation of hiPSCs into cortical glutamatergic neurons

Start differentiation at day 3 after pre-differentiation (day 0, see Figure 1):

1.     Follow steps 1. – 5. of 3.2.1.

2.     After centrifugation, resuspend cells in 1 ml maturation medium.

3.     Count viable cells using an automated cell counter and trypan blue.

4.     Dilute cells to desired density using maturation medium containing freshly added 1:100 GT

5.     Recommended seeding densities:

a.     24-well plate: 50. – 80.000 cells/well

b.     6-well plate: 250. – 400.000 cells/well

6.     If monocultures are performed, exchange half of the maturation medium every week until further
analysis.

Differentiated hiPSC-derived neuron cultures are shown at different stages of differentiation in Figure 1.
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1.2.4.     Co-cultivation with primary mouse glial cells

Co-cultivation of hiPSC-derived neurons with primary glial cells is bene�cial for synapse formation and
neuronal activity of hiPSC-derived neurons . In addition, we could previously show that co-cultivation
increases neuronal activity, assayed by calcium-oscillation based live-imaging (for details see .

(Johnson et al., 2007; Pang et al., 2011; Vierbuchen et al., 2010; Zhang et al., 2013)

Bachmann, Linde, et al., 2021)

1.2.4.1.    Isolation of glial cells from embryonic mouse brain

Glial cells are isolated from WT mice at embryonic day E13.5; brain stem and cortical hemispheres can be
used for glial cell isolation. Before the start of preparation, sterilize all tools with ethanol. Work on ice
during the preparation of the brain and use only pre-cooled reagents and tubes. Prepare PDL-coated T-75
�asks as described above (see 3.2.2).

Note: Animal experiments require authorization by the responsible supervising authority. All our animal
experiments are approved by the Animal Welfare O�cer of the University of Cologne (according to §4
TierSchG, Germany).

1.     Euthanize a pregnant mouse and dissect the heads of E13.5 embryos.  

2.     Remove scalp and non-brain tissue from the head to dissect the brain in ice-cold HBSS + 1X
Antibiotic-Antimycotic solution.

3.     Carefully but thoroughly remove meninges from the brain

4.     Divide brainstem and cortical hemispheres.

5.     Transfer brain parts into a reagent tube containing ice-cold HBSS+1x Antibiotic-Antimycotic solution
and keep on ice.

6.     Pool 2-3 brains to yield su�cient glial cells.

7.     Transfer to a sterile hood for cell isolation.

8.     Manually wash brain pieces twice with HBSS + 1x Antibiotic-Antimycotic solution

9.     Add trypsin to brains and incubate for 7 min at 37 °C.

10.  Stop reaction by adding HBSS+10 % FBS

11.  Discard the supernatant and dilute cells in HBSS + 1x Antibiotic-Antimycotic solution

12.  Dissolve tissue by trituration using a P1000 pipette.
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13.  Count viable cells with an automated cell counter and trypan blue.

14.  Dilute cells in Astrocyte maintenance medium (AMM) and seed onto T-75 �asks.

1.2.4.2.    Maintenance & freezing of glial cells

Monitor glial cells regularly. Depending on con�uency, exchange media once or twice a week. Routinely
passage glial cells using trypsin when they reach >80 % con�uency (see Note 9). Glial cells can be
cryopreserved in 90 % FBS+ 10 % DMSO.

1.2.4.3.    Seeding of primary mouse glial cells to hiPSC-derived neurons

For co-cultivation of hiPSCs-derived neurons and primary glial cells, a 1:1 to 2:1 ratio is favored. This will
result in higher synapse count and increased neuronal activity as assayed by calcium imaging (see
3.2.4). The addition of glial cells to neurons is ideally performed between days 2 to 4 after neuronal
differentiation. Plan the isolation and cultivation of primary glial cells accordingly to yield su�cient cell
counts.

1.     Wash glial cells once with DPBS.

2.     Add trypsin and incubate cells for 5 min at 37 °C.

3.      Add AMM to stop the reaction and collect cells in a 15 ml conical tube.

4.     Centrifuge cells at 400 g, 5 min.

5.     Resuspend in 1 ml DMEM/F-12 (without supplements).

6.     Count viable cells with an automated cell counter and trypan blue.

7.     Add glial cell suspension dropwise to hiPSC-derived neurons, e.g., for a 6-well plate containing 2.5 x
105 neurons, add at least 1.25 - 2.5 x 105 glial cells.

8.     On day 4: treat co-cultures with 4 µg/ml AraC. For this, exchange full maturation medium.

9.     From day 5 to 9: exchange half of the medium twice a week.

10.  From day 10: exchange half of the medium twice a week and add 2.5 % FBS to improve the survival
of glial cells.

1.3.  Lentiviral transduction of hiPSC-derived neurons
For assembling lentiviruses, multiple different vectors are required. The transfer plasmid carries the cDNA
of the gene(s) of interest integrated into the host genome for stable protein expression. The transgene is
�anked by long terminal repeat (LTR) sequences, which enable the integration of the transfer plasmid
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elements into the host genome.         
We achieved solid and reliable transduction e�ciency for the third-generation transfer plasmid pUltra
(Addgene #24129), based on the human immunode�ciency virus 1 (HIV1). The pUltra vector and its
derivatives enable multicistronic expression of up to three genes of interest. The empty backbone
contains an enhanced GFP (eGFP) with two downstream multiple cloning sites (MCS) in-frame. The eGFP
and the MCSs are separated by two 2A peptide sequences. The 2A peptides induce cleavage of the
protein chain after translation. This posttranslational severing ensures equal expression of eGFP and the
downstream proteins. Publicly available pUltra derivatives contain dTomato instead of eGFP (pUltra-Chili)
or harbor a tetracycline-responsible element (TRE), allowing inducible gene expression (pUltra-dox). Other
available transfer plasmids, e.g., the IRES-based pWPI or the pLKO knockdown vectors, may also be
feasible for the transduction of hiPSC-derived neurons. Using pUltra, we regularly achieve a >90 %
transduction e�ciency using lentiviral transduction even of very mature (30+ DIV) iPSC-derived neurons.
       
The packaging and envelope plasmids encode for viral proteins Gag, Pol and VSV-G, which are essential
for the lentivirus assembly. Here, we used the vectors psPAX2 (Addgene ##12260) and pMD2.G (Addgene
#12259), respectively. Other second-and third-generation packaging plasmids might be feasible as well.

1.3.1.     HEK293T maintenance

Grow HEK293T in HEK maintenance media on T-75 �asks and monitor regularly. Depending on
con�uency, exchange media once a week. Routinely passage HEK293T cells using trypsin when they
reach >80 % con�uency (we use a 1:10 passaging rate; however, this can be up- or downscaled
accordingly). HEK293T cells can be cryopreserved in 90 % FBS + 10 % DMSO.

1.3.2.     Virus particle production

Seed cells 1 day before transfection of viral plasmids (Day -1):

1.     Seed HEK293T cells in a T-75 �ask with a density that the cells reach 60-80 % con�uency on day 0.

Continue with transfection on day 0:

2.     Prepare the following transfection mixture:

a.     10 µg of transfer plasmid (pUltra + gene of interest)

b.     9 µg of envelope plasmid (pMD2.G)

c.      1 µg of packaging plasmid (psPAX2)

d.     20 µl of PEI

Fill up to 400 µl with DMEM (free of serum and antibiotics)
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3.     Mix gently (without vortexing) and incubate for 20 minutes at room temperature.

4.     Wash the HEK293T cells with PBS, then add 5 ml of fresh HEK maintenance medium.

5.     Add the transfection solution very slowly and dropwise onto the cells.

Day 1 (Medium addition):

6.     Add 3 ml of HEK maintenance medium to the cells.

Day 2 (Medium change):

7.     Replace the medium with 8 ml fresh HEK maintenance medium.

Day 3 (Virus harvesting I):

8.     Collect the whole cell culture supernatant in a 15 ml falcon.

a.     Add 8 ml of fresh HEK maintenance medium for harvesting on the following day.

9.     Centrifuge the collected medium for 4 minutes at 400g to remove remaining HEK293T cells.

10.  Filter the virus-containing supernatant using a 0.45 µm �lter and a syringe.

11.  Aliquot the solution into microcentrifuge tubes (~ 1 ml per aliquot) and place on ice.

12.  Store the virus aliquots at -80 °C until further use.

Day 4 (Virus harvesting II):

13.  Collect the medium in a 15 ml falcon.

a.     Discard the HEK293T culture

14.  Centrifuge the collected medium for 4 minutes at 400 g to remove remaining HEK293T cells.

15.  Filter the virus-containing supernatant using a 0.45 µm �lter.

16.  Aliquot the solution into microcentrifuge tubes (~ 1 ml per aliquot) and place on ice.

17.  Store the virus aliquots at -80 °C until use.

1.3.3.     Transduction of hiPSC-derived neurons

All medium changes must be done as fast as possible and without any larger delay. Avoid the hiPSC-
derived neurons being exposed to air.

Day 0 (Transduction):
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1.     Pre-warm neuronal maturation medium (at least room temperature, better 37 °C).

2.     Thaw virus particles either slowly at 4 °C or rapidly using the water bath (see Note 10).

3.     Prepare for each 24-well 250 µl (6-well: 1.0 ml) of total medium

a.     Mix virus solution and maturation medium to achieve the desired dilution (see Note 11 and 12).

4.     Put the virus aliquot(s) back to -80 °C as soon as possible.

5.     Aspirate the medium from the cultures and store it in a separate tube.

6.     Immediately add the virus mixture and maturation medium to the hiPSC-derived neurons (see Note
13).

Day 1 (Transduction stop):

7.     Pre-warm the stored conditioned medium from day 0 (at least room temperature, better 37 °C).

8.     Remove the virus-containing medium.

9.     Optional: wash cells with pre-warmed DMEM-F12.

10.  Add the pre-warmed conditioned medium.

11.  Allow gene expression for the desired time (see Note 14).

In Figure 2, hiPSC-derived neurons are shown 6 days after transduction with pUltra-containing
lentiviruses, using different virus dilution mixtures.

Troubleshooting
1. It is possible to use another commercially available cell line, e.g., BIONi010-C-15 (Bioneer; Schmid et al.,
2021) or iP11N (Alstem), that carries the doxycycline-inducible Ngn2 transgene. Alternatively, it is also
possible to generate transgenic iPSCs with a doxycycline-inducible Ngn2 by lentiviral transduction, see,
e.g., Zhang et al., 2013; the lentiviral plasmid is deposited at Addgene #52047). HiPSC cell lines can be
purchased, e.g., at Coriell Institute (Camden, NJ, USA). We have not tested other cell lines. Handling and
differentiation of iPSCs and the maintenance of iPSC-derived neurons have to be adapted for the
corresponding cell line.

2. The mentioned packaging plasmid belongs to the group of second-generation lentiviral vectors.
Second-generation packaging plasmids can be combined with third-generation transfer plasmids such as
pUltra. Third-generation packaging vectors, which provide higher safety precautions due to the absence
of the viral Tat gene, are publicly available e.g.: pMDLg/pRRE (Addgene, #12251) and pRSV-Rev
(Addgene, #12253).
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3. Avoid incubating your iPSCs longer than 24 hours in media containing Thiazovivin. Extended exposure
may result in substantial cytotoxicity.

4. Spontaneous differentiation sometimes occurs in hiPSCs cultures. To prevent extensive differentiation,
remove differentiated cells using a microscope under a sterile hood. Simply aspirate cells using a P200
pipette. Alternatively, mark areas of spontaneous differentiation from the bottom of the plate and remove
the cells by using a pipette tip (e.g., 10 µl size) connected to a vacuum pump.

5. For the passaging of hiPSCs with Versene, it is essential to preserve cell clumps at a speci�c size, too
big or too small clumps can cause unwanted differentiation and extensive cell death; this size has to be
estimated and optimized for the corresponding cell line.

6. Passaging ratios depend on experimental plans and con�uency of the initial cultures, e.g., when
passaging cells at 80 % con�uency at a ratio of 1:10, cells reach con�uency (~80 %) again after 3-4 days
in our hands.

7. GT coating for at least half an hour (as described in 3.2.2.) can be used as an alternative for PDL/ 3D
Laminin to differentiate hiPSCs. Long-term cultivation (>6 weeks), however, might be affected.

8. Minimal coating time with PDL is 2 hours.

9. To avoid extensive growth of epithelial cells in primary glial cell cultures, cells can be shortly treated
with trypsin (<3 min) to collect only epithelial cells and keep glial cells attached to the culture �ask.

10. There is no clear evidence of whether lentivirus stability depends on the velocity of the thawing
process. It is, however, generally recommended to thaw lentiviruses on ice since they might be sensitive to
extreme temperature shifts (Jiang et al., 2015).

11. Repetitive thawing of virus aliquots reduces the yield of transduced neurons down to 50 % of the
original level (Jiang et al., 2015). Therefore, this effect should be considered when determining an
appropriate dilution factor.

12. The protein expression decreases with the number of introduced genes. The GFP expression appears
stronger in neurons transduced with the empty pUltra backbone compared to pUltra for co-expression of
GFP and another protein (see Figure 2A,B). Therefore, the optimal dilution factor must be determined
separately for each virus particle.

13. Lentiviral transduction can be performed for hiPSC-derived neurons of all ages starting at day 7 of
differentiation. Transduction might be feasible earlier but can increase the risk of substantial cell loss. To
decrease cellular stress induced by the medium exchange, the virus solution can be directly added to the
cell medium (adjust the medium amount before the desired dilution factor).

14. Please note that the rate of exogenous protein expression decelerates with the increasing age of the
neuronal cultures. While for younger neurons (~ 2 weeks old), the GFP signal of empty pUltra can be
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visible after 1-2 days, for older neurons (about 6-8 weeks old), this may take up to 1 week for similar virus
titers.

Time Taken

Anticipated Results

References
Andreadis,  A., Brown, W. M., & Kosik, K. S. (1992). Structure and novel exons of the  human .tau. gene.
Biochemistry, 31(43),  10626–10633. https://doi.org/10.1021/bi00158a027

Arendt, T., Stieler, J. T., & Holzer, M. (2016). Tau and tauopathies. Brain Research Bulletin, 126(Pt 3),  238–
292. https://doi.org/10.1016/j.brainresbull.2016.08.018

Bachmann, S., Bell, M., Klimek, J., & Zempel, H.  (2021). Differential Effects of the Six Human TAU
Isoforms:  Somatic Retention of 2N-TAU and Increased Microtubule Number Induced by  4R-TAU  . In
 Frontiers in Neuroscience  (Vol. 15, p. 547).
 https://www.frontiersin.org/article/10.3389/fnins.2021.643115

Bachmann, S., Linde, J., Bell, M., Spehr, M., Zempel, H.,  & Zimmer-Bensch, G. (2021). DNA
Methyltransferase 1 (DNMT1)  Shapes Neuronal Activity of Human iPSC-Derived Glutamatergic Cortical
Neurons.  International Journal of Molecular Sciences, 22(4).  https://doi.org/10.3390/ijms22042034

Barbier,  P., Zejneli, O., Martinho, M., Lasorsa, A., Belle, V., Smet-Nocca, C.,  Tsvetkov, P. O., Devred, F., &
Landrieu, I. (2019). Role of tau as a  microtubule-associated protein: Structural and functional aspects.
Frontiers  in Aging Neuroscience, 10(JUL), 204.  https://doi.org/10.3389/FNAGI.2019.00204/BIBTEX

Binder,  L. I., Frankfurter, A., & Rebhun, L. I. (1985). The distribution of tau in  the mammalian central
nervous system. The Journal of Cell Biology, 101(4),  1371–1378.
https://doi.org/10.1083/JCB.101.4.1371

Bullmann,  T., Holzer, M., Mori, H., & Arendt, T. (2009). Pattern of tau isoforms  expression during
development in vivo. International Journal of  Developmental Neuroscience : The O�cial Journal of the
International Society  for Developmental Neuroscience, 27(6), 591–597.
 https://doi.org/10.1016/J.IJDEVNEU.2009.06.001

Goedert,  M., Spillantini, M. G., Jakes, R., Rutherford, D., & Crowther, R. A.  (1989). Multiple isoforms of
human microtubule-associated protein tau:  sequences and localization in neuro�brillary tangles of
Alzheimer’s disease. Neuron.  https://doi.org/10.1016/0896-6273(89)90210-9

Hayashi,  Y., Hsiao, E. C., Sami, S., Lancero, M., Schlieve, C. R., Nguyen, T., Yano,  K., Nagahashi, A., Ikeya,
M., Matsumoto, Y., Nishimura, K., Fukuda, A.,  Hisatake, K., Tomoda, K., Asaka, I., Toguchida, J., Conklin, B.



Page 18/23

R., &  Yamanaka, S. (2016). BMP-SMAD-ID promotes reprogramming to pluripotency by  inhibiting
p16/INK4A-dependent senescence. Proceedings of the National  Academy of Sciences of the United
States of America, 113(46),  13057–13062.
https://doi.org/10.1073/PNAS.1603668113/-/DCSUPPLEMENTAL

Jiang, W., Hua, R., Wei, M., Li, C., Qiu, Z., Yang, X.,  & Zhang, C. (2015). An optimized method for high-titer
 lentivirus preparations without ultracentrifugation. Scienti�c Reports  2015 5:1, 5(1), 1–9.
https://doi.org/10.1038/srep13875

Johnson,  M. A., Weick, J. P., Pearce, R. A., & Zhang, S. C. (2007). Functional  neural development from
human embryonic stem cells: accelerated synaptic  activity via astrocyte co-culture. The Journal of
Neuroscience : The  O�cial Journal of the Society for Neuroscience, 27(12),  3069–3077.
https://doi.org/10.1523/JNEUROSCI.4562-06.2007

Kreitzer,  F. R., Salomonis, N., Sheehan, A., Huang, M., Park, J. S., Spindler, M. J.,  Lizarraga, P., Weiss, W. A.,
So, P. L., & Conklin, B. R. (2013). A robust  method to derive functional neural crest cells from human
pluripotent stem  cells. American Journal of Stem Cells, 2(2), 119.  /pmc/articles/PMC3708511/

Li,  X., Kumar, Y., Zempel, H., Mandelkow, E., Biernat, J., & Mandelkow, E.  (2011). Novel diffusion barrier
for axonal retention of Tau in neurons and its  failure in neurodegeneration. The EMBO Journal, 30(23),
 4825–4837. https://doi.org/10.1038/emboj.2011.376

Miyaoka,  Y., Chan, A. H., Judge, L. M., Yoo, J., Huang, M., Nguyen, T. D., Lizarraga,  P. P., So, P.-L., & Conklin,
B. R. (2014). Isolation of single-base genome-edited  human iPS cells without antibiotic selection. Nature
Methods, 11(3),  291–293. https://doi.org/10.1038/nmeth.2840

Muratore,  C. R., Srikanth, P., Callahan, D. G., & Young-Pearse, T. L. (2014).  Comparison and Optimization
of hiPSC Forebrain Cortical Differentiation  Protocols. PLOS ONE, 9(8), e105807.
 https://doi.org/10.1371/JOURNAL.PONE.0105807

Nicholas,  C. R., Chen, J., Tang, Y., Southwell, D. G., Chalmers, N., Vogt, D., Arnold,  C. M., Chen, Y. J. J.,
Stanley, E. G., Elefanty, A. G., Sasai, Y.,  Alvarez-Buylla, A., Rubenstein, J. L. R., & Kriegstein, A. R. (2013).
 Functional Maturation of hPSC-Derived Forebrain Interneurons Requires an Extended  Timeline and
Mimics Human Neural Development. Cell Stem Cell, 12(5),  573–586.
https://doi.org/10.1016/J.STEM.2013.04.005

Pang,  Z. P., Yang, N., Vierbuchen, T., Ostermeier, A., Fuentes, D. R., Yang, T. Q.,  Citri, A., Sebastiano, V.,
Marro, S., Südhof, T. C., & Wernig, M. (2011).  Induction of human neuronal cells by de�ned transcription
factors. Nature  2011 476:7359, 476(7359), 220–223.  https://doi.org/10.1038/nature10202

Schmid,  B., Holst, B., Poulsen, U., Jørring, I., Clausen, C., Rasmussen, M., Mau-Holzmann,  U. A., Steeg, R.,
Nuthall, H., Ebneth, A., & Cabrera-Socorro, A. (2021).  Generation of two gene edited iPSC-lines carrying a



Page 19/23

DOX-inducible NGN2  expression cassette with and without GFP in the AAVS1 locus. Stem Cell Research,
52, 102240.  https://doi.org/10.1016/J.SCR.2021.102240

Schützmann, M. P., Hasecke, F., Bachmann, S., Zielinski,  M., Hänsch, S., Schröder, G. F., Zempel, H., &
Hoyer, W. (2021). Endo-lysosomal Aβ concentration and pH trigger formation of Aβ oligomers that
potently induce Tau missorting. Nature Communications 2021  12:1, 12(1), 1–14.
https://doi.org/10.1038/s41467-021-24900-4

van  Beuningen, S. F. B., Will, L., Harterink, M., Chazeau, A., van Battum, E. Y.,  Frias, C. P., Franker, M. A. M.,
Katrukha, E. A., Stucchi, R., Vocking, K., Antunes,  A. T., Slenders, L., Doulkeridou, S., Sillevis Smitt, P.,
Altelaar, A. F. M.,  Post, J. A., Akhmanova, A., Pasterkamp, R. J., Kapitein, L. C., … Hoogenraad,  C. C.
(2015). TRIM46 Controls Neuronal Polarity and Axon Speci�cation by  Driving the Formation of Parallel
Microtubule Arrays. Neuron, 88(6), 1208–1226.  https://doi.org/10.1016/J.NEURON.2015.11.012

Vierbuchen, T., Ostermeier, A., Pang, Z. P., Kokubu, Y.,  Südhof, T. C., & Wernig, M. (2010). Direct  conversion
of �broblasts to functional neurons by de�ned factors. Nature 2010 463:7284, 463(7284),  1035–1041.
https://doi.org/10.1038/nature08797

Wang, C., Ward, M. E., Chen, R., Liu, K., Tracy, T. E.,  Chen, X., Xie, M., Sohn, P. D., Ludwig, C., Meyer-Franke,
A., Karch, C. M.,  Ding, S., & Gan, L. (2017). Scalable Production of iPSC-Derived  Human Neurons to
Identify Tau-Lowering Compounds by High-Content Screening. Stem Cell Reports, 9(4).
 https://doi.org/10.1016/j.stemcr.2017.08.019

Zempel, H., Dennissen, F. J. A., Kumar, Y., Luedtke, J.,  Biernat, J., Mandelkow, E.-M., & Mandelkow, E.
(2017). Axodendritic sorting and pathological missorting of Tau are  isoform-speci�c and determined by
axon initial segment architecture. Journal  of Biological Chemistry , 292(29), 12192–12207.
 https://doi.org/10.1074/jbc.M117.784702

Zempel,  H., Luedtke, J., Kumar, Y., Biernat, J., Dawson, H., Mandelkow, E., &  Mandelkow, E. M. (2013).
Amyloid-β oligomers induce synaptic damage  via Tau-dependent microtubule severing by TTLL6 and
spastin. The EMBO  Journal, 32(22), 2920–2937. https://doi.org/10.1038/EMBOJ.2013.207

Zempel,  H., & Mandelkow, E. (2014). Lost after translation: missorting of Tau  protein and consequences
for Alzheimer disease. Trends in Neurosciences,  37(12), 721–732.
https://doi.org/10.1016/J.TINS.2014.08.004

Zempel,  H., & Mandelkow, E. (2019). Mechanisms of Axonal Sorting of Tau and  In�uence of the Axon
Initial Segment on Tau Cell Polarity. Advances in  Experimental Medicine and Biology, 1184, 69–77.
 https://doi.org/10.1007/978-981-32-9358-8_6

Zempel,  H., & Mandelkow, E. M. (2015). Tau missorting and spastin-induced  microtubule disruption in
neurodegeneration: Alzheimer Disease and Hereditary  Spastic Paraplegia. In Molecular
Neurodegeneration (Vol. 10, Issue 1).  https://doi.org/10.1186/s13024-015-0064-1



Page 20/23

Zhang,  Y., Pak, C. H., Han, Y., Ahlenius, H., Zhang, Z., Chanda, S., Marro, S.,  Patzke, C., Acuna, C., Covy, J.,
Xu, W., Yang, N., Danko, T., Chen, L.,  Wernig, M., & Südhof, T. C. (2013). Rapid Single-Step Induction of
 Functional Neurons from Human Pluripotent Stem Cells. Neuron, 78(5), 785.
 https://doi.org/10.1016/J.NEURON.2013.05.029

Acknowledgements
We thank Dr. Magdalena Laugsch and Dr. Marlen Lauffer for their basic guidance and support in iPSC-
related cell culture work. We thank Prof. Dr. Florian Klein (Institute of Virology, University Hospital
Cologne) for providing lentiviral vectors and Lena Kluge and Helen Breuer for supporting the lentivirus
production. We thank Prof. Dr. Brunhilde Wirth (Institute of Human Genetics, University Hospital Cologne)
and Dr. Markus Chmielewski (Department I of Internal Medicine, University Hospital Cologne) for
providing the HEK293T cell line. We thank Mhd. Aghyad Al-Kabbani for methodological advice and
critical manuscript proofreading. Our work is supported by the Koeln Fortune Program (Faculty of
Medicine, University of Cologne), by the Else-Kröner-Fresenius-Stiftung, by a stipend from the
Studienstiftung des deutschen Volkes, and by the Jürgen-Manchot-Stiftung.

Figures

Figure 1



Page 21/23

Neuronal differentiation of human WTC11 Ngn2-transgenic iPSCs.
Representative bright�eld images of undifferentiated WTC11 Ngn2-transgenic iPSCs and different
differentiation stages. Before differentiation, iPSCs typically grow in colonies (left top panel). For pre-
differentiation, cells are seeded at high density. Addition of doxycycline leads to changed morphology
and growth (middle top panel). Differentiated cells show growth of neurites already after two days of
differentiation (right top panel). During differentiation, cells show extensive neuritic outgrowth and form a
neuronal network (lower panels). See 3.2. for the differentiation protocol. Scale bar (left top): 300 µm,
scale bar (middle top): 150 µm. The latter scale bar corresponds to all other images during differentiation.
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Figure 2

Lentiviral transduction of hiPSC-derived glutamatergic neurons.
Representative bright�eld and �uorescence images of hiPSC-derived neurons after lentiviral transduction.
The iPSC-derived neurons were transduced with virus particles containing either an empty pUltra vehicle
plasmid (A) or pUltra carrying a BirA-0N3R-Tau fusion construct (B) at day 12 of differentiation. Four
different dilutions of virus particles with culture medium (see protocol for details) were used, respectively.
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Control cultures were not transduced at all (C). All cultures were imaged at day 18 of differentiation. Scale
bar: 100 µm.


