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Abstract

Human induced pluripotent stem cells (hiPSC) offer a tractable system to model the blood-
brain barrier (BBB). Here we detail the build-up of a triple co-culture hiPSC-BBB model,
using hiPSC-derived brain microvascular endothelial cells (BMEC), astrocytes and mural
cells (MC). Transendothelial electrical resistance (TEER) and sodium fluorescein (NaFl)
permeability can be used to test the barrier properties. The model has applications in

studying BBB-related pathology and for drug screening.
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1. Introduction

hiPSCs, derived from human dermal fibroblasts, were first reported in 2007 by Yamanaka
and his team (1). hiPSCs are relatively inexpensive and can be used for rapid and scalable
assays more easily than in vivo animal models (2). hiPSCs circumvent the technical
challenge of isolating primary human cells, which is complicated and time-consuming (2).
hiPSCs can also be used to generate intermediate populations, such as neural stem cells (3)
or neural crest (4), which are highly proliferative, reproducible, and can be cryopreserved,

shortening the differentiation time while maintaining equal performance.
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hiPSCs also overcome inter-species differences (5), making the results more relevant for
pharmacological testing (2). They remove not only inter-species differences but also inter-
individual differences in genetic background, since an hiPSC line maintains the background
of the individual of origin (1). Importantly, all cell types of the BBB, including BMEC,
astrocytes and MC can be generated from the same hiPSC line, therefore creating an

isogenic model (6).

To date, BBB disease models derived from patient hiPSCs have been successfully
implemented in disease modelling for vascular disorders such as a form of monogenic small
vessel disease, Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL) (7,8) and the neurological disorder, Huntingdon’s Disease
(9). Recently, hiPSC-BBB models have been able to acquire in vivo-like properties owing to
their realistic drug transport capabilities (10), highlighting possibilities for their use drug

screening.

Once designed, BBB models must be thoroughly tested to demonstrate their relevance to
the in vivo BBB. Functional assays are employed as key determinants of equating artificial in
vitro performance to in vivo function (11). The most widely used functional test of BMEC
function is TEER. In vitro, this is recorded with an epithelial voltohmmeter which uses two
pairs of electrodes (12), one applying current and one measuring the output, on each side of
a monolayer, for example a Transwell® membrane (13). Permeability assays with
fluorescent compounds can also be used as cost-effective measures of barrier properties
(14). Here, we use a combination of TEER reading and NaFl, a 376.27Da fluorescent tracer

permeability assay to thoroughly assess BBB integrity.

Thus, we have demonstrated that an isogenic hiPSC-BBB model can be readily established
using a Transwell® membrane, an approach that has also been adopted by other

investigators (15,16).



2. Materials

Prepare all media in advance, filter using 0.22um filter unit and store at 4°C. Refer to the
previously published protocols to generate hiPSC-BMEC, astrocytes and MC. hiPSCs were

cultured in E8 media.

2.1 hiPSC

E8 media: 250mL DMEM/F-12 with 5mL Insulin Transferrin Selenium, 1.8mL (7.5%) Sodium
Bicarbonate, 2.5mL (6.4mg/ml) L-ascorbic acid, 1.56mL (4pg/ml) FGF-2 and 250uL

(1.74ng/ml) TGFB

2.2 hiPSC-BMEC

1. 0.5% Matrigel®: dilute on ice in DMEM/F12 to 0.5% (17)

2. EndoSFM+B-27: 49.5 mL of Human Endothelial Serum-Free Medium with 250 uL of
B-27 (17).

3. BMEC media: 49.5 mL of Human Endothelial Serum-Free Medium with 250 pL of B-
27, 2504l (4pg/ mL) FGF-2 and 25 L (20mM) of Retinoic Acid

4. Fibronectin/Collagen IV: 1mg/ mL collagen IV (from human placenta, Bornstein and
Traub Type IV) and 1mg/ mL fibronectin (from bovine plasma) and 1X phosphate

buffered saline (PBS) according to a 4:1:5 ratio

5. Sodium Fluorescein (NaFl): Dilute NaFl in EndoSFM+B27 at 1:100 dilution. Avoid

direct light.

2.3 hiPSC-MC

1. CDM-PVA media: prepare 500ml (250ml Ham’s F12 Nutrient Mix, 250ml| IMDM, 5ml
Concentrated Lipids, 20ul 1-Thio Glycerol, 250ul Transferrin, 350ul Insulin, 5ml
Polyvinyl Alcohol (PVA) (18)

2. FSB media: CDM-PVA supplemented with 12ng/mL FGF-2 and 10uM SB431542

(18)



3. MC media: CDM-PVA supplemented with 10ng/mL PDGF-BB and 2ng/mL TGF-b1l
(18)

4. MC mature media: DMEM/F12 medium supplemented with 10% fetal bovine serum
(FBS) (18).

5. Mouse embryonic fibroblast (MEF) media: 250 mL of Advanced DMEM/F-12
supplemented with 25 mL (10%) FBS, 2.5 mL (2 mM) L-Glutamine and 1.75 pL B-
Mercaptoethanol

6. 0.1% Gelatin: gelatin (from porcine skin) diluted in water and kept overnight in a

water bath at 60°C to dissolve.

2.4 hiPSC-astrocytes

1. Neural induction media (NIM) (3): 47.5mL of TeSR™-EB, 2.5mL of TeSR™-E6
Supplement (20X), 25ul (10uM) SB431542, 5ul (1uM) LDN193189 and 10ul (2uM)

XAV939

2. Neural maintenance media (NMM) (3): 125 mL of Neurobasal, 125 mL of
DMEM:F12+Glutamax, 1.25 mL N-2 supplement, 2.5 mL B-27 supplement, 1.25 mL
GlutaMAX,1.25 mL non-essential amino acids (NEAA), 1.25 mL (100mM) sodium
pyruvate, 250 uL (50mM) 2-mercaptoethanol and 62.5 pL (10mg/ mL) insulin

3. Astrocyte media (19): To 50 mL NMM add 5 pL (5mg/ mL) CNTF, 5 pL (5 mg/ mL)
BMP-2 and 10ul (4 pg/ mL) FGF-2

4. VTN-N: VTN-N diluted 1:100 in 1XPBS

5. 0.01% Poly-L-ornithine (PLO): used as supplied by the manufacturer, no preparation

is required

6. Laminin: Dilute Laminin L2020 1:300 in 1XPBS

2.5 Cell culture

1. StemPro™ Accutase™ Cell Dissociation Reagent

2. TrypLE Express
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9.

1XPBS

ROCK inhibitor
TeSR™-E6

ReLeSR™

TrypLE express

24-well plate Transwells®

24-well cell culture plates

10. 0.22um media filter unit

11. Black 96-well plate

2.6 Equipment

1. Cell culture centrifuge
2. Microbiological safety cabinet/laminar flow hood
3. Haemocytometer
4. EVOM2 Voltohmmeter and STX2 electrodes (World Precision Instruments)
5. Incubator set to 37°C and 5% CO:
6. Fluorescent 96-well plate reader
3. Methods

All procedures should be carried out in a microbiological safety cabinet using aseptic

technique.

3.1 hiPSC-BMEC culture

hiPSC are differentiated according to a previous protocol (17), described below.

1.

2.

24 h before seeding, coat 6-well plates with 0.5% Matrigel® in DMEM/F12 and store
at 37°C overnight
The next day, wash 70-80% confluent hiPSC with 1X PBS and incubate with

StemPro™ Accutase™ Cell Dissociation Reagent at 37°C for 4 minutes



3. Collect cells, dilute 1:4 with E8 and centrifuge at 300g for 3 minutes

4. Re-suspend in E8, count with a Haemocytometer and plate at a density of
1.56x10%cm?with ROCK inhibitor.

5. 24 h later, change media to TeSR™-E6 and refresh daily for 4 days.

6. On day 5, replace media with BMEC media for 2 days

7. One day prior to sub-culture (on day 6), coat fibronectin/collagen IV 24-well
Transwells® overnight at 37°C (see Note 1)

8. Following two days of BMEC media treatment (on day 7), aspirate the spent media
and wash once with 1X PBS

9. Apply 1 mL of Accutase per 6-well plate and leave at 37°C for 45 minutes up to 1 h to
dissociate to single cells (see Note 2)

10. Collect the disassociated single cells and centrifuge at 300g for 3 minutes

11. Count the cells and seed onto fibronectin/collagen 1V coated 24-well plate
Transwells® at a density of 2.5x10%well in BMEC media as previously reported (20),
see Note 3.

12. Record the first TEER measurement (see part 3.7) and then refresh media to BMEC

media without FGF-2 or RA. No further media changes are required (17,21)

3.2 hiPSC-MC culture

hiPSC are differentiated into neural-crest (NC) and collected after 4 passages in FSB media

to mature from neural crest cells to MC, as previously reported (18) and described below.

1. 24 h before seeing, coat wells with 0.1% Gelatin for 20 minutes at room temperature.
Aspirate the Gelatin and incubate the plate overnight at 37°C in MEF medium

2. The next day, wash 70-80% confluent hiPSC with 1X PBS and incubate with
ReLeSR™ for 4 minutes at room temperature

3. Collect cells and plate onto 0.1% Gelatin in CDM-PVA.

4. 24 hours after plating, wash cells once with 1XPBS and culture in FSB media

5. Refresh FSB daily for 5 days
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11.

12.

On day 5, passage with TrypLE express by applying 0.5mL of TrypLE per 6-well
plate for 4 minutes and thereafter passage when confluent, until passage 4

After 4 passages in FSB media, collect cells with TrypLE express

Seed cells in FSB media onto 0.1% Gelatin coated plates at 50% confluence

After 24 h, replace FSB media with MC media

Feed hiPSC-MC with MC media every 2 days and passage every 3 days or when
they reach confluence with TrypLE at a 1:2 or 1:3 split ratio as appropriate.
hiPSC-MC can be maintained for up to 3 months or 10 passages in DMEM:F12 with
10% FBS serum (see Note 4).

When hiPSC-MC are required for co-culture, passage and seed into 24-well plates at

a 1:2 or 1:3 split ratio as appropriate.

3.3 hiPSC-astrocyte culture

hiPSCs were first differentiated into neural stem cells (NSCs) using an available protocol (3),

but modified so the initial stage begins with E6 media. Following this, NSC were

differentiated to astrocytes with a previously reported protocol (19), described below.

To differentiate hiPSC to NSCs:

1.

24 h before seeding, coat 6-well plates with 1:100 VTN-N for 1 h at room
temperature, aspirate and replace with 1XPBS and store at 37°C overnight

The next day, wash 70-80% confluent hiPSC with 1X PBS and incubate with
StemPro™ Accutase™ Cell Dissociation Reagent at 37°C for 4 minutes

Collect cells, dilute 1:4 with E8 and centrifuge at 300g for 3 minutes

Resuspend cells in E8, count and plate in E8 medium with ROCK inhibitor at a
density of 2.0x10%cm?on VTN-N

24 h later, change media to NIM and refresh daily for 10 to 12 days

Passage with StemPro™ Accutase™ Cell Dissociation Reagent at a 1:1 dilution onto

VTN-N into NMM



7. 24 h later, coat 6 well plates with Laminin L2020 diluted 1:100 in 1X PBS overnight at
37°C
8. After 3-5 days (when 100% confluent), passage cells with StemPro™ Accutase™

Cell Dissociation Reagent, count and plate at a density of 5.0x10*cm? onto Laminin

To differentiate NSCs to astrocytes:

1. One day prior to plating, coat 24-well culture plates with PLO (0.01%) for 1 h at room
temperature before washing with 1X PBS and coating overnight at 37°C with Laminin

L2020 diluted 1:300 in 1X PBS.

2. Seed astrocytes at 50% density into astrocyte media, on 24-well plates.

3. To passage, apply StemPro™ Accutase™ Cell Dissociation Reagent per 24-well

plate and leave for 4-6 minutes.

4. Collect the single cells and centrifuge at 300g for 3 minutes.

5. Aspirate the spent media and re-suspend in astrocyte media before plating at 50%

confluency (see Note 5).

3.4 TEER

3.4.1 Collection of readings

Begin taking TEER readings 1 day after subculture onto fibronectin/collagen IV Transwells®.
Perform 3 replicates and ensure to include a single blank Transwell® with the same matrix

coating and media but no cells seeded as a background reading (21).

TEER should be performed in 3 parallel Transwells® from the same BMEC differentiation.

Ensure that the temperature is controlled for (see Note 6).

1. Clean the EVOM2 Voltohmeter with 70% ethanol and set up in the laminar flow hood.

Set function to ‘Ohms’ to measure resistance.



Clean the STX2 electrodes with 70% ethanol and insert into the EVOM2. Keep 70%
ethanol in the laminar flow hood to clean the electrodes before and after each
reading.

Retrieve the Transwell® plate from the incubator and leave at room temperature to
acclimatise before taking readings (see Note 7).

Begin by taking 3 TEER readings of the blank, one from each aperture of the
Transwell (Figure 1A-B; see Note 8). Clean the electrodes in 70% ethanol before
taking the next reading (see Note 9).

Proceed to take readings from the remaining BMEC seeded Transwell®, ensuring to

take 3 readings from each Transwell® (see Note 10).

Repeat steps 1-5 every day thereafter.

3.4.2 Calculating the result

Using Ohm’s law, the ratio of voltage to current is computed, before subtraction of a blank

measurement and multiplication by the surface area (13), to arrive at Qxcm? and take the

mean average of the replicate values (Figure 1C).

1.

2.

Calculate the average TEER for each Transwell® (3 readings each).
Subtract the average TEER of the blank Transwell® from each of the experimental
Transwell® averages.

Multiple these values with the area of the Transwell®.

QOxcm? = (Mean of 3 cell readings) - (mean of 3 blank readings) x surface area

Example wildtype (WT) data plotted as a time-course (Figure 1C), demonstrate that TEER

peaks around day 2/3 of sub-culture onto Transwells® (21).



3.5 NaFl Permeability

Perform the NaFIl Permeability Assay when TEER is maximal (generally 2 days after
subculture onto fibronectin/collagen IV Transwells®). As with TEER readings, ensure to

include a blank, coated Transwell® as a background reading and perform 3 replicates.

3.5.1 Collection of readings

1. Remove media from underneath the Transwell® and replace with fresh
EndoSFM+B27 (1 mL for 12 well, 0.5 mL for 24 well, Figure 2A).

2. Remove media from the Transwell® and replace with diluted NaFI (1:100) in
EndoSFM+B27 (1 mL for 12 well, 0.5 mL for 24 well).

3. Immediately collect a 100 pL sample from underneath the Transwell® and collect in a
black 96 well plate (0O h reading). Cover the plate in tin foil and store at 4°C until the
next reading. Repeat for each replicate.

4. Repeat 100 pL sampling from under each Transwell® every 2 h for 8 h (15 samples
in total).

5. Use a plate reader to analyse the samples and average the 3 Transwells® (see Note

11).

3.5.2 Calculating the result

Plot the raw fluorescence of the hiPSC-BMEC monolayer and the blank (Figure 2B). Data

can also be reported as a percentage of the blank:

% of Blank = raw fluorescence of hiPSC-BMEC monolayer - raw fluorescence of blank x 100

3.6 Co-culture hiPSC-BBB model

Take TEER readings of hiPSC-BMEC one day post-subculture onto Transwells® before

initiating any co-culture experiments. As before, ensure to have a blank well prepared.



3.6.1 hiPSC-BMEC/astrocyte co-culture

1. 3-4 days prior to initiation of co-culture, seed hiPSC-astrocytes into wells of 24-well
plates (as described above), allow for enough wells for technical replicates e.g. seed

3 wells

2. 1 day prior to co-culture, seed hiPSC-BMEC on Transwells® in replicate for both co-

culture and monoculture (control), e.g. seed 6 Transwells®

3. On the day of co-culture, take TEER readings from the hiPSC-BMEC and media

change to EndoSFM+B27. No further media changes are required

4. Transfer half of the Transwell® to wells of a 24-well plates containing hiPSC-

astrocytes and return to the incubator

5. 24 h later and every day thereafter, take TEER readings and plot as a time-course

(Figure 3).

3.6.2 hiPSC-BMEC/MC co-culture

1. 1-2 days prior to the initiation of co-culture, seed hiPSC-MC into 24-well plates (as

described above), allow for enough wells for technical replicates e.g. seed 3 wells

2. 1 day prior to co-culture, seed hiPSC-BMEC on Transwells® in replicate for both co-

culture and monoculture (control), e.g. seed 6 Transwells®

3. On the day of co-culture, take TEER readings from the hiPSC-BMEC and media

change to EndoSFM+B27. No further media changes are required

4. Transfer half of the Transwells® to wells of a 24-well plates containing hiPSC-MC

and return to the incubator overnight

5. 24 h later and every day thereafter, take TEER readings and plot as a time-course

(Figure 4).



3.6.3 hiPSC-BMEC/astrocyte/MC triple co-culture

1. 3-4 days prior to initiation of co-culture, seed hiPSC-astrocytes into 24-well plates (as
described above), allow for enough wells for technical replicates for each co-culture

arrangement e.g. seed 6 wells.

2. On the day of co-culture (see Note 12), place half of the Transwells® upside down
onto the lid of the culture plate and seed hiPSC-MC (the other half will be used as the

control with BMEC alone)

3. Incubate in the laminar hood for 45 minutes to allow the cells to attach.

4. During this period, apply StemPro™ Accutase™ Cell Dissociation Reagent to the

differentiating hiPSC-BMEC (as described above).

5. After 45 minutes, add 200 uL of media and incubate for a further 15 minutes.

6. After 15 minutes, return the Transwell® to the upright position and place it into the

culture plate. Collect the hiPSC-BMEC and centrifuge at 300g for 3 minutes.

7. Seed hiPSC-BMEC as described above and return the plate to the incubator.

8. The next day, take the first TEER reading and refresh the media to EndoSFM+B27.

No further media changes are required

9. Transfer half of the Transwells® to wells containing hiPSC-astrocytes

10. Continue to take TEER readings every 24 h and plot as a time-course (Figure 6).

Section 4: Notes

1. Make sure to prepare an additional Transwell to use as a blank for TEER and
NaFl
2. Ensure that the StemPro™ Accutase™ Cell Dissociation Reagent treatment

results in a suspension on single cells on gently tapping the plate, StemPro™



10.

11.

12.

Accutase™ Cell Dissociation Reagent can be left for up to 1 h to achieve this
(20,21)

Plate the total number of cells required directly onto the Transwell® and
shake to distribute, before topping up with media

Mature SMC can survive at confluence without media change for up to one
week. When necessary, split with TrypLE at an appropriate split ratio,
ensuring cell to cell contact upon seeding. When changing media, aspirate
half the volume of media and top with fresh media to allow cell-derived
maturation factors to remain in the culture.

Astrocytes can be maintained for up to 6-7 passages and cryopreserved for
later use (19)

The temperature must be consistent between the blank and all readings with
a BMEC monolayer. To achieve this, ensure that each plate of Transwells® is
removed from the incubator for the same duration of time.

Before taking readings, allow the Transwells® to acclimatise at room
temperature as temperature can affect readings. To reduce variability in
readings, be consistent in acclimatisation time whenever measuring TEER.
TEER readings may fluctuate so ensure the reading is constant for some time
before recording it.

Clean electrodes with 70% electrode between different cell lines/samples. For
replicates of the same sample, wash with EndoSFM+B27 to prevent
overexposure to 70% ethanol

Take TEER readings daily until the resistance has plateaued

To analyse the samples set up the plate reader with an excitation wavelength
of 460nm, emission of 515nm with a gain of 50, 25 flashes and z-position of
20000.

Co-ordinate the timing of the hiPSC-BMEC differentiation so co-culture can

be initiated at the point of sub-culture, e.g. day 7.



Figure Captions

Figure 1: (A) STX2 electrode placement for hiPSC-BMEC monoculture and (B) the location
of the 3 apertures of the Transwell® (C) TEER obtained from wildtype hiPSC-BMEC for 10

days post plating onto Transwells®

Figure 2: (A) NaFl permeability strategy and (B) NaFI obtained from wild-type (WT) hiPSC-

BMEC 2 days post-seeding onto Transwells®

Figure 3: (A) hiPSC-BMEC and astrocyte Transwell® strategy (B) WT hiPSC-BMEC and

BMEC/astrocyte co-culture over 10 days. The arrow indicates the initiation of the co-culture.

Figure 4: (A) hiPSC-BMEC and MC Transwell® strategy (B) WT hiPSC-BMEC and

BMEC/MC co-culture over 10 days. The arrow indicates the initiation of the co-culture.

Figure 5: Plating strategy for the hiPSC-BMEC, astrocyte and MC triple co-culture

Transwell® system.

Figure 6: (A) hiPSC-BMEC, astrocyte and MC triple co-culture Transwell® strategy (B) WT
hiPSC-BMEC, BMEC/MC and BMEC/astrocyte co-culture over 10 days. The arrow indicates

the initiation of the co-culture.
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