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Abstract

The aim of this protocol presents an optimized procedure for the purification and cultivation of pBECs and to establish in vitro blood-brain barrier
(BBB) models based on pBECs in mono-culture (MC), MC with astrocyte-conditioned medium (ACM), and non-contact co-culture (NCC) with
astrocytes of porcine or rat origin. pBECs were isolated and cultured from fragments of capillaries from the brain cortices of domestic pigs 5-6
months old. These fragments were purified by careful removal of meninges, isolation and homogenization of grey matter, filtration, enzymatic
digestion, and centrifugation. To further eliminate contaminating cells, the capillary fragments were cultured with puromycin-containing medium.
When 60-95% confluent, pBECs growing from the capillary fragments were passaged to permeable membrane filter inserts and established in
the models. To increase barrier tightness and BBB characteristic phenotype of pBECs, the cells were treated with the following differentiation
factors: membrane permeant 8-CPT-cAMP (here abbreviated cAMP), hydrocortisone, and a phosphodiesterase inhibitor, RO-20-1724 (RO).
The procedure was carried out over a period of 9-11 days, and when establishing the NCC model, the astrocytes were cultured 2-8 weeks
in advance. Adherence to the described procedures in the protocol has allowed the establishment of endothelial layers with highly restricted
paracellular permeability, with the NCC model showing an average transendothelial electrical resistance (TEER) of 1249 ± 80 Ω cm2, and
paracellular permeability (Papp) for Lucifer Yellow of 0.90 10-6 ± 0.13 10-6 cm sec-1 (mean ± SEM, n=55). Further evaluation of this pBEC
phenotype showed good expression of the tight junctional proteins claudin 5, ZO-1, occludin and adherens junction protein p120 catenin. The
model presented can be used for a range of studies of the BBB in health and disease and, with the highly restrictive paracellular permeability,
this model is suitable for studies of transport and intracellular trafficking.

Video Link

The video component of this article can be found at https://www.jove.com/video/56277/

Introduction

Cellular Structure and Function of the Blood-Brain Barrier

At the interface of the circulatory and central nervous system (CNS), the BBB acts as a key regulatory site for homoeostatic control of the CNS
microenvironment, which is essential for proper function and protection of the nervous system. The site of the BBB is the endothelial cells
lining the blood vessel lumen. In brain capillaries, endothelial cells form complex intercellular tight junctions and strongly polarized expression
patterns of particular influx and efflux transporters ensure highly specific molecular transport between the blood and the brain 1. The structural
components of the tight junction complexes include proteins from the occludin and claudin family, zonula occludens (ZO) proteins, cingulin,
and associated junctional adhesion molecules (JAMs). Claudin 5 is particularly important in the paracellular junctional restriction. Induction and
maintenance of this characteristic BBB endothelial phenotype involve dynamic interactions with surrounding cells, including pericytes, astrocytes,
neurons and the basement membranes, which together with brain endothelial cells form the neurovascular unit (NVU)2,3. The mechanisms
involved in these interactions are not yet fully understood, but include exchange of chemical signals between cells, which allows modulation of
BBB permeability in the short term and induces long-term BBB features4. Astrocytes especially are known to contribute to the brain endothelial
cell phenotype and are a source of regulatory factors such as glial-derived neurotrophic factor (affecting intracellular cAMP)5, basic fibroblast
growth factor6, hydrocortisone7, and transforming growth factor β (TGF-β)8. The effect of TGF-β, however, has been debated9.

From In Vivo to In Vitro BBB

In vivo studies continue to provide valuable information on BBB biology. However, cell culture models can provide additional insights and
constitute useful tools for understanding detailed molecular and functional aspects of the BBB in both health and disease. Although the complex
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interactions between the cell types and constituents of the BBB are difficult to fully achieve in in vitro models, there has been, since the first
purification of brain endothelial cells and application of these in mono-cultures10,11,12, extensive development of the purification procedures
and growth conditions of the BBB cell culture models, resulting in greater resemblance to the in vivo barrier. The commonly used in vitro BBB
models are based on primary cells of rodent, porcine, and bovine origin, and on immortalized cell lines. Each model has different advantages and
drawbacks. For comparison and model choice, validation markers such as expression of BBB enzymes, transporters, receptors, and structural
proteins are used to create overviews of the current established models1.

Aim of the Protocol

One important feature of the BBB is barrier tightness and high TEER, yet a large number of the available models do not reflect well the in vivo
levels. Incorporating development and optimization contributions from several laboratories, the aim of this protocol is to present a method
for establishing a high TEER in vitro BBB model based on primary pBECs in MC with or without ACM, or in NCC with primary astrocytes of
rat or porcine origin. The applied procedures and establishment of the model include efforts to eliminate contaminating cells and to improve
differentiation of pBECs into a BBB phenotype. This work has resulted in the establishment of reliable, high TEER models with low paracellular
permeability and good functional expression of key tight junctional proteins, transporters, and receptors. However, as the astrocytes are a
contributing factor to the brain endothelial cell phenotype, the three different conditions of culture represent three different phenotypes of brain
endothelial cells. The NCC model is specifically useful for studies of certain specialized mechanisms involved in drug discovery, transport studies
and intracellular trafficking, as well as for investigation of cell-cell interactions where maximal expression of BBB features is advantageous.

Origin and History of the Protocol

The pBEC model described here is largely based on the porcine model developed at Eisai Laboratories (London) by Dr. Louise Morgan and
colleagues, whichis based on a successful earlier bovine brain endothelial cell model13. The original method of cell preparation was a two-
stage filtration using nylon meshes to catch the microvessels, followed by a subculturing step to improve purity. In the earlier development of the
method, optimal BBB phenotype and barrier tightness were achieved by growth in supplemented medium, including ACM. Further modifications
to the method were made by R. Skinner in Prof N. Rothwell's lab in Manchester UK14,15. The method was adopted by the Abbott laboratory, KCL
London, where Patabendige made it significantly simpler to prepare by avoiding the use of astrocytes or ACM and by eliminating contaminating
cells such as pericytes with puromycin. The first papers confirmed that the MC model preserved several important features of the in vivo BBB,
including effective tight junctions, membrane transport systems and receptor-mediated transcytosis16,17,18,19,20. Later S. Yusof again tested
astrocyte co-culture and found it significantly improved TEER, so this is the preferred variant currently used in the Abbott lab21. The model has
now been successfully transferred to the M. Nielsen lab in Aarhus, where further modifications have been introduced (this protocol), including
simplifying grey matter extraction, using only one mesh filtration step, and a single filter coating step combining collagen and fibronectin. The
applied procedure for isolation of porcine astrocytes (this protocol) was based on protocols developed by the T. Moos laboratory in Aalborg,
described by Thomsen et al22. The TEER and other properties of the model generated in London and Aarhus are similar, which lends confidence
to the notion that the model is readily transferred between labs and responds well to careful observation and rationalization of method steps.
Indeed, S. Yusof has now established the MC model in a tropical country (Malaysia)23, which involved further adjustment for local conditions and
tissue sources.

Advantages over Alternative Methods and Currently Established Models

Compared to brain endothelial cells of bovine and rodent origin, pBECs provide the advantage of having a lower rate of loss of the in vivo BBB
phenotype following isolation24. Furthermore, pBECs are capable of forming relatively tight endothelial barriers, even when grown in MC (800
Ω cm2)16 as compared to the commonly reported levels for monolayers of cell lines such as bEND.5 and bEND.3 (50 Ω cm2)25,26,27, cEND
(300-800 Ω cm2)28,29,30, and cerebEND (500 Ω cm2)29,31,32, and primary brain endothelial cells of mouse (100-300 Ω cm2)33,34,35,36 and rat
(100-300 Ω cm2)37,38. However, the TEER has shown dependency on the purification and culture procedures. In most cases, the addition of
ACM or co-culture with astrocytes shows differentiating effects on the endothelial cells and an increase in tightness of the endothelial layers1.
Nevertheless, with efforts to optimize the culturing conditions, only the bovine-based models have shown TEER values comparable to the
porcine-based models (averages of 800 Ω cm2 in MC, up to 2500 Ω cm2 in astrocyte co-culture)13,39,40,41,42,43,44,45. As the models based on
primary bovine brain endothelial cells have shown large variations, both between and within laboratories14,45,46,47,48, reproducibility could
be an issue. In the pBEC model reported here, the contributing laboratories have achieved very similar TEER and paracellular permeability
values with low variability, both in and between laboratories. Hence, it should be possible for other laboratories to establish a robust model
with low variability using the method presented here. In addition to forming tight endothelial layers, models with pBECs have previously been
validated by expression of tight junction proteins, functional BBB transporters, receptors and enzymes, and demonstrated suitability for a range
of studies15,16,17,19,20,22,49,50,51,52,53,54,55,56,57,58,59. Furthermore, unpublished transcriptome data on the co-cultures of pBECs shows an expected
profile of BBB transporters and receptors (unpublished results, Nielsen et al.).

The porcine-based BBB model has a further advantage as the genome, anatomy, physiology, and disease progression of the pig reflect the
human biology to a higher degree than other established models60, which are favorable features for the pharmaceutical industry. As porcine
brains are a common by-product of the meat industry, they constitute an easily accessible source of brain endothelial cells, minimizing the
number of animals needed for the experiments, and providing a high purification yield from one porcine brain. Although purification and
cultivation of primary cells is somewhat time-consuming and requires expertise for standardization in setting up the model, primary cells generate
the most reliable BBB models. Immortalized cell lines cannot be a substitute, as important properties such as barrier tightness, transporter
expression profiles, and microenvironment regulation do not reflect the experimental findings in vivo61,62. In vitro models provide the advantage
of live-cell imaging with higher resolution, making visualization of intracellular processes possible by allowing a close proximity approach to the
sampled or observed cells, using objectives with higher magnification and better optical quality63. This is not the case for the use of two-photon
microscopy in living animals. Furthermore, in vitro models provide the ability to transfect cells, allowing visualization of tagged proteins and
investigation of their trafficking.
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Applications of the Model

The function of the BBB is not fixed and can be dynamically modulated in both physiology and pathology. In many neurological diseases,
including neurodegenerative, inflammatory and infectious diseases, disruption and increased permeability of the BBB is observed64,65,66,67. In
order to reduce and prevent disease progression and subsequent damage, identification and characterization of the molecular mechanisms
underlying the modulation of the BBB are of major importance. In this context, reliable in vitro models are in high demand by the pharmaceutical
industry, and furthermore play important roles in predicting BBB permeability of drugs to the CNS. Any in vitro model serving as a permeability
screen should display a restrictive paracellular pathway, a physiologically realistic cell architecture and functional expression of transporter
mechanisms68. Demonstrated in previous studies16,17,57, and by paracellular permeability and expression of TJ and AJ proteins here, the
presented model meets all these criteria and is suitable for a range of BBB studies in both normal physiology and in pathology. The strengths
of the presented purification and cultivation method include a combination of simplicity and reproducibility and the ability to include astrocytic
influence with a resulting robust and reliable high TEER in vitro BBB model. For this purpose, astrocytes of porcine and rat origin have been
shown to augment the BBB phenotype of pBECs in a similar way22.

Protocol

Porcine brains were obtained as byproducts of the Danish food industry. Danish Slaughterhouses are under strict supervision and observation by
the Danish Ministry of Environment and Food.

Rats used for isolation of astrocytes were bred and group-housed in the local animal facility at an ambient temperature of 22 °C-23 °C and on a
12/12 h dark/light cycle under inspection of the veterinarian and according to Danish regulations for lab animals. The rats were euthanized before
they were sacrificed in accordance with international guidelines on the ethical use of animals (European Communities Council Directive of 24
November 1986; 86/609/EEC) and Danish guidelines. No in vivo experiments on animals or human material were used in these experiments.

NOTE: Following is a pBEC main protocol describing (Step 1) purification, (Step 2) cultivation and (Step 3) TEER measurements. For setup of a
NCC with astrocytes, an alternate protcol (Step 4) describing purification and cultivation of rat and porcine astrocytes is presented.

1. Purification of Porcine Brain Capillaries

1. Collect 8-10 brains from 5-6-month-old domestic pigs (e.g. from a nearby slaughterhouse) and transport them on ice to the laboratory. We
recommend starting the following purification procedure within 2-3 h of termination of the animal.

2. Place the brains in a sterile flow bench and gently wash them with 1 L PBS in a beaker placed on ice.
3. Carefully remove meninges from one brain at a time using fine-tip forceps and transfer the meninges-free brains to another 1 L beaker with

PBS placed on ice. Extending the time taken can complicate the removal. The approximate time used for each brain should be 10-15 min.
4. Using a scalpel, scrape off grey matter from one brain at a time and transfer the isolated material to Petri dishes (8.8 cm2) containing 20 mL

DMEM Nutrient Mixture F-12 (DMEM/F-12) placed on ice. Isolate as much grey matter as possible without withdrawing white matter material.
For initial fragmentation, run the grey matter material through a 50-mL syringe without a needle. Continue for all the brains and pool the
collected grey matter material. Extending the time taken can complicate the removal. The approximate time used for each brain should be
10-15 min.

5. Transfer the isolated grey matter material to the grinder tube of a hand-held tissue homogenizer in a ratio of 50/50 with DMEM/F-12 media.
Homogenize the material by making 8 up and down strokes with a loose pestle, followed by 8 up and down strokes with a tight pestle.
Continue until all isolated material has been homogenized, then transfer the homogenate to a 500-mL bottle and dilute with DMEM/F-12 to
approximately 450 mL total volume.

6. Filter the homogenate using a 500-mL blue-cap bottle with filter holder and 140 µm filter-mesh, and isolate capillaries by running the tissue
through the filter. Use one filter per 50 mL of homogenate and wash each filter with DMEM/F-12 afterwards.

7. Place the capillary-containing filters in Petri dishes with a digestion solution of trypsin/EDTA (2.5 % trypsin, 0.1 nM EDTA in PBS),
collagenase CLS2 (2,000 U/mL) and DNase 1 (3,400 U/mL) in DMEM/F-12. Use 1 Petri dish (8.8 cm2, 20 mL solution) per 3 filter meshes.

8. Place the Petri dishes at 37 °C for 1 h on an orbital shaker at 180 rpm or stir them gently every 10 min. After 1 h, wash off the capillaries from
the filters with suspension from the Petri dish using a 1 mL pipette.

9. Split the suspension from the 3 dishes into 2 50-mL tubes and stop the digestion by adding 10 mL DMEM/F-12 to each 50-mL tube.
10. Centrifuge the cell-suspensions at 250 x g, 4 °C for 5 min. Aspirate the supernatants and re-suspend each pellet in 10 mL of DMEM/F-12.

Add a further 20 mL of DMEM/F12 to each tube. Repeat this centrifuge step twice.
11. Let the tubes cool down on ice for 5 min and transfer the solutions to 2 new 50 mL tubes.
12. Centrifuge the cell-suspensions at 250 x g, 4 °C for 5 minutes, and re-suspend each pellet in 8 - 10 mL (approximately 1 mL/brain used) of

freezing solution consisting of 10% DMSO in FBS.
13. Transfer the cell suspension to cryovials, using 1 mL per cryovial. On average, a purification results in 1 vial per brain used, on average

providing endothelial cells for 12-16 inserts. Place the vials in a freezing box at -80 °C for at least 4 h up to overnight. Afterwards, store the
cryovials in a cryotank with liquid nitrogen.
 

Caution: Liquid nitrogen has extremely low temperatures. Please wear appropriate protection.

2. Cultivation of Primary pBECs (8-10 days)

1. Initial Culture (3-5 days)
 

Day 1
1. To optimize the conditions for attachment of pBECs, perform coating of a T75 flask by adding a solution with final concentrations of

collagen IV (150 µg/mL) and fibronectin (50 µg/mL) in ddH2O to the flask, making sure that the solution covers the whole surface. Use
10 mL for each T75 flask. Incubate at 37 °C for 2 h.
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NOTE: The coating can be performed just before use or up to a week before and stored with PBS at 4 °C. The coating must not dry
out, or it will no longer form a suitable attachment and growth surface.

2. Prepare 16 mL of pBEC growth medium consisting of DMEM/F-12 supplemented with 10% plasma-derived serum (PDS), penicillin
(100 U/mL), streptomycin (100 µg/mL), and heparin (15 U/mL). Supplement the medium with puromycin (4 µg/mL) to select for
endothelial cells. Be aware that the puromycin treatment can only be used for a maximum of 5 days.

3. Aliquot the prepared medium into 6 mL and 10 mL volumes in two 15 mL tubes.
4. Bring a vial with capillaries from liquid nitrogen (Step 1.13), and thaw the capillaries by use of a 37 °C water bath or by adding 750 µL

of the prepared medium from the 6-mL aliquot. If thawing by adding medium, carefully pipette up and down to thaw and homogenize
the suspension. When thawed, transfer the cell suspension to the 6-mL medium aliquot.

5. To remove freezing medium, spin the capillaries down at 250 x g, 4 °C for 7 min.
6. Carefully aspirate the supernatant and re-suspend the pellet in 1-2 mL of the 10-mL aliquot. When re-suspended, transfer the solution

to the 10-mL medium aliquot.
7. Transfer the capillary suspension to the coated T75 flask and gently tilt the flask to ensure equal distribution over the surface. Place the

T75 flask at 37 °C, 5% CO2.
 

Day 2
8. After overnight incubation, prepare 10 mL pBEC growth medium supplemented with puromycin (4 µg/mL) for one T75 flask and

perform a medium change. Be aware that all medium solutions applied to cells should be pre-warmed to 37 °C before use.
 

NOTE: Alternatively, a medium change can be performed 4-6 h post-plating when capillaries should have attached to the surface.
Incubate the cells until 60-95% confluence is achieved, usually 3-5 days from thawing. Do not allow cells to reach 100% confluence to
avoid contact-inhibition that can halt further cell growth.
 

Day 4-6
9. When the desired confluency is achieved, passage the endothelial cells to permeable membrane inserts (see section 2.2). If the

desired confluency is not achieved on day 4, change of medium is performed. At the latest on day 6, cells should be passaged on to
the permeable membrane inserts. If the required confluency is not achieved by day 6, the cells are not suitable for experimental use.
 

NOTE:Preparation of astrocytes for NCC: When setting up the co-culture model, 2 - 8 week-old astrocytes in culture (see section 4)
should be prepared for the co-culture model by performing a medium change on the day before passaging the endothelial cells to
inserts. For each astrocyte well, prepare 1500 µL of astrocyte growth medium consisting of DMEM low glucose supplemented with 10%
FBS, penicillin (100 U/mL) and streptomycin (100 µg/mL) and then perform the medium change.

2. Growth of pBECs on Permeable Membrane Inserts (5 days)
 

Day 4-6
1. Prepare permeable membrane inserts (12-well plate with inserts of 1.12 cm2 surface area, 0.4 µm pores) for seeding of pBEC by

coating with collagen IV (500 µg/mL) and fibronectin (100 µg/mL) in ddH2O. Use approximately 300 µL for each insert, and make sure
that the solution covers the entire growing surface. Incubate at 37 °C, 5% CO2 for a minimum of 2 h.

2. Prepare 30 mL of pBEC growth medium (for media composition, refer to section 2.1.2) without puromycin.
3. Aspirate medium from pBEC culture in the T75 flask and gently wash two times with 5 mL sterile PBS at room temperature.
4. Trypsinize the cells by adding 2 mL of Trypsin-EDTA solution (2.5 % trypsin, 0.1 nM EDTA in PBS) to the T75, and place the flask at 37

°C, 5% CO2 for 5-7 min.
5. To detach the brain endothelial cells, gently tap the side of the T75 flask with fingertips, eventually leaving surviving and stronger-

attaching pericytes on the surface of the flask. Visually investigate detachment under a microscope. When 80% detachment is
observed, stop trypsinization by adding 5 mL of medium.

6. Transfer the cell solution to a 15 mL tube using a 10 mL pipette and spin down the brain endothelial cells by centrifugation at 250 x g, 4
°C for 7 minutes.

7. Carefully remove the supernatant and resuspend the pellet in 1mL medium. When suspended, add a further 2 mL of medium to bring
the total volume to 3 mL

8. Count the number of cells manually by use of a cell counting chamber or an automatic cell counting system. Prepare a cell solution of
2.2 x 105 cells/mL medium, resulting in a final seeding density of 1.1 x 105 cells/insert.

9. Remove coating solution from the permeable membrane inserts and transfer 500 µL of the cell suspension to each insert. On one of
the inserts, add only medium and use this insert as a 'filter only' control for the TEER measurements.

10. Establish the endothelial cells either in MC, MC with ACM, or in NCC with astrocytes in the following way:
1. For MC: Add 1500 µL of pBEC growth medium/ACM per well of the 12-well plate underneath the permeable membrane inserts.

Place the permeable membrane inserts at 37 °C, 5% CO2 and incubate for 2 days.
2. For NCC: Transfer inserts to wells with astrocytes refreshed with astrocyte growth medium the day before. Place the permeable

membrane inserts at 37 °C, 5% CO2 and incubate for 2 days.
 

NOTE: Be aware of the use of different media types in the bottom wells of the three models.
 

Day 6-8

11. On day 2, change the media on the permeable membrane inserts with pBECs. Prepare 500 µL of pBEC growth medium per insert, and
carefully perform the change to minimize disruption of the cell layer. Incubate the cells for two days. Be aware that the media change is
performed on inserts only, and not on bottom wells.

3. Stimulation with Differentiation Factors (1-2 days)
 

Day 8-10
1. For each of the different models, stimulation media should be prepared as following:

1. For MC: For each insert and well, prepare 500 µL of pBEC growth medium containing cAMP (250 µM), hydrocortisone (550 nM)
and RO (17.5 µM).
 

MC: Prepare additionally 1500 µL of pBEC growth medium containing cAMP (250 µM), hydrocortisone (550 nM) and RO (17.5
µM).
 

MC with ACM: Thaw 1500 µL of ACM and supplement it with cAMP (250 µM), hydrocortisone (550 nM) and RO (17.5 µM).
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2. For NCC: For each insert, prepare 500 µL of pBEC growth medium containing cAMP (250 µM), hydrocortisone (550 nM) and RO
(17.5 µM). For each astrocyte well, prepare 1500 µL of DMEM/F-12 supplemented with penicillin (100 U/mL) and streptomycin
(100 µg/mL), heparin (15 U/mL), cAMP (250 µM), hydrocortisone (550 nM) and RO (17.5 µM).

2. For each of the different models, perform media exchange as follows:
1. For MC: Carefully aspirate medium from wells and inserts and add the differentiation medium to both compartments, using 500

µL for each insert and 1500 µL for each well. Be aware that disruption on either side of the insert can affect and disrupt the cell
layer.

2. For NCC: Carefully aspirate medium from wells and add 750 µL differentiation medium per well. Carefully aspirate medium
from inserts and add 500 µL differentiation medium per insert. Then add the remaining 750 µL differentiation medium to each
astrocyte well.

3. For all models: Place the cells at 37 °C, 5% CO2 and incubate with differentiation medium until the next day.
 

NOTE: Be aware that for the NCC with astrocytes, astrocytes are from this point kept in serum-free medium.

3. TEER Measurements

1. On the day after stimulating cells with differentiation medium, prepare the tissue resistance measurement chamber system for TEER
measurements by rinsing the chamber two times with ddH2O, one time with 70% EtOH for 5 min and 2 more times with ddH2O.

2. Add 4 mL of DMEM/F-12 to the tissue resistance measurement chamber, connect it to the system and calibrate for approximately 30 min as
per the following settings: R = 0, Test R = 1000, Mode = R.

3. Perform the TEER measurements by carefully placing the inserts in the Tissue resistance measurement chamber. For each insert, perform
measurements in triplicate and calculate the average Ω cm2.
 

NOTE: For the co-culture model, TEER values are expected to reach >500 Ω cm2. If the appropriate TEER level is not reached on the first
day of measuring TEER, add new differentiation factors (cAMP (250 µM), hydrocortisone (550 nM) and RO (17.5 µM)) and measure TEER
again on the following day. When appropriate levels are achieved, the model should be ready for the planned experiment. Be aware that the
cells should rest for at least 3 h before performing the experiment to recover after TEER measurements. After stimulation, TEER values in
general remain acceptable for 24-48 h after stimulation.
 

NOTE: An alternative and quicker method using the rigid STX-100C electrode pair also records high TEER in this model81. The flexible STX2
electrode pair gives less reliable readings.

4. PREPARATION OF ASTROCYTES FOR NON-CONTACT CO-CULTURE: Alternative Method

1. Purification of Astrocytes
1. For each rat brain used, coat 2 T75 flasks by adding 10 mL of poly-L-lysine (5 µg/mL) in ddH2O to each T75 flask. Incubate the flasks

at 37 °C for 30 min.
2. Isolation of astrocytes can be performed as follows:

1. Rat astrocytes:
1. Decapitate 2 1 - 2 day old rats using an approved method.
2. Cut the skin off the skull starting from the neck towards the nose, and cut the bone with a sagittal incision.
3. Open the skull with curved forceps, take out the brain and place it in a 15 mL tube (tube 1) with 11 mL of DMEM low

glucose supplemented with 10% FBS and gentamycin sulfate (125 µg/mL).
4. Carefully remove meninges using fine-tip forceps and suspend the brain material using a 1 mL pipette.

2. Porcine astrocytes:
1. Obtain 1 brain from a 5-6-month-old domestic pig.
2. Carefully remove meninges from the brain using fine-tip forceps and/or hands.
3. Collect 4 g of grey matter from the brain and place the pieces in 1-2 mL DMEM low glucose supplemented with 10% FBS

and gentamycin sulfate (125 µg/mL) in a Petri dish. If the pieces are large, mince with scalpels or forceps.
4. Suspend the isolated material using a 1 mL pipette, move it to a 15-mL tube (tube 1) and fill with DMEM low glucose

supplemented with 10% FBS and gentamycin sulfate (125 µg/mL) to a total volume of 11 mL.
5. Continue homogenizing the isolated material with a long needle attached to a 10-mL syringe and suspend up and down

3 times. Wait until the big pieces have settled in the bottom of the tube, then collect 7 mL medium from the top of the tube
(tube 1).

6. Filter the 7-mL cell suspension through a 40 µm nylon filter into a new 50-mL tube (tube 2).
7. Add 7 mL medium to tube 1 with the brain. Continue the homogenization and filtration from steps 4.1.2.2.5-6 until the

volume of filtered cell suspension in tube 2 is approximately 35 mL.

3. Remove the coating solution from the T75 flasks [step 4.1.1]. A quick washing with 5 mL PBS after incubation with poly-L-lysine can be
used to ensure that the cells are not harmed by any toxic effects of the coating solution.

4. Divide and seed the isolated astrocyte solution equally between the T75 flasks. Incubate the flasks at 37 °C, 5% CO2 for 3-5 days.

2. Culturing Astrocytes and Preparing NCC with Endothelial Cells (3 weeks)
1. Initial Culture

1. After 3 - 5 days of incubation, perform a medium change by carefully aspirating medium and adding 10 mL of DMEM low glucose
supplemented with 10% FBS and gentamycin sulfate (125 µg/mL).
 

NOTE: After the first medium change, medium should be changed every 5 days. During the first 2 weeks, shake the flasks and
wash the cells thoroughly with PBS when changing the medium. This aids in the removal of contaminating microglia.
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2. After 3 weeks of cultivation, trypsinize the cells by adding 2 mL of Trypsin-EDTA solution to the bottom of each T75 flask, and
incubate them at 37 °C, 5% CO2 for 5-7 min.

3. Stop trypsinization by adding 5 mL of medium, transfer the cell solution to a 15 mL tube and centrifuge the astrocytes at 250 x g,
4 °C for 7 min.

4. Carefully remove the supernatant and re-suspend the cells in freezing solution consisting of 10 % DMSO in FBS.
5. Count the number of cells and prepare a cell solution of 4.0 x 106 cells/mL. Freeze the cells in cryovials adding 1 mL per vial.

2. Growth in Permeable Membrane Insert System Bottom Wells (2 - 12 weeks)
1. Prepare 12-well plates for growth of astrocytes by adding 1 mL of poly-L-lysine (5 µg/mL) in ddH2O to each well. Place the plates

at 37 °C for 2 h.
2. For each 12-well plate, prepare 25 mL of astrocyte growth medium (DMEM low glucose supplemented with 10% FBS and

penicillin (100 U/mL) and streptomycin (100 µg/mL)).
3. Bring the vial of astrocytes from liquid nitrogen and thaw the cells by adding 750 µL DMEM low glucose medium. Carefully

pipette up and down to thaw and homogenize the suspension. When thawed, transfer the cell-suspension to a 15-mL tube and
add medium to a total volume of 7 mL.
 

Caution: Liquid nitrogen is extremely low temperature, so wear personal protection such as gloves.
4. To remove freezing medium, spin the capillaries down at 250 x g, 4 °C for 7 min.
5. Carefully aspirate the supernatant and re-suspend the cells in medium.
6. Remove the coating from the wells of the 12 well plates and transfer the cell suspension to wells using 1 mL per well. Incubate

the cells at 37 °C, 5% CO2.
7. Refresh the medium every third day and culture the cells for a minimum of 2 weeks before using the cells for co-culture with

endothelial cells. The cells can be used for co-culture for up to 12 weeks after thawing, with the optimal age being 2-8 weeks.

Representative Results

Establishment of the BBB In Vitro Models

In the presented, optimized method, cultivation of pBECs and the establishment of the permeable membrane insert system with MC or without
ACM or NCC with astrocytes (Figure 1) was carried out for a period of 9-11 days (Figure 2). For selection of endothelial cells, an initial culture
of purified capillary fragments was combined with puromycin treatment for a maximum of 5 days, which eliminated most contaminating cells
and promoted the growth of spindle-shaped endothelial cells from the capillary fragments (Figure 3A-C). At day 4-6, pBECs had proliferated
to a confluency of 60-95%, growing as non-overlapping, contact-inhibited, longitudinally aligned cells. When the cells had reached the desired
confluency, pBECs were plated on collagen IV and fibronectin coated permeable membrane insert filter membranes (1.12 cm2 surface area, 0.4
µm pores) at a density of 1.1 x 105 cells/insert, at which they normally formed confluent monolayers after 4 days (day 8-10 post isolation). When
co-culturing pBECs, astrocytes of rat or porcine origin were plated on poly-L-lysine coated bottom wells for a minimum of 2 weeks before starting
the NCC (Figure 3D). When establishing the NCC, experience has shown that astrocytes cultured for 2-8 weeks provide the best support for
promoting the BBB phenotype in pBECs; within this time, the astrocytes formed confluent cultures with cells arranged in a honeycomb-like
structure (Figure 3E-F). On day 4 in the permeable membrane insert system model (day 8-10 post isolation), cells were stimulated with cAMP,
hydrocortisone and RO to increase the barrier tightness and BBB characteristic expression pattern of tight junctional proteins, transporters, and
receptors.

Characterization of pBEC Phenotype and Paracellular Permeability

Visual cell inspection combined with TEER measurement are routinely the most reliable ways to assess the confluency and tightness of the
endothelial cell layer growing on the permeable membrane inserts prior to experiments. Figure 4 shows results from two series of experiments to
assess small molecule drug permeability through the BBB, the control parameters of TEER (reflecting ionic permeability) combined with apparent
permeability21 (Papp, cm s-1) of either radiolabeled sucrose or the dye tracer Lucifer yellow (LY), reflecting paracellular permeability of typical
small drug molecules (~200-600 Da). A compound of interest with a Papp greater than the Papp of sucrose or LY (depending on the molecular
weight of the drug) could suggest transcellular permeability and/or transport across the cells. Figure 4 shows that in permeable membrane
inserts with pBECs cultured above rat astrocytes, good batches of pBEC (e.g. here the LY set) will generate TEERs in the range ~500-2000 Ω
cm2, with a few higher or lower. Some batches, especially during early stages of learning the protocol, may have lower TEERs around 100-900
Ω cm2 (e.g. here the sucrose set). TEER measurement allows selection of filters, for example with starting TEER >500 Ω cm2, and over the
range of TEER shown, Papp is relatively independent of TEER, indicative of a sufficiently tight barrier layer for these experiments. The protocol
for measuring permeability depends on the type of solute/construct. For a description of the procedure for measuring permeability of small
molecules in NCC, a protocol is described in Yusof, SR, et. al21. Evaluation of expression of the tight junction proteins in pBECs in NCC with rat
astrocytes showed localization of claudin 5, occludin, and ZO-1 along the cell-cell junctions, as shown by immunofluorescence (Figure 5A-C).
Also, the adherens junction protein p120 catenin showed well-defined distribution along the cell-cell junctions (Figure 5D).
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Figure 1: Schematic representation of the applied in vitro BBB models. Schematic representation of the permeable membrane insert
system models of pBECs in MC (A), MC with ACM (B), and NCC with astrocytes (C). In the MC, either pBEC growth medium or ACM were
applied in the bottom wells, whereas in the NCC, inserts with pBECs were placed in wells with 2-8-week-old astrocytes. Please click here to view
a larger version of this figure.

 

Figure 2: Flow chart of the main steps during pBEC cultivation and the establishment of the presented models. For an overview and
timeline for the method, this schematic presentation summarizes the main steps in the culturing procedure of pBECs and establishment of the
presented models, i.e. MC with or without ACM, and NCC with astrocytes. Please click here to view a larger version of this figure.
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Figure 3: Representative time course of initial cultures of pBECs and rat astrocytes. Phase contrast microscopy images of cultures of
pBECs (A-C) and astrocytes (D-F) viewed over 5 days. Purified capillary fragments on the first day of the initial culture showed presence of
both capillaries and contaminating cells (A, day 1), which after medium change on day 2 and an additional day of growth, showed selection for
pBECs, starting their growth from the capillary fragments (B, day 3). Confluent monolayers of pBECs were usually achieved on day 4-6, at which
time pBECs showed spindle-shaped morphology and were longitudinally aligned (C). Rat astrocytes seeded in bottom wells normally proliferated
to confluent layers within 5 days (D-F), and were used for NCC models after 2 weeks of growth. Scale bar for all pictures: 200 µm. Please click
here to view a larger version of this figure.

 

Figure 4: Tight junction integrity of pBECs. Apparent permeability (Papp) of pBECs to paracellular markers Sucrose (MW 342.5 14C-
labelled, 14.8-25.9 GBq/mmol) and Lucifer Yellow (MW 521.57, 10 µg mL-1), plotted against TEER. pBECs were grown on 1.12 cm2 permeable
membrane insert filters above rat astrocytes in the base of the well and markers added to the apical chamber. After 1 hour at 37 ˚C, appearance
of marker in the basal chamber was measured and apical-to-basal Papp (x 10-6 cm sec-1) calculated. TEER was measured >3 h before Papp,
using STX100C EVOM electrodes, corrected for the blank permeable membrane insert filter with resistance 150 Ω. Average TEER for the Lucifer
Yellow data set was 1249 ± 80 Ω cm2 (mean ± SEM, n=55). Please click here to view a larger version of this figure.
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Figure 5: Immunocytochemical characterization of pBECs. For pBECs grown on 1.12 cm2 permeable membrane insert filter inserts above
rat astrocytes in the base well, immunofluorescence microscopy analysis of the tight junction components (A) Claudin 5 (B) Occludin (C) ZO-1,
and adherens junction protein (D) p120 catenin showed well-defined localization at cell-cell junctions and revealed confluent brain endothelial
cell layers with spindle-shaped, non-overlapping cells. Scale bar for all pictures: 10 µm. Please click here to view a larger version of this figure.

Discussion

Purification and Proliferation of pBEC

During the purification procedure, critical steps include rapid and effective removal of meninges and separation of white and grey matter, which is
important for the purification yield and purity and for the proper establishment of the model. For the presented in vitro BBB model using pBECs,
we have improved and simplified a purification procedure based on mechanical homogenization of isolated grey matter, size-selective filtering
for isolation of microvessels, digestion with collagenase, DNase and trypsin, with an initial culture of microvessel fragments. In general, one of
the major challenges during purification and cultivation of primary cells is the elimination of contaminating cells. Experience with purification of
primary brain endothelial cells has indicated that thorough removal of both meninges and white matter results in improved purity and yield of
capillaries, as well as increased endothelial cell growth and expression of BBB characteristics. For this reason, careful removal of meninges
(including inside sulci) in the presented protocol was designed to ensure removal of leptomeningeal cells (which have fibroblast-like properties),
as well as of arterial and arteriolar smooth muscle cells, which grow more rapidly than endothelial cells in culture. Likewise, minimization of the
white matter material resulted in purer endothelial cell cultures, with fewer contaminating cells growing from the isolated capillary fragments.
However, this simplified and quick method applied for isolation lowers the yield of isolated capillaries, and optimization of grey matter isolation
could improve the yield of each brain significantly. A density gradient, which is included in an alternative purification protocol69, can be used
for isolating free endothelial cells and improving endothelial cell purity, but it is time consuming and can likewise lower the yield. Both of these
purification methods have been extensively used and characterized, and share the characteristics of generating high TEER pBEC models in both
MC and astrocyte co-culture (normally 500-1500 Ω cm2)7,16,21,22,49,57,70,71.

In order to establish monolayers with high paracellular restrictiveness, experience has shown that pericytes must be eliminated from the
endothelial cultures16. Porcine brain pericytes generally grow below the pBEC layers and do not cause holes in the endothelial layers, as
observed for cultures of rat brain endothelial cells72,73. Pericytes in pBEC cultures do, however, tend to affect the morphology of the endothelial
cells, which appear broader and with irregular cell boarders16. Because brain endothelial cells express higher levels of efflux transporters
(e.g. P-glycoprotein) than other cell types in the microvessels, the number of contaminating cells can be reduced by puromycin treatment74.
Additionally, use of plasma-derived serum (PDS) rather than fetal or neonatal calf derived serum favors the growth of endothelial cells, as the
PDS has a lower concentration of growth factors such as platelet-derived growth factor and vascular endothelial growth factor, which are shown
to increase BBB permeability and stimulate angiogenesis14,75,76,77. By introducing an initial culture of isolated capillary fragments and combining
this with puromycin treatment (4 µg/mL) and use of PDS, we succeeded in greatly reducing the number of contaminating cells remaining after
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the purification, so that thereafter we could establish tight endothelial monolayers on permeable membrane inserts. In order to ensure the best
attachment of endothelial cells on both culture dishes and permeable membrane insert surfaces, it has been observed that a coating mixture
of collagen type IV (from human placenta) and fibronectin greatly increases the proliferation yields, and the combined mixture was therefore
favored over the traditional method using only collagen type I78.

Differentiation of Cells and the Establishment of a High TEER In Vitro BBB Model

The pBECs in MC generally retain many BBB key features following isolation, so that co-culture with astrocytes is not essential for inducing
functional tight junctions and achieving high TEER values16,57. Efforts to optimize the conditions for differentiation of the endothelial cells into
BBB phenotype include use of serum-containing medium supplemented with 8-CPT-cAMP, hydrocortisone7 (increasing the intracellular cAMP
level13) and RO 20-1724 (maintaining the intracellular cAMP level), which in accordance with previous findings74,79 together successfully
improved the barrier tightness and increased TEER, and may also have helped to restore a more in vivo like gene expression profile80. However,
the use of hydrocortisone for the tightening of the endothelial layer may modify the response of the endothelial cells to certain stimuli, and for the
purpose of using the model for investigation of responses to chemo- and cytokines during inflammation, the use of hydrocortisone may need to
be avoided.

From comparative studies with MC, MC with ACM and astrocyte co-cultures in both the participating laboratories and elsewhere, it has been
shown that astrocytic contribution is capable of improving endothelial BBB features and increasing the barrier tightness21,40,42,49,79,81,82,83. In order
to achieve such high expression of BBB phenotype in pBECs, we established a NCC with astrocytes and found that both porcine and rat primary
astrocytes were beneficial, as also observed in other laboratories22. During the establishment of the astrocyte NCCs, experience has shown
that the purity and age of the astrocyte cultures influence the resulting endothelial barrier tightness, with the optimum age of the astrocytes
being 2-8 weeks, which correlates with an observed change in the astrocyte morphology over time. On the day before establishing the NCC, a
medium change for the astrocytes is intended to remove harmful metabolites and allow enough time for the astrocytes to release stimulation and
signaling factors influencing the barrier development. When co-culturing the endothelial cells and astrocytes in the permeable membrane insert
system, it is important to pay special attention to the handling of the barrier model. During medium change, both aspiration and addition of the
medium and the movements of the inserts must be done carefully in order to minimize disruption of the endothelial barrier.

Reproducibility and Reliability

A great challenge when using primary cells for establishing in vitro models is to achieve high reproducibility between cultures. Such
standardization may be met by the choice of method, use of high quality tools and reagents, and experience in microdissection. The high
reproducibility with low batch-to-batch variation for the presented method is therefore highly dependent on strict adherence to the described
procedures.

To achieve a good reproducibility between batches and vials during TEER measurements, a tissue resistance measurement chamber or
epithelial voltmeters with rigid miniature electrodes, rather than flexible chopstick electrodes can be used, reducing the variability of observed
TEER values. In addition to achieving high TEER values (Figure 4), the reliability of the presented model is confirmed by the corresponding low
small solute permeability (Figure 4), and by the immunocytochemical characterization of the pBECs (Figure 5).

Limitations of the Applied Method and Model

The use of transgenic and miniature pigs has increased during the last decades, but the amount of in vivo data is still limited compared to
data available for rodent models, and therefore may pose a challenge for comparing the in vitro porcine data with in vivo results. However, as
the biology of the pig reflects human biology more closely than many established laboratory animals, and transgenic pig models for studying
neurological diseases such as Alzheimer's disease have now been established84, the availability of in vivo data is expected to become less
problematic with time.

A limitation of the current permeable membrane insert system models of the BBB is the inability to mimic the blood flow in microvessels.
In vivo, shear stress has been shown to affect many aspects of endothelial cell physiology such as division, differentiation, migration and
apoptosis85,86, and to influence important BBB characteristics such as the expression of junctional proteins, and the induction and polarization of
transporters61,85,87. To introduce such conditions, newly developed microfluidic systems can be considered88,89,90.

A useful method to correct for the effect of the unstirred water layer (aqueous boundary layer) from in vitro permeability data is to derive the
predicted 'intrinsic permeability' in vivo, using the software based approach21. This software can also be used for detailed permeability data
analysis21.

Future Applications and Directions for the Method

As the components of neurovascular unit have been shown to play important roles in inducing and maintaining BBB features, and no current in
vitro model has yet been able to fully mimic the in vivo conditions, important constituents and interactions may still be missing. Current efforts in
developing the presented model include establishing triple-culture models with both astrocytes and pericytes, and experiments combining cells
of different species. Incorporation of pericytes has so far has not been observed to significantly increase the TEER levels of the barrier. However,
syngeneic porcine models have been observed to be comparable to triple cultures using porcine brain endothelial cells, rat astrocytes, and rat
pericytes with respect to barrier tightness and expression of hallmark proteins characteristic of the brain endothelium22. In order to develop a
model based on human cells, future developments of in vitro BBB models for drug discovery and delivery may rely on the derivation of human
pluripotent stem cells and adult stem and/or progenitor cells21.
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