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Abstract

Objectives In conventional in-vitro blood–brain barrier (BBB) models, primary

and immortalized brain microvessel endothelial cell (BMEC) lines are often cul-

tured in a monolayer or indirect coculture or triculture configurations with

astrocytes or pericytes, for screening permeation of therapeutic or potentially

neurotoxic compounds. In each of these cases, the physiological relevancy associ-

ated with the direct contact between the BMECs, pericytes and astrocytes that

form the BBB and resulting synergistic interactions are lost. We look to overcome

this limitation with a direct contact coculture model.

Methods We established and optimized a direct interaction coculture system

where primary human astrocytes are cultured on the apical surface of a Tran-

swell� filter support and then human cerebral microvessel endothelial cells

(hCMEC/D3) seeded directly on the astrocyte lawn.

Key findings The studies suggest the direct coculture model may provide a more

restrictive and physiologically relevant model through a significant reduction in

paracellular transport of model compounds in comparison with monoculture

and indirect coculture. In comparison with existing methods, the indirect cocul-

ture and monoculture models utilized may limit cell–cell signaling between

human astrocytes and BMECs that are possible with direct configurations.

Conclusions Paracellular permeability reductions with the direct coculture sys-

tem may enhance therapeutic agent and potential neurotoxicant screening for

BBB permeability better than the currently available monoculture and indirect

coculture in-vitro models.

Introduction

The blood–brain barrier (BBB) is a highly restrictive barrier

between the systemic circulation and the brain

parenchyma.[1–5] The BBB functions to exclude harmful

xenobiotics while permitting the entry of nutrients and

removal of waste allowing for a neuronal environment

optimal for development and function.[6–8] One of the key

elements of the BBB is a continuous endothelium with the

presence of exceedingly restrictive tight junctions between

brain microvessel endothelial cells. These tight junctions

prevent the paracellular movement of hydrophilic mole-

cules and ions to a greater extent than anywhere else in the

body.[9,10] This restriction is believed to be due, in part, to

an increased expression of claudins 3, 5 and 12 in brain

microvessel endothelial cells compared with microvessel

endothelial cells in the periphery.[11] In addition to tight

junctions, BBB endothelial cells also express a number of

drug-metabolizing enzymes, such as cytochrome P450

enzymes (CYP450), and efflux transporters, such as P-gly-

coprotein (P-gp) and breast cancer resistance protein

(BCRP), which act to efflux xenobiotics moving

transcellularly.[12–14]

Further investigation of the in-vivo BBB reveals support-

ing cells, such as astrocytes and pericytes, which form a

symbiotic, synergistic relationship with BMECs that signifi-

cantly enhances the barrier properties.[3,15,16] Due to their

close-knit interactions leading to BBB formation, the
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collection of endothelial cells, astrocytes and pericytes was

coined the neurovascular unit. Each of the cells play a role

in creation of the barrier, and while tight junctions between

the endothelial cells are responsible for the barrier function

itself, the astrocytes and pericytes are thought to be neces-

sary for co-differentiation with the endothelial cells pro-

moting this BBB phenotype.[17] Among other things,

astrocytes are believed to be responsible for regulating the

development of tight junctions, the movement of water and

glucose across the BBB, metabolism and the localization of

transporters.[2] In addition, astrocytes highly express

CYP450 enzymes and may serve an important neuroprotec-

tive role by metabolizing and removing many xenobiotics,

including pharmaceutical compounds.[18] Pericytes, on the

other hand, are thought to be important for the production

of soluble growth factors as well as production and mainte-

nance of an extracellular matrix rich in collagen, fibronec-

tin, proteoglycans and laminin that is important for

integrity of the BBB and may be important for proper BBB

differentiation.[19–21]

Due to the increasing importance of translatable knowl-

edge established by understanding the properties required

for traversing the BBB, a number of different in-vitro per-

meability screening models have been established.[8,17,22–32]

Most of these models utilize primary human or animal

BMECs.[33] While primary human BMECs may provide the

most ideal and relevant model, the availability of such tis-

sues is minimal, reducing their utility for high-throughput

screening.[6] Due to the lack of available healthy human

brain specimens, many attempts have been made to use

animal brain BMEC isolates as a surrogate. These cells are

often of murine, bovine or porcine origin. Primary cells of

animal origin have been shown to provide relatively high

transendothelial electrical resistance (TEER) indicative of

the presence of developed tight junctions.[25,29,31,34] How-

ever, one must question the physiological relevance of these

models for drug screening, especially based on species dif-

ferences including non-paracellular routes of permeation

indicative of the vast majority of BBB-permeable com-

pounds. Therefore, new models have been established mak-

ing use of immortalized human tissues which provide the

relevance of a human cell line without the disadvantage of

short supply.

One of the most often used immortalized human BMEC

cell lines is the human cerebral microvessel endothelial

(hCMEC/D3) cell line. The hCMEC/D3 cell line was estab-

lished through hTERT and SV40 large T antigen immortal-

ization of endothelial cells isolated from microvessels of a

human temporal lobe.[35] hCMEC/D3 cultures form mono-

layers on collagen-coated surfaces and are contact inhibited

lending themselves to high-throughput Transwell� perme-

ation studies. Analysis of the cell line has shown similarities

in morphology and protein expression between hCMEC/

D3s and primary human BMECs. However, hCMEC/D3s

do not appear to form restrictive tight junctions consistent

with those found in vivo, reaching TEER values of only 30–
50 Ω 9 cm2 compared with TEER values of over

1000 Ω 9 cm2 in vivo in other species including the

frog.[8,32,35–37] These leaky tight junctions may allow para-

cellular movement of compounds that permeate by the

transcellular route in vivo, leading to irrelevant permeability

values. While optimization of culture conditions, for exam-

ple media, density, cell source, has led to modest increases

in monoculture TEER, these values are still well below

those seen in vivo.[6,38]

Due to the leakiness of these monocultures, many groups

have examined methods for reducing the paracellular per-

meability of these models. One approach is to use astrocyte

conditioned media.[39] In these studies, soluble factors

released by the astrocytes were able to interact with BMECs

to create a more in-vivo-like environment that lead to

enhanced differentiation and reduced paracellular perme-

ability. However, for hCMEC/D3 cultures, non-significant

changes were seen in TEER when using astrocyte condi-

tioned media.[27,35] Instead, the most significant reductions

in paracellular permeability were seen when astrocytes were

grown on the basolateral side of the filter or on the plastic

well plate surface in the same Transwell� as the hCMEC/

D3s (Figure 1a).[8,32] While a reduction in paracellular per-

meability of marker compounds and increases in TEER

were seen for both of these conditions, greater changes were

observed in cells grown on the basolateral side of the Tran-

swell�.[6] These models are likely more physiologically rele-

vant due to the symbiotic signalling and differentiation that

is able to occur when both cell types are grown in the same

culture. In addition, the increased tightness seen when

growing astrocytes on the basolateral side of the Transwell�

may reflect a closer proximity of astrocytic-released factors

to endothelial cells, thus producing a greater response

through reduced dilution.[28] Moreover, it is thought that

the model in which cells are grown on the bottom of the

Transwell�-permeable support may lead to tighter junc-

tions due to the ability of the astrocytic endfeet to migrate

through the pores of the filter and interact with the BMECs

through direct contact. However, it should be noted that

migration through Transwell� supports, especially through

0.4-lm pores which best support endothelial cell culture, is

infrequent.[34,40]

It is apparent from the studies mentioned above and

analysis of the neurovascular unit that the interplay

between BMECs and astrocytes may serve an important

role in differentiation of BMECs into providing a BBB phe-

notype. In addition, these studies have shown the proximity

of the astrocytes and BMECs may be crucial.[2,28,40] How-

ever, the methods described in previous coculture models

entail separating BMECs and astrocytes by a filter support
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and in most cases a thick extracellular matrix. While the

Transwell� support is often depicted to be thin in cartoon

representations, the filter is approximately 10 lm thick and

may represent a significant barrier to cell–cell interactions.
It is hypothesized that removing this obstruction and

allowing direct cell–cell contact may better enable direct

symbiotic signalling and differentiation to occur, which in

turn may lead to further reduction in paracellular perme-

ability and a more in-vivo relevant model. An illustration of

the model is shown in Figure 1b. To our knowledge, this is

the first study to investigate changes in the human BMEC

barrier properties when grown in direct contact with astro-

cytes. In addition, this study provides evidence that direct

contact may provide additional benefit to the physiological

relevance of BBB permeability models, particularly in

restriction of paracellular permeability which has long hin-

dered the use of immortalized BMECs in drug permeability

screening. The results of these studies should facilitate addi-

tional research that aims at delineating phenotypic

differences between the direct contact method used here

and the filter-separated methods that are more

commonplace.

Materials and Methods

Materials

Trypsin, phosphate-buffered saline (PBS), penicillin/strep-

tomycin, type I rat tail collagen, poly-L-lysine, HEPES

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buf-

fer, fibronectin, MaxgelTM, Hank’s balanced salt solution

(HBSS), hydrocortisone, human basic fibroblast growth

factor (bFGF), ascorbic acid, fetal bovine serum (FBS),

MaxGel, lithium chloride, rhodamine-123 and verapamil

were purchased from Sigma-Aldrich Company (St. Louis,

MO, USA). EBM-2 growth media were manufactured by

Lonza Group (Walkersville, MD, USA). Lipid concentrate

was obtained from BD Biosciences (Sparks, MD, USA).

0.4-lm Transwell� 12-well plates and T75 flasks were made

by Corning Lifesciences (Corning, NY, USA). Radiolabelled

compounds were purchased from Moravek Biochemicals

Inc. (Brea, CA, USA). MTT was obtained from RPI (Mount

Prospect, IL, USA). The hCMEC/D3 cell line was graciously

provided by Dr. Pierre Couraud of the Universit�e Rene

Descartes (Paris, France), while human astrocytes, human

astrocyte media and astrocyte growth factor were obtained

from ScienCell Research Laboratories (Carlsbad, CA, USA).

Cell culture

The hCMEC/D3 cells were cultured in EBM-2 supple-

mented with FBS, penicillin/streptomycin, bFGF, hydrocor-

tisone, ascorbic acid, lipid concentrate and HEPES buffer.

Cells were maintained in a 5% environment at 37 °C.
HCMEC/D3 cells were passaged when confluence reached

approximately 80%, at which time trypsinized cells were

placed in a precollagenated (type I) flask. Media were chan-

ged every other day. Human astrocytes were cultured under

similar conditions in human astrocyte media supplemented

with FBS, astrocyte growth factor and penicillin/strepto-

mycin. Cells were passaged approximately every 5 days into

flasks precoated with poly-L-lysine.

Monoculture studies

In hCMEC/D3 monocultures, cells were seeded at a density

of 1 9 105 cells/cm2 on Corning Costar 12-well 0.4-lm
polyester Transwells� pretreated with 65 ll of 1 mg/ml

type I rat tail collagen and allowed to grow for 7 days. For

human astrocyte monocultures, 4 9 104 cells were seeded

onto Transwells� coated with 2 lg/cm2 poly-L-lysine and

grown for 9 days before conducting permeability studies.

Figure 1 Past (indirect) vs current direct contact coculture models. (a)

previous direct contact coculture model with BMEC and astrocytes sep-

arated by Transwell�-permeable filter support. (b) current direct contact

coculture model, with BMEC and astrocytes in direct cell–cell contact.

BMEC and astrocytes are shown in red and purple, respectively. [Color

figure can be viewed at wileyonlinelibrary.com]
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Indirect coculture studies

Indirect coculture Transwells� were first pretreated with

65 ll of 1 mg/ml type I rat tail collagen in ethanol in the

apical chamber and left to evaporate for 4 h. Following

evaporation, the Transwells� were flipped and 2 lg/cm2

poly-L-lysine was added to the basolateral side of the Tran-

swells� and left overnight. Human astrocytes were plated

on the basolateral side of the flipped Transwells� at a den-

sity of 4 9 104 cells/cm2 and left to attach for 4 h. Tran-

swells� were then placed into the normal orientation and

grown for 48 h. After this time, hCMEC/D3 cells were pla-

ted in the apical compartment at a density of 1 9 105

cells/cm2. The coculture was left to proliferate/differentiate in

EBM-2 for an additional 7 days with media changes every

other day before the permeability studies were conducted.

Direct coculture studies

For direct coculture studies, Transwell� inserts were coated

with 2 lg/cm2 poly-L-lysine and left overnight. Human

astrocytes were then plated at a density of 4 9 104 cells/

cm2. Astrocytes were allowed to proliferate/differentiate for

48 h in astrocyte media. After 48 h, media were removed

and hCMEC/D3s were plated in EBM-2 at a density of

1 9 105 cells/cm2. The coculture was grown in EBM-2

with media changes every other day for an additional

7 days before studies were conducted.

Direct coculture optimization

Optimization of the direct coculture was studied separately

by utilizing a number of media additives at varying concen-

trations. Hydrocortisone was studied at 1.4 lM and

100 nM, while lithium chloride was studied separately at 0–
10 mM, each at the start of hCMEC/D3 seeding or at Day 2

and maintained throughout culturing. The impact of

HEPES concentration in media was observed utilizing 10–
50 mM concentrations upon the start of hCMEC/D3 plat-

ing. All culture conditions were the same as stated above

throughout optimization. Degree of optimization was

tested utilizing [C14]-mannitol as a paracellular marker,

with permeability studies performed as stated below.

Cell viability assay

Cell viability in the presence of various HEPES concentra-

tions was inferred by the mitochondrial oxidation of

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) dye. The direct contact coculture was plated

in a 96-well plate following the same methods as stated

above. On Day 7 post-hCMEC/D3 plating, media contain-

ing HEPES were removed and replaced with 190 ll fresh

media and 10 ll of 5 mg/ml MTT and incubated at 37 °C
with 5% CO2 for 4 h. MTT was then removed and replaced

with 200 ll DMSO and left agitating at room temperature

for 1 h. Absorbance at 570 nm was determined using a

plate reader. Cell viability was normalized to 10 mM HEPES

control. Assays were performed with n = 6.

Permeability studies

Permeability studies were performed at 37 °C on a rocker

plate in triplicate using [C14]-labelled markers ([C14]-urea,

[C14]-mannitol, [C14]-sucrose, [C14]-inulin, [C14]-PEG-

4000 and [C14]-propranolol) at a concentration of 0.25 lCi/
ml in HBSS. In all studies, human astrocytes ranged from

passages 6 to 12, while hCMEC/D3 cells ranged from passages

36 to 48. Before conducting all permeability studies, cells

were washed twice with PBS before equilibrating in HBSS for

20 min shortly before the study. After study initiation, 100 ll
of samples was taken at 15-, 30-, 45-, 60-, and 90-min time

points. 4 ml of scintillation cocktail was added for analysis by

scintillation counting. Permeability coefficients (cm/s) were

obtained through the following equation:

Papparent ¼
dM
dt

C0 � SA � 60 ;

where dM
dt

is the rate of radionucleotide transfer across the

cell layer, C0 is the initial donor concentration, SA is the

surface area of the Transwell� filter support, and 60 rep-

resents a correction factor from minutes to seconds.

Functional efflux

Monoculture and coculture cells were plated on a 96-well

plate to assess cellular accumulation of rhodamine 123. Stud-

ies were performed at 37 °C on a rocking platform. Cells

were incubated with 5 lM rhodamine 123 in HBSS for 1 h.

Inhibition studies were performed by first preincubating cells

with 10 lM verapamil in HBSS for 30 min at 37 °C. Cells
were then incubated with both substrate and inhibitor for

1 h. Following 1-h incubation, cells were washed with PBS

and lysed with buffer containing 20 mM Tris, 100 mM NaCl,

1 mM EDTA and 1% Triton X-100. Samples were analysed

by measuring fluorescence with an excitation of 485 nm and

emission of 535 nm using a plate reader. All experiments

were conducted in triplicate (n = 3).

Statistics

The distribution of permeability coefficients across the

brain has not been well studied; however, some studies

involving other membranes suggest that permeability can

be normally or log-normally distributed based on the com-

pound.[41,42] Therefore, the data presented here have been
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subjected to both parametric and nonparametric tests.

Studies were compared using the Mann–Whitney test or

the Kruskal–Wallis test with a Dunn’s post-hoc test. Addi-

tionally, all studies were also subjected to a two-tailed

unpaired Student’s t-test or one-way ANOVA with a Bon-

ferroni post-hoc test. Studies with P-values less than 0.05

were considered to have significant differences.

Results

Cell culture optimization

To delineate changes in BBB phenotype upon hCMEC/D3

coculture with human astrocytes, permeability was mea-

sured with a number of marker compounds. The hCMEC/

D3 monoculture cells and the indirect coculture models

were used for comparison. However, the direct coculture

model was first optimized for minimal paracellular

permeability.

Hydrocortisone was utilized as a media additive due to

its endogenous role as an anti-inflammatory agent that

increases tight junctional integrity.[43] Permeability studies

were conducted using 1.4 lM and 100 nM at the start of

hCMEC/D3 culture or after 2 days of proliferation. Results

in Figure 2a showed that 1.4 lM hydrocortisone at the start

of hCMEC/D3 plating provided the lowest [14C]-mannitol

permeability compared with 100 nM (1.54 � 0.07 9 10�5

and 3.56 � 0.29 9 10�5 cm/s; t-test, P = 0.005; Mann–
Whitney, P = 0.100).

Lithium chloride was selected as a media additive

because of its implications in the Wnt/b-catenin pathway

and because it increases tight junctional protein expres-

sion.[44,45] LiCl, at a concentration of 10 mM, was added to

media at the start of hCMEC/D3 plating or 2 days after.

Results in Figure 2b showed that LiCl addition at the start

of plating and at Day 2 both increased [14C]-mannitol per-

meability compared with no LiCl addition

(2.20 � 0.18 9 10�5, 1.97 � 0.12 9 10�5 and 1.52 �
0.07 9 10�5 cm/s; one-way ANOVA Bonferroni, P = 0.036

and P = 0.028; Kruskal–Wallis Dunn’s test, P = 0.408 and

P = 0.034).

The hCMEC/D3 cell line has been shown to be sensitive

to small changes in pH; therefore, HEPES concentration

was optimized to limit pH changes during cell culturing.[46]

HEPES was studied at 10, 25, and 50 mM on both the direct

coculture and hCMEC/D3 monolayers. The direct cocul-

ture was found to be less permeable than hCMCEC/D3

monolayers at all HEPES concentrations with 25 mM show-

ing the best results for decreased permeability of [14C]-

mannitol and minimal toxicity for the direct coculture

(1.28 � 0.07 9 10�5 cm/s; t-test, P = 0.033; Mann–Whit-

ney, P = 0.100) as seen in Figure 2c. MTT assay results

showed an insignificant reduction in cell viability

(�8.2 � 2.0%; P > 0.05) for 25 mM HEPES sample in

comparison with 10 mM HEPES. A HEPES concentration

of 50 mM resulted in a significant decrease in cell viability

(�28.4 � 2.6%; one-way ANOVA Bonferroni, P =
0.00003; Kruskal–Wallis Dunn’s test, P = 0.001) when

compared with a 10 mM HEPES control (data not shown).

An extensive design of experiments (DOE) was used for

optimization of hCMEC/D3 and astrocyte seeding density,

basement matrix, media additives and seeding time before

conducting the following studies. These attributes were

assessed using TEER and paracellular permeability markers

with all studies performed in triplicate. Results of the opti-

mization are shown in Table 1.

Paracellular permeability

Direct contact coculture

As noted above, the hCMEC/D3 cell line, while tighter than

other immortalized human BMEC cells, possess tight junc-

tions that lack ideal physiological relevance. To investigate

changes in tight junction pore radius, five marker com-

pounds of varying hydrodynamic radii were used to deter-

mine changes in paracellular permeability. As expected,

increases in hydrodynamic radii lead to decreased apparent

permeability coefficients for paracellular markers. However,

the extent of changes in permeability varied between mono-

culture and coculture, likely due to the effects predicted by

the Renkin molecular sieving function as the pore radii

approach the size of the sieved molecule.[31,36,47,48] Though, it

should be noted that in the presence of astrocytes, the

assumptions made by the Renkin function including the

presence of a single pore varied and increased tortuosity and

porosity exist. Thus, the effects of permeation across the

astrocytes cannot be easily corrected to obtain a pore radius.

As shown in Figure 3, decreases in paracellular permeabil-

ity from the monoculture and coculture were seen for [14C]-

urea (2.96 � 0.11 9 10�5 and 2.43 � 0.15 9 10�5 cm/s;

t-test, P = 0.030; Mann–Whitney, P = 0.100), [14C]-manni-

tol (1.98 � 0.05 9 10�5 and 1.52 � 0.07 9 10�5 cm/s; t-

test, P = 0.001; Mann–Whitney, P = 0.100), [14C]-sucrose

(1.52 � 0.13 9 10�5 and 1.17 � 0.008 9 10�5 cm/s; t-test,

P = 0.044; Mann–Whitney, P = 0.100) and [14C]-inulin

(8.46 � 0.02 9 10�6 and 7.55 � 0.3 9 10�6 cm/s; t-test,

P = 0.034; Mann–Whitney, P = 0.100), respectively. The

smallest decrease was seen for [14C]-PEG-4000 (3.93 �
0.36 9 10�6 and 3.57 � 0.10 9 10�6 cm/s; t-test,

P = 0.227; Mann–Whitney, P = 0.100).

The direct contact coculture was assessed for repro-

ducibility by repeating paracellular permeability experi-

ments using [14C]-inulin as a marker. As shown in

Figure 4, [14C]-inulin permeability was performed in two

additional independent experiments (7.51 � 0.01 9 10�6
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and 7.94 � 0.03 9 10�6 cm/s; one-way ANOVA, P =
0.067; Kruskal–Wallis, P = 0.021, Dunn’s test, P = 0.036)

with cells cultured at different passage numbers.

Indirect contact coculture

It is well established that changes in culture conditions and

cell source can cause significant changes in protein expres-

sion of drug-metabolizing enzymes, efflux proteins, etc.,

which are the focus of ongoing studies.[49,50] In addition,

modifications in media have been shown to have consider-

able effects on BMEC differentiation and tight junction

formation.[32,51,52] To establish an internal laboratory con-

trol, an indirect coculture model was also run to investigate

differences in paracellular permeability when culturing

human astrocytes in direct contact with hCMEC/D3

cells.[6,38] Figure 5 shows that direct contact leads to a

reduction in permeation compared with indirect contact of

both [14C]-mannitol (1.52 � 0.07 9 10�5 and 1.89 �
0.15 9 10�5 cm/s; t-test, P = 0.038; Mann–Whitney,

Figure 2 Optimization of direct contact culture using apparent permeability of [14C]-mannitol. (a) Hydrocortisone added to media at 1.4 lM or

100 nM at the start of human cerebral microvessel endothelial cells plating or 2 days postplating. (b) Lithium chloride at 10 mM compared with control

(0 mM) when added at the start of human cerebral microvessel endothelial cells plating or 2 days postplating. (c) 4-(2-hydroxyethyl)-1-piperazineetha-

nesulfonic acid concentrations of 10, 25 and 50 mM added to media for human cerebral microvessel endothelial cells monolayer in comparison with

direct culture. Studies were run in triplicate and subjected to Student’s t-test and Mann–Whitney test (a and c) or one-way ANOVA with Bonferroni

post-hoc test or Kruskal–Wallis with Dunn’s post-hoc test (b). Significant changes are noted with an asterisk (*) for P < 0.05 and (**) for P < 0.01.

Significant levels are reported as (t-test, MW) or (one-way ANOVA, KW). Error bars represent 1 standard deviation (n = 3). [Color figure can be viewed

at wileyonlinelibrary.com]
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P = 0.100) and [14C]-sucrose (1.17 � 0.008 9 10�5 and

1.53 � 0.12 9 10�5 cm/s; t-test, P = 0.035; Mann–Whit-

ney, P = 0.100), respectively.

Passive transcellular permeability

To investigate the effects on transcellular permeation when

culturing human astrocytes and hCMEC/D3 cells in direct

contact, [14C]-propranolol apparent permeability was mea-

sured. Due to its high lipophilicity, the majority of propra-

nolol is uncharged at physiological pH and is presumed to

have minimal paracellular permeation so it was selected as

a marker for transcellular permeation. Figure 6 shows that

insignificant changes in [14C]-propranolol apparent

permeability were seen between hCMEC/D3 and direct

contact coculture (1.91 � 0.19 9 10�5 and 1.61 � 0.04

9 10�5 cm/s). This may indicate transcellular permeation

through hCMEC/D3 cells followed by passive transport

across the human astrocyte layer which do not possess tight

junctions. However, these values are nearly threefold lower

than astrocytes grown in monoculture (4.58 � 0.41

9 10�5 cm/s). This makes it difficult to delineate the effect

of astrocytes on transcellular permeation of [14C]-propra-

nolol across the hCMEC/D3 monolayer.

Functional efflux by cellular accumulation

The extent of functional efflux of P-gp in both the mono-

culture and direct contact coculture was assessed using P-

gp substrate rhodamine 123 by measuring cellular accumu-

lation in the presence and absence of an inhibitor,

verapamil. As seen in Figure 7, the presence of verapamil

increased total cellular accumulation in both mono-

culture and coculture models compared with the accumu-

lations without inhibitor (monoculture, 2.8 � 1.6% to

4.0 � 0.4%; t-test, P = 0.258; Mann–Whitney, P = 0.400;

coculture, 1.2 � 1.0% to 2.6 � 0.4%; t-test, P = 0.068;

Mann–Whitney, P = 0.100). Although these data are not

statistically significant (P > 0.05), the total accumulation of

rhodamine 123 is greater in the hCMEC/D3 monoculture

compared with the direct contact coculture.

Discussion

Previous research has demonstrated that the hCMEC/D3

cell line forms a barrier that is a functionally and physiolog-

ically relevant model for human BMECs. This is predicated

on the fact that hCMEC/D3 cells possess a similar mor-

phology and protein expression as found in primary

human BMECs.[35,53] In addition, the immortalized cell

line is of human origin, can be grown in monolayers and is

contact inhibited, properties that all lend themselves for use

Table 1 Optimization of the direct contact coculture model

Attributes Range Optimized value

hCMEC/D3 seeding

density

50 000–250 000 cells/cm2 100 000 cells/cm2

Astrocyte seeding

density

10 000–40 000 cells/cm2 40 000 cells/cm2

Basement matrix Collagen, poly-L-lysine,

MaxGel, Fibronectin

Poly-L-lysine

Seeding time 3, 5, 7, 9, 11, 13, 15,

17, 19 Days

7 Days

Seeding order Separate vs concurrent

plating

Separate

Media EBM-2 vs astrocyte medium EBM-2

Fetal bovine serum Serum vs serum-free Serum

Hydrocortisone 100 nM–1.4 lM 1.4 lM

HEPES 10–50 mM 25 mM

Lithium chloride 0–10 mM 0 mM

Figure 3 Apparent permeability for five paracellular [14C]-labelled markers of various hydrodynamic radii. Studies were run in triplicate and sub-

jected to Student’s t-test or Mann–Whitney test. Significant changes are noted with an asterisk (*) for P < 0.05 and (**) for P < 0.01. Significant

levels are reported as (t-test, MW). Error bars represent 1 standard deviation (n = 3). [Color figure can be viewed at wileyonlinelibrary.com]
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in in-vitro permeability screening.[32] However, hCMEC/

D3 monolayers lack the tightness found in vivo, which may

lead to increased paracellular permeation of drug molecules

that in turn may obfuscate the ability to predict transcellu-

lar permeation that is observed when studying in-vivo brain

distribution.[6] As has been previously shown, coculturing

hCMEC/D3 cells with astrocytes has led to pronounced

decreases in paracellular permeability for BMECs, which

Figure 4 Apparent permeability of [14C]-inulin, a paracellular mar-

ker, across the direct contact coculture. Studies were subjected to one-

way ANOVA with a Bonferroni post-hoc test and Kruskal–Wallis with

Dunn’s post-hoc test. Significant changes are noted with an asterisk

(*) for P < 0.05 and (**) for P < 0.01. Significant levels are reported as

(one-way ANOVA, KW). Error bars represent 1 standard deviation

(n = 6). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5 Apparent permeability of [14C]-mannitol and [14C]-sucrose

across direct and indirect contact cocultures. Studies were run in tripli-

cate and subjected to Student’s t-test or Mann–Whitney test. Signifi-

cant changes are noted with an asterisk (*) for P < 0.05. Significant

levels are reported as (t-test, MW). Error bars represent 1 standard devi-

ation (n = 3). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 6 Apparent permeability of [14C]-propranolol, a passive tran-

scellular permeability marker. Studies were subjected to one-way

ANOVA with a Bonferroni post-hoc test and Kruskal–Wallis with Dunn’s

post-hoc test. Non-significant changes (P > 0.05) were seen between

monoculture and coculture. Error bars represent 1 standard deviation

(n = 3). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 7 Total percentage of accumulation of rhodamine 123 to

show functional expression of efflux transporter P-glycoprotein in

human cerebral microvessel endothelial cells monoculture and direct

contact coculture. Efflux of P-gp substrate rhodamine 123 was assessed

in the presence and absence of P-gp inhibitor verapamil. Studies were

subjected to one-way ANOVA with a Bonferroni post-hoc test and

Kruskal–Wallis with Dunn’s post-hoc test. No significant difference was

observed between the presence and absence of inhibitor for either

model (P > 0.05). Error bars represent 1 standard deviation (n = 3).

[Color figure can be viewed at wileyonlinelibrary.com]
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may mitigate this problem.[54] Moreover, the presence of

the astrocytes enables a more relevant understanding of the

transport across the in-vivo neurovascular unit.

Since the discovery of the neurovascular unit, this inter-

play between BMECs and astrocytes at the BBB has been

studied. While there are still unknowns, many of their

interactions have been elucidated.[2,13,55,56] For BMECs, it

has been shown that astrocytes play an important role in

tight junction development, localization and expression of

transporters, as well as upregulation of metabolic enzymes,

which are currently being investigated.[32,35,56] In addition,

some of these interactions may require symbiotic cross-talk

leading to co-differentiation,[17,57] while some of these

adaptations can be seen with an indirect coculture of

BMECs with astrocytes in vitro; leakiness of the tight junc-

tions is still significantly higher than in in-vivo condi-

tions.[6] It is hypothesized that one reason for continued

leakiness is an inability for astrocytes to form true direct

contact with the BMECs in this model due to the presence

of the Transwell�-permeable support. This lack of contact

may hinder cross-talk between endothelial cells and astro-

cytes. For this reason, a direct contact model with hCMEC/

D3 cells seeded directly onto human astrocytes was

investigated.

An extensive amount of optimization was performed

from investigating cell density and media compositional

changes to increase barrier tightness of the direct coculture.

Hydrocortisone was selected as a media additive because

previous studies have shown that culturing with 50 nM

hydrocortisone led to decreases in paracellular permeability

and increases in tight junction protein expression.[43] This

is thought to occur through the inhibition of tumour

necrosis factor alpha (TNF-alpha) as TNF-alpha signalling

can lead to tight junction breakdown.[43] A hydrocortisone

concentration of 1.4 lM caused the larger decrease in

[14C]-mannitol paracellular permeability when added at

the start of hCMEC/D3 plating compared with 100 nM of

hydrocortisone. Lithium chloride at 10 mM showed no

decrease in [14C]-mannitol permeability when added at the

start of hCMEC/D3 plating or 2 days postplating when

compared with media without LiCl. LiCl was added 2 days

postplating to allow cells to reach full confluency as LiCl is

known to promote differentiation. As there was no signifi-

cant decrease in paracellular permeability upon Day 2 LiCl

addition, it was hypothesized that there may have been pre-

mature differentiation before cells reached full confluency.

This would lead to an incomplete monolayer and a rela-

tively leaky cell barrier. Longer LiCl exposure times may

have been required and could not be ruled out. HEPES was

utilized to maintain pH throughout culturing with 25 mM

showing the best results for decreased permeability for the

direct coculture compared with hCMEC/D3 monolayer. A

slight increase in [14C]-mannitol permeability was observed

at 50 mM HEPES. This is due, in part, to potential cytotoxi-

city associated with this high level of HEPES. An approxi-

mately 30% loss in cell viability with the addition of 50 mM

HEPES was determined by using the decreased conversion

of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) to formazan to infer cytotoxicity of the

treatment in comparison with a 10 mM HEPES control.

The decrease in permeability between 10 and 25 mM may

be due to increased buffering capacity; however, it has also

been shown that HEPES may play a role in increasing ATP

concentration in vitro, which could possibly have a cascade

effect to increase barrier properties.[58] All final culture

conditions determined through optimization efforts are

summarized in Table 1.

Due to the importance of limiting paracellular perme-

ation in in-vitro BBB cell models, changes in permeation of

five paracellular markers of various size – [14C]-urea,

[14C]-mannitol, [14C]-sucrose, [14C]-PEG-4000 and [14C]-

inulin – were measured (Table 2). When comparing per-

meation through hCMEC/D3 monolayers to the coculture,

all markers trended towards a reduction in paracellular per-

meation for the direct contact coculture. For the largest

marker, PEG-4000, the reduction in permeability in the

coculture was the smallest of all markers; however, this is

not unexpected as permeation through the hCMEC/D3

monolayer was sufficiently slow and it is unlikely that fur-

ther pore size reduction would lead to sizable changes in

permeability. A similar story can be said of the smallest

marker, urea. It is apparent that this model is still unable to

prevent permeation of polar molecules in this very low

molecular weight range. Although all changes in permeabil-

ity were determined to be insignificant by the Mann–Whit-

ney test, this is primarily due to the limitations of a small

sample size (n = 3). The most significant decrease in per-

meability was seen for mannitol as determined by the t-test

(P < 0.01) With further testing, it is possible to elucidate

significant decreases in permeability in the direct contact

coculture compared with the monoculture system.

The reproducibility of the direct contact coculture model

is imperative to assess the utility of this model. The perme-

ability of [14C]-inulin was used to determine the repeatabil-

ity of paracellular results across independent experiments.

Table 2 Comparison of molecular weight and molecular radii with

apparent permeability of paracellular model compounds[63,64]

Markers

Molecular

weight

Stokes

radius (�A)

Hydrodynamic

radius (�A)

Papp
(910�5 cm/s)

Urea 60 1.7 1.8 2.43 � 0.155

Mannitol 182 3.6 4.3 1.52 � 0.069

Sucrose 342 4.6 5.2 1.17 � 0.008

Inulin 5000 13.9 10 0.754 � 0.030

PEG-4000 4000 16.4 15.9 0.357 � 0.010
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Although there is some difference between the permeability

values obtained across multiple experiments, this is to be

expected with slight variations in study conditions or cell

passage number.

To investigate the impact of direct coculture, an indirect

coculture with astrocytes on the basolateral side of the

Transwell was also examined. As mentioned, it is often dif-

ficult to compare models between different laboratories

due to differences in culture protocol, media selection, pas-

saging and cell source.[49,50] Therefore, the indirect model

was established under the same conditions and protocols as

the direct contact coculture. As was hypothesized, a

decrease in [14C]-mannitol and [14C]-sucrose apparent per-

meabilities was seen when the astrocytes were in direct cell

contact, and determined to be significant by the t-test

(P < 0.05). Further investigation is needed to determine

the underlying factors leading to this increased tightness.

To assess passive transcellular permeation, the apparent

permeability of [14C]-propranolol was measured. Propra-

nolol is often used as a passive transcellular marker due to

its high octanol/water coefficient leading to almost exclu-

sively transcellular permeation.[59] Due to the extra cell

layer in the coculture model, it was expected that transcel-

lular permeation would be reduced. While permeability

was reduced in the coculture, changes between monocul-

ture and coculture were not significant (P > 0.05). To fur-

ther examine this discrepancy, [14C]-propranolol

permeability was also measured across human astrocyte

monolayers and was found to be approximately threefold

higher than hCMEC/D3 monolayers or the direct contact

coculture. This finding validates the coculture permeability

data as the hCMEC/D3 cell layer appears to be the rate-lim-

iting barrier to permeation. While astrocytes do play a role

in our model, it is unknown whether there is a significant

contribution of paracellular flux for propranolol that may

obfuscate transcellular permeation. While propranolol is

unlikely to cross the tight junctions between endothelial

cells, astrocyte endfeet are known to be much further apart

with pores 20–30 �A wide in vivo, which may allow greater

paracellular movement. Therefore, additional studies are

required to understand differences between the apparent

permeabilities for hCMEC/D3 and human astrocyte mono-

cultures particularly to elucidate the mechanism of trans-

port across the human astrocyte layer.

Efflux transporters are an important aspect of the BBB as

it is a major line of defence to xenobiotics. Rhodamine 123

is a known P-gp substrate and is often used to determine

functional expression of P-gp in BMEC cell lines.[8,17,60,61]

Verapamil was used as a P-gp inhibitor to show the differ-

ence in total cellular accumulation of rhodamine 123 in its

presence. The results of this study showed that rhodamine

123 accumulation is increased in both the monoculture and

direct contact coculture models in the presence of

verapamil, although there was no significant difference

when compared with the absence of inhibitor. The lack of

significance may be due to variations in P-gp expression as

the hCMEC/D3 cell line increases in passage.[61] However,

the total accumulation of rhodamine 123 both in the pres-

ence and in the absence of verapamil is greater in the

hCMEC/D3 monoculture compared with the coculture,

which may suggest that the level of functional efflux is

higher when the hCMEC/D3 cells are in direct contact with

astrocytes. Due to the nature of this model, with two cell

types in direct contact, further experiments would be

needed to fully assess the role that the astrocytes play in the

transporter activity of the hCMEC/D3 cells.

Overall, this proof-of-concept study suggests direct con-

tact coculture of human astrocytes and hCMEC/D3s leads

to some tightening of the leaky tight junctions often found

in hCMEC/D3 monoculture with minimal modification to

other routes of permeation. While this model is still signifi-

cantly leakier than in-vivo conditions, it represents an

improvement in the paracellular leakage observed in many

cell culture models and an advancement in physiologically

relevant screening models for determining passive diffusion

properties of drugs in the BBB. It should also be noted that

while in-vivo tightness would be ideal, it may be unneces-

sary for drug screening. While current TEER values are

much lower than found in vivo, it is possible that small

changes in tight junction pore radii will lead to very large

increases in TEER, as highlighted by Ho and colleagues.[47]

Due to the nature of paracellular permeation, these large

changes in TEER may have little effect on paracellular per-

meation due to the difference in the hydrodynamic size of

ions being measured (sodium, potassium, calcium, chlo-

ride, magnesium, etc., vs drug molecules).[31,62] That is,

NCEs targeted to the brain are often much larger and more

lipophilic molecules than the ions whose movement across

the cellular barrier determines TEER. In addition, the vast

majority of all NCEs are not as small or polar as urea, man-

nitol or even sucrose. Moreover, TEER values can also be

dramatically influenced by several other factors such as

ionic strength, buffer variations and temperature that can

be confounding variables.

Lastly, species differences are a major cofounder in trans-

lation of preclinical screening to humans. Differences in

morphology, function and regulation are all common. As

the common goal is to expedite human translation, it may

be better in theory to use a slightly less restrictive human

model than a tighter animal model for the screening and

ranking of pharmaceutical molecules, provided the human

model can discriminate between compounds in series. This

will reduce some issues such as transport and enzyme

affinities and capacities observed between species and better

enable an assessment of transcellular permeation in vivo in

humans.
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Conclusion

As the occurrence of neurological diseases rise along with

the number of druggable targets and compounds, a more

relevant and robust in-vitro cell culture method has become

of paramount importance for preclinical screening and lead

candidate selection and optimization. The hCMEC/D3 cells

have been shown to be functionally similar to primary

brain endothelial cells; however, their main downfall has

been the presence of leaky tight junctions. These leaky tight

junctions obfuscate the delineation of transcellular routes

of permeation of many compounds and potentially lead to

inaccurate in-vivo predictions. Therefore, it is believed that

reducing paracellular permeation to levels closer to that

found in vivo may lead to a more robust BBB model.

Some promise has been shown in the reduction in para-

cellular permeability through coculture with astrocytes.

However, current models often utilize indirect contact

methods in which endothelial cells and astrocytes are sepa-

rated by the Transwell�-permeable support. Here, it is

shown that direct contact coculture of human astrocytes

and hCMEC/D3 cells leads to a significant decrease in per-

meation of paracellular markers, as determined by the

t-test. This methodology may serve as a better model for

further optimization and in-vivo prediction. In addition,

seeding of both cell types onto the apical chamber of the

Transwell� is likely to be much more conducive to high-

throughput screening. Though, further investigation

including microscopy, transcriptomic and proteomic anal-

ysis and drug screening must be completed to confirm in-

vivo relevancy; it is believed that this model is a step in the

right direction for enhancing the ability to screen BBB per-

meation of neurotherapeutic and neurotoxic agents.
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