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Several parameters influencing the brain distribution of compounds must be considered when
designing potential neuropharmaceuticals in early-stage drug discovery. The blood-brain

barrier (BBB) represents an obstacle for drug penetration into the brain. Many in vitro BBB

models have proven useful for predicting the BBB permeation rate, but do not meet all criteria for
use in early-stage drug discovery: feasibility, rapidity, reliability and a low requirement for human
resources. To meet this demand, we have developed a robust, higher-throughput, cell-based

model exhibiting BBB features (low paracellular permeability, functional efflux pumps and the
correct endothelial phenotype). This system comes in a ready-to-use, frozen format, appropriate for
in-house use by large pharmaceutical firms and small biotech companies during early-stage drug
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The development of drugs for treating central
nervous system (CNS) disorders is a medically
challenging and commercially risky field. The
blood-brain barrier (BBB) usually hinders a drug
candidate’s access to pharmacological targets
located within the brain parenchyma. Indeed,
brain capillaries are the main entry route for the
CNS but can also prevent neuropharmaceuticals
from reaching the brain parenchyma at an
effective dose. Consequently, the therapeutic
potential of a drug candidate is not only related
to its activity at the target but also to its ability to
attain an effective dose at the target site. Ideally,
this issue should be addressed early in the drug
discovery process.

Pharmacokinetic parameters of CNS drug
exposure
The ability of a CNS drug to achieve an adequate
concentration-time profile at the target brain site
(i.e. sufficient in terms of concentration and
duration) depends on a variety of parameters
(1,21

Because it is considered that only the
unbound drug brain concentration is available
for interaction with most CNS receptors, it is
essential to determine this parameter for all
candidate CNS drugs. To this end, a brain
microdialysis technique [3] can provide useful
information by determining the concentration
of unbound drug in the brain interstitial fluid.

However, this technique is resource-intensive
and not broadly applicable, owing to probe
recovery problems with lipophilic compounds.
Consequently, brain microdialysis is usually
reserved for drugs in the development stage.
Although the determination of total brain:-
plasma ratios in rodents and in the brain
unbound fraction (estimated from either brain
homogenates or brain slice technology), and
the subsequent transformation of total brain
concentrations into unbound brain concen-
trations, can provide a surrogate measure of
free drug concentration within the parench-
yma, this approach is not practical for routine
screening.
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An additional issue relates to the complexity
of the processes that determine the brain:-
plasma ratio of a compound, making it difficult
to derive strategies for the subsequent medic-
inal chemistry efforts during lead optimization.
Indeed, the brain:plasma ratio is a distribution
parameter depending on several factors,
including the rate of permeation across the BBB
and the compound’s degree of binding to
plasma proteins in the blood [4] and brain tissue
in the CNS.

In lead optimization projects, the objective
is therefore to identify and successively elim-
inate the different parameters responsible for a
poor brain distribution. Consequently, the
rationale for optimizing drug metabolism and
pharmacokinetics is generally driven by the
use of a cascade of in vitro assays and in vivo
studies of increasing complexity and predict-
ability.

To understand fully brain drug delivery and its
consequences for central drug action, it is now
commonly accepted that the rate of delivery,
which depends on the BBB permeability for the
compound in question, must be considered
separately from (i) the extent of equilibration
across the BBB and (ii) the intra-brain distribu-
tion [5]. Accordingly, a high rate of transport
across the BBB is not necessarily predictive of a
high ratio measured under steady-state condi-
tions. Nevertheless, this parameter is of parti-
cular importance for compounds regarding
indications such as pain, epilepsy and stroke
because they need to reach their peak brain
concentration rapidly, which is unlikely to
happen if the rate of transport across the
BBB is low.

Predicting BBB permeation rate in
early-stage drug discovery

Although the in situ brain perfusion [6] is con-
sidered as the most accurate method for mea-
suring the rate of permeation across the BBB,
practical considerations mean that this techni-
que is seldom used in early-stage drug discovery.
By contrast, in vitro BBB models have the
potential to fulfil the practical criteria for drug
discovery but choosing one has always involved
a compromise between capacity, time, predict-
ability and cost [7].

To the best of our knowledge, none of the
available immortalized brain endothelial cell
(EC) lines exhibits sufficient tightness to pro-
vide a reliable in vitro tool for the prediction of
BBB permeation rates [8]. Hence, easily cul-
tured non-brain cell lines known to achieve
tight, reproducible barriers, such as Caco-2 and
Madin-Darby canine kidney cells, have been

used to study diffusional transport [9] and
to rank drugs in terms of passive diffusion
across the BBB. However, their usefulness
remains questionable because they exhibit
different transporter expression levels [10]
as well as different membrane compositions
and characteristics in comparison with ECs
[11].

Some of these cell lines have been trans-
fected to express human efflux transporters,
such as P-glycoprotein (P-gp) [12] and breast
cancer resistance protein (BCRP) [13]. The
ratios between basal-to-apical and apical-to-
basal permeability coefficients, known as
‘efflux ratios; are frequently used to identify
cellular efflux pump substrates. In this frame,
other elegant models have been developed
such as the recently described grasshopper ex
vivo model, which exhibits a proper P-gp
functionality, as seen in the mammalian BBB
[14]. This knowledge is of considerable value
for avoiding adverse drug interactions at the
BBB and is useful for medicinal chemists,
because efflux mechanisms can explain, at
least in part, a poor CNS distribution. However,
high efflux ratios are not necessarily associated
with low in vivo permeability and some mar-
keted CNS drugs are known to be efflux pump
substrates [15]. Consequently, predicting BBB
permeation rates with cell lines that overex-
press efflux transporters could preclude some
potential effective CNS drug candidates from
entering subsequent in vivo development
stages.

To predict the BBB permeation rate, in vitro
models should possess as many of the relevantin
vivo properties of the brain endothelium as
possible [9]; this is not the case for non-brain-
derived cell lines that express an epithelial
phenotype.

Primary-culture and low-passage brain ECs
have been extracted from various species to
design BBB models: bovine [16], porcine [17], rat
[18], mouse [19] and also human [20]. They are
known to mimic the in vivo BBB closely, parti-
cularly when co-cultured with glial cells, because
glial cells are known to induce and maintain the
BBB phenotype in vitro [21]. A well-characterized
in vitro BBB model can also prove useful for
studying (i) mechanistic aspects of transport and
(ii) biological and disease processes related to
the BBB [22]. However, as already pointed out by
Andreas Reichel [7], none of the currently
available in vitro BBB models meets all the
pharmaceutical industry requirements for use in
early-stage drug discovery: feasibility, rapidity,
ease-of-use, reliability and low requirement for
human resources.

In the early 1990s, our laboratory developed a
co-culture model of the BBB [16] that enabled
the investigation of a drug’s cellular and mole-
cular effects on the BBB and provided a
powerful alternative to the in vivo determina-
tion of the rate of BBB transport [23]. Because
this original model requires a significant
amount of expertise and continuous, routine
work by dedicated laboratory workers to pro-
duce useful and reproducible results, only a few
pharmaceutical companies adopted it for in-
house use.

To combine the advantages of a
well-characterized in vitro BBB model with a
simpler procedure for permeability screens,
we have developed an in vitro BBB model
that can easily be used in-house in large
pharmaceutical companies with major CNS
programs and smaller biotech companies with
an occasional need for BBB permeability
knowledge.

A 24-well miniaturized BBB model

In an initial attempt to design a predictable,
higher-capacity, in vitro BBB model, we mod-
ified the original, well-characterized, co-culture
model set up in the 1990s that was based on
the co-culture between bovine brain capillary
ECs (BBCECs) and rat glial cells [16] (Fig. 1a). The
simplification consisted in miniaturizing the
format (i.e. using 24-well plates instead of 6-
well plates), reducing the use of glial cells and
shortening the duration of the cell culture step
(4 days instead of 12 days; Fig. 1b). In this
model [24] the inductive influence of glial cells
and crosstalk between ECs and glial cells is
mimicked by the use of ‘BBB-inducing medium;
containing co-culture-conditioned medium
and selected sera. The use of co-culture-con-
ditioned medium enables a reduction in the
number of animals necessary for experiments,
because it can easily be gathered and frozen
for later use. A functional BBB model, with the
correct localization of tight junction proteins
and the functional expression of P-gp and
several other efflux transporters, is obtained
just four days after BBCEC seeding. As the
original co-culture model, this model presents
a low permeability to Lucifer yellow and
sucrose, which are used as integrity markers.
Furthermore, it shows a good correlation
between the measured in vitro permeability
values and in vivo BBB permeability, as assessed
by in situ brain perfusion [24].

A ready-to-use BBB model
Trypsinization of BBCECs (Fig. 1b) requires
technical skill and adequate training, and

286 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 17, Numbers 7/8 + April 2012 PERSPECTIVE

(a) Co-culture BBB model (6-well format) BBCEC trypsinization
R
o o
P =5
3 @ 83 £
° (&} c© [
] @ =8 E
s 23 g£e g
k] -84 X
o > 2 S8 °
£ £2 = 5
- L o
2 23 m3 g
5 52 2%g s
a Qa2 o85S =
\ 7 Yy \
. 21 Days . 12 Days 1Day
21 33 34 (days)
(b) 24-well BBB model BBCEC trypsinization
2 8 .-
o e = T 2
@ = = e E
20 23 E 3
£° g g %
T 9 @ 0 5 °
25 ® 2 =R <
%3 08 2 2
K wg sz @
“ O = @« 0 c
TR o 3 Tm [
. Qo m o —m =
¥ vy [
No glial celteutture (I I
Nt 3 Days 4 Days 1Day
y
I + 1 > W
0 3 7 8 (days) £
w
(c) Ready-to-use BBB model (24-well format) Defrosting RTU plates &
E . &
2 S =
e 8 E g
B aiial cell culture Q E @ 2
g o o 5
£ x w
Preparation of the in vitro BBB model o e °
— S ‘o-
@ Growing and differentiation period [ £ s £ 2
=T © 0 c
. . D 0 °m ©
Analysis processing x € -0 =
- Al A\
i Viroeos moer
No glial cell culture vitro BBB model
N N 4 Days 1Day
I t >
0 4 5 (days)
Drug Discovery Today

FIGURE 1
The adaptation of in vitro blood-brain barrier (BBB) models for use in early-stage drug discovery. (a) The original co-culture model developed by Dehouck et al.
[16] consists of bovine brain capillary ECs (BBCECs) cultured on a filter and rat glial cells cultured at the bottom of the well (the 6-well format). Setting up this
system is time-consuming because glial cells require three weeks of culture and the subsequent co-culture of BBCECs and glial cells lasts for 12 days. The
procedure features several delicate steps (i.e. BBCEC trypsinization and filter coating) but enables the reliable production of an in vitro BBB model with in vivo BBB
properties. The 6-well model is of value for studying the BBB under physiological and pathological conditions and takes account of EC and glial cell interactions.
(b) A 24-well model was designed by simplifying the co-culture model for use in automated, high-throughput screening. The format was miniaturized (i.e. 24 wells
instead of six), the glial cells were replaced by BBB-inducing medium and the duration of cell culture was shortened (i.e. 4 days instead of 12 days) [24].
The procedure still includes a trypsinization step and requires three days to prepare the model. (c) The ready-to-use (RTU) model was designed to be even more
user-friendly because the crucial trypsinization step is avoided, therefore the final user does not need any specific technical training. The RTU in vitro BBB model is
supplied in a frozen format and is ready for experimental use just four days after thawing and with only two medium changes.

www.drugdiscoverytoday.com 287



-
o
Q
(=3
o
<
)
w
.
o
m
o
n
°
m
n
=
=
m

PERSPECTIVE

Drug Discovery Today * Volume 17, Numbers 7/8+ April 2012

represents the most crucial step for establishing
the 24-well model in the screening laboratory
because BBCECs are highly sensitive to this
manipulation. Hence, to create an even more
user-friendly in vitro BBB model and to
guarantee a reproducible low permeability and
phenotype, BBCECs were seeded into 24-well
filter plates at a density of 30 000 cells/cm?,
immediately stored at 0 °C for 1 h upon seeding
in the inserts and finally transferred to —80 °C to
freeze the entire system, for future shipment and
use in another laboratory. Because of the
freezing step, the final user does not need
specific knowledge of brain EC culture and
subculture. The time necessary for the whole
experiment is substantially reduced because no
preparation of BBCEC culture is needed: the new
model is ready for use 4 days after thawing

(Fig. 1c). Immunocytochemical assays show that
the BBCECs form a regular monolayer of tightly
packed, non-overlapping cells with correctly
localized tight junction proteins (Fig. 2a), sug-
gestive of a restrictive paracellular pathway.
Permeability to the fluorescent BBB integrity
marker Lucifer yellow remained low for cultures
thawed after up to eight weeks of storage at
—80 °C (Fig. 2b). The permeability measured in
the ready-to-use (RTU) model was as low as that
obtained in the original 24-well model (Fig. 2c)
and attests to the reproducible tightness of the
cell barrier (n = 147).

Expression of P-gp — an important BBB
feature — in the RTU model was demonstrated
by immunocytochemistry (Fig. 2a). Similarly,
the presence of efflux pumps was assessed by
RT-PCR (reverse transcriptase polymerase

chain reaction), revealing the transcriptional
expression of other efflux transporters — P-gp,
multidrug resistance protein (MRP)1, MRP4 and
MRP5 - as described in the original 24-well
model [24] and co-culture model [25]. The
functionality of efflux pumps was evidenced
by greater uptake of rhodamine'® ('°R;

20 wM) by the BBCECs (Fig. 3a) and greater
permeability of the BBB to quinidine (10 uM;
Fig. 3b) in the presence of verapamil (25 uM).
Furthermore, we found a strong correlation
(R? = 0.87) between the permeability values
measured for 33 marketed drugs (comprising
CNS and peripheral acting drugs; P-gp and
non-P-gp substrates exhibiting different
molecular weights and lipophilicity) using the
RTU model and the 24-well miniaturized
model, respectively (Fig. 3c).

FIGURE 2
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(a) Immunocytochemical characterization of the ready-to-use (RTU) blood-brain barrier (BBB) model. (b) The paracellular permeability of the endothelial

monolayer to Lucifer yellow as a function of storage time at —80 °C. (c) A comparison with the original 24-well model. (@) The cell monolayer was immunostained
to reveal an endothelial morphology (vimentin), the expression of tight junction proteins [occludin, claudin-5, zonula occludens-1 (ZO-1) and junctional adhesion
molecule (JAM)] and the expression of P-glycoprotein. Scale bars: 100 wm. (b) Effect of storage time at —80 °C and delivery (48 h in dry ice) on BBB integrity, as
assessed by measuring BBB permeability (Pe) to the small, hydrophilic dye Lucifer yellow (molecular mass: 457 g/mol). Results are presented as the mean + SEM,
n =12 monolayers for all tests (except for the 8- and 24-week conditions, where n = 3). Unpaired t-test: **P = 0.082, ***P < 0.001. (c) Monolayer paracellular
permeability (Pe, in cm/min) was assessed by measuring the transport of Lucifer yellow in the original 24-well model (0.32 + 0.18 x 10~* cm/min) and in
the RTU model (0.35 & 0.13 x 10~3 cm/min), as already described [24]. Results are presented as a scatter plot vertical representation for n = 147 monolayers.
Paired t-test: ns (non-significant), P = 0.19.
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FIGURE 3

Assessment of efflux pump activity in the ready-to-use (RTU) blood-brain barrier (BBB) model. (a) Accumulation of rhodamine inthe presence and absence of
verapamil. (b) Transport of quinidine in the presence and absence of verapamil. (c) The correlation between the permeability values of 33 compounds measured with
the original 24-well model and the RTU model, respectively. (a) Efflux pump functionality was assessed by studying the accumulation of rhodamine'? in endothelial
cells (ECs) in the presence and absence of verapamil (verap; 25 pM). Verapamil increased '**R endothelial uptake <3-fold (273.2 4 20.8 relative fluorescent units or
RFUs vs 89.22 + 6.4 RFUs for untreated cells). *C-sucrose was co-incubated with 'R to confirm the absence of alterations in EC monolayer integrity and the absence
of accumulation in the cells [164 + 42.15 disintegrations per minute (dpm) without verapamil vs 185.8 + 29.59 dpm with verapamil]. Results are expressed as the
mean + SEM, n = 3 monolayers for the sucrose assay and n = 6 monolayers for the 1235 assay. Unpaired t-test: ns (non-significant), P = 0.59, ***P < 0.001. (b) Efflux
pump functionality was also assessed by studying the transport of quinidine (10 M) across the BBB in the presence and absence of verapamil (verap; 25 uM).
Verapamil increased quinidine transport 8-fold [endothelial permeability (Pe) of 5.16 + 1.24 x 1073 cm/min vs 0.66 % 0.09 x 10> cm/min for untreated cells].
Lucifer yellow was co-incubated with quinidine to confirm the absence of alterations in EC monolayer integrity as a result of verapamil (Pe of 0.24 4 0.02 x 103 cm/
minvs 0.29 & 0.04 x 10~ cm/min for treated cells). Results are expressed as the mean 4 SEM, n = 3 monolayers for the sucrose and quinidine assays. Unpaired t-test:
ns (non-significant), P = 0.26, *P < 0.05. (c) Plot of permeability (Pe) values for 33 compounds measured in the original 24-well BBB model [24] and the RTU BBB model,
n =3 monolayers for each compound. CNS compounds are represented with circles and peripheral acting drugs with triangles. Known P-gp substrates are
represented in red and compounds that are not P-gp substrates are in blue; the molecules for which this information is lacking or controversial are in grey. All
compounds were tested at 5 wM, and their concentrations were determined by chromatography coupled with mass spectrometry. The correlation coefficient was
R?=0.87 and the slope differed significantly from zero, P < 0.0001.

123 (1 23R)

Conclusions and future opportunities

The RTU system described herein appears to
be more suitable than previously characterized
models for use in higher-throughput BBB
permeability screens. It reproduces the in vivo
BBB phenotype well, with reproducible,

low, paracellular permeability and functional
efflux pumps. The RTU system can be prepared
rapidly for use and is easy to handle; as such, it
offers pharmaceutical and smaller biotech
companies an opportunity to generate useful
BBB permeation data in-house. This enables

information on drug optimization to be fed
back rapidly to the medicinal chemists.
Determining the rate of BBB transport (i.e.
permeability) at an early stage in the drug dis-
covery process helps to predict whether drug
candidates are likely to achieve high enough
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CNS exposure to elicit the desired pharmacolo-
gical effect — a parameter that has to be confirmed
in vivo later in the development process. To
facilitate compound selection, it might be
necessary to relate potency to the estimated
unbound brain concentration. Recently, high-
throughput in vitro methods for rapid determi-
nation of brain tissue binding have been devel-
oped [26] and constitute a relevant means of
predicting the extent of brain penetration based
on in vitro and in silico models. In the future, we
intend to extend the use of our in vitro BBB models
for the assessment of blood-brain partitioning. In
fact, by combining the latter data with knowledge
of the unbound brain fraction, it should be pos-
sible to predict the unbound concentrations of a
therapeutic agent reaching the CNS at an early
stage in the drug discovery process.

The BBB restricts the access of many conven-
tional, low-molecular-weight compounds to their
CNS targets. Therefore, the delivery of biothera-
peutics to the brain represents an even greater
challenge and will require a better understanding
of the active and passive processes governing
transport across the BBB. Accordingly, identifying
a brain delivery strategy for biopharmaceuticals
will become essential. Several peptides, proteins,
cytokines and neurotrophins are transported
across the BBB by endogenous mechanisms,
some of which could be exploited for brain
delivery. The use of antibodies for receptor-
mediated transport across the BBB might be one
way of interacting with targets currently beyond
the scope of small-molecule drugs [27]. To this
end, the use of in vitro models derived from
human cells could be crucial for the successful
evaluation and development of large-molecule
therapeutics. To date, several reasons prevent
primary human brain ECs and human brain EC
lines from being used in permeability screens.
Indeed, primary human brain ECs cannot be
provided on a regular basis and the yield of ECs
from human surgical samples is low. As a con-
sequence, they cannot be used in permeability
screens within the pharmaceutical industry, at
least in early-stage drug discovery, where high-
throughput screening is needed. However, their
use might help in later stages (e.g. in the devel-
opment process) for confirming and refining the
predictions made earlier, as soon as optimized
molecules have been generated and selected. The
currently available human EC lines do not provide
high paracellular restriction enough to be useful
in permeability screens, even if their high
throughput and ease of culture are of advantage
in this case. Another possibility would be to use
human pluripotent stem cells, because it might
constitute a new way of obtaining a reliable

human in vitro BBB model if they can be made to
differentiate into ECs [28,29] displaying the BBB
phenotype. Their great self-renewing potency
would enable a high yield and, taking advantage
of intercellular communication of the neurovas-
cular unit-forming cells in co-culture conditions,
could enable these ECs to acquire the BBB phe-
notype in vitro. With an efficient differentiation
and maintenance of BBB features in culture,
scientists could successfully design human stem-
cell-based models, on the basis of other successful
applications of this strategy in other fields [30].
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