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ABSTRACT: Brain penetration is characterized by its extent
and rate and is influenced by drug physicochemical properties,
plasma exposure, plasma and brain protein binding and BBB
permeability. This raises questions related to physiology, inter-
species differences and in vitro/in vivo extrapolation. We herein
discuss the use of in vitro human and animal BBB model as a tool
to improve CNS compound selection. These cell-based BBB
models are characterized by low paracellular permeation, well-
developed tight junctions and functional efflux transporters. A
study of twenty drugs shows similar compound ranking be-
tween rat and human models although with a 2-fold higher
permeability in rat. cLogP < S, PSA < 120 A, MW < 450 were
confirmed as essential for CNS drugs. An in vitro/in vivo
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correlation in rat (R* = 0.67; P = 2 x 10~ *) was highlighted when in vitro permeability and efflux were considered together
with plasma exposure and free fraction. The cell-based BBB model is suitable to optimize CNS-drug selection, to study interspecies

differences and then to support human brain exposure prediction.
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B INTRODUCTION

Lack of eflicacy and unexpected toxicity are the major causes
of drug failure in clinical trials. If preclinical activities are to allow
a high quality drug candidate selection, complexities surrounding
the drug candidate properties with respect to pharmacological
efficacy, pharmacokinetics or safety need to be thoroughly
investigated in order to enable extrapolation from animal to
human. Within this context of interspecies extrapolation, a prime
determinant is the manner in which drugs penetrate biological
barriers such as the cell membrane, intestinal wall or blood—
brain barrier (BBB). This is especially true for drug candidates
designed to be active on a target located in the central nervous
system (CNS) and which have to first cross the gut membrane if
administered orally and then the BBB before reaching their
target. Therefore it is unlikely that in vitro eflicacy alone, without
the properties necessary to penetrate the BBB, will result in
in vivo efficacy in patients. Moreover, pharmacological potency in
animals does not guarantee a similar potency in human at the
equivalent dose because of a relatively lower human BBB
permeability rate or extent when compared to animals.

Thus, given the exorbitant cost of new drug development,” it
would be highly desirable to have physiologically relevant and
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cost efficient in vitro high-throughput tools to estimate BBB
permeation before proceeding with expensive and time-consuming
animal brain/plasma studies or, worse yet, to clinical trials with
compounds with unknown human brain penetration. With such
tools, for example, pharmacologically promising drug candidates
without an effective BBB permeation would be rapidly excluded,
then chemically modified to improve their intrinsic permeability by
removin§ sétructural features that mediate interaction(s) with efflux
proteins”® and/or lowering binding to brain tissue.”

Indeed, brain penetration relies on drug physicochemical
properties and several pharmacokinetic properties, including
plasma exposure, plasma and brain protein binding and intrinsic
BBB permeability.®* '* Physicochemical properties, plasma
pharmacokinetics, and more recently the plasma and brain free
fractions are commonly used in discovery phases with reliable
experiments or widely accepted calculations.

Regarding the free fraction determination in plasma and brain
tissue, literature highlights the major importance of drug con-
centration in brain and plasma tissues for cross-correlating
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Table 1. Summary of the Physicochemical Properties, AUCp, i) AUC jo4ma, Free Fraction in Plasma and Brain Tissues, Apparent
Permeability from Apical to Basal Compartment (P,p,s5) and Efflux Ratio Measured with the in Vitro Rat and Human Cell-Based

BBB Models for the 20 Selected Compounds

in vitro Pypoap (X 10°cm/s)  AUC (uMh)  free fractions ratios
compd MW cLogP PSA HD RB HA human (ER?) rat (ER) plasma brain plasma  brain  AUChin/AUC1sma fuplasma/fubrain
SLV1 43 104 117 8 3 4 485(Ls)  822(1) 343 48 009 039 0.14 023
SLV2 619 82 50 4 1 13 0.64(21) 0.85 (3) 14.1 42 0.04 0.01 0.30 7.40
SLV3 568 617 8 S 1 v’ nv 16 13.9 0.01 0.01 0.87 2.80
SLV4 481 482 66 4 1 1522 (16) 6113 (04) 181 254 002 001 1.40 2.18
SLVS 233 264 78 4 2 3 2465(09) 3355(567) 19 984 007 01 5.19 0.73
SLV6 S61 249 80 7 2 13 189(98) 7.5 (3.5) 012 004 013 011 0.30 123
SLV7 408 389 S0 6 1 6  31.02(1.2) 20.61 (1.4) 1.03 7.01 0.01 0.02 6.80 0.65
SLVS 349 092 109 7 3 4 2676(1) 3094 (L1) L14 011 018 1 0.1 0.18
SLV9 496 656 75 5 1 5 594(L6) 113 (12) 235 846 001 001 3.6 2.20
caffeine 194 —0.13 S4 6 0 0 3580(1) 53.4 (0.5) 24.9 9 0.68 1 0.36 0.68
acetaminophen 1S1 034 49 2 2 3 979(09) 2528 (0.8) 241 137 03 096 0.57 032
phenacetin 151 1.09 49 2 1 2 nd* 47.08 (1) 1.8 4.99 0.35 0.87 2.78 041
midazolam 325 393 25 0 1 3 2821 (1.5) 49.46 (0.9) 0.56 1.96 0.01 0.11 3.50 0.06
omeprazole 345 217 9% 1 § 6 nv nv 1.44 0.01 0.04 0.61 0.01 0.07
dextrometorphan 370 411 12 2 0 1 2804(LS) 5289 (0.8) 021 549 037 0.4 25.60 2.65
CIME-2 (amodiaquine) 356 4.77 48 1797 (17) 393 (0.8) 019 471 004 0.3 248 029
tolbutamide 270 234 84 4 2 7 nv nv 279 0.14 0.01 0.95 0 0.01
digoxin 781 0.85 203 S 2 0.21 (5.2) 0.95 (12) 1.44 0.75 0.68 0.44 0.52 1.53
CIME-8 (rosuvastatine) 481 042 149 14 6 13 189 (0.6)  6(05) 011 0 001 095 0.03 0.01
CIME-S (memantine) 179 9 3 12 2631(12) 42(L1) 079 501 034 025 63.80 137

“ Efflux ratio. ” Not validated experiment. “ Not determined.

in vitro and in vivo pharmacokinetic data.”''~"* Only the free
fraction in plasma is available to the BBB in order to reach the
brain, and essentially free drug concentration in the brain was
described to provide the pharmacological activity. However, the
in vivo measurement of BBB penetration is time-consuming and
expensive and uses numerous animals. A reduction in animal
experiments is desirable on ethical grounds, in addition to more
relevant screening tools for CNS drug candidate selection.
Within that context, the development of relevant in vitro cell-
based BBB models, which can better predict BBB permeability of
drug candidates in the species studied, would allow significant
improvements in research screening flow schemes. Up to now in
discovery, the study of BBB permeability to screen CNS drug
candidates with respect to membrane permeability has conven-
tionally used available models such as Caco-2 and MDCK cells
overexpressing human P-gp (MDCK—MDRI).I‘F17 However,
the membrane properties of those models are significantly different
from those of the BBB, either in human or in animals, and usually
the in vivo brain/plasma ratio remains the pivotal experiment to
provide the compound brain penetration.'® *° The physiological
and pharmacological relevance of the BBB and its hj§h complexity
have led to the development of several in vitro models™' ~**designed
to study cerebral permeation of CNS drugs. Among the limitations
of these models are their high paracellular permeability and the
absence of cell polarity, the latter being the main characteristic of
in vivo brain endothelial cells.

On the whole, there is a significant unmet need for a
physiologically relevant and predictive in vitro BBB model that
could be used in discovery for assessing the BBB permeability of
CNS-targeted compounds in animals (preclinical pharmacology
models) and in human.
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In the present study, we report the evaluation of a new in vitro
cell-based BBB model, which was developed from a coculture of
endothelial and glial cells from animal or human brains. This
model was characterized by low paracellular permeability, opti-
mal behavior of tight junctions and expression and activity of
efflux transporters. A data set of twenty compounds, selected for
their chemically diverse structures and affinity to efflux transpor-
ters, was used to establish the interest of in vitro cell-based BBB
model as a screening tool in drug discovery. The BBB perme-
ability was evaluated for all compounds both in vitro, using these
primary rat and human® cell-based BBB models, and in vivo,
using brain/plasma ratio in rat. Moreover, compound physico-
chemical properties [molecular weight (MW), LogP, polar sur-
face area (PSA), H-donors and acceptors, RotBonds] were
calculated, and the free fraction in plasma as well as in brain
tissue was measured and their relevance evaluated.

B EXPERIMENTAL SECTION

Animal Use and Assurances. Animal experiments are con-
ducted in full compliance with local, national, ethical, and
regulatory principles and local licensing regulations, per the
spirit of Association for Assessment and Accreditation of La-
boratory Animal Care. The animal studies were carried out in
accordance with decree 87-848, issued on October 19, 1987,
concerning animal experimentation in France, in an approved
facility (accreditation No. A91505) and by workers with Ministry
of Agriculture authorization, as specified in the decree.

Selection of Compounds. Twenty compounds [eleven
CIME substrates (cocktail of substrates addressing the main of
enzymes of drug metabolism and pharmacokinetic) and nine
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Laboratoires Fournier compounds] were selected for their
diverse chemical properties, all being substrates of cytochrome
(CYP) or efflux transporters, and including CNS and non-CNS
drugs. The CIME substrates were acetaminophen, midazolam,
dextromethorphan, tolbutamide, CIME-2 (amodiaquin), CIME-S
(memantine), caffeine, digoxin, phenacetine, omeprazole and
CIME-8 (rosuvastatin). Acetaminophen, midazolam, dextro-
methorphan, tolbutamide, CIME-2 and CIME-5 were purchased
from Sigma-Aldrich (St. Louis, MO, USA); caffeine, digoxin and
phenacetine were obtained from Fluka-Sigma Aldrich, and
CIME-8 substrate was obtained from Toronto Research Chemi-
cals (North York, Canada).

SLVI to -9 were available from Laboratoires Fournier S.A. For
all compounds physicochemical properties (molecular weight
(MW), LogP, polar surface area (PSA), H-donors and acceptors,
RotBonds) are included in Table 1.

Internal standards (meloxicam, pravastatine, lansoprazole and
levallorphan) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). [2H3]-Acetaminophen glucuronide, ["*C;]-1-
hydroxymidazolam, [*Hs]-omeprazole sulfone, [*H;o]-CIME-2
and [*H;]-CIME-2M were purchased from different suppliers as
described in the labeled materials section. All tested compounds
(synthesized and purchased) had a purity of at least 95%.

Physicochemical Properties of Test Compounds. The phys-
icochemical properties of the test compounds (MW, LogP,
PSA), H-donors and acceptors, RotBonds) were calculated using
the Advanced Chemistry development (ACD)/Laboratories
version 8 software.

Labeled Materials. [U-'*C]-Sucrose (601 mCi mmol '),
[*H]-propranolol (24 Ci mmol '), and [*H]- vinblastine (10.3
Ci mmol ') were purchased from Amersham (Buckinghamshire,
UK). [2H3]—Acetamin0phen glucuronide and [13C3]—1—hydr0xy—
midazolam were purchased from Toronto Research Chemicals
(North York, Canada). [*H;]-Omeprazole sulfone was obtained
from @rtMolecule (Poitiers, France). [*H;o)-CIME-2 was pur-
chased from Medical Isotopes (Pelham, NH, USA). [*H;]-CIME-
2M was obtained from BD Biosciences (Woburn, MA, USA).

In Vitro Cell-Based Rat and Human BBB Models. Brain
Microvessel Preparation and Cell Culture. Microvessels were
isolated from brain samples after 1.5 h digestion with collage-
nase/ Dispase (1 mg/ mL, Roche, France) containing DNase 1
(20 units/mL, Roche, France), followed by a 20% BSA gradient
as described elsewhere.”® The resulting microvessels obtained in
the pellet were further digested with collagenase-Dispase (1 mg/mL,
Roche, France) containing DNase 1 (20 units/mL, Roche,
France) for 1 h at 37 °C while the supernatant containing a
layer of myelin was centrifuged, washed and cultured in 75 cm” in
the glial specific medium supplemented with 10 ug mL ™", hEGF,
10 mg mL ™! insulin, 25 ug mL ™" progesterone, S0 mg mL !
transferrin, 50 mg mL ™! gentamicin, 50 ug mL ™" 1% amphoter-
icin B, 1% of human serum and 5% of fetal bovine serum.

Microvessel endothelial cells clusters after collagenase-Dispase
digestion were passed through a 20 4m nylon mesh. The micro-
vessels retained by the nylon mesh were collected and washed.

For RNA isolation and real-time PCR experments, the purity
of collected brain microvessels were checked by measuring the
expression of cell specific marker genes using specific primer for
brain endothelial cells (CD31 or PECAM), for glial cells (Glial
fibrillary acid protein or GFAP) and for pericytes (Q-actin).

For brain endothelial isolation, isolated brain microvessels
were cultured in 25 cm” flask coated with collagen type IV and
fibronectin (0.1 mg/mL) in the presence of puromycine (2 ¢g/mL)

in the endothelial basal medium containing 0.1% human recom-
binant epidermal growth factor (hEGF), 0.04% hydrocortisone,
0.1% human recombinat insulin like growth factor, 0.1% ascorbic
acid, 0.1% gentamin, 0.1% amphotericin-BN and 5% fetal bovine
serum. On the third day, the cells received a new endothelial
specific medium without puromycine. When cells reached con-
fluence (70%) at day 7, the purified endothelial cells were frozen
and ready to be used for in vitro cell-based BBB genesis and drug
transport experiments.

Cell-Based Blood—Brain Barrier Model. Glial cells (2 x 10*
cells) were plated on Transwell plates (Costar, pore size 0.4 um;
diameter 12 mm; insert growth area 1.12 cm?, Dutscher SA,
Brumath, France) in a glial specific medium (0-MEM/F12)
supplemented with 10 ug mL ™', hEGF, 10 mg mL ™! insulin,
25 ug mL ™! progesterone, S0 mg mL ™! transferrin, 50 mg mL ™!
gentamicin, SO ug mL ™" 1% amphotericin B, 1% of human serum
and 5% of fetal bovine serum. After 24—72 h, BECs (5 x 10*
cells) were plated on the upper side of a collagen-coated
polyester Transwell membrane (Costar, pore size 0.4 um;
diameter 12 mm; insert growth area 1 cm®) in 0.5 mL of the
endothelial basal medium-2 (EBM-2, LONZA, Walkersville,
MD, USA) containing 0.1% human recombinant epidermal
growth factor (hEGF), 0.04% hydrocortisone, 0.1% human
recombinat insuline like growth factor, 0.1% ascorbic acid,
0.1% gentamin, 0.1% amphotericin-BN and 5% fetal bovine
serum. (0.5 mL). The chambers containing human glial cells
and BECs were considered as the basolateral and apical compart-
ment, respectively. The microplates were then incubated at 37 °C
in a 5% CO, atmosphere. Under these experimental conditions,
BECs formed a confluent monolayer within 15 days.

Checking the Integrity of the Cell-Based BBB Models. The
integrity of the cell-based BBB models was demonstrated (i) by
assessing the presence of tight junctions between the endothelial
cells under a confocal microscope, mRNA transcriptional profiles
and (ii) by measuring the flux of the paracellular reference
marker, ['*C]-sucrose, through the monolayer.

For immunostaining, BEC monolayers were fixed with cytofix-
cytoperm buffer (Pharmigen, France) and permeabilized with
Perm/Wash buffer (Pharmigen) according to the manufac-
turer’s procedure. The samples were washed with PBS and
soaked in the blocking solution containing 4% BSA. They were
then incubated with the rabbit anti-Zonula occuldens (ZO-1),
rabbit anticlaudin-3 and mouse anticlaudin-S mAb from Zymed
laboratories (San Francisco, CA). After washing, the cells
were incubated with the secondary FITC antibody (Becton-
Dickinson, San Diego, CA). The preparations were examined
with a fluorescence microscope.

The BBB integrity was checked by assessment of sucrose
permeability as a marker to validate the experiments before and
after test compound incubations. Before use of the monolayers,
BBB integrity was checked on 12% of monolayers. Transwells
with HBMEC monolayers were transferred to new plates. T
buffer (150 mM NaCl, 5.2 mM KCl, 2.2 mM CaCl,, 0.2 mM
MgCl,, 6 mM NaHCO3, 2.8 mM glucose and S mM Hepes) was
added: 1.5 mL to the basolateral compartment (B) and 0.5 mL to
the apical compartment (A), which also contained 0.37 x 10"
Bq/mL of [**C]-labeled sucrose. After 60 min of incubation at
37 °C, supernatants from both A and B compartments were
collected and the amount of tracer that passed through the
endothelial monolayer was determined by scintillation counting.
Monolayers were validated for sucrose permeability from A to B
and B to A below 8 x 10 ®cms™ .
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Transcription Profiles of Tight Junctions, Efflux Transporters
and Other Receptors. For a thorough evaluation of the in vitro
cell-based rat BBB model, the mRNA expression profiles of tight
junctions (Claudine-S, ZO-1) and ABC transporters (abcbl,
abecl, abee2, abecd, abee6, abebg2) were assessed as previously
described. RNA was isolated using GenEluteTM mammalian
total RNA kit (Sigma, Aldrich). Total RNA concentration and
purity were then determined by measuring absorbance at 260
and 280 nm. The A260/280 ratio ranged between 1.8 and 2.

A sample of 0.5 ug of total RNA was converted to cDNA with
random primers in a total volume of 10 L using RT” first strand
kit (Superarray Bioscience Corporation, USA). The cDNA was
diluted with distilled water to a volume of 100 x#L. 0.4 uM was
used for each primer set in a specific RT” profiler PCR array
according to the manufacturer’s protocol. Relative expression
values were calculated as 27ACT, where ACT is the difference
between the amplification curve (CT) values for genes of interest
and the housekeeping gene (hypoxanthine-guanine phosphor-
ibosyltransferase, HPRT). If the CT was higher than 35, we
considered the expression level too low to be applicable.

In Vitro Drug Transport Study. After checking BBB integrity,
Transwells with BEC monolayers were transferred to new plates.
T buffer (150 mM NaCl, 5.2 mM KCI, 2.2 mM CaCl,, 0.2 mM
MgCl,, 6 mM NaHCOj3, 2.8 mM glucose and S mM Hepes) was
added: 1.5 mL to the basal chamber (B) and 0.5 mL to the apical
chamber (A). Experiments were performed in triplicate for each
compound. The compounds (10 M) were introduced in the
donor chamber (either the apical or the basal compartment).
After 60 min, aliquots were removed from the acceptor and basal
chambers for drug-concentration determination as previously
described.*®

The P, value was calculated as followed:

app

Py = dQ/dT x A x Gy (1)

where dQ/dT is the amount of drug transported per time point;
A is the membrane surface area; and C, is the donor concentra-
tion at time point 0. Data are presented as the average = SD from
three monolayers. Mass balance of all compounds was between
80% and 120%.

The mass balance was calculated as follows:

R (%) = ([(4p + B.)/Ao] x 100 @

where A, and B; are the amount of tested compounds in the
apical and basal compartments, respectively. Ag is the initial
amount in the donor compartment at time point 0.

In Vivo Experiments. Time Course Distribution Study of Drug
in Plasma and Brain of Rat. The study was conducted in
accordance with protocols laid down by the Laboratoires Four-
nier Animal Welfare policy. The in vivo plasma and brain
exposure to tested compounds was assessed after oral gavage
(SLV compounds) or 3 min intravenous infusion (CIME
compounds) in the male Wistar rat (300—350 g, IFFA Credo,
France). For oral gavage, compounds were administered at 10
mg/kg by gavage as suspension in methycellulose 400 cP 1%. For
intravenous infusion, the animals were anesthetized (isofurane/
oxygen 5% for induction and 3% thereafter) and catheterized in
the tail vein before a 3 min infusion of the test compound
solution at 1 mg/kg.

Two rats per time point were used, up to 24 h postdosing.
Blood was sampled from the retro-orbital sinus in Eppendorf
tubes containing 20 uL of a sodium heparinate evaporated

solution at 1000 U/mL ' and then centrifuged for 5 min at
3000g at 4 °C to collect plasma. After collection, brains were
weighed and then frozen in liquid nitrogen. Plasma samples and
brains were subsequently stored at —20 °C until bioanalysis

Experimental Assessment of Plasma and Brain Protein
Binding. The in vitro rat plasma and brain protein binding was
assessed for each tested compound at 10 uM (0.5% DMSO).
Plasma protein binding was determined by ultracentrifugation
(4 h at 400000g) and brain protein binding by equilibrium dialysis
with a 96-well plate system (brain homogenate ~25 mg mL ™"
protein, equilibrium time 6 h). Recoveries were >75%, except for
omeprazole (65%) and SLV2 (70%).

Bioanalysis of CIME Compounds. Samples from in Vitro BBB
Permeability Experiments. CIME cocktail substrates were assayed
in vitro BBB media using a LC—MS/MS method. In short, 20 uL
of a solution mixture of internal standards, namely, lansograzole,
levallorphan, [*H;]-acetaminophen glucuronide, ["*C;]-1-
hydroxymidazolam, meloxicam, and [*H o]-CIME-2, was added
to 200 uL of incubation medium, and samples were left to stand
for 15 min. Finally, 20 uL was injected into the chromatographic
system made up of an Acquity UPLC system coupled to a triple
quadrupole mass spectrometer Quattro Premier XE equipped
with a turbo spray ionization source (Waters, Saint Quentin en
Yvelines, France). System control and data processing were
carried out using MassLynx software version 4.1. The chromato-
graphic step was performed on an ACQUITY UPLC BEH Shield
RP18 column (2.1 mm X 100 mm, 1. 7 um) coupled with a
ACQUITY UPLC BEH Shield RP18 1.7 um Van Guard Pre-
Column (Waters, Saint Quentin en Yvelines, France) set at
50 °C. A gradient of two solvent mixtures was delivered at
0.4 mL/min. Solvent A comprised 0.1% formic acid in water and
solvent B, 0.1% formic acid in acetonitrile. Analytes were ionized
in either positive or negative mode (4-OH-tolbutamide and
phenacetine). Tuning parameters were as follows: capillary
voltage 3 kV, source temperature 120 °C, desolvatation tem-
perature 350 °C, desolvatation nitrogen gas 900 L/h, cone gas
10 L/, collision argon gas flow 0.05 mL/min with a pressure of
2.6 x 107 bar. Multiple reaction monitoring was used for
analyte quantification against internal standards.

Plasma Samples. Five hundred micrograms of the internal
standard mixture in 2% NH,OH was spiked in 250 uL of rat
plasma, and samples were allowed to stand for 15 min at room
temperature. Then 1 mL of the mixture underwent solid phase
extraction (SPE), i.e. loaded onto an Oasis MAX cartridge (30 mg,
1 cm®) (Waters), which had previously been conditioned with
1 mL of methanol followed by 1 mL of water. Washing steps were
performed with 1 mL of water and 1 mL of 5% methanol in water.
Analytes were eluted with 2 X 250 L of 2% formic acid in
methanol and 2 X 250 uL of acetonitrile/methanol (1/1, v/v) in
a polypropylene tube already containing 75 uL of 2% NH,OH in
10 mM ammonium acetate. Using vortex mixing, eluates were
evaporated to dryness (1 h, 40 °C) in a turbovap (Caliper). The
dry residues were reconstituted in 100 4L of 10% methanol in
10 mM ammonium acetate, and, after vortex mixing, 20 #L was
injected into the same chromatographic system as that used for
in vitro experiments). The quantification was carried out using
standard curves prepared from blank brain tissue spiked with
CIME cocktail substrates and metabolites. The following internal
standards were used: lansoprazole for omeprazole and metabolites,
levallorphan for CIME-S, dextromethorphan and metabolites,
[2H3] -acetaminophen glucuronide for digoxine, acetaminophen
and metabolites, ["*C;]-1-hydroxymidazolam for midazolam and
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Figure 1. (a) Checking in vitro rat cell-based BBB model integrity. mRNA transcription profiles for claudin-S and ZO-1 by semiquantitative RT-PCR
performed in isolated brain endothelial microvessels from brain cortex, brain endothelial cells cultured above glial cells. Results are mean = SD of 10 rat
brain endothelial microvessels and a pool of 10 brain endothelial cells in duplicate. (b) Fluorescence photomicrographs: Primary rat brain endothelial

cells stained for ZO-1, claudin S and claudin 3.

metabolites, [*H;]-omeprazole sulfone for omeprazole sulfone,
meloxicam for ?E)henacetin, tolbutamide and metabolites, pravastatin
for CIME-8, ["H;]-CIME-2M for CIME-2M (corresponding me-
tabolite of the CIME-2 substrate). Specificity, precision, accuracy,
total recovery, dilution and stability during the process and in the
autosampler were checked and fulfilled the recommended ranges.

Brain Samples. Rat brains were weighed and homogenized in
ultrapure water (1/2, w/v) using an Ultraturax. One milliliter of
the internal standards (see above) solution in methanol was
added to 200 uL of brain homogenate. After centrifugation
(10 min, 20000g, 4 °C, supernatants were evaporated to dryness
(2 h, 40 °C) in a Turbovap (Caliper). Dry residues were
resuspended in 500 uL of 1% NH,OH and submitted to the
same solid phase extraction as for plasma and the same LC—MS/
MS method as for in vitro experiments (see above). Quantifica-
tion was carried out using standard curves prepared from blank
brain tissue spiked with CIME cocktail substrates and metabo-
lites. The following internal standards were used: lansoprazole
for omeprazole and metabolites, levallorphan for CIME-5, dextro-
methorphan and metabolites, [*H,]-acetaminophen glucuronide
for phenacetine, acetaminophen and metabolites, ['*C;]-1-hydro-
xymidazolam for midazolam and metabolites, [*H,]-omeprazole
sulfone for omeprazole sulfone, pravastatin for CIME-8, [*Hj]-
CIME-2M for CIME-2M.

Bioanalysis of SLV Compounds. Sample preparation was
adapted to all different samples: the in vitro samples (from
BBB permeability experiments) were diluted with a mixture of
blank matrix and acetonitrile; the plasma samples (from in vivo
pharmacokinetics and from plasma protein binding assessment)

and brain homogenates (from brain protein binding assessment)
were analyzed after protein precipitation with organic solvents;
the rat brain samples (from in vivo pharmacokinetics) were
weighed and homogenized with a mixture of aqueous solution
and organic solvents using the IKA grinder.

All samples were analyzed by LC—MS/MS using the multiple
reaction monitoring mode specific to each analyte and to the
internal standards. For the in vitro BBB samples, the LC—MS/MS
system consisted of two pumps (1100, Agilent Technologies), a
column oven (1100, Agilent Technologies), an HTS PAL
autosampler (CTC Analytics) and a hybrid quadrupole linear
ion trap mass spectrometer (API4000Qtrap, Applied Biosys-
tems/MDS Sciex) with an ESI source. The analytical column was
a Zorbax Eclipse XDB C18 (100 x 3 mm, 3.5 um) (Agilent
Technologies), the flow rate was 0.6 mL/min and the injection
volume was 2 uL. For the protein binding samples or in vivo
samples, the LC—MS/MS system consisted of an online
degasser (DGU-20 A3, Shimadzu), two pumps (LC-20ADXR,
Shimadzu), a column oven (CTO-20AC, Shimadzu), an
autosampler (SIL-20ACXR), a system controller (CBM-20A,
Shimadzu) and a hybrid quadrupole linear ion trap mass spectro-
meter (AP14000Qtrap, Applied Biosystems/MDS Sciex) with an
ESI source. The analytical column was an Acquity BEH (50 X 2.1
mm, 1.7 um) (Waters), the flow rate was 0.8 mL/min and the
injection volume was 2 uL.

Mass spectrometer conditions were optimized for each com-
pound, since some were detected with the negative ionization
mode and others with the positive ionization mode. For all tested
compounds, a linear gradient of mobile phase A (ammonium
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acetate S mM with 0.1% of acid formic) and mobile phase B
(acetonitrile with 0.1% of acid formic) was optimized. An
internal standard with the same ionization mode as the tested
compound was added before sample preparation. Both the
chromatrographic system and the mass spectrometer were con-
trolled by Analyst software version 4.2. (AP14000Qtrap, Applied
Biosystems/MDS Sciex). Quantification was carried out using
standard calibration curve and quality control samples prepared
with blank matrix spiked with SLV compound.

Data Integration. The objectives of this work were first to
evaluate the new human and rat cell-based BBB in vitro models as
part of the drug discovery process, with a focus on interspecies
differences and on the potential in vitro/in vivo correlation, with an
aim toward subsequent human brain penetration prediction. There-
fore, the comparison of in vitro permeability obtained with rat versus
human cells was established. Moreover, considering that brain
penetration depends on plasma exposure, plasma and brain protein
binding and BBB permeability rate and extent,”"' "> we assessed a
tentative relationship between all these combined parameters and
brain exposure in rat. Second, as physicochemical properties have
been well-described as impacting crossing of the BBB, their link to
permeability results observed with the in vitro model was studied and
compared to literature.”

Statistical Analysis. Statistical analysis was performed using
the Prism 3.0 program (GraphPad Software, Inc., San Diego,
CA) and the R statistical software (R Development Core Team,
2009). Regression lines were calculated and correlation was
estimated by the two-tailed nonparametric Spearman test. A
nonparametric two-tailed Mann—Whitney test was performed to
assess the significant differences between different experimental
conditions. Mean and SD were calculated. Statistical significance
was set at p < 0.0S.

B RESULTS

In Vitro Primary Rat and Human Cell-Based Blood—Brain
Barrier Models. Integrity, Inter- and Intraindividual Variability
and Dynamic Range of Permeability of the in Vitro Cell-Based
Human and Rat BBB Model. The in vitro cell-based model of
human BBB has been previously described,° thus we focus our
study on the in vitro primary rat cell-based BBB model. We
analyzed the transcriptional mRNA profile of claudin-5, ZO-1
involved in the tightness of BBB.

The expression level of claudin-5 and ZO-1 mRNA in in vitro
primary rat cell-based BBB model was compared to that of freshly
isolated brain endothelial microvessels. First of all, we evaluated
the purity of brain endothelial microvessel preparation (isolated
from a pool of 20 rat brain samples). PECAM-1 mRNA was the
most expressed in brain microvessels (98.7 £ 0%) compared to
GFAP (1 £ 0%) or ot-actin (0.3 £ 0%) showing the acceptable
purity of the rat brain microvessels.

Rat brain endothelial cell coculture on top of glial cells
expresses mMRNA for claudin-5, ZO-1 and cdaudin-3
(Figure 1a). The influence of glial cells on in vitro cell-based
rat BBB properties was demonstrated by a trend to increased
mRNA encoded for claudin-5 and ZO-1. To further demonstrate
the presence of the corresponding proteins, immunostaining was
performed. Rat brain endothelial cells express junction proteins
such as claudin-5, claudin-3 and ZO-1. Figure 1b shows the
continuous network of labeled claudin-3, claudin-5 and ZO-1
demonstrating that the in vitro primary brain endothelial mono-
layer displayed well-developed tight junctions in the in vitro
primary rat cell-based BBB model. This integrity was associated
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Figure 2. Low paracellular transport of sucrose and high permeability of
propranolol from in vitro rat cell-based BBB model. Each batch
represents a single batch of cells. Data are the mean of 11 different
batches of cells in at least triplicate. ***, p < 0.001, a nonparametric
Mann—Whitney test.

Propranolol
Caffeine
Dextromethorphan
Midazolam:
CIME-54 —

CIME-2.
Acetaminophen
Atenolol

CNS
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High Passage

Non CNS compounds
Low Passage

P,ppas (x10° cm/s)

Figure 3. Permeability of CNS and non CNS compounds in in vitro rat
cell-based BBB model. Data are the average of at least three cell
monolayers for each test compound.

with a low paracellular permeability of sucrose across the brain
endothelial cell monolayer. The mean Py, value of sucrose, a
paracellular marker, on eleven different batches of cells in
triplicate was 3.28 & 0.82 cm s ' x 10°¢ (CV: 25%, p <
0.001) and by comparison to propranolol, a high BBB permeable
marker, permeability (31.50 + 6.19 x 10 ® em s~ '; CV:
19.65%) indicated an overall restrictive paracellular permeation
across the in vitro primary rat cell-based BBB model (Figure 2).
The P, value for sucrose in the in vitro rat cell-based BBB model
is in the same range as in the in vitro primary human cell-based
BBB: mean P, value of sucrose from 9 different batches of 9
different donors was 2.69 & 0.25 x 10 ®cm s ' (CV: 23.28%).

Known CNS and non-CNS marketed drugs were used to
assess permeability across the in vitro cell-based rat BBB model.
The mean Py, value for the marketed non-CNS compounds
from the apical to basal compartment was about 2.32 &£ 0.93 x
10 *cms™* (range: 0.87 x 10 ®cms 't03.27 X 10 ®cm sfl),
consistent with a limited passage across the rat brain endothelial cell
monolayer. The mean P,,, value for CNS compounds such as

app
propranolol, midazolam, acetaminophen and phenacetin, consistent
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Figure 4. ABC transporter gene expression profile in rat brain microvessels and isolated brain endothelial cells cultured on top of glial cells. Results are
mean % SD of 10 rat brain endothelial microvessels and a pool of 10 brain endothelial cells in duplicate.

—1

with high passive permeability, was about 50 4= 11 x 10 emss
(Figure 3).

Transcription Profiles of Efflux Transporters and Other
Transporters. The expression of six ABC transporters was
investigated by semiquantitative RT-PCR in freshly isolated
brain microvessels from brain cortex and in the corresponding
isolated brain endothelial cell coculture on top of glial cells.
Transcript levels for abccl and abeg2 in the in vitro cell-based rat
BBB model were similar to those in freshly isolated pure brain
endothelial microvessels, while mRNA expression of abcc4,
abcc$, and abcec2 in in vitro cell-based rat BBB model decreases
(Figure 4). mRNA transcripts for abcb1 in brain endothelial cells
increased in the presence of glial cells, suggesting the role of glial
cell factors in the regulation of abcb1 as described elsewhere.””

Selection of Compounds. Drugs selected cover a wider range
of MW (range 151—781; mean 388), H donors (range 0—14;
mean S), H acceptors (range 0—13; mean 5.90), lipophilicity
[(cLogP) range —0.13 to 8.2; mean 2.98], rotatable bonds
(range 0—6; mean 1.95), and PSA (range 12.47—203; mean
77.89) as shown in Table 1. The in vitro cell-based rat BBB model
demonstrated a large dynamic range, with PaPIP values spanning
from 0.85 x 10 ° to 61.13 x 10 ® cm s ' for the selected
compounds.

In Vitro BBB Permeability versus Physicochemical Properties.
The relationships between in vitro apparent permeability using
in vitro cell-based rat BBB model and physicochemical properties
are summarized in Figure 5. No direct relationship was observed
between in vitro BBB P,,,, and MW, cLogP, PSA (Figure S), nor
between H donors/acceptors and number of rotatable bonds
(Table 1). However, compound physicochemical properties such

as cLogP < 5, MW < 450 Da and PSA < 120 A were confirmed to be
favorable for a high BBB permeabili? as thezf were linked with high
in vitro Py, values (from 20 X 10™° cm's™ to 60 X 10 °ems !
using the in vitro primary rat cell-based BBB model) (Figure 5), and
would be useful in the chemical design of new brain-targeting drug
candidates.

In Vitro/in Vivo Correlation. Rat plasma and brain exposure to
the test compounds are reported in Table 1.

Several recent publications focused on the impact of brain
versus plasma protein binding and demonstrated that the protein
binding ratio may reflect the brain penetration.”** Good correla-
tions were observed between the brain/plasma protein binding
ratio and the in vivo brain/plasma AUC ratio. In the present
study, even if no direct correlation was shown, the brain/plasma
protein binding ratio allows exclusion of compounds with a low
in vivo brain/plasma AUC ratio (Figure 6). In this case, the
difference in protein binding would be the main factor involved
in brain penetration and would go beyond the apparent perme-
ability issues.” This relationship does not consider BBB perme-
ability, which is assimilated as passive diffusion and does not take
into account the potential active transporters present in the BBB.
Nevertheless, BBB permeability may influence brain exposure
since it is rate and extent limiting. The function of efflux-
transporters as well as BBB permeability has been suggested to
play a major role in the prediction of drug penetration in the
brain.”*** In the present study, by collectively considering all
factors that potentially impact brain exposure (plasma AUC, plasma
and brain protein binding, BBB permeability rate and efflux ratio), a
significant relationship was observed with the compounds with the
undisclosed structure (R* = 0.67) (Figure 7A). On the whole
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Figure 6. Relationship between BBB permeation in vivo in rat and unbound fraction in brain (f, i) and plasma (fu,plasma) tissues.

(compounds with disclosed and undisclosed structure), an inter-
esting in vitro/in vivo correlation in rat BBB was observed (R*=0.67,
P =2 x 10~ *) (Figure 7B).

In Vitro Interspecies Differences in Rat vs Human. Prior to
using the in vitro primary rat and human cell-based BBB models,

the tightness of the BEC monolayer was consistently checked by
assessing the permeability of ['*C]-sucrose. The permeability of
the selected compounds was then measured bidirectionally:
apical to basal (P,,ap) and basal to apical compartments
(Papppa)- The Puyopa/Popap efflux ratio (ER) was calculated.
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Conventionally, compounds with a ER above 2 are considered
to undergo active efflux, compounds with a ER below 0.5 are
considered to undergo active uptake and compounds with a ER
between 0.5 and 2 are considered to cross the BBB by passive
diffusion.”® In this study, compounds known to be efflux-
transporter substrates in human such as digoxin and SLV6
(ER: 5.2 and 9.8, respectively) are likely to also be sub-
strates in rat (ER: 12 and 3.5, respectively) (Table 1). Figure 8

reveals that there is a correlation between the two BBB models.
However, the high correlation was observed with the known
CIME compounds (R* = 0.94). Considering the whole data set, a
trend of correlation (R* = 0.61) was observed between in vitro rat
and human cell-based BBB models, broadly indicating a similar
ranking of compounds between rat and human BBB models.
Compounds (SLV4, -5, -7 and -8) may reflect a negative
correlation mainly driven by the compounds SLV4 and -7. The
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first of the two was observed to be potentially a substrate of an
uptake transporter in the rat model (ER = 0.4) but not in the
human cells (ER = 1.6).

The correlation between both species increased to 0.91 when
two outliers (SLV4 and SLV7) were excluded from the relation-
ship (Figure 8), and a trend of 2-fold higher permeability was
noted in the rat model. These observations raise concerns that
potential interspecies differences®’ may occur for some com-
pounds and lead to a bias in the extrapolation of results obtained
using the rat model to the human BBB.

l DISCUSSION AND CONCLUSION

CNS drugs under development have a high failure rate.**
Many of these failures may occur due to drugs not reaching the
CNS target because of lack of BBB permeation. This is a major
challenge that the pharmaceutical industry is facing and may be
not only explained by complexities in extrapolating brain phar-
macokinetics from animal to human but also due to the difficulty
in developing a relevant screening tool in relation to BBB
permeation. Until now, research flow schemes have mainly been
based on an initial screening with a simple in vitro permeability
model such as PAMPA or MDCK cells overexpressing human
P-gp'* and subsequent assessment of plasma and brain protein
binding,'>**** followed by in vivo experiments for the brain/
plasma ratio determination in the animal species used for
preclinical pharmacology studies. This current screening process
may be considered as inappropriate if permeability is to be taken
into account and does not allow interspecies extrapolation. It is
essentially based on the assumption that brain penetration in
human would be similar to that in animals. Even among the many
in vitro BBB models described in literature onlgr a few have
demonstrated the presence of efflux transporters®*° and/or a low
paracellular permeability as observed in the in vivo BBB. Most of the
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currently available in vitro BBB models used to mimic BBB
permeability remain a mere approximation of the complex BBB
structure composition and functions. In this investigational work, we
report the in vitro primary rat and human cell-based BBB models as a
more appropriate tool for early drug screening of CNS drug
candidates.

First of all, membrane composition and functionalities of the
in vitro cell-based BBB model have been highlighted, in addition
to the fact that it is relatively easy to implement, standard and
reproducible, and would allow a reduction in the use of animals.
Similarly to the in vitro human cell-based BBB model, which was
previously characterized®* [mean P,y for 9 different batches
from 9 different donors in three replicates at 2.69 x 10~ ° 4 0.25 x
107¢ em s '], the in vitro primary rat cell-based BBB model
exhibits a low paracellular permeability [mean P, for 11 cell
batches in three replicates at 3.28 x 107 ®40.82 x 10 ®cms ']
(Figure 2). These P,y values are 10-fold lower than those widely
observed in currently available BBB models.”' >* The results
presented in Figure 1a,b indicate that the in vitro primary rat cell-
based model adequately expressed specific tight junction pro-
teins and more particularly claudin-5 proteins, which regulate the
paracellular transport across the brain endothelial cell monolayer.
Moreover, the in vitro primary rat cell-based BBB model is
polarized, similarly to the in vivo BBB.

The mRNA expression for ABC transporters was measured.
Transcript levels for the major efflux transporters such as abcbl
and abcg2 were evidenced. Those transporters are higly
expressed and work in conjunction with limit distribution of
compounds into the brain.>>*® We did not detect mRNA for
abcc6. While mRNA transcripts for abec2, abee4 and abecS in
brain endothelial cells decreased in the presence of glial cells,
mRNA transcripts for abcb1 in brain endothelial cells increased,
suggesting the role of glial cell factors in the regulation of those
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transporters as described elsewhere.”” The mRNA expression for
ABC transporters was measured, and functionality was con-
firmed. For instance, the efflux ratio for the P-gp substrate,
vinblastine, is approximately 2.43 £ 0.48 (data for 10 batches
of cells in three replicates: CV = 19.88%). In addition, compound
SLV6, which showed an efflux ratio of about 15 in P-gp
transfected MDCK cells,'" presents an efflux ratio of 3.5 and
9.8 in in vitro rat and human cell-based BBB models (Table 1),
respectively. This bidirectional transport of P-gp substrates suggests
that transporters such as P-gp were functionally active and are
located on the apical membrane of rat brain endothelial cells. Finally,
Figure 3 shows that CNS and non-CNS compounds can be
differentiated on the in vitro rat cell-based BBB model.

The BBB permeability of the twenty selected compounds was
studied with the objectives of analyzing the in vitro/in vivo
correlation in rats, taking into account multiple factors involved
in brain exposure and interspecies differences between rat and
human. When considering the in vitro BBB permeability studies
in the present work, the mass balance study exceeded 80% of all
compounds with the exception of three (SLV3, omeprazole,
tolbutamide), which were therefore excluded from further data
integration and statistical analyses.

The in vitro cell-based rat BBB model demonstrated a large
dynamic range, with P, values ranging from 0.85 to 61.13 x
10 ®cm s for the selected compounds. In terms of support to
chemical design in drug discovery, physicochemical properties of
compounds such as PSA, MW, hydrogen acceptor bonding
capacity and lipophilicity were observed to be inadequate for
direct prediction with accuracy of their passage through the tight
BBB. None of these characteristics correlated with the measured
permeability (R* = 0.31; R* = 0.46; R* = 0.21 and R* = 0.018,
respectively). Our findings are in agreement with certain literature
data.'”?” Apart from this first observation, a relationship by
classification was found between drug physicochemical properties
and in vitro BBB permeability: Figure S highlights a trend between
MW, PSA, cLog P and in vitro Py, cwhjch confirmed previous
observations suggesting that PSA < 120 A, MW < 450 and cLogP < §
are required for brain-targeting drug candidates.”®

To predict human pharmacokinetics from animal data remains
a captivating challenge for researchers, and especially in discovery
of CNS drugs because of the very specific target. Recent papers
have shown a significant relationship between the brain/plasma
protein binding and the brain/plasma exposure ratio.”® This
relationship is based on the assumption that the BBB perme-
ability is mainly characterized by passive diffusion. Nevertheless,
if the protein binding ratio reflects tissue affinity, BBB perme-
ability has been well described as significantly impacting the rate
and extent of brain penetration,® moreover when involving not
only passive diffusion but also active uptake or eftlux transports.
When considering these factors all together, brain exposure may
be estimated without direct tissue analysis but by simultaneous
integration of plasma exposure, brain/plasma frotein binding
ratio, BBB permeability rate and efflux ratio (R*: 0.67, p = 2 X
10~ *) (Figure 7). This relationship would offer opportunities to
significantly improve drug candidate selection via in vitro experi-
ments, plasma and brain protein binding and in vitro cell-based
BBB permeability studies. Moreover the in vivo plasma (only)
pharmacokinetic experimentation phase would be considered
similarly to a screening chart corresponding to a systemic target,
thus reducing the number of studies and animals used in the
research process. In addition, this relationship would also imply
that the brain exposure in human can be predicted as soon as the

first human plasma pharmacokinetics are available or based on
prediction of human plasma exposure.

As part of the objective of studying interspecies differences in
BBB permeability, the dynamic range of permeability between in
vitro rat and human cell-based model was compared. One of the
initial perspectives following the in vitro interspecies study would
have been the use of the animal model as part of a research flow
scheme instead of the human model, because this is obviously
easier to implement and allows the pooling of brains from several
animals, to therefore perform a significantly higher number of
experiments per batch of cells and to integrate the interindividual
variability. The visual inspection of Figure 8 reveals that there is a
correlation between the two BBB models for the known CIME
compounds (R* = 0.94). From the results obtained with the
tested data set, Figure 8 illustrates a species mismatch for 11%
(SLV4 and SLV7) of the tested compounds between in vitro rat
and human cell-based BBB models. The differential permeability
of both compounds may account for this species mismatch.
Indeed, SLV4 exhibits 4-fold higher permeability in in vitro rat
than in human cell-based BBB model, while SLV7 exhibits 1.5-
fold higher permeability in human than in rat cell-based BBB
model. SLV4 displays an efflux ratio (ER) of about 0.4 and 1 in rat
and human, respectively. This ER of 0.4 suggests the involvement
of influx transporter in in vitro rat cell-based BBB model. This
difference in the permeability value in addition to the difference
in the efflux ratio for SLVS between rat (ER: 5.67) and human
(ER: 0.9) may account for a negative correlation evidenced in
Figure8 for SLV4, SLVS, SLV7 and SLVS.

In addition, permeability data from those conventional BBB
assays (MDR1-MDCKII and Caco-2) were compared to data
from our in vitro rat cell-based BBB models using SLV com-
pounds and CIME substrates. A weak correlation was find on the
one hand between Caco-2 cells and the in vitro rat cell-based BBB
model (r*: 0.48) and on the other hand between MDRI-
MDCKII and the in vitro rat cell-based BBB model (r*: 0.22).
The differential correlation could be explained by the difference
in membrane characteristics. For instance, it is well-known that
MDRI-MDCKII cell membrane has lower ratios of phospholipid
to cholesterol, unsaturated to saturated acyl chains, and phos-
phatidyl-choline to sphingomyelin than brain endothelial cells
making this immortalized cell line a poor passive permeability
model for BBB.*® Moreover, our findings show difference in the
expression level of transporter between Caco-2 cells and in vitro
rat cell-based BBB model (data not shown). For instance, BCRP
was more highly expressed in the in vitro rat cell-based BBB
model than in Caco-2 cells. Conversely, MRP2 and MRP6 were
highly expressed in Caco-2 cells while no expression was
evidenced in the in vitro rat cell-based BBB model. Finally, the
permeability comparison studies between different in vitro BBB
systems which can be extended to different known substrates
with high degree of interaction with known influx and/or influx
transporters need to be specifically studied.

Nevertheless, even if a similar ranking of compounds was
observed with the two models (rat and human cell-based BBB
models), a trend of 2-fold higher permeability seemed to be
evidenced in the rat versus the human model. This may indicate
that early drug candidate screening (Hit to Lead—Lead
optimization) could be done using the rat cell-based BBB, but
on condition that potential differences in membrane composi-
tion and/or fluidity, and/or transporter expression/activity/
affinity between species®" are not dismissed. Therefore, both
a full interspecies BBB membrane characterization and the use
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of the human cell-based model at a later research phase
(preclinical candidates) appear necessary for a fully integrated
screening chart.

Collectively, our findings indicate that the in vitro primary rat
and human cell-based blood—brain barrier models have been
characterized as having relevant features of the in vivo blood—
brain barrier and are suitable for discriminating CNS and non-
CNS compounds. Considering that plasma pharmacokinetics are
not CNS-specific, an optimized CNS drug discovery process may
include physicochemical properties such as MW, PSA and
cLogP, plasma and brain protein binding ratio, and the BBB
permeability rate and efflux ratio. Standardization of the BBB
animal and human cell-based models (validation of models with
other species is currently ongoing) and their acceptance in the
pharmaceutical industry has a potential to significantly decrease
abortion of CNS drugs at later stages of drug development and
would help to focus resources on promising compounds that are
more likely to reach the target organ: the brain.
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