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1Centre de Pharmacocinétique et Métabolisme, Groupe de Recherche Servier, Orléans, France
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ABSTRACT: A whole-body physiologically based pharmacokinetic (PBPK) model was devel-
oped for the prediction of unbound drug concentration-time profiles in the rat brain, in which
drug transfer across the blood–brain barrier (BBB) was treated mechanistically by separat-
ing the parameters governing the rate (permeability) of BBB transfer from brain binding. An
in vitro–in vivo scaling strategy based on Caco-2 cell permeability was proposed to extrapolate
the active transporter-driven component of this permeability, in which a relative activity fac-
tor, RAF, was estimated by fitting the model to rat in vivo profiles. This scaling factor could
be interpreted as the ratio of transporter activity between the in vitro system and the in vivo
BBB, for a given drug in a given in vitro system. Morphine and oxycodone were selected to
evaluate this strategy, as substrates of BBB-located efflux and influx transporters, respectively.
After estimation of their respective RAFs using the rat model, the PBPK model was used to
simulate human brain concentration profiles assuming the same RAF, and the implications of
this were discussed. © 2012 Wiley Periodicals, Inc. and the American Pharmacists Association
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INTRODUCTION

The need for predictive models of drug central ner-
vous system (CNS) penetration is becoming increas-
ingly important, as shown by the increasing costs,
and yet high failure rates of CNS drug programs. It is
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essential to build knowledge from preclinical studies,
and to develop prediction tools and strategies for the
extrapolation of preclinical and in vitro data to man
as early as possible.

Recently, the determination of drug CNS penetra-
tion has been improved by reassessing the critical
parameters governing both the rate of blood–brain
barrier (BBB) transfer and the extent of distribution
at steady state.1 Although traditionally, the extent
of brain distribution at equilibrium was measured
in vivo and expressed as Kp, that is, the ratio be-
tween brain and blood total drug concentrations, us-
ing Kp as an indicator of active drug concentrations
in the brain could be misleading because it does not
distinguish between unbound drug and drug which
is bound to brain tissue components (i.e., unavail-
able to bind to receptor of action, according to the
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general consensus).2 More recently, Kp,uu-–the un-
bound concentration ratio-–has been preferred, as it
is independent of binding.2,3 Not only does Kp,uu give
a better idea of the pharmacologically active concen-
tration ratio, but also a value higher or lower than
unity can indicate whether active influx or efflux, re-
spectively, are the dominant transport processes at
the BBB.

The rate at which the drug crosses the BBB is de-
termined by the permeability of the BBB to the drug,
along with any transporter effects.4 The net brain up-
take rate can be measured at the in vivo BBB by
in situ brain perfusion5,6 and it represents the com-
bined effect of passive permeability, plus active in-
flux and efflux processes. Taken together, uptake rate
and Kp,uu are key elements in defining the brain en-
try of drugs.7 However, they do not allow the predic-
tion of time-dependent brain concentration profiles,
and they can be difficult to scale between species.
in vivo and in situ techniques such as microdialysis
and brain perfusion can provide profiles, but are costly
and time consuming and are therefore not routinely
performed in early drug development. What is needed
is a model framework incorporating the various rate
processes and binding parameters involved in drug
brain penetration, in which the kinetics of these pro-
cesses is measured using routinely employed in vitro
systems and which are then scaled to in vivo using a
mechanistic strategy, to predict time-dependent phar-
macokinetic (PK) profiles in a manner which allows
extrapolation to man.

Physiologically based pharmacokinetic (PBPK)
models have been successfully used from the early
stages of drug development to predict time-dependent
drug profiles in various body tissues based on
in vitro input data and molecular and physicochemi-
cal properties.8 Importantly, the physiological struc-
ture of the model facilitates interspecies scaling by the
incorporation of the relevant species-specific parame-
ters. Despite these advantages, very few PBPK mod-
els of the brain have been reported in the literature
because of the complex, transporter-rich structure of
the BBB which currently renders in vitro–in vivo
extrapolations (IVIVE) difficult.9 The few reported
PBPK models of the brain to date either only con-
sider drugs which are not transporter substrates,10

or they estimate the rate constants of active trans-
port by fitting to in vivo microdialysis data.11–13 The
success of a PBPK model for the prediction of brain
PK depends on the selection of appropriate in vitro
system(s) to estimate BBB permeability. If similarity
in cell type is the only consideration, then logically
primary brain microendothelial cell cultures14 would
be the system of choice. However, because these are
not routinely implemented during industrial drug de-
velopment, other surrogate systems used to measure

membrane permeability must be evaluated. There
has already been some success in comparing efflux
ratios and permeability in various P-glycoprotein
(P-gp)-expressing in vitro cell lines, such as Caco-2,
with the in vivo brain Kp in preclinical species.7,15

Because cell lines such as Caco-2 are often used to
predict intestinal permeability despite not being de-
rived from the jejunum, it could also be possible to
use them to predict brain permeability, provided that
suitable scaling methods are applied.

This paper focuses therefore on the determination
of appropriate in vitro systems to predict BBB perme-
ability for two CNS drugs, morphine and oxycodone.
Despite significantly different in vitro affinities for
the :-opioid receptor, they demonstrate equipotency
in vivo in the rat.16 This has been explained by differ-
ence of at least sixfold between the Kp,uu of oxycodone
(∼3) and morphine (0.3–0.5) for the same blood con-
centration because of their net transporter-driven in-
flux and efflux at the BBB, respectively.17 Here, a
whole-body PBPK model was developed to predict
morphine and oxycodone unbound brain concentra-
tion profiles using in vitro permeability data, and ap-
propriate in vitro–in vivo scaling factors (SFs) were
estimated. Finally, the evaluation of model extrapola-
tion from rat to man was discussed.

MATERIALS AND METHODS

Model Structure

The whole-body PBPK and brain model was con-
structed using the software acslX (version 2.5.0.6,
Aegis Technologies, Huntsville, Alabama) as depicted
in Figure 1. The brain was divided into two separate
compartments, one representing the brain vascula-
ture, and the second representing brain tissue, sepa-
rated by the BBB. The BBB transfer coefficients were
determined as described below.

Determination of BBB Transfer Coefficients

The net uptake clearance across the BBB, CLuptake
(mL/min), as is often determined from in situ brain
perfusion is given in Eq. 1:

dAbr

dt
= CLuptakeCu,br,vasc (1)

where dAbr/dt is the rate of change of the amount of
drug in brain, and Cu,br,vasc is the arterial blood con-
centration which passes through the brain vascula-
ture. However, because the transport of drug across
the BBB is generally the result of both passive and
active transporter-driven effects, Eq. 1 can be repa-
rameterized as Eq. 2 to distinguish these separate
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