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ABSTRACT
Purpose The current project was undertaken with the aim to
propose and test an in-depth integrative analysis of
neuropharmacokinetic (neuroPK) properties of new chemical
entities (NCEs), thereby optimizing the routine of evaluation
and selection of novel neurotherapeutics.
Methods Forty compounds covering a wide range of physicochem-
ical properties and various CNS targets were investigated. The com-
binatory mapping approach was used for the assessment of the extent
of blood-brain and cellular barriers transport via estimation of
unbound-compound brain (Kp,uu,brain) and cell (Kp,uu,cell) partitioning
coefficients. Intra-brain distribution was evaluated using the brain slice
method. Intra- and sub-cellular distribution was estimated via calcula-
tion of unbound-drug cytosolic and lysosomal partitioning coefficients.
Results Assessment of Kp,uu,brain revealed extensive variability in
the brain penetration properties across compounds, with a prev-
alence of compounds actively effluxed at the blood-brain barrier.
Kp,uu,cell was valuable for identification of compounds with a

tendency to accumulate intracellularly. Prediction of cytosolic and
lysosomal partitioning provided insight into the subcellular accumu-
lation. Integration of the neuroPK parameters with pharmacody-
namic readouts demonstrated the value of the proposed approach
in the evaluation of target engagement and NCE selection.
Conclusions With the rather easily-performed combinatory map-
ping approach, it was possible to provide quantitative information
supporting the decision making in the drug discovery setting.
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ABBREVIATIONS
Abrain Amount of drug in brain tissue
AUC0−t Area under the drug concentration-time curve

from zero to t, where t is the last time point with
a measurable concentration for an individual dose
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AUCtot,brain Area under the total drug brain concentration-
time curve

AUCtot,plasma Area under the total drug plasma concentration-
time curve

BBB Blood-brain barrier
BCRP Breast cancer resistance-associated protein
BCSFB Blood-CSF barrier
CB Cellular barrier
Cbuffer Concentration of compound in the buffer

(brain slice method)
CNS Central nervous system
CSF Cerebrospinal fluid
Ctot,brain Total drug concentration in brain
Ctot,plasma Total drug concentration in plasma
Cu,brainISF Unbound-drug concentration in brain interstitial

fluid
Cu,plasma Unbound-drug concentration in plasma
ECF Extracellular fluid (same as ISF)
ED Equilibrium dialysis
fu,brain Unbound fraction of drug in brain homogenate
fu,brain,corrected Unbound fraction of drug in brain homogenate

after applying the correction using the pH
partitioning model

fu,hD Unbound fraction of drug in diluted brain
homogenate

fu,plasma Unbound fraction of drug in plasma
ICF Intracellular fluid in the brain
ISF Interstitial fluid in the brain (same as ECF)
Kp,brain Ratio of total brain to total plasma drug concen-

trations (general annotation)
Kp,brainSD Ratio of total brain to total plasma drug

concentrations measured after single dose
administration

Kp,brainSS Ratio of total brain to total plasma drug concen-
trations at steady-state

Kp,CSF Ratio of total plasma to total CSF drug
concentrations

Kp,uu,brain Ratio of brain ISF to plasma unbound-drug
concentrations

Kp,uu,cell Ratio of brain ICF to ISF unbound-drug
concentrations

Kp,uu,cell,obs Kp,uu,cell determined using the combination of
brain slice and brain homogenate methods

Kp,uu,cell,pred Kp,uu,cell predicted using the three-compartment
pH partitioning model

Kp,uu,CSF Ratio of plasma to CSF unbound-drug
concentrations

Kp,uu,cyto,pred Ratio of cytosolic to extracellular unbound-drug
concentrations predicted from the pH
partitioning model

Kp,uu,lyso,pred Ratio of lysosomic to cytosolic unbound-drug
concentrations predicted from the pH
partitioning model

LC-MS/MS Liquid chromatography tandem mass
spectrometry

NCE New chemical entity
neuroPK Neuropharmacokinetics
P-gp P-glycoprotein
Vu,brain Volume of distribution of unbound-drug in brain

(mL·g brain-1)

INTRODUCTION

The need for innovative new medicines for the treatment of
chronic mental disorders and neurodegenerative diseases is
currently imperative; and is far beyond the scope of only the
pharmaceutical industry. The fact that out of 259 new chem-
ical entities (NCEs) and biologics approved by the US Food
and Drug Administration between 1999 and 2008 only eight
small molecules were first-in-class CNS drugs, provides the
greatest evidence of the worrisome trend in CNS drug discov-
ery (1). In contrast, thousands of compounds are screened on a
yearly basis in an attempt to identify potential novel CNS
drug candidates. The causes for the higher attrition rates in
the CNS compared to other therapeutic areas have been
scrutinized from different perspectives and numerous phar-
macodynamic (PD), pharmacokinetic (PK) and translational
reasons have been acknowledged (2–7).

According to the current perception of brain PK,
pharmacologically, a sufficient exposure of drug at the
target-site over a desired period of time is pivotal for CNS
drug action and is a prerequisite for advancement of NCEs
within the CNS area (2,8–11). Furthermore, based on exten-
sive PKPD studies of marketed CNS drugs, it has become
abundantly clear that the brain interstitial fluid (ISF) concen-
tration, which is in essence the concentration of unbound-
drug (Cu,brainISF), is an appropriate measure of CNS exposure
for extracellular pharmacological targets (2,9,12–18).
However, direct assessment of unbound-drug CNS exposure
is often not attainable experimentally or clinically. Moreover,
the presence of the blood-brain barrier (BBB) often leads to
asymmetry in drug BBB transport which does not allow the
use of plasma unbound-drug concentration as a surrogate of
intracerebral target-site drug concentration (9). To take the
quantitative influence of active efflux or influx at the BBB into
consideration, the ratio of brain ISF to plasma unbound-drug
concentrations needs to be assessed (9,14). This is denoted
Kp,uu,brain and designates the net flux of drug across the BBB.

Kp,uu,brain can be estimated using a combinatory approach
based on steady-state total brain (Ctot,brain) and total plasma
concentrations (Ctot,plasma), corrected for the unbound fraction
of the compound in brain homogenate (fu,brain) and plasma
(fu,plasma) (13,17,19–22). With the development of the high-
throughput brain slice method, intended for the assessment of
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overall brain tissue binding and distribution of compounds via
the volume of distribution of unbound-drug in brain (Vu,brain),
it has become possible to evaluate Kp,uu,brain more accurately
(22–24).

Another challenging step in neuropharmacokinetics
(neuroPK) is to improve the understanding of not only the
BBB transport of NCEs but also the intra- and sub-cellular
distribution of compounds, which has to be evaluated in a
pharmacodynamic context for intracellular pharmacological
target(s). In this regard, estimation of the unbound-drug cell
partitioning coefficient Kp,uu,cell is a unique and innovative
approach, accomplished by a combination of the brain
slice and brain homogenate techniques (13). Additionally,
prediction of intracellular sequestration of the com-
pounds, e.g. accumulation of bases in the acidic organ-
elles, provides further insight to target-site pharmaco- and
toxicokinetics (25).

In spite of the progress made in understanding BBB trans-
port, the integrative quantitative assessment of the myriad of
processes, involved in the brain disposition of NCEs, is still
highly inadequate and often marginalized in drug discovery
programs.

Therefore, the current project was undertaken with the
intent to propose and assess an integrative analysis of
neuroPK properties of NCEs, with the aim of optimizing the
routine evaluation and selection of neurotherapeutics using
this novel procedure. With this objective in mind, we have
investigated and compared 40 compounds regarding their
neuroPK properties, in particular the extent of BBB transport
(Kp,uu,brain), the intra-brain distribution (Vu,brain), the cellular
barrier transport (Kp,uu,cell) as well as the intracellular distri-
bution into the cytosol and acidic organelles (Kp,uu,cyto,pred and
Kp,uu,lyso,pred, respectively).

MATERIALS AND METHODS

Experimental Procedures

Selection of Compounds

A novel dataset comprising of 40 compounds covering a wide
range of physicochemical properties and various pharmaco-
logical CNS targets was assembled. Compounds were
assigned to nine groups based on the pharmacological targets
(Table I).

Group A and B are inhibitors of phosphodiesterase 10
(PDE10) and 2 (PDE2). Group C consists of gamma secretase
(GS) modulators. Group D and E are positive allosteric mod-
ulators of metabotropic glutamate receptor 2 (mGlu2) and 5
(mGlu5). Group F consists of positive allosteric modulator of
nicotinic alpha 7 receptor (alpha 7), antagonists of dopamine
D2/D3 and 5-hydroxytryptamine 5HT6/5HT2/5HT2A

receptors. Group G is composed of inhibitors of beta-site
amyloid precursor protein cleaving enzyme (BACE).
Group H consists of antagonists of the histamine H4
receptor. Group I is composed of antagonists of P2X
purinoceptor 7 (P2X7).

Thirty three compounds were obtained from the Janssen
Research and Development in-house compound library
(Beerse, Belgium and La Jolla, USA). Four compounds were
selected from pharmacological analogues developed at Bayer
AG (B5 – Bay 60–7550, (26)), Novartis International
AG (G10 – 5-Cyano-pyridine-2-carboxylic acid [3-(5-amino-
3-difluoromethyl-3,6-dihydro-2H-[1,4]oxazin-3-yl)-phenyl]-
amide) and Eli Lilly&Co (G6 – LY2811376, (27), G9 –
LY2886721 with Clinical Trials Identifier: NCT01561430).
Three post-marketing antipsychotics risperidone (F4),
paliperidone (F5) and olanzapine (F6) were also incorporated
in the dataset. The majority of the compounds (24) were in the
preclinical stage at the moment of inclusion. As the current
dataset was comprised mainly of potential CNS drug candi-
dates, apart from H1 and H2, it was biased with regard
to the ion class representation, i.e. 30 compounds were bases.
The purity of all batches used in this study was evaluated
to be equal to or greater than 95% using standard in-house
analytical methods.

Animals

Drug-naïve male Sprague Dawley 250–300 g rats (Taconic,
Lille Skensved, Denmark) were used for preparation of fresh
brain slices. All animals were housed in groups at 18 to 22°C
under a 12-h light/dark cycle with ad libitum access to food and
water. The brain slice in vitro experiments were approved by
the Animal Ethics Committee of Uppsala, Sweden (Ethical
Approval No C329/10 and C351/11). Male Sprague Dawley
rats and Swiss SPF mice obtained from Charles River
Laboratories, Inc. (Germany) were used in in vivo pharmaco-
kinetic studies conducted at Janssen R&D.

The Brain Slice Method

Herein, we have chosen to express information from brain
slice studies as Vu,brain and information from the brain ho-
mogenate binding studies as fu,brain to differentiate and clarify
the source of the information as much as possible.

The volume of distribution of unbound-compound in brain
(Vu,brain) was estimated for the compounds using the brain
slice method according to previously published protocols
(23,24). Briefly, six 300 μm brain slices obtained using a vibrat-
ing blade microtome Leica VT1200 (Leica Microsystems AB,
Sweden) were incubated in a HEPES-buffered artificial extra-
cellular fluid (aECF) containing a mixture of five compounds
(termed “cassette”) with an initial concentration of 200 nM of
each compound. The formation of cassettes was based on
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compatibility of the bioanalytical methods (see, Supplementary
Material, Table SI for arrangement of each cassette and
bioanalytical measurement conditions). A 5 h incubation (n=5
per cassette) was performed at 37°C in an incubated shaker
(MaxQ4450 Thermo Fisher Scientific, NinoLab, Sweden) with
a rotation speed of 45 rpm and constant oxygen flow of about
75–80 ml per minute through a glass frit. The viability of the
brain slices was assessed using a dynamic pH measurement and

lactate dehydrogenase activity release using a cytotoxicity detec-
tion kit (Roche Diagnostics GmbH, Germany).

Assuming that at equilibrium the concentration of the
compounds in virtually protein free aECF is equal to the
interstitial fluid concentration in the brain slice, the
Vu,brain (mL · g brain−1) was estimated using Eq. 1 as a
ratio of the amount of compound in the brain slice
(Abrain, nmole · g brain−1) to the measured final aECF

Table I Pharmacological Target(s),
Ion Class, Molecular Weight (MW),
Octanol-Water Partitioning Coeffi-
cient (logP) and Dissociation Con-
stant/s (pKa) of 40 Structurally Di-
verse Compounds

Group A: inhibitors of PDE10
(Phosphodiesterase 10); Group B:
inhibitors of PDE2 (Phosphodiester-
ase 2); Group C: modulators of GS
(Gamma secretase); Group D: pos-
itive allosteric modulators of mGlu2
receptor (Metabotropic glutamate
receptor 2); Group E: positive allo-
steric modulators of mGlu5 receptor
(Metabotropic glutamate receptor
5); Group F: positive allosteric mod-
ulator of nicotinic alpha 7 receptor
(alpha 7 nicotinic receptor); antago-
nists of D2/D3 (dopamine D2/D3

receptors), and antagonists of
5HT6/5HT2/5HT2A (5-hydroxy-
tryptamine 5HT6/5HT2/5HT2A
receptors); Group G: inhibitors of
BACE (beta-site amyloid precursor
protein cleaving enzyme); Group H:
antagonists of H4 receptor (hista-
mine H4 receptor); Group I: antag-
onists of P2X7 receptor (P2X
purinoceptor 7).

N.A. not available; NMIG no mea-
surable ionisable groups (pKa equal
or lower than 2)
a The dissociation constant was de-
termined at 25°C by potentiometric
titration of a solution of the com-
pounds using Sirius T3 instrument
(Sirius Analytical Ltd., UK)
b F 4 – r i s p e r i d o n e , F 5 –

paliperidone, F6 – olanzapine
R1 - Bayer AG (BAY60-7550), R2 -
Eli Lilly (LY2811376), R3 - Eli
L i l l y&Co (LY2886721) , R4 -
Novartis International AG (5-Cya-
no-pyridine-2-carboxylic acid [3-(5-
amino-3-di f luoromethyl-3,6-
dihydro-2H-[1,4]oxazin-3-yl)-phe-
nyl]-amide)

ID Pharmacological target Ion class MW logP Measured pKaa

A1 PDE10 Weak base 353.4 2.4 4.4/2.6

A2 PDE10 Weak base 379.5 2.6 4.4/3.1

A3 PDE10 Weak base 369.4 1.6 3.87/2.27

B1 PDE2 Weak base 362.3 3.9 4.0

B2 PDE2 Weak base 432.5 2.6 5.6/1.9

B3 PDE2 Neutral 397.4 1.8 NMIG

B4 PDE2 Weak base 412.4 1.4 2.8

B5 R1 PDE2 Weak base 476.6 N.A. 9.4/3.4

C1 GS Weak base 447.4 4.2 5.7

C2 GS Base 454.5 4.0 6.0

C3 GS Weak base 417.3 3.3 5.6

D1 mGlu2 Neutral 344.9 4.6 NMIG

D2 mGlu2 Weak base 451.4 4.2 5.0

D3 mGlu2 Base 454.4 4.3 6.3

D4 mGlu2 Neutral 380.9 >5 NMIG

E1 mGlu5 Neutral 338.3 2.8 NMIG

E2 mGlu5 Neutral 352.4 3.1 NMIG

F1 alpha 7 Weak base 416.4 3.1 3.5

F2 fast D2 Base 372.3 4.0 7.76/2.12

F3 D2/D3/5HT6 Base 308.3 2.6 8.2

F4b D2/5HT2 Base 410.5 3.0 8.24/3.11

F5b D2/5HT2 Base 426.5 2.4 8.2/2.6

F6b D2/5HT2A Base 312.4 2.8 8/5.6

G1 BACE Base 377.4 1.9 7.8

G2 BACE Base 427.4 2.4 7.9

G3 BACE Base 445.4 2.8 7.5

G4 BACE Base 389.4 1.0 8.2

G5 BACE Base 378.9 1.6 9.2

G6R2 BACE Base 320.4 1.0 8.5

G7 BACE Base 421.4 2.7 7.8

G8 BACE Base 371.3 2.2 7.9

G9R3 BACE Base 390.4 2.4 7.7

G10R4 BACE Base 389.3 1.9 7.4

H1 H4 Base 263.3 −0.83 8.58/5.91

H2 H4 Base 233.3 0.3 8.69/6.32

I1 P2X7 Neutral 375.2 1.4 NMIG

I2 P2X7 Neutral 405.8 2.4 NMIG

I3 P2X7 Neutral 374.2 2.4 NMIG

I4 P2X7 Neutral 388.3 2.0 NMIG

I5 P2X7 Neutral 421.8 2.8 NMIG
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concentration (Cbuffer, μmole · L−1). The brain tissue density
was assumed to be 1 g•ml−1.

Vu;brain ¼ Abrain−Vi⋅Cbuffer

Cbuffer⋅ 1−Við Þ ð1Þ

where Vi (mL · g brain−1) is the volume of the surrounding
brain slices layer of aECF.

A volume of 0.094 mL ∙g brain−1 was obtained using [14C]
inulin as the marker by Fridén et al. (23).

A validation of Vu,brain estimates from the brain slice meth-
od by use of the “gold” standard cerebral microdialysis was
included in the study plan. However, due to a very low success
rate of the microdialysis, it was not possible to complete the
study. It is well-known that the sticking of compounds to
microdialysis plastic tubing and probes is a major cause of
failure. Accordingly, the adsorption of 30 compounds to the
polyetheretherketone tubing was tested, dissolved in Ringer
solution with and without 0.5% bovine serum albumin. Only
eight compounds from the dataset went further to the subse-
quent evaluation of in vitro recovery from the CMA12 micro-
dialysis probes. Finally, only four compounds were suitable for
in vivo microdialysis. As this would not add enough informa-
tion, the decision was made not to pursue this path further.
This experience supports the opinion of a low through-
put and utility of cerebral microdialysis in the drug
discovery setting. Cerebral microdialysis of F3 and F4
(risperidone) was performed earlier in-house (unpublished data).

Equilibrium Dialysis

The fraction of unbound-compound in species-specific plasma
(fu,plasma) was determined using high-throughput ED according
to van Liempd et al. (28). The fraction of unbound compound
in rat brain homogenate fu,brain was assessed using a similar
protocol with minor modifications (19,29). Briefly, compounds
(5 μM) were added to brain homogenate diluted ten-fold
(dilution factor, D), i.e. 1/9 w/v brain tissue with phosphate
saline buffer (PBS). The brain homogenate was dialyzed
against PBS pH 7.4 for 5 h using a Pierce Rapid Equilibrium
Dialysis Device (RED) (Thermo Scientific, Rockford, IL, USA).
Following incubation, samples were removed from both the
buffer and brain homogenate sides to obtain free (unbound)
and bound concentrations by LC-MS/MS analysis.

The unbound fraction of the compounds in the diluted (D)
brain homogenate (fu,hD) was calculated as:

f u;hD ¼ Cbuffer

Chomogenate
ð2Þ

where Cbuffer represents the concentration measured in the
buffer and Chomogenate is the concentration measured in the
brain homogenate.

The fu,hD is usually higher than the actual fu,brain as a result
of the dilution. Therefore, fu,hD was corrected for the dilution
factor (D, in this case 10 times) as described in Eq. 3 (30).

f u;brain ¼ f u;hD
Dþ f u;hD−D⋅ f u;hD

ð3Þ

P-gp Substrate Identification Assay

The in vitro passive permeability of test compounds and their
ability to act as substrates for P-glycoprotein (P-gp) transport
was evaluated using LLC-PK1 cells stably transfected with
MDR1 in a trans-well system. The apical to basolateral (A to
B) permeation rate (apparent permeability, Papp) of the test
compounds (1 μM)was measured in the presence and absence
of the P-gp inhibitor elacridar (5 μM) following an incubation
period of 120 min (Papp ×10

−6 cm·sec−1). The integrity of the
cellular monolayer was assessed in each incubation well
through the inclusion of the fluorescent, low permeability
marker compound, fluorescein.

In detail, LLC-MDR1 cells were seeded on 24-well cell
culture inserts (Millicell®-PCF, 0.4 μm, 13mmØ, 0.7 cm2) at
ca 400 000 cells/cm2. The cell culture medium consisted of
Medium 199 supplemented with 10% fetal bovine serum and
100 U/ml penicillin/streptomycin. Five days after seeding,
the test compounds were applied to the apical side of the
monolayers to assess transport in the A to B direction in the
presence and absence of elacridar. The medium used in the
assay was Opti-MEM® (Gibco®, Life Technologies
Corporation, Paisley, UK) with 1 w/v % bovine serum
albumin. Inserts were incubated at 37°C in a humidified
incubator containing 5% CO2. Samples from the accep-
tor and donor compartments were collected after an
incubation time of 120 min, to assess the permeability and
to allow estimation of the test compound recovery during the
experiment, respectively. The transport experiments were
performed in triplicate. The test compound concentrations
were measured using LC-MS/MS and quantified via a
calibration curve.

The apparent permeability for each compound (Papp) in
the absence and presence of elacridar was calculated from the
following equation:

Papp ¼
dQ

.
dt

� �

C0⋅A
ð4Þ

where dQ/dt is the rate of permeation of the drug across the
monolayer, C0 is the initial donor compartment concentration
and A is the area of the cellular monolayer. If the ratio of the
Papp (A to B) of the test compound in the presence of elacridar
over Papp (A to B) of the test compound in the absence of
elacridar was ≥2, then this suggests that P-gp mediated efflux.
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In Vivo NeuroPK Studies

Taking into consideration the time-dependency of the brain
partitioning, Kp,brain should preferably be determined using
steady-state total brain and plasma concentrations after
constant-rate intravenous infusion. Alternatively, Kp,brain can
be assessed as the ratio of the areas under the total drug brain
to plasma concentration-time curves (AUCtot,brain/
AUCtot,plasma), using various time points after administra-
tion of a single dose. With the intention to specify the
conditions under which the brain exposure has been
measured in the present study, Kp,brain,SD is used to
denote single dose administration (SD) and Kp,brain,SS

is used to denote an intravenous constant-rate infusion
(steady-state, SS).

Single Dose Studies. The in vivo brain distribution experiments
were part of larger plasma pharmacokinetic and tissue distri-
bution studies. Kp,brainSD was determined at multiple time
points (minimum four) after oral (PO) or subcutaneous (SC)
administration. The dose ranges selected for these studies
were linked with the doses used in the corresponding PD
studies and, consequently, varied among the different study
protocols from 5 to 30 mg/kg (Supplementary Material,
Table SII). Generally, samples were taken at 30 min, 1, 2, 4,
7 and 24 h after dose administration. The preference of using
Sprague Dawley rats or Swiss mice for the neuroPK study was
based on relevant and accessible pharmacodynamic models in
these animals. At the designated time points, the rats/mice
(n=3) were anaesthetized and blood samples were immedi-
ately collected into 10-ml BD K3EDTA vacutainers (BD
Biosciences, Plymouth, UK). Subsequently, animals were
sacrificed, the brain was rapidly removed, and homogenized
in demineralized water (1/9 w/v). Plasma and brain homog-
enate samples were stored at −20°C pending analysis using
LC-MS/MS. The Kp,brainSD was calculated from the areas
under the curve (AUC0−t) for total drug brain and plasma
concentrations.

Constant-Rate Intravenous Infusion Studies. To test the validity
of the use of the brain partitioning coefficient Kp,brainSD, a
constant-rate intravenous infusion study was conducted.
Seven compounds (A1, B1, B4, D1, D4, G2, and G5) covering
a wide range of Kp,uu,brain values were selected (Supplementary
Material, Table II and SIII). The drugs were administered
in cassettes consisting of two compounds in 20% 2-
hydroxypropyl-β-cyclodextrin as over-night constant-rate
intravenous infusions, using a flow rate of 1 mL/kg·h−1

(Supplementary Material, Table SIII).
Three male Sprague Dawley rats catheterized in the fem-

oral vein were used per cassette. Blood sampling from the tail
vein at 1 h, 2 h and at the end of the infusion (19.5 to 20.5 h
after the start of infusion, Table SIII) was used to confirm

attainment of steady-state conditions. At the end of the exper-
iment, the rats were anaesthetized and CSF was collected
from the cisterna magna. Blood samples were immediately
collected into 10-ml BD K3EDTA vacutainers (BD
Biosciences, Plymouth, UK) using intracardial puncture.
After that, the rats were sacrificed through exsanguina-
tion by fast severing of the abdominal aorta. The blood
samples were placed on ice, and plasma was obtained
following the centrifugation at 4°C for 10 min at 1900 g.
The brain was rapidly removed, rinsed with PBS and
dissected. Brain tissue samples were homogenized in
demineralized water (1/9 w/v) and stored at −20°C
prior to analysis. Kp,uu,brainSS was estimated using total
drug brain and plasma concentrations corrected for non-
specific binding. Kp,uu,CSF was assessed using CSF and
plasma drug concentrations corrected for nonspecific
binding (31).

Bioanalytical Procedures

The bioanalysis of samples from the brain slice assay was
performed using reversed-phase liquid chromatography
followed by detection with a tandem mass spectrometer
(LC-MS/MS) Quattro Ultima, (Micromass, Manchester,
UK). The LC system consisted of an LC-10AD pump
(Shimadzu, Kyoto, Japan) and a SIL-HTc autosampler
(Shimadzu, Kyoto, Japan). LC-MS/MS measurement condi-
tions for all sample processing and compound-specific
bioanalytical parameters are summarized within
Supplementary Material, Table SI. Sample processing was
performed using the MassLynx software, version 4.0
(Micromass, Manchester, UK). Acetonitrile, formic acid, am-
monium formate and ammonium acetate were purchased from
Merck (Darmstadt, Germany). The water was purified using a
Milli-Q system (Millipore, Bedford, Massachusetts). Individual
standard curves were prepared in respective control matrices.
An appropriate dynamic range was achieved for all assays, and
instrument settings and potentials were adjusted to optimize the
mass spectrometer signal for each analyte.

Quantitative bioanalysis of samples from the supporting
assays; equilibrium dialysis (fu,plasma and fu,brain), the P-gp
substrate identification assay and the in vivo neuroPK studies
was also performed using reversed-phase HPLC followed by
detection (LC-MS/MS) using comparable approaches and
similar equipment to that described for the brain slice sample
analysis (specific details not included).

Data Analysis

Normally distributed values (Kolmogorov-Smirnov test) are
presented as a mean and standard deviation (SD). Non-
normally distributed values are presented as a median and
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interquartile range (IQR). For the comparison of median
values, a Kruskal Wallis test followed by a Dunn’s multiple

comparison test was used. Wilcoxon matched-pairs signed
rank test was used to compare fu,brain and fu,brain,corrected.

Table II Unbound Fraction of Drug in Brain Homogenate (fu,brain) and
Species-Specific Plasma (fu,plasma), Volume of Distribution of Unbound-Drug
in Brain (Vu,brain; mL·g brain−1), Vu,brain Predicted from the Fraction of Un-
bound-Drug in Brain Homogenate Utilizing pH Partitioning Model

(1/fu,brain,corrected) as well as Ratios of Observed Brain Intra- to Extracellular
Unbound-Drug Concentrations (Kp,uu,cell,obs), Brain Interstitial Fluid to Plasma
Unbound-Drug Concentrations (Kp,uu,brain) and Total Brain to Total Plasma
Drug Concentrations (Kp,brain) of the set of 40 Compounds

ID fu,brain fu,plasma Vu,brain 1/fu,brain,corrected Kp,uu,cell,obs Kp,uu,brain Kp,brain

A1 0.15 0.261 4.88±0.49 6.68 0.73±0.073 0.46 0.58

A2 0.17 0.207 5.54±0.37 5.88 0.94±0.063 0.96 1.1

A3 0.30 0.395 2.77±0.31 3.33 0.83±0.094 0.50 0.55

B1 0.0005 0.0035 624±85.5 2001 0.31±0.043 2.01 4.4

B2 0.14 0.310 6.69±0.92 7.40 0.94±0.129 0.53 1.1

B3 0.10 0.305 6.0±0.55 10.0 0.60±0.055 0.18 0.33

B4 0.30 0.520 3.29±0.42 3.33 0.99±0.127 0.13 0.23

B5 0.02 0.056 36.1±2.96 146 0.72±0.059 0.02 0.04

C1 0.0049 0.015 140±9.76 213 0.69±0.048 0.29 0.6

C2 0.02 0.052 42.1±2.62 54.5 0.84±0.052 0.09 0.2

C3 0.02 0.062b 34.5±3.34 51.9 0.69±0.067 0.37 0.8

D1 0.0038 0.006 189±24.5 263 0.72±0.093 0.79 0.9

D2 0.012 0.056 57.5±5.55 83.4 0.70±0.067 0.71 2.3

D3 0.005 0.013 216±19.9 249 1.02±0.094 0.85 2.4

D4 0.0009 0.0021 362±35.4 1111 0.33±0.032 1.58 1.2

E1 0.055 0.086 13.3±0.97 18.2 0.73±0.053 0.61 0.7

E2 0.04 0.083 20.9±1.77 25.0 0.84±0.071 0.86 1.5

F1 0.033 0.139 22.0±3.15 30.3 0.73±0.104 0.28 0.85

F2 0.03 0.226 34.6±4.25 80.2 1.04±0.128 1.53 12

F3 <0.0005a 0.239 80.1±6.83 0.04±0.003a 0.94 18

F4 0.10 0.118 13.5±2.65 26.7 1.37±0.269 0.19 0.3

F5 0.119 0.285 10±0.58 22.6 1.19±0.069 0.039 0.11

F6 0.089 0.113 50.5±9.06 61.0 4.48±0.803 0.84 4.8

G1 0.044 0.280b 52.8±8.59 55.9 2.32±0.378 0.044 0.65

G2 0.02 0.155b 96.5±17.9 125 1.93±0.359 0.19 2.8

G3 0.009 0.038 191±18.8 243 1.72±0.169 0.083 0.6

G4 0.15 0.410b 12.8±1.67 17.9 1.93±0.251 0.019 0.1

G5 0.023 0.230b 113±21.9 125 2.60±0.504 0.044 1.14

G6 0.24 0.520b 14.8±2.06 11.6 3.56±0.495 0.83 6.4

G7 0.03 0.264 81.8±4.39 81.8 2.45±0.132 0.034 0.73

G8 0.149 0.322 39.4±5.17 16.9 5.87±0.771 0.024 0.3

G9 0.256 0.419b 17.1±3.04 9.19 4.38±0.778 0.028 0.2

G10 0.099 0.361b 12.9±0.96 21.1 1.28±0.095 0.03 0.14

H1 0.287 0.776 29.1±4.09 31.5 8.36±1.17 0.049 1.1

H2 0.21 N.A. 115±16.9 88.7 24.1±3.56 N.A. 11

I1 0.10 0.450 2.91±0.19 10.0 0.29±0.019 0.23 0.3

I2 0.0005 0.005 308±59.4 2000 0.15±0.030 0.97 1.5

I3 0.10 0.087 10.9±0.74 10.0 1.09±0.074 0.32 0.3

I4 0.11 0.069 6.32±0.79 9.09 0.70±0.087 0.92 0.4

I5 0.043 0.073 14±2.16 23.3 0.60±0.093 0.49 0.5

a fu,brain of F3 below the accuracy level of brain tissue binding assay (0.0005)
b fu,plasma was measured using mouse plasma

N.A. not available

Table II Unbound Fraction of Drug in Brain Homogenate (fu,brain) and Species-Specific Plasma (fu,plasma), Volume of Distribution of Unbound-Drug in Brain
(Vu,brain; mL·g brain−1), Vu,brain Predicted from the Fraction of Unbound-Drug in Brain Homogenate Utilizing pH Partitioning Model (1/fu,brain,corrected) as well as
Ratios of Observed Brain Intra- to Extracellular Unbound-Drug Concentrations (Kp,uu,cell,obs), Brain Interstitial Fluid to Plasma Unbound-Drug Concentrations
(Kp,uu,brain) and Total Brain to Total Plasma Drug Concentrations (Kp,brain) of the set of 40 Compounds
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NeuroPK Parameters

Unbound-Drug Brain Partitioning Coefficient, Kp,uu,brain

The assessment of the steady-state ratio of brain ISF to plasma
unbound-drug concentrations Kp,uu,brain was achieved by cor-
rection of the total brain to total plasma drug concentrations
ratio Kp,brain for nonspecific brain tissue and plasma protein
binding (9,14,22). This approach is defined as a combinatory
mapping of Kp,uu,brain. The combination of the three
compound-specific parameters Kp,brain measured in rodents
in vivo, Vu,brain obtained using the fresh rat brain slice method
and fu,plasma determined in species-specific plasma using ED, was
used for calculation of Kp,uu,brain for the set of 40 compounds.

Kp;uu;brain ¼ Kp;brain

Vu;brain⋅ f u;plasma
ð5Þ

Kp,uu,brain values closer to unity describe a mainly passive
transport at the BBB or reflect similar efflux and influx clear-
ances (9,14). Kp,uu,brain values smaller than unity indicate
predominantly active efflux, and Kp,uu,brain values exceeding
unity indicate potential active uptake.

The Kp,uu,brain values characterizing BBB net flux were
used in evaluating possible clinical success from a perspective
of Cu,brainISF linked to pharmacological potency (e.g. the in-
hibitory constant in nM) and an intra-brain target engage-
ment measure (e.g. receptor occupancy) of the compound in
relation to potential attainable concentrations of unbound-
drug in plasma (Cu,plasma) as described by:

Cu;brainISF ¼ Kp;uu;brain⋅Cu;plasma ð6Þ

Cu,brainISF was further used for evaluation of receptor oc-
cupancy (%) as:

Receptor occupancy ¼ Cu;brainISF

Cu;brainISF þKd
⋅100 ð7Þ

where the constant of dissociation Kd (alternatively the inhib-
itory constant Ki) is an in vitro estimate of the pharmacological
potency.

Unbound-Drug Cell Partitioning Coefficient, Kp,uu,cell

Direct estimation of the steady-state unbound-drug
intracellular-to-extracellular partitioning coefficient (Kp,uu,cell)
is currently unrealistic due to the technical issues associated
with the measurement of intracellular unbound-drug concen-
trations. Instead, approximation of Kp,uu,cell was accomplished
by combining Vu,brain and fu,brain information using Eq. 8 and
referred to as the observed Kp,uu,cell,obs (13).

Kp;uu;cell;obs ¼ Vu;brain⋅ f u;brain ð8Þ

In general, Kp,uu,cell,obs describes the steady state relation-
ship of unbound-drug intracellular-to-extracellular concentra-
tions and indicates the average concentration ratio for all cell
types within the brain. The Kp,uu,cell,obs assessment concept is
based on the divergences in the nature of the measurements
obtained from the brain slice and brain homogenate methods.
The major determining factor of fu,brain comprises nonspecific
binding of compound to various intracellular lipids and pro-
teins (assuming that the expression level of specific targets is
negligible). Vu,brain provides information on overall uptake of
the compound by brain parenchymal cells, i.e. nonspecific
and specific binding, active transport, pH partitioning etc.

Unbound-Drug Cell Partitioning and Beyond: Kp,uu,cell,pred,
Kp,uu,cyto,pred and Kp,uu,lyso,pred

Based on the statement that only non-ionized unbound drug
molecules are able to pass the cellular membranes, the
unbound-drug cell partitioning coefficient could also be pre-
dicted using the pH partition theory (13). The ionization stage
of the compounds is pH-dependent and driven by a physio-
logical pH gradient between plasma (pH7.4), ISF (pH7.3),
cytoplasm (pH~7) and acidic subcellular compartments such
as e.g. lysosomes (pH~5).

A three-compartment pH partitioning model of
Kp,uu,cell,pred, where “pred” stands for predicted values, was
used for the prediction of the unbound drug cell partitioning
coefficient (25). The model is based on the pKa of the com-
pounds, physiological volumes as well as on the pH of the
relevant compartments: plasma, cytoplasm and lysosomes,

Kp;uu;cell;pred ¼ VISF þKp;uu;cyto;pred⋅ Vcyto þ Vlyso˙ Kp;uu;lyso;pred
� �

ð9Þ

where VISF, Vcyto, and Vlyso are the physiological volumes of
the ISF (0.20 mL·g brain−1), cytosol (0.79 mL·g brain−1), and
lysosomes (0.01 mL·brain−1), respectively (32). The ratios of
cytosolic to extracellular unbound-drug concentrations
(Kp,uu,cyto,pred) and lysosomic to cytosolic unbound-drug
concentrations (Kp,uu,lyso,pred) for the bases were calculated
as:

Kp;uu;cyto;pred ¼ 10pKa−pHcyto þ 1
10pKa−pHISF þ 1

ð10Þ

Kp;uu;lyso;pred ¼ 10pKa−pHlyso þ 1

10pKa−pHcyto þ 1
ð11Þ

where pHcyto=7.06, pHISF=7.3 and pHlyso=5.18, as deter-
mined by Fridén and co-workers (25).
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Using Eq. 8, Kp,uu,cell,pred predicted from the three-
compartment model was applied to more accurately approx-
imate intra-brain distribution and binding from fu,brain mea-
surements. To make a clear distinction between the experi-
mentally determined Vu,brain values and those predicted from
fu,brain values corrected for lysosomal trapping, the latter is
termed 1/fu,brain,corrected.

1

f u;brain;corrected
¼ Kp;uu;cell;pred

f u;brain
ð12Þ

Based on the inverse relationship between fu,brain and
Vu,brain, the 1/fu,brain,corrected values were used for comparison
of the performance of the brain homogenate and brain slice
methods for the 40 compounds. The 1/fu,brain,corrected values
have been proposed for use in the calculation of Kp,uu,brain

when Vu,brain measurements are lacking, as derived from
Eq. 5 (25):

Kp;uu;brain ≈
Kp;brain

1
f u;brain;corrected

⋅ f u;plasma

ð13Þ

RESULTS

Assessment of CNS Exposure, Kp,uu,brain

The extent of BBB transport of the 40 compounds as estimat-
ed by Kp,uu,brain varied from 0.02 to 2.0, a 100-fold range
(Fig. 1 and Table II). Most compounds exhibited efflux at the
BBB with 60% of the drug candidates having Kp,uu,brain below
0.5. Only 10 of these 24 compounds were identified as P-gp
substrates in vitro. Three out of the 40 compounds (B1, D4, F2)
had Kp,uu,brain values exceeding unity, indicating active up-
take. Kp,uu,brain varied extensively also within some groups of

compounds designed for the same pharmacological target,
e.g. Groups B, C, F and G (Fig. 1).

Evaluation of the ratios of total brain to total plasma drug
concentrations for the dataset revealed a 450-fold range in
Kp,brain values, compared to the 100-fold range in Kp,uu,brain

values (Fig. 2 and Table II). The linear regression analysis
showed no direct relationship between Kp,brain and Kp,uu,brain

(R2=0.25) as displayed in Fig. 2. This is to be expected as
Kp,brain is also determined by fu,plasma and Vu,brain (Eq. 5).
Some compounds with Kp,brain values below unity actually
have Kp,uu,brain values that are quite high, and compounds
with Kp,brain around or above unity have very low Kp,uu,brain

values.
The assessment of Kp,uu,brain using the rapid mapping

approach (Eq. 5) is strongly dependent on the in vivomeasure-
ment of the brain partitioning coefficient Kp,brain often deter-
mined after a single dose (Kp,brainSD) when an equilibration
across the BBB may or may not have been reached. Seven of
the compounds (A1, B1, B4, D1, D4, G2, and G5) were
therefore selected for confirmatory constant-rate intravenous
infusion experiments. These compounds covered a wide range
of Kp,uu,brain from 0.044 to 2.0 (Table II). The comparison of
Kp,brainSD with Kp,brainSS attained after a constant-rate intra-
venous infusion revealed good agreement between the two
methods, not exceeding the 2-fold prediction error threshold
(Supplementary Material, Figure S1 and Table SIII). Overall,
the results point out that Kp,brainSD is a good enough mea-
surement of steady-state brain partitioning coefficient and
therefore the Kp,brainSD was used in the present study.

Evaluation of Intra-Brain Distribution

The Vu,brain varied from 2.8 to 624 mL· g brain−1 for the
studied dataset, revealing extensive inter-compound variability
in binding to brain tissue components (Table II and Fig. 3). All
compounds had Vu,brain values above 1 mL· g brain−1 demon-
strating extensive intracerebral distribution. Thirty-one of the
forty compounds revealed Vu,brain values higher than 10 mL· g
brain−1. Interestingly, a similar magnitude of inter-compound
variability was observed among some of the chemical analogues
within a group as compared to between the groups, for instance
within the P2X7 antagonists, Group I, where Vu,brain varied
between 2.9 and 308 mL· g brain−1.

The fu,brain varied 600-fold from 0.0005 to 0.3 (Table II).
Thirty-two of the compounds exhibited fu,brain values lower
than 0.1. The estimated fu,brain of F3 was below the accuracy
level of the brain homogenate assay (lower than 0.0005). It
was therefore removed from all related analyses. Interestingly,
the Vu,brain of F3 was 80 mL· g brain−1 corresponding to an
fu,brain,corrected of 0.0125, which deviated significantly from the
extremely low fu,brain measurement. Moreover, in spite of the
fact that the fu,brain and fu,brain,corrected are significantly corre-
lated (r2=0.858, p<0.0001) the median values are

Fig. 1 Ratio of brain interstitial fluid to plasma unbound-drug concentrations
Kp,uu,brain for the set of 40 compounds. Kp,uu,brain equal to unity is indicated as a
red dashed line. Compounds exhibiting Kp,uu,brain lower than unity are subject
to predominant active efflux.
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significantly different (Wilcoxon matched-pairs signed rank
test p<0.0001), i.e. fu,brain (median 0.0495, IQR 0.0199–
0.147) vs fu,brain,corrected (median 0.0324, IQR 0.008–0.097).

A comparison was made between the intracerebral distribu-
tion parameters estimated using the brain slice and the brain
homogenate methods; the correction for pH partitioning was
applied to compensate the brain homogenate results for the
lysosomal trapping phenomenon (Fig. 4). A strong linear rela-
tionship (R2=0.79; p<0.0001) between Vu,brain and
1/fu,brain,corrected was found. However, a trend towards an over-
prediction of Vu,brain by using 1/fu,brain,corrected was apparent.

Estimation of Intracellular Distribution

Calculating Kp,uu,cell,obs from the combination of brain slice
and brain homogenate measurements using Eq. 8 revealed a

widespread difference (160-fold) in intracellular distribution of
the studied compounds, with values of 0.15 to 24 (Fig. 5 and
Table III).

The unbound-drug cell partitioning coefficient for bases
was significantly higher (p<0.0001) compared with neutral
compounds with a median Kp,uu,cell,obs of 2.1 (IQR 1.2–4.4).
Compounds with primary intracellular pharmacological tar-
gets showed a trend towards higher Kp,uu,cell,obs values, i.e. the
median Kp,uu,cell,obs for compounds targeting extracellular G-
protein coupled receptors was 0.72 (IQR 0.6–1.2) as opposed
to 0.98 (IQR 0.7–2.4) for the compounds designed for intra-
cellular targets. Comparing the observed Kp,uu,cell,obs values
(Eq. 8) with the predicted ones (Eq. 9) some deviations were
observed (Table III). Overall, the predicted Kp,uu,cell,pred

values from the three-compartment partitioning model
(Eq. 9) were smaller and varied only 18-fold, from 1.0 to 18
(Table III), compared with the 160-fold difference for
Kp,uu,cell,obs presented above.

Dividing intracellular distribution further into the compo-
nents of cytosolic and lysosomal partitioning was performed
using the pH partitioning theory (Eqs. 10 and 11). The range
of Kp,uu,cyto,pred values was from 1.0 to 1.73 (Table III). This can
be explained by the small pH differences between ISF (pH~7.3)
and ICF (pH~7.0). On the contrary, Kp,uu,lyso,pred varied
75-fold with 18 of the 40 compounds showing lysosomic to
cytosolic unbound-drug concentrations ratios higher than 50.

Interplay of NeuroPK Parameters

The main neuroPK parameters are Kp,uu,brain, Kp,uu,cell and
Kp,uu,CSF supported by information on Vu,brain (or
1/fu,brain,corrected) and fu,plasma. To further understand the re-
lationship between some of these parameters, several compar-
isons were made.

A linear regression analysis between Kp,uu,brain and
Kp,uu,cell,obs showed no relationship (Fig. 6), indicating that
the BBB transport as described with Kp,uu,brain and the equil-
ibration across the cellular barriers as characterized by
Kp,uu,cell,obs are two independent properties of the compounds
studied.

The properties governing brain tissue binding and uptake
vs. BBB transport are illustrated in Fig. 7. It is clear from the
figure that these two parameters are independent of each
other indicating that they are determined by different charac-
teristics. It is therefore not possible to use Vu,brain (or
1/fu,brain,corrected) to predict BBB transport. The BBB trans-
port needs to be measured separately.

fu,plasma has also been proposed as a predictor for brain
penetration (33). Figure 8 shows that this is not the case and
again, if BBB transport is of interest, it needs to be specifically
measured.

Assessing CSF for the prediction of BBB transport was
evaluated for seven compounds (Supplementary Material,

Fig. 2 The relationship between the ratio of total brain to total plasma drug
concentrations (Kp,brain) and the ratio of brain interstitial fluid to plasma
unbound-drug concentrations (Kp,uu,brain). Kp,brain and Kp,uu,brain equal to unity
are indicated as a red dashed lines. R2 is a coefficient of determination of the
linear regression analysis. Empty circles represent the P-gp substrates identified
in an in-vitro P-gp substrate assay (occurrence of P-gp mediated efflux is based
on the ratio Papp A−B þPgp inhibitorð Þ

Papp A−B −Pgp inhibitorð Þ≥2 ).

Fig. 3 Volume of distribution of unbound drug in brain (mL g brain−1) for the
set of 40 compounds estimated using the brain slice method. Data presented
as a mean and standard deviation based on n=25 per compound.
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Table SIII). The data showed a strong relationship between
Kp,uu,CSF and Kp,uu,brain with a coefficient of determination
R2=0.88 (Supplementary Material, Figure S2). However, the
Kp,uu,CSF of the two strong P-gp substrates B4 and G2 was
over-predicting Kp,uu,brain by 2.6- and 3.3-fold, respectively.

The mapping of processes governing the drug concentra-
tions in the brain requires input from multiple modalities,
each providing a unique piece of evidence essential to unfold
the drug disposition pattern of individual compounds (Fig. 9).
It was possible to use this approach for the fast and relatively
easy determination of the main neuroPK parameters.

A visualization of the steady-state unbound concentrations
in the different brain compartments can be considered as an
additional advantageous tool for drug discovery (Fig. 10).
Linking the obtained target-site concentrations to in vitro PD

measurements can facilitate the decision-making and calcula-
tion of the dose requirements for CNS action or prevention of
CNS side effects. Figure 10 illustrates these relationships for
the PDE10 inhibitor A1.

DISCUSSION

An in-depth integrative neuroPK analysis was made for a
novel dataset of 40 compounds with the aim to contribute to
the clinically important mechanistic understanding of brain
drug disposition in drug discovery. This was accomplished
through evaluation of the compounds’ BBB net flux
(Kp,uu,brain), intra-brain distribution and brain tissue binding
(Vu,brain) as well as intra- and sub-cellular partitioning (ob-
served and predicted Kp,uu,cell, Kp,uu,cyto,pred, Kp,uu,lyso,pred).
Also, our study was inspired by the desire to work within a
short time-frame, which is necessary for the preclinical screen-
ing of NCEs, without compromising the quality of the
analysis.

The overwhelming importance of neuroPK studies is to
project the brain target-site concentration of the compound in
relation to the systemic drug exposure and pharmacodynamic
readouts in the early stages of drug discovery and develop-
ment. Hence, the assessment of Kp,uu,brain is a critical step in
the evaluation of NCE BBB transport (9). In the present study,
a clinically relevant picture of Kp,uu,brain for each of the
compounds was obtained through the multidimensional eval-
uation of the PK parameters Kp,brain, Vu,brain, and fu,plasma; i.e.
via the combinatory mapping approach suitable for an indus-
trial setting. The estimates of Kp,uu,brain were subsequently
used for ranking, based on the BBB penetration properties
of the NCEs. The obtained individual Kp,uu,brain values
varied100-fold with a prevalence of compounds having active
efflux at the BBB. Nevertheless, for the absolute go/no-go
decision, it is crucial to bear in mind, that the use of any strict
cut-off for Kp,uu,brain is pointless and flawed. For instance, the
atypical antipsychotic risperidone (F4) exhibited a low BBB
penetration ability with a Kp,uu,brain of 0.19 (Table II), mean-
ing that less than 20% of the unbound-drug in plasma is
entering into the brain. The Cu,brainISF of risperidone
estimated from Cu,plasma using Eq. 6 was 1.51 nM at
the maximal plasma concentration after administration
of 10 mg/kg to rats. Despite being a P-gp substrate, the
achieved Cu,brainISF of risperidone was pharmacologically sig-
nificant i.e. it reached the receptor binding affinity measured
in vitro. Correspondingly, the affinity assessed by direct in vitro
measurement of D2 receptor dissociation rate in the presence
of 10 μM raclopride was 1.13 nM (unpublished observation).
Moreover, using Eq. 7 the occupancy of D2 receptors was
estimated to be about 57%, which is proven to be sufficient for
initiation of a therapeutic response (18). As an alternative
example, the positive allosteric modulator of mGlu2 (D4) with

Fig. 4 The volume of distribution of unbound compound in brain (Vu,brain)
measured using the brain slice method plotted versus the inverse fraction of
unbound compound based on brain homogenate binding, corrected for pH
partitioning (1/fu,brain,corrected). F3 was removed from the analysis as the
obtained value of fu,brain was below the accuracy level of brain tissue binding
assay (0.0005). The solid line describes the line of identity and the dashed lines
correspond to two and three-fold deviations from line of identity, respectively.

Fig. 5 The ratio of brain intra- to extracellular unbound-drug concentrations
Kp,uu,cell,obs for the set of 40 compounds. Kp,uu,cell equal to unity is indicated as
a red dashed line. Kp,uu,cell higher than unity reflects intracellular accumulation.
This accumulation can be caused by trapping of compounds in acidic subcel-
lular compartments (e.g. lysosomes) or by active uptake into the cells.
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a Kp,uu,brain of 1.58 (probable active uptake) could be
discussed (Table II). The maximal Cu,plasma after oral admin-
istration of 10 mg/kg in rats was about 30 ng/mL.
Consequently, the projected Cu,brainISF was 46 ng/mL (about
120 nM) which was also above the EC50 value of 81 nM
obtained in an in vitro functional assay (unpublished observation).
Therefore, practically it is essential to utilize Kp,uu,brain in rela-
tion to the pharmacodynamic readouts. However, when relat-
ing unbound-drug ISF concentrations to in vitro PD measure-
ments, one has to keep in mind to correct for the potential
nonspecific binding in the in vitro assay, particularly for com-
pounds with a high nonspecific binding to proteins.

In light of the earlier observed trend to use Kp,brain as the
main parameter for the evaluation of brain penetration ability
of NCEs, it is important to mention that this strategy is
potentially erroneous and, hence, not to be recommended.
This is due to the fact that Kp,brain is determined by the three
independent properties of the drug: BBB transport, intra-
brain distribution and plasma protein binding. Primarily, high
Kp,brain values may be intimately linked to a profound non-
specific binding of the compound to proteins in brain and
blood tissues, but not to an extensive BBB transport or vice
versa. For instance, compounds D4 and H1 are analogous by
means of their Kp,brain values (1.2 and 1.1, respectively).
However, there is a dramatic divergence in their BBB net
flux, i.e. their Kp,uu,brain values are1.58 and 0.049, respective-
ly. Hence, it is much more likely that D4 would have a higher
potential as CNS drug, given similar target potency.
Comparison of G8 and I4 could be another illustration of a
potential flaw associated with estimation of BBB transport
based on Kp,brain values (Table II and Fig. 2). Specifically,
G8 had a Kp,brain value of 0.3 but a Kp,uu,brain of only 0.024,
compared to I4 with a Kp,brain of 0.4 and a Kp,uu,brain of 0.92.
In summary, the lack of any relationship between Kp,brain and
Kp,uu,brain (Fig. 2) supports the use of the more BBB transport
focused parameter Kp,uu,brain for decision making when
selecting optimal compounds regarding CNS penetration.
For non-CNS targets it may be as important to select com-
pounds with lowKp,uu,brain to avoid potential CNS side effects,
as for CNS targets to select compounds with higher Kp,uu,brain,
to avoid peripheral side effects.

The presence of efflux transporters at the BBB such as the
ATP-binding cassette transporters superfamily, e.g. P-gp,
breast cancer resistance-associated protein (BCRP) and mul-
tidrug resistance-associated proteins makes targeting of the
brain very demanding. In pharmaceutical industry, this issue
is often addressed by studying various cell monolayers stably
expressing human P-gp (rarely BCRP), followed, if necessary,
by examination of brain PK behavior of the NCEs in rodent
transgenic and/or chemical knock out models. However, the
ultimate translational value of these types of investigations is
contradictory and often controversial. In the studied dataset,
24 out of the 40 compounds exhibited active efflux at the BBB

Table III Ion Class, Predicted by Three-Compartment pH Partitioning
Model Ratio of Cytosolic to Extracellular Unbound-Drug Concentrations
(Kp,uu,cyto,pred), Ratio of Lysosomic to Cytosolic Unbound-Drug Concentra-
tions (Kp,uu,lyso,pred), Ratio of Brain ICF to ISF Unbound-Drug Concentrations
(Kp,uu,cell) and Experimentally Determined Observed Kp,uu,cell of 40 Structur-
ally Diverse Compounds

ID Ion Class Kp,uu,cyto,pred Kp,uu,lyso,pred Kp,uu,cell

Predicted Observed

A1 weak base 1.00 1.16 1.00 0.73

A2 weak base 1.00 1.00 1.00 0.94

A3 weak base 1.00 1.05 1.00 0.83

B1 weak base 1.00 1.07 1.00 0.31

B2 weak base 1.01 3.51 1.04 0.94

B3 neutral 1.00 1.00 1.00 0.60

B4 weak base 1.00 1.00 1.00 0.99

B5 weak base 1.73 75.52 2.90 0.72

C1 weak base 1.02 4.27 1.05 0.69

C2 base 1.04 7.00 1.09 0.84

C3 weak base 1.01 3.51 1.04 0.69

D1 neutral 1.00 1.00 1.00 0.72

D2 weak base 1.00 1.65 1.01 0.70

D3 base 1.07 11.87 1.17 1.02

D4 neutral 1.00 1.00 1.00 0.33

E1 neutral 1.00 1.00 1.00 0.73

E2 neutral 1.00 1.00 1.00 0.84

F1 weak base 1.00 1.02 1.00 0.73

F2 base 1.55 63.41 2.41 1.04

F3 base 1.66 71.12 2.69 0.04a

F4 base 1.66 71.22 2.71 1.37

F5 base 1.66 70.80 2.68 1.19

F6 base 1.62 68.15 5.41 4.48

G1 base 1.57 64.99 2.46 2.32

G2 base 1.58 65.82 2.49 1.93

G3 base 1.46 56.91 2.19 1.72

G4 base 1.66 70.80 2.68 1.93

G5 base 1.73 75.33 2.87 2.60

G6 base 1.69 73.24 2.78 3.56

G7 base 1.57 64.77 2.45 2.45

G8 base 1.59 66.40 2.51 5.87

G9 base 1.53 61.91 2.35 4.38

G10 base 1.42 53.47 2.09 1.28

H1 base 1.70 73.29 9.04 8.36

H2 base 1.71 74.14 18.62 24.12

I1 neutral 1.00 1.00 1.00 0.29

I2 neutral 1.00 1.00 1.00 0.15

I3 neutral 1.00 1.00 1.00 1.09

I4 neutral 1.00 1.00 1.00 0.70

I5 neutral 1.00 1.00 1.00 0.60

a fu,brain of F33 below the accuracy level of brain tissue binding assay (0.0005)
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level as arbitrated byKp,uu,brain values being below 0.5 (Fig. 1).
In spite of this, only ten compounds were identified as P-gp
substrates using the in vitroLLC-MDR1 cell culture assay. This
leaves 14 compounds, including five with Kp,uu,brain below 0.1
(C2, F5, H1, G1, and G5), without efflux transporters identi-
fied that are responsible for their very high efflux. The
marketed antipsychotic paliperidone (F5) is among those
compounds.

Recently, the recommendation to not advance P-gp sub-
strates as CNS drug-candidates has become prevalent within
the pharmaceutical industry (8). However, each NCE has to
be discussed individually and in relation to its pharmacody-
namic potency, as discussed earlier. Lack of information on
other drug transporters, as well as lack of sufficient knowledge
on the relative importance of P-gp in the overall human
neuroPK picture makes strict decisions less fruitful.

Another aspect related to transporters is the rapidly in-
creasing evidence of expression of various influx and efflux
proteins on the cell membrane of pericytes, astrocytes and

microglia as well as their subcellular localization shown at the
electron microscopy level (e.g. the nuclear envelope, cytoplas-
mic vesicles, Golgi complex) (34–36). This emphasizes the
substantially underestimated role of cellular barriers in the
intra-brain distribution of the compounds. In this regard, the
estimation of Kp,uu,cell can be a rough, but currently the only
approach, for evaluation of cellular barrier function (13).
Assessment of Kp,uu,cell can be accomplished experimentally
via the evaluation of Kp,uu,cell,obs or by modeling Kp,uu,cell,pred

based on the pH partition theory.
In our dataset, it was beneficial to evaluate the neuroPK

parameter Kp,uu,cell,obs via a combination of the brain slice and
brain homogenate methods, for a more profound understand-
ing of the intra- and subcellular distribution of unbound
compound. It should be noted that the numerical values
obtained are an average of all cell types in the brain. The
intracellular distribution is governed by quite different forces
than the BBB transport. As seen in Fig. 6, the lack of correla-
tion between Kp,uu,brain and Kp,uu,cell,obs is striking. For in-
stance, several of the compounds (F5, H1, G1, G3, G4, G5,
G7, G8, G9 and G10) exhibited a very low extent of BBB
transport, but at the same time demonstrated a high ability to
accumulate in the brain parenchymal cells. Lysosomal trap-
ping of weak bases as well as potential involvement of active
uptake transporters at the cellular barrier were found to be
essential factors contributing to the accumulation of com-
pounds in the brain parenchymal cells (25,37,38). By linking
the experimentally derived Kp,uu,cell,obs and the predicted
Kp,uu,cell,pred it is possible to convey a mechanistic elucidation
of intracellular distribution, e.g. a distinction between lyso-
somal trapping and active uptake (Table III). For the majority
of the compounds fromGroups F, G and H, the sequestration
into acidic organelles was found to be the main driving force
of the observed intracellular accumulation (Fig. 5).
Registration of higher experimental Kp,uu,cell,obs values than
those predicted by the pH partitioning model was document-
ed for G6, G8, G9, and H2. One of the explanations of such a
finding may indicate binding of compound to the lysosomal
inner membrane, often associated with drug-induced
phospholipidosis (39–41).

With respect to the assessment of intracerebral distribution,
Vu,brain reflects the relationship between total and unbound
compound in the brain as a whole. Higher Vu,brain values
indicate a lower unbound fraction of the drug in the brain
parenchyma. The overall uptake of compounds by brain slices
denoted as Vu,brain comprises mechanistically independent
components such as nonspecific and specific binding, active
transport, and lysosomal trapping. On the contrary, the more
commonly used brain homogenate method provides informa-
tion concerning nonspecific and possibly specific intracellular
binding of compounds to the brain tissue, leaving other pro-
cesses accountable for the intra-brain distribution uncovered.
Alternatively, the correction for the pH partitioning could be

Fig. 6 Relationship between the measured unbound-drug brain (Kp,uu,brain)
and intra-brain cell (Kp,uu,cell,obs) partitioning coefficients.

Fig. 7 Relationship between the unbound-drug brain partitioning coefficient
(Kp,uu,brain) and volume of distribution of unbound-drug in brain (Vu,brain, mL g
brain−1).
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applied to fu,brain values with estimation of 1/fu,brain,corrected to
be used as a substitute to Vu,brain (25). Hence, in the present
dataset, a significant relationship was obtained between
Vu,brain and 1/fu,brain,corrected (R

2=0.79, Fig. 4). Despite that,
one has to account for the potential innate error when using
1/fu,brain,corrected for the assessment of Kp,uu,brain using Eq. 13.

The tendency that 1/fu,brain,corrected overpredict Vu,brain

was observed for the current dataset. The prediction of
Vu,brain by 1/fu,brain,corrected for the compounds B1, B5, I1,
I2, and D4 was exceeding three-fold threshold. Such kind of
divergence is possibly laying in the nature of the measure-
ments used for the assessment of Vu,brain (overall drug uptake)

and fu,brain (mostly intracellular binding). In this regard the fact
that three (B1, B5, D4) out of five compounds have extensive
brain tissue binding, i.e. fu,brain varies from 0.0005 to 0.0009 is
informative. It is known that the preparation of brain homog-
enates (dilution, homogenization) may modify intracellular
components contributing to distribution of the drug in the
brain or even bare unusual intracellular binding sites. The
latter may explain very low fu,brain values. Besides, the weak
base B1 and the neutral compounds D4, I1, and I2 are not
subject to lysosomal trapping and there is no difference be-
tween 1/fu,brain and 1/fu,brain,corrected, indicating that nonspe-
cific binding is the main contributor to intra-brain

Fig. 8 Relationship between the
unbound-drug brain partitioning
coefficient (Kp,uu,brain) and unbound
fraction of drug in plasma (fu,plasma).

Fig. 9 Chart summarizing the combinatory mapping approach in the form of a screening toolbox for the evaluation of unbound-drug CNS exposure required for
selection of effective novel neurotherapeutics and avoidance of CNS side effects for peripheral targets. The platform comprising of in vivo, in vitro and in silico
methods is a necessity. Total drug brain and plasma exposure (AUCtot,brain and AUCtot,plasma) determined in an in vivo neuroPK study is essential for the assessment
of the brain partitioning coefficient Kp,brain. In vitro measurements of drug plasma and brain tissue binding properties using equilibrium dialysis (ED) and brain slice
techniques are required for estimation of Kp,uu,brain and Kp,uu,cell neuroPK parameters. Compound-specific pKa values (preferably measured via potentiometric
titration or predicted based on physicochemical characteristics of compound) in combination with the physiological estimates of pH (pHi) of the relevant
compartments (i = plasma, ISF, cytosol or lysosomes) are used for in silico calculation of drug subcellular distribution, i.e. Kp,uu,cyto,pred and Kp,uu,lyso,pred.
Physiological volumes (Vi) of ISF, cytosol and lysosomes with Kp,uu,cyto,pred and Kp,uu,lyso,pred are used for calculation of Kp,uu,cell,pred. Assessed neuroPK parameters
in conjunction with relevant pharmacodynamics readouts are recommended to be used for evaluation and selection of NCEs.
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distribution. Furthermore, B1, D4, I1, and I2 exhibited
very low Kp,uu,cell,obs ranging from 0.15 to 0.33. The po-
tential cause of such low Kp,uu,cell,obs is not elucidated.
Extensive binding to outer surface of cellular membrane
of intact brain parenchymal cells may be a reason for the
observed disagreement. The efflux by plasma membrane
transporters should also be considered as one of the poten-
tial causes of discrepancy between the brain homogenate
and brain slice methods.

The common practice by medicinal chemists to optimize
novel neurotherapeutics based on fu,brain is profoundly incor-
rect, as fu,brain reveals nothing about the extent of BBB trans-
port, which is the main hurdle to obtain successful com-
pounds. The lack of any relationship between Kp,uu,brain vs
Vu,brain and Kp,uu,brain vs fu,plasma presented in Figs. 7 and 8 is
evidence of that fact. Consequently, neither fu,brain nor Vu,brain

or fu,plasma should be used in isolation from BBB transport
properties for the design of new neurotherapeutics. These
parameters are providing information required for the assess-
ment of the BBB transport, but without carrying any clinical
relevance in them.

An alternative frequently discussed neuroPK parameter for
evaluation of target-site concentration is the ratio of CSF to
plasma unbound-drug concentrations Kp,uu,CSF (42–45).
However, the risk of over-predicting the unbound-drug brain
concentration for compounds subjected to P-gp or BCRP

transport must be considered, given that P-gp is differently
expressed at the BCSFB vs the BBB (Supplementary Material,
Figure S2) (46).

Thus far, pharmaceutical scientists have not reached a
consensus on the subject of the most appropriate screening
cascade for CNS-targeted substances (7,8,47–50). In this
regard, the combinatory mapping approach has an im-
portant potential to be used as a screening toolbox for the
assessment of CNS exposure of NCEs in the pharmaceutical
industry (Fig. 9).

CONCLUSIONS

The combinatory mapping approach for assessment of brain
penetration and intracellular distribution proved to be a valu-
able tool for evaluation of the 40 NCEs. With the rather
easily-performed methods it was possible to map both the
BBB and cellular barrier transport, providing quantitative
knowledge supporting the decision making in regard to selec-
tion of CNS drug candidates in the drug discovery setting.
Integration of neuroPK parameters with the pharmacological
potency measured in vitro facilitates the evaluation of target
engagement and further selection of NCEs. Comparison of
the different neuroPK parameters also showed a lack of

Fig. 10 Schematic representation of the distribution of A1, anNCE PDE10 inhibitor, into the different compartments (plasma, brain ISF, brain ICF, lysosomes, and
CSF) involved in the disposition of drugs across the barriers (BBB, CB and BCSFB), with the resulting concentrations obtained in each compartment. Trepresents
the intracellular localization of PDE10 enzyme. The graph was constructed using steady-state total plasma, total brain, and CSF concentrations of A1 determined in
rats after a 22 h constant-rate intravenous infusion of 0.25 mg/kg h−1. Using this model and given a specific plasma concentration (fu,plasma,rat=0.26), it is possible
to estimate the target site concentration. Predicted from the pH partitioning model, Kp,uu,cyto,pred and Kp,uu,lyso,pred are 1.0 and 1.2, respectively (not shown in the
graph). The in vitro IC50 of A1 is 14–18 ng/mL (unpublished observation). Consequently, to reach the same target-site concentration in vivo as the in vitro IC50, a
doubling of the dose is required. This simplified approach can be used in early drug discovery programs for establishing a link between the PK and the target
engagement.
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correlation between them, indicating their specificity in de-
scribing mechanistically different drug transport processes.
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