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Scope and intent of investigations

Development of drugs for central nervous system (CNS)-associated diseases has
suffered from high attrition rates (1,2) due to safety and efficacy issues (3). To improve
the prediction of CNS drug effects, knowledge of the CNS target-site pharmacokinetics
(PK) of especially the unbound drug is indispensable (4). However, measuring drug
concentrations in the CNS of healthy volunteers or patients has major practical
and ethical constraints. Plasma concentrations are therefore still the mainstay in the
selection of optimal dose regimens in clinical CNS drug development, even though
these concentrations may differ substantially from the local concentrations in the CNS.
The differences in drug concentrations between plasma and CNS originate from the
barrier properties of the blood-brain barrier (BBB) and the processes that govern intra-
brain distribution (5). Therefore, it is important to search for robust approaches that can
aid in the prediction of CNS target-site PK to improve CNS drug development.

The ultimate aim of the research described in this thesis is to develop a comprehensive
mathematical PK model for the prediction of concentration-time profiles of (unbound)
small molecule drugs in multiple CNS compartments in humans. This model is created
in a step-wise manner in chapters 3, 4 and 5.

Chapter 2 starts with a summary review of the CNS systems properties and processes
(physiological characteristics) that are relevant for the prediction of CNS PK, both in
healthy and in disease conditions. In addition, an overview on experimental techniques
and approaches to obtain direct or indirect information on CNS concentrations is given.
Finally, state-of-the-art model-based approaches to predict CNS PK are provided. This
chapter forms the base knowledge for the models developed in the successive chapters
of this thesis.

The CNS consists of several major physiological components suchas the brainvasculature,
the cells that form the BBB and the blood-cerebrospinal fluid-barrier (BCSFB), the brain
parenchymal cells, the brain extracellular fluid (brain, ) and several spaces filled with
cerebrospinal fluid (CSF). In addition, physiological flows such as the cerebral blood
flow, brain_ . bulk flow and CSF flow exist. These physiological CNS components and the
physicochemical properties of the drug, govern in concert the rate and extent of drug
transport across the BBB and BCSFB and its intra-brain distribution, which can display
substantial variations among different drugs. While the drug properties are a given, CNS
systems characteristics are condition dependent, and single or multiple CNS systems
characteristics may be altered by diseases. Alterations in CNS systems characteristics
may have a significant impact on CNS drug distribution (6-24) and must therefore be
considered in drug development.
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Chapter 1

Currently available experimental techniques and approaches to measure CNS drug
concentrations have focused mostly on steady state conditions, and often do not
distinguish between total and unbound drug concentrations. As, even in chronic dosing,
drug concentrations in plasma and CNS will vary over time, and transport processes are
time-dependent, time-course concentration data are crucial to properly understand
and predict CNS PK. In addition, information on unbound drug concentrations is
a prerequisite not only because it drives the drug effects, but also the different
transport processes. Microdialysis is a highly valuable technique, as it allows the in vivo
measurement of unbound drug concentration kinetics, at different CNS locations (25—
30). However, though minimally invasive, the use of microdialysis in humans is highly
restricted. Therefore, approaches that can predict time-dependent and CNS location-
dependent unbound drug concentration in human are of great relevance. Of all the
mathematical PK modeling approaches that have been proposed to predict CNS PK
(28-42), so far none has captured enough CNS systems complexity, which indicates the
need for the development of more comprehensive CNS PK models.

Chapter 3 describes the development of a multi-compartmental CNS PK model.
By the use of microdialysis unbound drug concentration-time data (in rat plasma,
brain., and two CSF sites) for nine drugs with wide range of drug physiochemical
properties, and rat CNS system characteristics taken from literature, a generic multi-
compartmental CNS PK model structure is identified. The model consists of plasma and
main CNS physiological compartments (brainECF, the brain intracellular fluid (brainICF),
and four different CSF sites) that can adequately describe the in vivo rat PK data of
the nine different drugs. Subsequent scaling of the model from rat to human makes it
possible to predict unbound drug concentration-time profiles in human CNS at multiple
locations. This generic CNS PK model structure is then used further for the development
of comprehensive physiologically based pharmacokinetic (PBPK) models for rat and
human CNS in the next two chapters.

Chapter 4 describes the development of a comprehensive rat CNS PBPK model, which
includes descriptors of multiple CNS physiological compartments and drug distribution
processes in the CNS. In contrast to the generic multi-compartmental CNS PK model
(Chapter 3), the comprehensive CNS PBPK model is able to predict unbound drug PK
profiles in multiple CNS physiological compartments in the rat without the need to have
PK data from in vivo animal studies. This is possible on the basis of information of drug-
specific parameters that can be obtained either by in silico predictions or in vitro studies.
The predictive performance of the model is evaluated using detailed unbound drug

concentration-time profiles from ten small molecule drugs in rat plasma, brain__, two

ECF
CSF sites, and total brain tissue.
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Chapter 5 describes the scaling of the comprehensive CNS PBPK model developed
in Chapter 4 from rat to human. The predictive value of this model is evaluated using
unbound drug concentration-time data in brain.. and/or CSF from three drugs, which
are obtained from human subjects under physiological CNS conditions. Furthermore,
the model is applied to investigate the underlying factors that may explain altered CNS
PK in pathophysiological CNS conditions in patients with traumatic brain injury and

epilepsy.

Chapter 6 summarizesand discusses the results presentedin this thesis on the prediction
of unbound drug concentration-time profiles in multiple CNS compartments in human.
Furthermore, this chapter provides future perspectives towards a comprehensive PBPK-
Pharmacodynamic model to predict drug efficacy in human CNS.
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ABSTRACT

Despite the enormous research efforts that have been put into the development of
central nervous system (CNS) drugs, the success rate in this area is still disappointing. To
increase the successful rate in the clinical trials, first the problem of predicting human
CNS drug distribution should be solved.

As it is the unbound drug that equilibrates over membranes and is able to interact
with targets, especially knowledge on unbound extracellular drug concentration-
time profiles in different CNS compartments is important. The only technique able to
provide such information in vivo is microdialysis. Also, obtaining CNS drug distribution
data from human subjects is highly limited and therefore we have to rely on preclinical
approaches combined with physiologically based pharmacokinetic (PBPK) modeling,
taking unbound drug CNS concentrations into account. The next step is then to link
drug concentrations in local CNS to target interaction kinetics and CNS drug effects.

In this review, system properties and small molecule drug properties that together
govern CNS drug distribution are summarized. Furthermore, the currently available
approaches on prediction of CNS pharmacokinetics are discussed, including in vitro, in
vivo, ex vivo and in silico approaches, with special focus on the powerful combination
of in vivo microdialysis and PBPK modeling. Also, sources of variability on drug kinetics
in the CNS are discussed. Finally, remaining gaps and challenges are highlighted and
future directions are suggested.
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A comprehensive overview for prediction and translation of CNS PK

INTRODUCTION

There is a huge unmet medical need for central nervous system (CNS) disease therapies
because of the growing of chronic and complex diseases associated with aging. However
development of CNS drugs is one of the most challenging tasks for the pharmaceutical
industry (1). Actually, drug development for CNS drugs has suffered a higher attrition
rate compared to that of other therapeutic areas drugs; it has been reported that only
around 8-9% of CNS drugs that entered phase 1 were approved to launch (2). And
around 50% of the attrition of potential CNS drugs has resulted due to a lack of efficacy
and safety issues in phase 2 (2,3). Knowledge of human CNS drug concentrations forms
the basis for understanding exposure-response relationships therefore the lack of
appropriate consideration of these target-site drug concentrations is one of the factors
contributing to this high degree of attrition.

Obtaining the target-site concentrations of CNS drugs is not straightforward because
plasma concentrations do not adequately reflect CNS exposure, primarily due to the
presence of the blood-brain barrier (BBB) and the blood-cerebrospinal fluid barriers
(BCSFB), and additional specific physiological characteristics of the CNS. Furthermore,
significant variation in the rate and extent of mechanisms that govern target-site
pharmacokinetics (PK), target engagement and signal transduction is known to exist,
due to differences in system conditions such as species, gender, genetic background,
age, diet, disease and drug treatment (4). Moreover, with regard to CNS drug action
there is a lack of sufficiently established clinical biomarkers and proof-of-concept (5).
Thus, it is clear that there is a need for more predictive approaches. These predictive
approaches have to be interconnected to the system conditions and must be performed
using adequate (including bound and unbound drug) concentrations. Also processes
should preferably not be studied in isolation and then combined, but instead studied
in conjunction with each other as this will provide insight about the interdependencies
of these processes (4). Since measurement on CNS target-site concentration in the
clinical setting is highly restricted, we have to develop an approach based on integrated
preclinical data that is translatable to human.

Even though drug properties have been investigated well, information of CNS system
properties (CNS physiology and biochemistry) is sparse and has a large variability. Drug
PK in the CNS is determined by their interaction. System properties depend on the
condition of the system, which means that we have to use approaches to distinguish
between system and drug properties, as this would allow us to translate the model
to other species and also other disease conditions, by using physiologically based
pharmacokinetic (PBPK) modeling.
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Currently many more or less complex semi-PBPK models have been published for CNS
drug distribution. At present, 3 preclinical translational models have been validated
with human CNS concentration profiles (6-8). In these models, however, the parameters
were estimated using in vivo data to describe CNS distribution of individual drug in
animals. Ultimate goal of the PBPK modeling is to build a generic PBPK model in which
the parameters are derived from in vitro and/or in silico data. To achieve this, in vivo data
is needed to validate the generic PBPK model. Furthermore, an investigation is needed
on the relationship between drug physicochemical properties and CNS distribution.

In this review, system properties and small molecule drug properties that together
govern CNS drug distribution are summarized, followed by currently available
approaches on prediction of drug PK in the CNS, including in vitro, in vivo, ex vivo
and in silico approaches, with special focus on the powerful combination of in vivo
microdialysis and PBPK modeling. Also, sources of variability on drug kinetics in the
CNS are discussed. Finally, remaining gaps and challenges will be discussed and future
directions will be provided.

INTERACTION BETWEEN CNS SYSTEM- AND DRUG PROPERTIES

Many CNS system properties and drug specific properties are known to influence drug
kinetics in the brain, as shown in Figure 1. Here we focus on the relevant factors from
each that contribute to the drug kinetics, and summarize their function.

CNS system properties

Physiological compartments, flows and pH

The CNS is a complex system composed of many physiological components and flows
(Figure 2): Physiological compartments are the BBB, the BCSFB, brain extracellular fluid
(brainECF), cerebral blood, brain parenchymal cells, and the cerebrospinal fluid (CSF) in the
ventricles, the cisterna magna, and the subarachnoid space (4). There are pH differences
among the compartments (9-15). Then there are the CNS fluid flows that include the
cerebral blood flow, brain, . bulk flow, and CSF flow. All relevant physiological parameter
values are summarized in Table I.

22
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Pharmacokinetics
-plasma kinetics
-blood-brain transport
-intracerebral distribution

CNS system properties: Drug properties:
9  Cerebral blood flow 4 Molecular weight
4 CSF production/elimination/turnover @ LogP/logD
4 BrainECF bulk flow ¢ pka
9  Barrier permeabilities (transport-modes) @ PSA (polar surface area)
49 Volumes (intra- / extracellular) ¢ H-bond donor / acceptor
4 Active transporter substrate
9 Blood / tissue pH
4 capillary surface area
4  Transporter /metabolic enzyme expression

Figure 1. System and drug properties which govern drug kinetics in brain. The figure is
modified from de Lange (4).

J
|

hird and forth Ventrici

CSF pH7.3
lateral Ventricles
cisterna Magna

|

Subarachnoid space (lumbar)

|

» Fluid
flow

Figure 2. Brain physiological components and flow. The figure is modified from de Lange (4).
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Active transporters

The localization of transporters, and their expression level are also important factors to
determine drug distribution in the brain. Transporters are present at the BBB and at the
BCSFB, also on the membrane of brain parenchyma. Active transporters on the BBB and
BCSFB consist of facilitated transport and ATP-dependent transport. The solute carrier
(SLC) family, such as organic anion-transporting polypeptide (OATP) and organic anion
transporters (OATs) are categorized as a facilitated transport, while ABC transporters,
such as P-glycoprotein (P-gp), multidrug resistance protein (MRPs) and breast cancer-
resistant protein (BCRP) are categorized as an ATP-dependent transport (16). Table Il
summarizes an overview of transporters with their localization, and their endogenous
and exogenous substrates.

Metabolic enzymes

Presence and localization of enzymes in the brain are alsoimportant factors to determine
drug kinetics in the brain. In the brain the following enzymes are found: oxidoreductases
such as cytochrome P450 (CYPs) and monoamine oxidase (MAQO), membrane-bound
and soluble catechol-O-methyltransferase (COMT), and transferases such as uridine
5-diphospho (UDP) -glucuronosyltransferases (UGTs) and phenol sulfotransferase (PST)
(17).In Table lll, an overview is provided of the different enzymes with their localization,
and examples of their endogenous and exogenous substrates.
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Table I. Values of CNS system properties for rat and human

Parameter Human Refs Rat Refs
8.25mL
BBB volume (calculated using thickness (18) 5.02 uL (19)
endothelial cell of 550 nm)
107.25 mL
BCSFB volume (calculated using thickness 14.3 (20) 37.5uL (19
um of endothelial cell)

¢ | Brain volume 1400 g (21) 1.8 49,1880 pL (22,23)

E Brain, . volume 240-280 mL (24,25) 290 pL (26)

= Brain . volume 960 mL (25) 1440 pL (25)
CSF volume 130-150 mL (27,28) 250 pL (22)
CSF, volume 20-25 mL (27,29) 50 uL (30,31)
CSF,, volume 20-25 mL (27,29) 50 uL (30,31)
CSF,, volume 7.5mL (32,33) 17yl (32,33)
CSF,¢ volume 90-125 mL (27,29) 180 pL (34,35)
cerebral blood flow | 610-860 mL/min (36-38) 1.1-1.3 mL/min (39,40)

u_g- brain,, flow ’(;:OSdSCZt ir(1)1rl1_)/min (50% of CSF 28) :ﬁ(/):;ﬁ—ODOOM @)
CSF flow 0.3-0.4 mL/min (28) 0.0022 mL/min (26,42)
BBB SA 12-18 m? (18) 155-263 cm? (43,44)

4 |BCSFBSA 6om (18) (Zass_Zusr:ZZiZSO% of (4345)

~§ (assumed 50% of BBB SA) BBB SA)

3 | brain ECF/ICF SA 228 m? Calculated® | 3000 cm? (19)
E;ain ICF/lysosome 12m? Calculated? | 162 cm? Calculated @
Plasma 74 (12) 74 9)
Brain, NA 7.3 (10)

S | Brain,, 7.0 13) 7.0 (10)
lysosome 4.5-5.0 (14) 5.0 (10)
CSF 7.3 (12) 7.3 (1)

@ Calculation was performed based on an assumption that the brain cells and lysosome are spherical.
brain,.; a brain extracellular fluid compartment, brain,; a brain intracellular fluid compartment, CSF
lateral ventricle, CSF, ; a compartment of cerebrospinal fluid in the third and fourth ventricle, CSF . ;
cisterna magna, CSF., ; a compartment of cerebrospinal fluid in the subarachnoid space, SA; surface area

W

SAS’

a compartment of cerebrospinal fluid in
a compartment of cerebrospinal fluid in the
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Chapter 2

Small molecule drug properties and interaction with the CNS system

A combination of CNS system properties and drug properties determines drug PK
in the CNS, including the CNS target-site. Important physicochemical properties for
determination of drug PKin the CNS are summarized in Figure 1.

Physicochemical properties of adrug, such aslipophilicity, size, charge, hydrogen binding
potential and polar surface area (PSA), are important determinants for drug distribution
in the CNS. Many studies have investigated the influence of individual physicochemical
properties on the BBB penetration in isolation. However, as physicochemical properties
are highly inter-correlated, it is more appropriate to consider these properties in
combination.

First of all it should be noted that it is the unbound and neutral form of drug molecules
that is able to diffuse across barriers like the BBB and BCSFB, depending on the
concentration gradient of the unbound and neutral form of the drug on either side of a
membrane. Lipophilicity relates to the BBB permeability, as transcellular diffusion rate
(92,93). Furthermore, as a rule of thumb, higher lipophilicity increases drug binding to
brain tissue. Molecular size is an important factor for paracellular drug diffusion rate,
and also has an impact on transcellular diffusion rate at the BBB (92,94,95). The degree
of ionization depends on the pKa of the drug and actual pH in a body compartment.
Thus, the BBB permeability rate is influenced by lipophilicity, size and pKa of a drug.
(92,96). Using quantitative structure-activity relationship (QSAR) modeling, it has been
shown that the descriptors for the prediction of BBB penetration, are different for
different charge classes (97) . As there are pH differences between plasma, brainECF and
CSF (Figure 2), charge is an important factor for CNS drug disposition (98).

The hydrogen bonding potential reflects the necessary energy for a molecule to move
out of the aqueous phase into the lipid phase of a membrane. Recent studies have
shown that the relationship between chemical structure and Kp,uu,brain (the ratio
of the unbound concentration in the brain over that in plasma at equilibrium which
measures the extent of CNS distribution) was dominated by hydrogen bonding (99).

PSA is generally defined as the sum of the van der Waals surface areas of oxygen and
nitrogen atoms. Therefore, PSA of a compound can be related to its hydrogen bonding
potential. Some studies have shown that PSA is highly correlated with the permeability
coefficient of membranes (93,100,101). A recent study for Kp,uu,brain has been shown
that PSA is one of the important factors to predict the Kp,uu,brain for each compound
(102).
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BBB and BCSFB transport

Protein binding. It is generally accepted that unbound drug in plasma is able to cross
the BBB and BCSFB. Two major proteins in plasma are albumin and a1-acid glycoprotein
(103). For passive diffusion, the free concentration gradient between plasma and brain
determines the rate of transport. The extent of BBB and BCSFB transport are investigated
using Kp,uu,brain: If there is only diffusion, Kp,uu,brain is 1. If there is active transport
processes, then Kp,uu,brain is larger than 1 (active in) or Kp,uu,brain is smaller than 1
(active out).

lonization of the drug in plasma and in the brain. There are similar pH differences among
the CNS physiological compartments in human and in rat (Table I). Because of the
pH differences, the ratio of neutral form of a compound among the compartments
is different. It is generally accepted that neutral form can pass the barriers, therefore
ionization that is determined by the pKa of a compounds and pH in the physiological
compartments will have an impact on drug disposition in the brain.

Cerebral blood flow- flow versus permeability limited transport rate. Lipophilic compounds
usually have a large permeability coefficient, therefore a permeability surface area
product (PA), which is determined by the permeability coefficient and surface area of
tissue, becomes large. If the PA is larger than the physiological cerebral blood flow, then
the physiological cerebral blood flow determines the transport rate of the compound.

Modes of BBB transport- different modes. The combination of transport modes at the BBB,
BSCFB and membrane of brain parenchyma determines the rate and extent of drug
exchange at the BBB, BCSFB and membrane of brain parenchyma (104,105). Therefore,
the operative transport mechanism(s) may differ for each drug. Each transport mode is
summarized in Table IV.

Activetransporter function. Active transporters mediate influxand efflux of drug transport.
The magnitude of interaction of active transport is drug and species dependent (106).
The functions of individual transporters are summarized in Table II.
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Table IV. Blood-brain barrier main modes of transport and their characteristics

BBB/BCSFB e Concentration- Drug concentration- Consumes
Characteristics dependent transport -
transport mode A gradient dependent? energy?
kinetics?
Passive;
Paracellular Between tight junctions of No Yes No
the BCEC and the CPEC
Passive;
Transcellular Across the membranes of the | No Yes No
BCEC and the CPEC
Facilitated Passive; Yes Yes No
Active influx Active; Yes No Yes
Active efflux Active; Yes No Yes
Receptor (specific, low
. capacity) or absorptive
Ti t N N Yo
ranscytosis mediated (non-specific, high ° ° s
capacity)

BCEG; brain capillary endothelial cells, CPEC; choroid plexus epithelial cells

Brain distribution and elimination

Extra-intracellular distribution. Once having crossed the BBB, the drug is distributed by
brainECF bulk flow into the CSF compartments. At the same time, the drug in brainECF is
) It should be noted
that also on the brain parenchyma cell membranes active transport may occur (105).

transported to brain parenchymal cell intracellular fluid (brain

Tissue binding. Tissue binding can occur as being specific at the target or non-specific to
tissue components.

Lysosomal trapping. In the brain parenchyma cells, there is a physiological pH gradient
between the intracellular compartment (cytoplasm) and the lysosome compartment
(Figure 2). Especially basic compounds are known to be trapped in the lysosomes (10).

Drug dispersion within CSF. Some studies have shown that intrathecally administered
drugs distribute faster than what can be accounted only by molecular diffusion
(107,108). Thus, it is thought that molecular diffusion makes only a small contribution
to the total drug dispersion within CSF. This leads to the need to take into account also
the convection due to oscillatory CSF flow to adequately explain this dispersion (109).
Recently the drug dispersion has been considered to be enhanced by the CSF pulsatility
(heart rate and CSF stroke volume), and it leads to high inter- and intra-patient variability
in drug distribution in the brain (109,110).
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Elimination from the brain. Apart from transport across the BBB and BCSFB as discussed
earlier, drug may leave the brain via the BBB, but also via CSF reflux into the blood
stream at the level of the arachnoid villi.

Metabolism. In the brain, several metabolic enzymes are present. Enzyme interaction
with drugs is important information not only on the drug PK profile but also on the drug
pharmacological effect in the brain since it may create active metabolites. Presence and
localization of several enzymes have been reported in the brain (Table Ill), although
their activity is reported to be relatively small compared to the liver (17,86).

CURRENT APPROACHES TO INVESTIGATE CNS DRUG
DISTRIBUTION

Since obtaining a human drug target-site concentration in the brain is not feasible
in most of the clinical studies, quantitative prediction of target-site concentration is
important. To achieve this, we need information from in vitro, ex vivo, in vivo, and in
silico approaches. Here we summarize the current approaches to obtain the necessary
information to predict human drug target-site concentration.

In silico approaches

For decades, QSAR studies have been performed using Kp,brain (total concentration
ratio of the brain to plasma) or log BB, either of which may not reflect the relevant
drug exposure in the brain to assess the drug efficacy since drug efficacy is influenced
by binding of compounds to plasma proteins and brain tissue. Eventually log BB was
replaced by the PA, as an estimate of the net BBB influx clearance (111). However, it
has been argued that the PA cannot predict the unbound drug concentration in
the CNS by itself. Recently the most relevant parameter Kp,uu,brain has been used,
with QSAR being conducted to model this parameter (99,102,112,113). Other than
Kp,uu,brain, physiological meaningful parameter, Vu,brain (the volume of distribution
of the unbound drug in the brain) or Kp,uu,cell (unbound concentration ration between

brain .. and brain ) are also reported using molecular descriptors (102).

ICF)
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In vitro approaches

In vitro approaches to investigate the BBB permeability have been conducted using BBB
models (114). BBB models can be classified into non-cell based surrogate models, such
as parallel artificial membrane permeability assay (PAMPA), and cell-based models such
as primary cultures cells, immortalized brain endothelial cells or human-derived stem
cells (115). Although primary cultured cells from human tissue have been reported,
acquiring human brain tissue is difficult as it can only be obtained postmortem and
should be fresh enough (116). Therefore alternative models based on immortalized
brain endothelial cells or human-derived stem cells are often used (117,118). Even
though these models have been developed for measuring the BBB permeability, an
ideal cell culture model of the BBB is yet to be developed. Furthermore, reliable in vitro-
invivo correlation data is needed to enable the use of in vitro results for the prediction of
in vivo permeability. However, in vitro results have not been consistent in their ability to
predict in vivo permeability, probably because of different in vitro models, and different
sets of compounds used in the in vitro studies (119).

Currently, the biopharmaceutics classification system (BCS) and biopharmaceutics
drug distribution classification system (BDDCS) are used for CNS drugs. The BDDCS
is a modification of BCS that utilizes drug metabolism to predict drug disposition
and potential drug-drug interactions in the brain (120). However, this classification
approach needs to be further investigated because of inconsistencies. For example, it
was proposed that 98% of BDDCS class 1 drugs would be able to get into the brain
even though the drugs were P-gp substrates based on in vitro studies (121), while it
has also been reported that the in vitro efflux ratio reflects the in vivo brain penetration
regardless of the class in BDDCS (122).

Ex vivo approaches

As mentioned before, it is the unbound drug molecules that are able to pass membranes
and to interact with the target (22). Thus, measuring unbound drug concentrations is
very important. Vu,brain or Fu,brain (the unbound fraction in the brain) are used to
investigate unbound fraction of drugs in the brain. Fu,brain can be derived from brain
homogenate (123), and Vu,brain can be obtained from the brain slice technique (124).
The brain slice method is more physiologically relevant because the cell-cell interactions,
pH gradients and active transport systems are all conserved (34).
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In vivo approaches

Microdialysis can be considered as a key technique to examine time-dependent
information regarding unbound drug concentrations. With microdialysis both the
rate and extent of drug transport and distribution processes can be determined
(125,126). Thus, it can be used to obtain Kp,uu,brain in conjunction with the rate of
transport processes. Moreover, this can be done at multiple locations and this feature
has shown that even for a drug like acetaminophen that is not subjected to any active
transport, substantial differences in pharmacokinetic profiles exist in different brain
compartments (6). While there is some limit to use this water-based technique for the
highly lipophilic drugs, lots of microdialysis experiments have contributed to a boost
in the understanding on drug exchange across the BBB (125,127,128). Especially the
use of microdialysis at multiple brain locations have provided insight into the relative
contribution of CNS distribution and elimination processes to the local (differences in)
PK of a compound (6,7,129).

Positron emission tomography (PET) is a valuable non-invasive in vivo monitoring
technique that can be used to visualize drug CNS distribution in living animals and
human. However, the PET technique cannot distinguish parent compounds from
their metabolites, or bound and unbound drug. Furthermore it may also encounter
difficulties in obtaining useful data when a very high non-specific binding (NSB) to
non-target proteins and phospholipid membranes occurs (130). Recently a novel
Lipid Membrane Binding Assay (LIMBA) was established as a fast and reliable tool for
identifying compounds with unfavorably high NSB in the brain tissue (55).

Combinatory mapping approach

Combinatory mapping is an approach that combines three compound-specific
parameters obtained from in vitro, ex vivo and in vivo data: Kp,brain, Vu,brain and
Fu,plasma, for calculation of Kp,uu,brain (132). This approach can be used not only to
obtain Kp,uu,brain but also to understand unbound drug disposition in the cell cytosol,
and the lysosomes. Recently, this approach has been extended to predict drug exposure
in different brain regions such as frontal cortex, striatum, hippocampus, brainstem,
cerebellum and hypothalamus, in which also the impact of transporters and receptors
in each region was taken into account (133). Although this approach is useful to support
the selection of potential CNS drugs in drug discovery, it has two limitations. The first
limitation is that it can only predict the parameters at steady state. The second limitation
is that the approach cannot be translated to predict the parameters, for instance, inter-
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species or inter-disease conditions because the processes to obtain the parameters in
this approach are not connected with system properties which will be changed in these
conditions.

CONDITION DEPENDENCY AND PBPK MODELING

Condition dependency

Drug distribution into and within the brain depends on the interaction between system
and drug properties. Drug properties remain the same, whatever the species and
conditions are in which the drug has been administered. This indicates that interspecies
variability in drug distribution into and within the brain is the result of differences in
physiological and biochemical parameters. Factors which cause variation in drug PK
include: genetic background, species differences, gender, age, diet, disease states,
drug treatment (4). Factors which cause variation in drug pharmacodynamics include:
seasonal effect (134), age (135), gender (136), species (137). Effects of these conditions
on CNS system properties are summarized in Table V.

(Semi-) PBPK modeling

PBPK models need to be informed on system and on drug properties to model the
interaction and predict the drug PKin different compartments. Especially as obtaining PK
data from the human brain is highly restricted, working in the PBPK model framework is
valuable as it can be translated to predict the target-site concentrations in inter-species
and inter-disease situations (4). Some translational research has been reported by using
an animal (semi-) PBPK model for CNS drugs but it is relatively sparse and ranges from
simple to more advanced (Table VI).

For remoxipride, Stevens et al. have shown that drug concentration in brainECF which
was measured with microdialysis, represented the target-site concentrations, because
these concentrations could be directly linked to the effect of remoxipride on plasma
prolactin levels in an advanced mechanism-based model (138). After scaling to human,
this indeed could also be concluded for human CNS remoxipride effects on human
plasma prolactin levels. This underscores the importance of having information on PK
at the CNS target region.
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Table V. Sources of variability in CNS pharmacokinetics

Parameter Location Source of variability Effect Refs
aging lower (139)
Protein binding pathophysiological higher with disease induced evaluation of (140.141)
condition plasma protein !
aging lower (142)
Cerebral blood path?r?hySIologlcal lower in the multi-infarct group (143)
flow condition
diurnal variation change (144)
aging change (145)
membrane diet change (146)
lipid pathophysiological change in several disease conditions, such as
" A . . (147-149)
condition Alzheimer’s disease and schizophrenia
stress increase with hypoxic stress (150)
paracellular thophvsiological
diffusion pa 0p yslologica increase (due to loose of tight junctions) see below
condition
disruption of the tight junctions by ischaemic
. (151)
hobhvsiological brain stroke
BBB tight junction Egad?t?or):sm ogica opening of the tight junctions in AD patients (152)
opening of tight junctions in multiple (153)
sclerosis patients
. diet decreased in hypoglycemia condition (154)
facilitated thonhvsiological
transport pa op yslologica upregulation in the brain tumor (155)
condition
vesicle based pathophysiological increase in experimental autoimmune (156)
transport condition encephalomyelitis
active path@hymologlcal see below see below
transporters condition
. . volume is enlarged in the patient with
Brain, path?;?hy5|olog|ca| vasogenic type of brain (157)
ECF condition
blockade of brain ECF flow in AD patient (42)
Brain .
Parenchyma aging shrunk (158)
aging thinner (159)
BCSFB i i
path?PhySIoIoglcal decrease in Alzheimer patients (159)
condition
aging decrease |n-CSF production, increase in CSF (160)
outflow resistance
decrease in CSF production, CSF turnover and (161)
CSF i i increase in CSF volume in AD patients
pathophysiological - - -
condition increased re5|‘stance to‘CSF ab§orpt|on and
CSF pressure in the patients with normal- (162)
pressure hydrocephalus
aging increase in the CYP2D6 enzyme level (163)
gender higher MAO activity in women (82)
. . higher MAOB activity in AD patients (164)
Brain pathophysiological e £ COMT —
metabolic condition ifference of T expression in 77)
schizophrenia patients
enzymes
deficiency of CYP2D6 enzyme (74)
ene
9 change of COMT function (165,166)
smoking and alcoholism | change of CYP2B6 and CYP2E1 levels (72,167)
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Table V. (continued)

Parameter Location Source of variability Effect Refs
) decrease in P-gp activity (168)
aging
decrease in glucose transporter activity (169)
upregulation of P-gp and MRPs in (170)
epileptogenic brain
upregulation of P-gp and MRP1 in the brain 171)
t
Transporter pathophysiological umor
condition Alteration of the levels of glutamate
transporter in the various brain disorders,
including cerebral ischemia, amyotrophic (172,173)
lateral sclerosis , AD , AIDs, traumatic brain
injury, schizophrenia, and epilepsy (seizure)
diurnal variation change in P-gp activity (174)
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REMAINING GAPS AND CHALLENGES ON PBPK MODELING,
TOWARDS A GENERIC PBPK MODEL

The ultimateaimisto have a CNS PBPK model that can predict human brain compartment
concentrations on the basis of the compounds physicochemical properties, which can
be determined by in vitro measurements, or in silico prediction. Thus, in the overview
in Table VI it can be seen that we still have a number of gaps in the currently available
(semi-) PBPK models of CNS drugs. Most of the models require in vivo data on the
compound(s), and most of the predictions have not been validated on human data.
Thus, it can be seen that there is a need for further development of a generic, fully PBPK
model for CNS drug distribution (185-187).

To have a PBPK model that would predict CNS drug distribution based the
physicochemical properties of an individual drug, for different species and in different
conditions, a number of challenges remain:

- Having a PBPK model structure with all relevant compartment/parameters, as
physiological parameter values reported are sparse and variable (see Table I).

«  Having drug physicochemical parameter values determined from in vitro, and/or in
silico, or even some in vivo measurements, which may not necessarily be correct.
For example, in vitro or in vivo data may depend on the experimental setting, while
in silico information really depends on the data availability, used to obtain the
equation.

«  Obtaining human data sets for validating the model predictive performance is
typically very difficult.

« Having information on pathophysiological changes in human CNS system
properties in (the many) disease conditions. For example, BBB characteristics may
change in Alzheimer’s disease, multiple sclerosis, and pharmacoresistant epilepsies
(188).

DISCUSSION AND CONCLUSION

PK of drugs in the CNS is governed by a combination of CNS system physiology and
drug properties. This means that variability in CNS system physiological parameters
(condition dependency) may lead to variability of CNS drug PK. Therefore, it isimportant
to explicitly distinguish between system physiology and drug properties, by either
changing conditions and investigating the PK of one drug, or investigating the PK of
different drugs in the same condition.
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The currently available predictive approaches are based on total drug plasma and total
tissue concentrations at equilibrium (SS), while more recent approaches include, at
best, unbound plasma SS concentrations. However, as body processes are based on the
interaction with the unbound drug and are time-dependent, it is crucial to measure
the unbound drug in each compartment as a function of time (Mastermind Research
Approach (MRA)) (4), for which microdialysis has been proven the key technique. Using
the MRA, microdialysis will provide lots of valuable data that pave the way towards a
generic CNS PBPK model.

One microdialysis experiment in a single freely-moving animal can provide a lot of data
points, obtained under the same experimental condition of the animal, and thereby
revealing the interrelationships of processes. With this microdialysis has already
contributed to reduction and refinement in the use of animals. Furthermore, all this
information can further be “condensed” into a generic PBPK model, and will thereby
help in the reduction in the future use of animals (189).

In order to be able to predict CNS drug effects in human, next steps would be the
development of a full PBPK CNS drug distribution model, and combining it with target
binding kinetics, receptor occupancy and signal transduction (190,191), and including
system changes by human disease condition.
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Chapter 3

ABSTRACT

Purpose: Predicting target site drug concentration in the brain is of key importance for
the successful development of drugs acting on the central nervous system.We propose a
generic mathematical model to describe the pharmacokinetics in brain compartments,
and apply this model to predict human brain disposition.

Methods: A mathematical model consisting of several physiological brain
compartments in the rat was developed using rich concentration-time profiles from
9 structurally diverse drugs in plasma, brain extracellular fluid, and two cerebrospinal
fluid compartments. The effect of active drug transporters was also accounted for.
Subsequently, the model was translated to predict human concentration-time profiles
for acetaminophen and morphine, by scaling or replacing system- and drug-specific
parameters in the model.

Results: A common model structure was identified that adequately described the rat
pharmacokinetic profiles for each of the 9 drugs across brain compartments, with good
precision of structural model parameters (relative standard error <37.5 %). The model
predicted the human concentration-time profiles in different brain compartments well
(symmetric mean absolute percentage error <90 %).

Conclusions: A multi-compartmental brain pharmacokinetic model was developed
and its structure could adequately describe data across 9 different drugs. The model
could be successfully translated to predict human brain concentrations.
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INTRODUCTION

Central nervous system (CNS) drug development suffers from 91% attrition rate and
especially the success rate in phase Il is very low (1,2). The primary reasons for attrition
are safety issues (3). Although the underlying physiological and pharmacological
reasons for such failures are often not fully known they are likely related to a lack
of knowledge or failure to account for a combination of on- and off-target site
concentrations, target interaction and downstream signal processing. The first step in
this cascade, obtaining quantitative insight into CNS target site concentration kinetics,
is already a major challenge, and has been suggested as a major factor contributing
to failure of novel drug candidates (4). During clinical drug development, typically
only drug plasma concentrations are considered as marker for drug exposure, because
quantifying drug concentrations in the brain is challenging. Hence, the ability to predict
brain concentrations based on plasma data is highly relevant to further optimize CNS
drug development.

The prediction of brain target-site concentrations is controlled by several factors. First,
the poorly penetrable blood-brain barrier (BBB) and the blood-cerebrospinal barrier
(BCSFB) (5) limit passage of drugs from the systemic circulation into the brain. These
barriers are associated with limited passive diffusion, and in addition various active
transport and drug metabolism processes that systematically administered drugs need
to pass. Second, the brain can be further subdivided into several distinct physiological
compartments, including the brain extracellular fluid (ECF), brain intracellular fluid
(ICF), and multiple cerebrospinal fluid (CSF) compartments. The specific disposition
characteristics across these specific compartments further determines drug target-
site concentrations. Third, CNS drug target-site concentrations are mediated by
physiological flows including the microvascular blood flow, and brain ECF and CSF
flows. Lastly, drug protein binding and the localized pH in specific sub-compartments
further affect ultimate brain target-site concentrations.

Passive drug transport processes are mediated through a combination of drug
permeability properties, trans-membrane transport routes, and the surface areas of
the BBB (SA) and BCSFB (SA, ) (5). Active drug transport is mediated by transport
proteins such as P-glycoprotein (P-gp), multidrug resistance-associated protein (MRPs),
organic anion transporters (OATs), and organic anion transporting polypeptides (OATPs).
Even though the function and localization of these transporters has been extensively
investigated in in-vitro and in-vivo studies, their precise functions is in some cases not
fully understood (6).
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Several experimental preclinical models have been developed to assess drug
distribution to brain compartments. These models differ in terms of temporal and
spatial resolution, and in their consideration of drug protein binding (7-10). For
example, the combinatorial mapping approach has been recently introduced using
unbound drug concentration with the brain slice technique (10,11). This approach can
predict unbound drug CNS exposure at steady state in multiple brain compartments,
but does not allow temporal characterization of drug concentration changes. Positron
emission tomography (PET) is sometimes used also clinically, as a non-invasive imaging
method to visualize spatiotemporal drug distribution in the brain. However, PET scan
signals cannot distinguish parent compounds from their metabolites, or bound and
unbound drug compounds in the brain (12). Finally, microdialysis allows serial sampling
in multiple physiological compartments of unbound drug concentrations, hence is
suited to characterize the time profile of drug concentrations in the brain (13).

In order to capture the time profile and complexity of interacting factors governing
drug distribution across brain compartments as determined by microdialysis methods,
mathematical modeling represents an indispensable tool. Specifically, physiologically
based pharmacokinetic (PBPK) models are of interest, as these models aim to distinguish
between system- and drug-specific parameters, allowing for translational predictions by
scaling or replacing system- or drug-specific parameters from the rat to man (14). Several
(semi-) PBPK models for CNS drug distribution have been published, with different
levels of complexity (15-20). However, these models did not yet include validations
of predicted human CNS concentrations (21). Recently, Gaohoa et al published a CNS
PBPK model, which consists of four compartments such as brain blood volume, brain
mass, cranial CSF and spinal CSF. This model was validated with human acetaminophen
and phenytoin data. However, a limitation of this model is the lack of consideration of
a brain extracellular fluid compartment (brainECF), which is of critical importance for
prediction of receptor binding kinetics for drugs acting on membrane bound receptors
and ultimately drug efficacy (22).

Previously we have developed separate semi-physiological CNS PBPK models for three
drugs based on microdialysis experiments in rats, which included unbound drug
concentration-time profiles across multiple brain compartments (23-25). These models
described the data well, but resulted in different individual model structures for each of
these drugs.

The purpose of the current work was to develop a more generally applicable model
structure that can be used to predict drug target site concentration-time profiles in
human brain compartments based on rat pharmacokinetic (PK) studies. To this aim, we
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used published and newly generated datasets for a larger number of drugs, and we
performed rigorous model validation on external datasets. Furthermore, the impact
of key drug transporters was also included in our model. Finally, we investigated the
performance of the developed model structure to predict human brain concentration-
time profiles for acetaminophen and morphine.

MATERIALS AND METHODS

Data for model development

An overview of experimental data for 9 compounds with different physicochemical
characteristics used for model development is provided in Table I. The physicochemical
characteristics of the 9 compounds are provided in Table SI. Data on 6 compounds were
previously published, as indicated in Table I. For 3 compounds (paliperidone, phenytoin
and risperidone), data were newly produced after single intravenous administration, as
described below.

For some of the drugs, active transport inhibitors were co-administered intravenously
to characterize the effect of P-gp, MRP, OATs and OATPs, as indicated in Table I. The
transport inhibitors included were probenecid as an inhibitor of MRPs, OATs and OATPs,
and GF120918 or tariquidar as inhibitor of P-gp.

Data for external model validation

For an external validation of the model, we used two separate rat datasets for
acetaminophen and remoxipride, as indicated in Table I. The acetaminophen data was
previously published, the remoxipride data was newly generated as described in the
experimental section. For acetaminophen and remoxipride, two separate experimental
datasets were available. For each drug, one of these datasets was used for model
development, whilst the second dataset was used for external validation. The external
validation with these second sets of data allows assessment of the robustness of our
model predictions with respect to a different experiment and variation in experimental
design.
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Animals

Animal study protocols were approved by the Animal Ethics Committee of Leiden
University and all animal experiments were performed in accordance with the Dutch Law
of Animal Experimentation (for approval numbers see Table SIlI). Male Wistar rats (225-
275 g, Charles River, The Netherlands) were housed in groups for a few days (5-13 days)
under standard environmental conditions with ad libitum access to food (Laboratory
chow, Hope Farms, Woerden, The Netherlands) and acidified water. Between surgery
and experiments, the animals were kept individually in Makrolon type 3 cages for 7 days
to recover from surgical procedures.

Surgery

Rats were anesthetized (5% isoflurane for induction, 1-2% as maintenance), and
subsequently received cannulas in the femoral artery for serial blood sampling, and
in the femoral vein for drug administration, respectively. Subsequently, microdialysis
guides were inserted into different brain locations. The animals were allowed to recover
for 1 week before the experiments were performed. One day before the experiment,
the microdialysis dummies were replaced by microdialysis probes. For details on guides,
probes and locations see Table SII.

Microdialysis and drug administration

Experiments generally started at 9:00 a.m. to minimize the influence of circadian rhythms.
Microdialysis probes were continuously flushed with microdialysis perfusion fluid (PF)
until equilibration before the start of drug administration. Drugs were administered at t
=0 h by intravenous infusion through the cannula implanted in the femoral vein. For the
quantification of active drug transport, the active transport inhibitor was administered
before the drug’s administration. The general procedure of microdialysis is depicted in
Figure 1. Dosage and infusion time for each drug and the active transport inhibitor
were summarized in Table I, and the composition of microdialysis PF and flow rate of
microdialysis PF are summarized in Table SII.
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No active transport inhibitor

9 compounds +—+ P .ﬁ—-—ﬁ—-—ﬁ+

-2~0.5 0 2~8 h

Single active transport inhibitor

Methotrexate
Quinidine 205 05 s
Paliperidone e i 28 h
Risperidone
Phenytoin
A Start/end of the microdialysis
. L
Morphine ‘ ) ‘+ % Administration of the compounds
2 0 6 h
@ Administration of the active
Double active transport inhibitor transport inhibitors
Phenytoin R + Microdialysate sampling
-1 -066 -042 0 8h

Figure 1. Microdialysis procedures for the compounds used for the development of the multi-
compartmental brain PK model.

Bioanalytical methods

The developed analytical methods for risperidone, paliperidone, phenytoin and
remoxipride are described below.

Chemicals and Reagents

For all procedures, nanopure lab water (18.2 MQ cm) was used. All chemicals used were
obtained from Sigma Aldrich (Zwijndrecht, The Netherlands), and analytical grade
unless stated otherwise. The internal standards risperidone-D4 and paliperidone-D4
were purchased from Toronto Research Chemicals (Toronto, Ontario, Canada).
Remoxipride-HCl was obtained from TOCRIS (Bristol, United Kingdom). Tariquidar
(TQD, XR9576) was obtained from Xenova group PLC (Cambridge, United Kingdom).
Ammonium formate, ammonium bicarbonate (ULC/MS grade), acetonitrile (LC-MS
grade), methanol, isopropanol, and formic acid (ULC/MS grade) were obtained from
Biosolve B.V. (Valkenswaard, The Netherlands). Sodium hydroxide was obtained from
Baker (Deventer, The Netherlands).
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Sample preparation of plasma

- Risperidone and paliperidone

The calibration curve was in a range of 5 to 1000 ng/ml. Quality controls (QC’s) were
prepared in blank rat plasma at three different concentration levels and stored at -20
°C. The lower limit of quantification (LLOQ) for both risperidone and paliperidone
was 5 ng/ml. To 20 pl of plasma, 20 pl of internal standard solution (risperidone-D4
and paliperidone-D4) and 20 pl water (or 20 pl calibration solution in the case of the
calibration curve) were added. After brief vortexing, 1 ml of acetonitrile was added. Brief
vortexing and subsequent centrifugation at 10,000 g led to a clear supernatant, which
was transferred to a glass tube and evaporated in the vortex evaporator (Labconco,
Beun de Ronde, Breda, The Netherlands). The residue was redissolved in 200 pl of 2 %
methanol, 10 mM ammonium formate, pH 4.1 and processed in according to the solid
phase extraction (SPE)- liquid chromatography (LC) method.

- Phenytoin

20 pl of plasma sample was mixed with 20 ul of water in an Eppendorf vial. An aliquot
of 40 pl acetonitrile was added for protein precipitation. After centrifugation at 11,000 g
for 10 minutes, 40 pl of supernatant was mixed with 40 ul ammonium acetate buffer (pH
5.0). Calibration was performed by adding 20 pl of calibration solution to 20 ul of blank
plasma, using the same clean-up procedure. The calibration solutions ranged from 0.2
to 100 pg/ml. 30 ul was injected into the high-performance liquid chromatography
(HPLC) system. The LLOQ was 250 ng/ml.

- Remoxipride

Sample preparation was performed according to Stevens et al (29). Briefly, 20 pl of
sample was mixed with 20 ul of water and 20 pl internal standard (raclopride). Proteins
were precipitated with 6% perchloric acid and centrifugation. After addition of sodium
carbonate, 10 pl was injected into the SPE-LC system.

Sample preparation for microdialysates

- Risperidone and paliperidone

The calibration curve for the microdialysis samples was prepared in buffered PF
(composition in Table SIlI). The concentrations were in the range of 0.1 to 20 ng/ml. QC's
were prepared using a different batch of buffered PF. Before injection of 10 ul into the
LC system, the microdialysate samples were diluted with internal standard solution in
a ratio of 1:1 v/v. The internal standard solution consisted of 100 ng/ml risperidone-D4
and paliperidone-D4 in nanopure water. The LLOQs for risperidone and paliperidone
were 0.4 and 0.2 ng/ml, respectively.
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- Phenytoin

Calibration curves were made in minimal PF at a concentration range of 25 to 5000 ng/
ml. QC’s were prepared using a different batch of buffered PF. Of a typical sample that
consisted of 40 pl of microdialysate, 30 ul was injected into the HPLC system. The LLOQ
was 25 ng/ml.

- Remoxipride

Calibration curves were prepared in buffered PF. The calibration range was from 1 to 200
ng/ml. QC’s were prepared using a different batch of buffered PF. Samples were mixed
in a 1:1 v/v ratio with the internal standard raclopride (100 ng/ml) before injection of 5
plinto the LC system. The LLOQ was 0.5 ng/ml.

Chromatography

- Paliperidone and risperidone

SPE-LC method. For plasma samples the SPE-method was applied. The SPE system
consisted of a Hyphere C8 HD, SE column (10x2 mm) (Spark Holland, Emmen, The
Netherlands) in a cartridge holder and served for the clean-up of the sample. The
cartridge holder was connected to a Gynkotek gradient pump (Thermo Scientific, Breda,
The Netherlands) and a Waters 717 autosampler (Waters, Etten-Leur, The Netherlands).
The MS Surveyor pump from Thermo Scientific (Breda, The Netherlands) provided the
flow for the LC column, which was the same type as in the LC-method. The sample was
injected onto the SPE, which was preconditioned with 2 % methanol (pH 4.1). After 1
minute of flushing, the SPE was switched into the LC system. After 4 minutes, the SPE
was cleaned with 98 % methanol (pH 4.1) for 2 minutes and reconditioned with 2 %
methanol (pH 4.1).The flow of the SPE pump was 0.75 ml/min. The flow of the LC system
was 0.25 ml/min. The gradient was from 10 to 90 % methanol (1 - 8.5 minutes after
injection). The SPE column was used for a maximum of 240 injections.

LC-method. For microdialysates, LC-Method was applied. The separation of the active
compounds was possible using Hyper Clone HPLC column (3 pm BDS C18 130A) from
Phenomenex (Utrecht, The Netherlands) placed at 40°C. The LC system was used at a
flow of 0.25 ml/min using a linear gradient from 20 to 74 % methanol (1 - 6 minutes
after injection). Before the next injection, the column was re-equilibrated with 20 %
methanol for two minutes.
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- Phenytoin

HPLC method and detection. For both plasma and microdialysates samples an HPLC
method was used. The mobile phase consisted of 15 mM ammonium acetate adjusted to
pH 5.0 with acetic acid and acetonitrile in a 2:1 ratio (v/v). Separation was achieved using
an Altima HP C18-Amide HPLC column (5 um, 150 x 4.6mm) from Grace Alltech (Breda,
The Netherlands). The injector was from Waters (Etten-Leur, The Netherlands). The LC
pump (LC-10 ADVP) was obtained from Shimadzu (‘s-Hertogenbosch, The Netherlands).
The ultraviolet (UV) detector (Spectroflow 757) was obtained from Applied Biosystems
(Waltham, Massachusetts) and was used at a wavelength of 210 nm. Data acquisition
was achieved using Empower software from Waters (Etten-Leur, The Netherlands).

- Remoxipride

SPE-LC Method. For the precipitated plasma samples, on-line SPE was combined with
HPLC and mass spectrometry according to Stevens et al (29). Briefly, a pretreated sample
was loaded into a Hysphere GP resin cartridge column (10x2 mm) from Spark Holland
(Emmen, The Netherlands) at pH 8.3 and flushed for one minute. Elution was performed
using a low pH and an Altima HP C18 column (150x1.0 mm, 5 um).

LC-Method. For microdialysates, a Kinetex 2.6 um column (50x2.0 mm, XB-C-18) from
Phenomenex (Utrecht, The Netherlands) was used at a flow of 0.6 ml/min and placed
at 40 °C. The system was a Nexera-X2 UHPLC system, consisting of two ultra high
performance liquid chromatography (UHPLC) pumps delivering the high pressure
gradient. A SIL-30AC auto sampler was used to inject 5 pl of the microdialysis sample.
The flow was diverted for the first 0.5 minute, while a gradient from 10 to 90 % methanol
in 1.5 minute served to elute both remoxipride and raclopride to the mass spectrometer.

Mass spectrometry

For risperidone, paliperidone and remoxipride, mass spectrometry was used to measure
the concentrations. The mass spectrometer was a TSQ Quantum Ultra from Thermo
Fisher Scientific (Breda, the Netherlands) and was used in MS/MS mode. Electrospray
was used for ionization in the positive mode, nitrogen served as the desolvation gas and
argon was used as collision gas. Data acquisition for both remoxipride and risperidone
and paliperidone was performed using LCQuan 2.5 software from Thermo Scientific
(Breda, The Netherlands).
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Risperidone and paliperidone had the following transitions (m/z): 411.2->191.1
(risperidone), 415.2->195.1 (paliperidone), 415.2->195.1 (risperidone-D4),431.2>211.1
(paliperidone-D4). The scan width was set at 0.2 m/z, the scan time was 0.05 seconds.
Collision was performed at fixed voltages between 27 and 38V, using a skimmer offset
of 2V.

The transitions (m/z) were 371->242.8 for remoxipride and 247.0-> 84.0, 112, 218.8 for
raclopride. The skimmer offset was 18 and collision was performed between at fixed
voltages between 24 and 45 V. Scan width and scan time were the same as above.

Determination of fraction unbound in plasma

To determine the free fraction of paliperidone and risperidone in plasma samples,
Centrifree Ultrafiltration Devices from Merck Millipore (Amsterdam, The Netherlands)
were used to separate the free from the protein bound risperidone and paliperidone in
pooled plasma samples. Both the ultrafiltrate and the original pooled plasma sample
(without ultrafiltration step) were measured. The free fraction was calculated according
to the following Equation 1:

Ultrafiltrate concentration (,I )
Pooled plasma concentration

Free fraction =

For phenytoin and remoxipride, the free fraction in plasma was calculated using a
protein binding constant of 91 % and 26 % respectively which were obtained from
literature (31,32).

Determination of in-vivo recovery (retro dialysis) (33)

The in-vivo recovery of paliperidone, risperidone, phenytoin and remoxipride was
calculated using the compound concentration in the dialysate (C,_) and in PF (C )
according to the following Equation 2:

) Cin—Cai
In vivo recovery = ”‘C—d“‘l (2)
in

Brain microdialysis data of paliperidone, risperidone, phenytoin and remoxipride were
corrected for in-vivo recovery to obtain brain_ . and CSF data.

The in-vivo recovery and free fraction for the 9 compounds are summarized in Table SII.
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Human data

Table Il summarizes the clinical concentration data for acetaminophen and morphine
used to assess model performance to predict human concentrations. These data
consisted of two clinical studies for acetaminophen and two studies for morphine. All
studies were published, except for study 1 for acetaminophen that consists of newly
generated data (see in Table II).

Acetaminophen

Acetaminophen human plasma samples and CSF samples were obtained at Poitier
University Hospital. Seven patients who had a traumatic brain injury (TBI) were enrolled
in the clinical study. They were treated with a 30 min intravenous infusion of 1 g of
acetaminophen. CSF samples were collected from a compartment of cerebrospinal fluid
in the lateral ventricle (CSF,) by external-ventricular drainage (EVD) to control the intra-
cranial overpressure (named CSF,,0) (34). All clinical studies were conducted according
to the Declaration of Helsinki, and written informed consent was obtained from each
subject after the approval of the institutional review board at the medical institute. The
demographic data is summarized in Table Slll. Acetaminophen concentrations at the
start of the study (some patients already received acetaminophen before) were used as
an initial value in the plasma compartment. The volume of EVD samples and EVD flow
rate during a certain time interval were experimentally determined (Table SIV).

A second human acetaminophen PK dataset (study 2) in plasma and in CSF subarachnoid
space (CSF,, ) was obtained from the literature, and was based on patients with nerve-
root compression pain (35).

For both datasets, total plasma concentrations for acetaminophen were converted to
free plasma concentrations using the free fraction obtained from literature (36).

Morphine

Morphine human concentration-time profiles in plasma and in brain_. were obtained
from the physiologically “"normal” side of the brain and also from the “injured” side of
the brain of TBI patients (37,38). For both datasets, the unbound plasma concentrations

were already reported in the original publications (37,38).

Software

The PK analysis was performed using NONMEM version 7.3 (ICON Development
Solutions, Hanover, MD, USA) (39). For the brain PK modeling of rat data, the extended
least squares estimation method was applied. Other analyses were performed by
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using the first-order conditional estimation method with interaction (FOCE-I). The
compartmental models were defined using the ADVANG differential equation solver in
NONMEM (39). The plots and the statistical analysis were conducted using R (Version
3.2.5; R Foundation for Statistical Computing, Vienna, Austria) (40).

Table Il. Summary of the human acetaminophen and morphine data

. Acetaminophen Morphine
Study design
Study 1 Study 2 Study 1 Study 2
human with human with nerve- | human with human with
Condition of patients traumatic brain root compression traumatic brain traumatic brain
injury pain injury injury
Nr of patients 7 1 (mean values) 2 1
Dosage 1.9, 30 min infusion 29 (prf)pasetamol), .10 mg, 10min '10 mg, 10min
short infusion infusion infusion
Nr of samples I 38 1 23 1
asma
(sampling time, |~ (0-6h) (0-12h) (0-3h) (0-3h)
h) brain ECF |54 1 74 37
or CSF (0-5.5h) (0-13h) (0-3h) (0-3h)
data references Newly generated (35) (38) (37)
Data
plasma X X X X
X (“normal”and X (“normal”and
brain, . “injured” brain “injured” brain
tissue) tissue)
CSFeo X
CSF, X
fe 85% 85% - -
fp references (36) (36) (38) (37)

brain,; a brain extracellular fluid compartment, CSF,, ; a compartment of cerebrospinal fluid in EVD, CSF,,; a compartment of cerebrospinal
fluid in the subarachnoid space

2 free fraction in plasma
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Model development

Separate models describing plasma and brain concentration-time profiles for all 9
compounds were developed whereby plasma- and brain-related parameters were
estimated simultaneously. A naive pooling approach was used (41), i.e. inter-individual
variability in each compound’s data was not quantified, because of the highly
standardized experimental settings combined with the homogeneous nature of the
animals within each study.

The structural model that was used as a starting point was based on our previously
developed models (23-25).To develop a more generally applicable model structure with
parameters that can be precisely estimated across drugs, we systematically assessed the
following two model structure characteristics.

First, a combined drug dispersion parameter was estimated to capture the CSF and ECF
flow and turbulence flow of the drug molecules (42,43).

Second, drug transfer across the BCSFB was excluded. SA, g IS 2-15 times smaller than

SA_ .. (44-46), suggesting that drug exchange at BCSFB can be ignored from the model.

BBB

We evaluated for each drug the validity of the changes to the basic model with regard to
a single or two different flow rates for drug dispersion and drug transport at the BCSFB.

Quantification of active drug transport

For the 6 compounds, data were obtained using co-administration of inhibitors of
active transport. For all these compounds, the effect of the active transport inhibitors
was tested on drug exchange at the BBB (Q,, ,.) and plasma clearance (CL,), and in
combination, as a categorical covariate. (Eq.3) i

P = PpyrX(1+ 6,4, - Cov) 3)

where P__ represents the parameter including passive and active transport (net
transport), P represents the parameter which takes into account the active transport
inhibitors if there is any such effect, Cov is the value of the covariate (0: without an active
transport inhibitor, 1: with an active transport inhibitor), 6

active transport inhibitor.

, represents the effect of the
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Model evaluation

The systematic inclusion of aforementioned factors was guided by a likelihood ratio
test, by an adequate parameter estimation precision, by assessment of the parameter
correlation matrix to ensure parameter identifiability, and by the graphical evaluation of
plots for observations versus predictions and weighted residuals versus time and versus
predictions. The likelihood ratio test is based on the assumption that changes in the
NONMEM objective function values (OFV, -2 log likelihood) are asymptotically chi-square
distributed. A decrease of OFV > 3.84 was considered statistically significant (p<0.05).
For a clear assessment of model predictions and observations we also computed the
following metrics (Eq.4 and 5).

Yogsii-Y i
PE = OBS,ij— Y PRED,ij (4)
(YoBs,ij+YPRED,ij)/?

SMAPE = %Z’,\:’:llPEI %100 (5)

where PE is a prediction error, and SMAPE is symmetric mean absolute percentage
error (47). YOBSJJ. is the jth observation of the ith subject, YPRED,ij is the jth prediction of
the ith subject. N is number of observations. In the cases where we did not estimate
inter-individual variability, e.g. for all brain PK data, Y J.equals the mean population

prediction Y

PRED;i

PRED,"

External model validation

Validation of the brain PK model was performed by investigating the quality of the
prediction of external rat data. The prediction was done as follows, 1) estimating
plasma-related parameters (CL,, Q, .., V, and V using the external rat plasma
data, 2) fixing the brain-related parameters (Q, . Qv Vecp Vi Vi Vour @nd V) to
the values which were estimated from the brain PK model and 3) predicting the brain_
or CSF concentrations using estimated rat plasma-related parameters and fixed brain-

related parameters.

PL_PER1)

Plasma PK analysis of external rat data

The plasma-related parametersincludinginter-individual variability on these parameters
and residual errors were estimated using the external rat plasma data. We used a mixed
effects modeling approach to investigate the predictability of the brain concentration
based on each plasma concentration. The same plasma model structure, which was
obtained from the brain PK model was applied for each compound. Inter-individual
variability were tested on each PK parameter using an exponential model (Eq. 6).
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0; = OxeM (6)

where 6, represents the parameters of the ith subject, 6 represents the population
mean value of the parameter, and n, is the random effect of the ith subject under the
assumption of a normal distribution with a mean value of 0 and variance of w?

A proportional error model and the mixed error model (Eq. 7-8) were tested for the
residual errors:

Cij = Yprep,ix (1 + &) (7)

Cij = Yorep,ijX (1 + 1)) + &2 (8)

where C, represents the jth observed concentration of the ith subject, Yerep,; FEPresents
the jth predicted concentration of the ith subject, and g;is the random effect of the jth
observed concentration of the jith subject under the assumption of a normal distribution
with a mean value of 0 and variance of 0%

Model selection was guided by a likelihood ratio test with p<0.05 and by the precision
of the parameter estimates.

Handling of the brain-related parameter values

For Q, . Qs the same values, which were estimated from the brain PK model, were
used for acetaminophen and remoxipride, respectively. V., V., V..., Vi,
system-specific parameters, therefore, the same rat physiological values were used,

indicated in Table Ill.

and V,,  are
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Prediction of brain,_. and CSF concentrations of external data

Simulations were performed 200 times for each compound. The 95 % prediction
interval (using the calculated 2.5 % tile and 97.5 % tile) and the median of the simulated
concentrations were plotted together with the external data. Accuracy of the mean
population prediction for brain PK data was evaluated with SMAPE mentioned above
(Eq. 5).

Translation of the model to humans

The translational prediction was performed by the following steps, 1) estimating plasma-
related parameters (CL,, Q, ¢, Vo @and V, ...,) using human plasma data, 2) replacing
brain-related system-specific parameters (VECF, Vo View Veu and Ve, by human values,
3) applying allometric scaling to the brain-related drug-specific parameters which
oL ece aNd Q), 4) adding clinical sampling
procedure related fixed parameters which were obtained from the EVD into the model
Q evo and Vo) and 5) predicting the brainECF and CSF concentrations using estimated

were estimated with the rat in-vivo data (Q

human plasma PK parameters, replacing system-specific parameters, scaling drug-
specific parameters and using clinical sampling procedure related fixed parameters. The
details of the translational methods for each parameter are explained in Figure 2.

Human plasma PK analysis

Plasma-related parameters including inter-individual variability and residual errors
were estimated using the human data using the equations 6-8. A 1-compartment,
2-compartment and 3-compartment model were tested. Model selection was guided by
a likelihood ratio test with p<0.05, by the precision and correlation between parameter
estimates and by the graphical evaluation of plots for observations versus predictions
and weighted residuals versus time and versus predictions.

Replacement of the system-specific parameters
System-specific parameters in the brain distribution rat model (Veer Vi Virw Ve and Ve,
were replaced with the human physiological values, which are available from literature

(48-54) (see Table IV).

Scaling of the drug-specific parameters
Drug-specific parameters (CL, .. and Q)
allometric principles following Equation 9 (18).

were scaled to human values using

0.75
BWhuman)

Pruman = Praex (
uman rat BWyat
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where P,  isthe scaled human parameter, P_ is the estimated rat parameter from the

model, BW, s the average human body weight (70 kg), and BW__ is the average rat
body weight (250 g).

Adding clinical sampling procedure related fixed parameters

In addition to those parameters which were used in the rat brain PK model, we have data
obtained from the EVD approach, therefore the EVD compartment was added into the
translated brain distribution model (see Figure 2). To describe the PK of acetaminophen
in the EVD compartment, the values of flow rate from CSF to CSF, (Q,, ) and the
volume of EVD compartment (Vo) were added into the model. The values of Qy e and
V., for each patient are obtained from EVD approach and available in Table SIV.

Prediction of human brain,, and CSF concentrations
Simulations were performed using the same methods as we mentioned for the external

model validation.
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Table IV. Parameter values used for the translational prediction to humans

Translational methods Unit faametCustel RER
Acetaminophen Morphine

Plasma-related parameters
CL,, estimation from human PK data mL/min 562 (20.1) 3070 (15.8)
Qe estimation from human PK data mL/min 2060 (31.1) 3030 (0.60)
Ve, estimation from human PK data mL 9880 (41.1) 16000 (35.3)
Ve estimation from human PK data mL 51900 (18.3) 95400 (2.50)
Brain-related parameters
Drug-specific parameters
Q¢ allometric scaling mL/min 1.92 FIX 0.513 FIX
Qe allometric scaling mL/min 3.81 FIX 1.37 FIX
System-specific parameters
Vi (48) replacement mL 240 FIX 240 FIX
Vv, (49-51) replacement mL 22.5 FIX 22.5 FIX
V., (49-51) replacement mL 22.5 FIX 22.5 FIX
V,'(52,53) replacement mL 7.5 FIX 7.5 FIX
Vo (54) replacement mL 90 FIX 90 FIX
Clinical sampling procedure related fixed parameters
Qu o use the fixed parameter mt/min values are in supplemental table IV
Vao use the fixed parameter mL
Standard deviations of inter-individual variability (estimated from human PK data)
w_CL, 0.490 (30.2) 0.271(19.9)
W_Qp oy NA NA
w_V, NA 0.596 (20.0)
W _ Ve, 0.235 (22.5) NA
Standard deviations of residual error (estimated from human PK data)
o_plasma 0.250 (8.20) 0.0960 (22.9)

CL,; clearance from the central compartment, Q, ,...; inter-compartmental clearance between the central compartment and the peripheral
compartment 1, V,; distribution volume of the central compartment, V,.; distribution volume of the peripheral compartment 1, Q, ¢
clearance from the central compartment to brain, ., Q. drug diffusion rate in brain and CSF, Vs distribution volume of brain,,, V,,; distribution
volume of CSF, V..., distribution volume of CSF_, V. distribution volume of CSF_, V, ; distribution volume of CSF flow from CSF,
to CSF 0 Vo volume of CSFep -

% physiological values

EcP

TRV SAS’ sAS! QL\/,E\/D’
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RESULTS

The analysis work flow is depicted in Figure 3. The developed multi-compartmental
brain PK model adequately described the data for the 9 compounds, as can be observed
from the selected observed and predicted concentration-time profiles (Figure 4A) and
the prediction error plots for all of the 9 compounds (Figure 4B). The prediction errors
were mostly within 2 standard deviations of zero, i.e. no systematic differences between
observations and predictions were found. No specific trend across time, also with
respect to the presence or absence of active transport inhibitors, were observed. More
extensive plots for individual observations versus predictions and weighted residuals
versus time across drugs, dose levels and active transport inhibitors, are provided in the
supplemental material (Figure S1 and S2).

We identified a generally applicable model structure (Figure 2) with physiologically
relevant compartments. The final model consists of plasma, brain,, brain intracellular
fluid compartment (brainICF), CSF ,, compartment of CSF in third and fourth ventricle
(CSF,.,), compartment of CSF in cisterna magna (CSF_) and CSF,,, which included
processes for drug exchange at the BBB (Q, .) and drug dispersion through brain_
and CSF compartments (Q, ). The parame_ter estimates were obtained with good
precision, and are summarized in Table Ill.

A single drug dispersion rate (Q,.;) was shown to be sufficient for describing the sum of
the drug distribution in the brain_ . and CSF for the 9 compounds. Q.. was comparable
among the compounds, and ranged between 0.0598 mL/min for methotrexate to 0.0133
mL/min for phenytoin, and could be precisely identified (RSE <15.0 %), suggesting this

parameter could be potentially considered to represent a system-specific parameter.

The parameter representing drug transfer at the BBB (Q
drug exchange between blood and brain. Q, ..
drugs, ranging from 0.0354 mL/min for quinidine to 0.00109 mL/min for methotrexate.

o ece) Was critical to quantify

was substantially different between

On the other hand, drug exchange at BCSFB was identified only for methotrexate,
and could not be identified for the other 8 compounds. For methotrexate, the efflux
transport at BCSFB (Q,,, ,,) was 0.105 mL/min.

LV_PL

Among the 9 compounds, clearance between brain_. and brain (Q., ) could be
ECFICF is 0.0250 mL/min for quinidine, and
0.0126 mL/min for paliperidone, implying for quinidine a slightly faster uptake into

brain . after crossing the BBB (Table lIl).

estimated for paliperidone and quinidine: Q
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Development of a generic multi-compartmental CNS PK distribution model

For morphine, brain, . concentration displayed a nonlinear relationship with dose and
plasma concentrations. A categorical dose effect was therefore estimated. Continuous
linear or nonlinear concentration-dependent effects to account for this effect were not
supported by the data.

No statistically significant impact of P-gp and the combination of MRPs, OATs and OATPs
onCL, could be identified, whereas those transporters were identified to act as efflux
transporters at the BBB for our compounds. The P-gp function was quantified on the data
of morphine, paliperidone, phenytoin, quinidine, and risperidone, and the impact of the
combination of MRPs, OATs and OATPs was quantified on the data of methotrexate, as
a categorical covariate on Q, .. oL ECE
values of morphine, paliperid(;ne, phenytoin, quinidine, and risperidone by 162 %, 434
%, 35.5 %, 443 % and 124 % respectively. The presence of the inhibitor of MRPs, OATs
and OATPs increased the Q

The presence of P-gp inhibitors increased the Q

o_ecs Values of methotrexate by 409 %.

The developed model adequately predicted the external rat acetaminophen and
remoxipride data. Figure 5 presents the prediction results for the external rat data of
acetaminophen and remoxipride using the developed multi-compartmental brain PK
model. Prediction of the acetaminophen concentration-time profile in brain_. using
the final model captured the external acetaminophen concentration in brain_ . well
(SMAPE<61%). Prediction of the remoxipride concentration-time profile in brainECF, CSF,
and CSF,, using the final model also captured the external remoxipride concentrations

in brain_, CSF , and CSF ,, concentrations well (SMAPE<67 %, 77%, 56%, respectively).

The model was successfully scaled to predict concentration-time profiles of
acetaminophen and morphine in human brain compartments. Table IV summarizes
the parameter values that were used for the prediction of human plasma, CSF
CSF,, and brain,.
depicted. The acetaminophen human CSF
root compression pain and CSF_
relatively well SMAPE<90 % and 66 % respectively), even though there is a slightly faster
elimination in CSF,.. Morphine brain_ . concentrations in the physiologically “normal”
brain tissue of TBI patients were predicted very well (SMAPE<35 %). However, morphine
brain.. concentrations were underpredicted when the brain_. concentrations were

ECF
taken from “injured” brain tissue of TBI patients (SMAPE<56 %).

EVD’
In Figure 6, the human predictions versus human observations are

sxs CONcentration in the patients with nerve-
concentration in the patients with TBI were predicted
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Figure 4. Prediction of the multi-compartmental brain PK model. (A) Individual observed
drug concentrations (lines and circles) and mean model prediction (solid lines). Unbound
concentration (ng/mL) versus time (min) profiles for acetaminophen and morphine. (B) Box-
whisker plots for the prediction errors across all 9 drugs evaluated. The plots were stratified by
brain compartments (panels) and by active transport blockers (colors).
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Figure 5. Model prediction versus external acetaminophen and morphine data in rat.

Individual concentration-time profile of the external data (circles) and prediction from

the brain PK model (red lines: median, shaded area is 95 % prediction interval). (A)

Acetaminophen data were obtained after 200 mg administration, (B) remoxipride data were

obtained from the dose group of 0.7, 5.2 and 14 mg/kg. The x-axis represents the time in

minutes and the y-axis represents the dose-normalized acetaminophen and remoxipride

concentration. The panels are stratified by brain compartments and compounds.

83



Chapter 3

A .
Acetaminophen
N Plasma CSFsas CSFevp
il
1S
S 1e+05+-
5 [
L4 °
S1et031 T oo %p o 1 S .
s
T 1e+01-
[0}
(]
=
3 1e-01 ; : ; ; ; ; : T
0 200 400 600 0 200 400 600 O 100 200 300 400 500
Time (min)
Morphine
B Plasma Braingce Braingce
normal injured

100+

Concentration (ng/mL)
L]

()

L]
L X
o0
o0
o0
o0
L 1)
e
.

0 5 100 150 O 50 100 150 0 50 100 150
Time (min)

Figure 6. Human brain_ and CSF concentration-time profiles (circles) and prediction from
the translational model (red lines: median, shaded area is 95 % prediction interval). (A)
Acetaminophen data was obtained from plasma, CSF,, . and CSF_ ., (B) morphine data was
obtained from plasma and brain_ in“normal” brain and “injured” brain.

The x-axis represents the time in minutes and the y-axis represents the acetaminophen and
morphine concentration in ng/ml. The panels are stratified by brain compartments and brain
conditions.
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DISCUSSION

The developed multi-compartmental brain PK model could describe the data of the
9 compounds in the rat adequately in the absence and presence of active transport
blockers (Figure 4). After scaling of the model, human brain concentration-time profiles
of acetaminophen and morphine could be adequately predicted in several physiological
compartments under normal physiological conditions.

The model structure we have derived differs from the ones published earlier by: (i) a
combined drug dispersion parameter was estimated to capture the CSF and brain,,
flow and turbulence flow of the drug molecules; and (ii) drug transfer across the BCSFB
was excluded (23-25). The final model has four different CSF compartments. This
model is developed to predict human brain concentration profiles using rat data. In our
analysis, rat data was sampled from CSF , and CSF . Since in rats it is anatomically easier
to access the CSF_, compartment to obtain drug concentration by microdialysis and by
the cisternal puncture methods, there are more data available from CSF , (59). Through
keeping the CSF_, compartment in the model structure, it will be easier to apply the
model to additional compounds’ data obtained in animals. Furthermore, substantial
differences between CNS compartments may exist, such as a concentration difference
between CSF , and CSF_, for methotrexate and quinidine in rat (24,25). Thus, to predict
the drug target-site concentration, the location of the CSF sampling site should be taken
into account. For human, in clinical studies most CSF samples are taken from other CSF
compartments, such as CSF,,. and CSF, where samples are taken by EVD. Hence, we
think that our model structure is a minimal, necessary model structure for translation.

We found that the brain intracellular fluid compartment (brain ) is required for the

)
ICF
description of drug distribution of quinidine and paliperidone, and likely associated
with the lipophilic basic nature of quinidine (pKa 13.9, log P 3.4) and paliperidone (pKa
13.7, log P 1.8). For other compounds with a less distinct lipophilic-basic nature, such
as for acetaminophen and phenytoin, we have shown that brain . was not required
for the description of concentration-time profiles in the brain. However, for a generally
applicable brain PK model, inclusion of this compartment would still be required since
prediction of intracellular drug concentrations would be of relevance for CNS drug
development as well as prediction of extracellular drug concentrations. Our model
and the microdialysis methodology used only allow quantification of extracellular
concentrations. However, in combination with PBPK modeling based principles to
predict intracellular partitioning, our model will be of significant relevance as it provides

the required predictions for unbound extracellular drug concentration kinetics.
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A drug exchange parameter across the BCSFB Q, ,) was identified for methotrexate
only, even thoughit could not be identified for the other8 compounds.This suggests that
an additional efflux transporter might be present at the BCSFB for which methotrexate is
a substrate. It is known that methotrexate is indeed a substrate of various transporters,
such as RFC1, MRP, BCRP, OATP and OAT transporters (25), which are not involved in
the drug transfer of the other 8 compounds. This result indicates that drug transport at
BCSFB still needs to be investigated using data on compounds which are substrates for
those transporters. The current model delineates the process that can be used to arrive
to the best-performing model for such drugs. We took care to design the modeling

process such that the total number of models that need to be fitted is minimal.

We identified a drug dispersion rate parameter that captures drug dispersion from
brain.. to CSF. The median estimated drug dispersion flow was 0.0237 mL/min. The
magnitude of the drug dispersion rate was approximately 10 times faster than the
reported physiological CSF flow rate alone (60), and about 100 times faster than the
reported physiological brain ECF bulk flow rate (55,61). Since similar values across
drugs were identified, the parameter may be considered a system-specific parameter
that could be fixed in further analyses (see Table lll), to allow for estimation of other

processes of interest.

P-gp transport for quinidine, risperidone, paliperidone, morphine and phenytoin was
confirmed as efflux transporter at the BBB which were in line with literature (62,63).
P-gp transporter effects were not identified at the BCSFB for these 5 P-gp substrates,
i.e. CSF concentrations for these compounds were well-described solely by the BBB
mediated P-gp transport. The role and contribution of P-gp transporters at the BCSFB is
still inconsistent, and both efflux and influx processes have been reported (64-66). Our
results however suggest that the function of P-gp may be ignored, since its potential
magnitude likely is negligible compared to transport at the BBB, and drug dispersion
processes prevail. Nonetheless, overall, we envision that the combination of our
dynamical modeling approach with the incorporation of in-vitro assays to characterize
active transport across the BBB or BCSFB, may be a fruitful direction to further
characterize and disentangle the precise contribution to the brain drug disposition of
different drug transport.

The developed model adequately predicted the external acetaminophen and
remoxipride rat data, confirming the reliability of the model. Both of these drugs were
also used for model development, but the experiments were different and applied
somewhat different designs. Since we aimed to generate mean predictions, the variation
in numbers of animals is expected to result in limited bias in the modeling. Furthermore,
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sampling time points were very informatively distributed and any inter-experimental
differences in these time points are therefore also considered to be of limited impact on
model development. The external validation results indicated that the model is robust
with respect to variations in experimental designs and conditions (i.e. the number of
rats, sampling times, infusion times, and flow rates of microdialysis).

We consider the developed model structure suited for translational predictions of
human brain (target site) concentrations such as required during drug development.
The predictive performance in human data ranged between SMAPE of 35-90 %.
Even though errors <90% may appear large, such <two-fold error is not considered
unacceptable when compared to for instance QSAR studies, which are used to predict
unbound brain partition coefficients of drugs in drug development (67,68). Secondly,
the prediction error is likely inflated because of the use of human data obtained from
patients with traumatic brain injury or with nerve-root compression pain. Therefore,
larger variability in their physiological condition is expected.

Body weight in combination with allometric scaling was used to scale the parameters
to humans, and this resulted in adequate predictions of human brain concentrations for
physiologically “normal” brains. Different translational methods for estimation of CNS
PK parameters have been reported in the literature. For instance, system-based scaling
was applied using volume of brain tissue or brain endothelial surface area (25,69), but
allometric scaling using body weight (our approach) was supported by work from
others in the literature (70-73). Based on our current approach, reasonable predictions
were obtained. Therefore, we suggest that the allometric scaling approach may indeed
be appropriate although it would be worthwhile to investigate alternative approaches.

Our model was developed based on healthy rats and then translated to human data
that was partly based on patients with severe brain injuries. Indeed, observed human
morphine concentrations in brain . obtained from the “injured” side of the brain of the
TBI patients was higher than the prediction from the translational model (Figure 6).
It is known that the BBB permeability is increased after TBI, which may be the reason
for the under-prediction of our translational model for those data (74,75). Therefore,
for predictions in patients with pathological conditions that alter the integrity of BBB
or BCSFB barriers, or brain fluid flows, our model should be further extended with
additional physiological details.
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CONCLUSION

A multi-compartmental brain PK model structure was developed across a wide range
of drugs with different physicochemical properties. The model structure was shown
to be of relevance for the scaling of brain concentrations in humans. As such, the
developed model structure can be used to inform the prediction of relevant target site
concentrations in humans and aid in the translational development of CNS targeted
drugs.
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SUPPLEMENTARY FIGURES
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Figure S1. Model prediction (solid lines) versus observation (lines and circles) of the 9
compounds in rat for each dose and without and with co-administration of active transport
blockers. The x-axis represents the time in minutes and the y-axis represents the concentration
of the 9 compounds in ng/ml. The panel is stratified by brain compartments and by active
transport blockers (colors).

95



Blocker=0 Blocker= 1 Blocker=0 Blocker= 1 Blocker=3 Blocker=0 Blocker=0 Blocker=0 Blocker=0 Blocker=0 || Blocker=1
30 mglkg 30 mglkg 40 mg/kg 40 mg/kg 40 mgikg 10 mg/kg 4 mglkg 8 mg/kg 16 mg/kg 2mglkg | 2mglkg
Phenytoin Phenyloin | Phenytoin Phenytoin Phenytoin Quinidine i i i Risperidone Risperidone

Chapter 3

CSFeu

CSFuy

braingce

{4

200

160

Time (min)

[/

10004

10+

10004
100+

10004

100

10004

10004

100

s 3 s
g &8 ® 8

(w/Bu) :o_ﬂm>.=wu:oo

100+

o -

100+

- °

10004

100+
0.1+

Figure S1. (continued)

96



Development of a generic multi-compartmental CNS PK distribution model

[ emma e e

50 <
oges® o
25 -:g?' et N
. ¢ g, Coc. Li3e s

it B i sy o T L L1111 —
1. % "..‘,.\
05{ o, P

2;. . ‘t',,,..'
00 i;—:—.——l-; ---------------- i 2 R e e e e e B B e e e e | B e S B

| & 2

05 . s

i 3 active transport

3 S . L et T - blocke;d(

g2, . . HRTIR : : 5 o bocker

R Ee L i

R 1111111111111 e —— HIIHiI e
1 = .

' \
mi o o n e 4

.
o N & o i

P .;::s.n I X B o
B8 L1111 111 1 e s ittt
0 100 200 300 0 100 200 Time (rl')'i") 0 100 200 300
Figure S2. Weighted residuals versus time of the 9 compounds in rat. The x-axis represents

the time in minutes and the y-axis represents the weighted residuals of the 9 compounds. The

panel is stratified by brain compartments and by active transport blockers (colors).

97



Chapter 3

SUPPLEMENTARY TABLES

Table SI. Physicochemical properties of the 9 compounds

Molécular PSA log P log D No. of H No. of H pK.a pKa
weight (pH 7.4) donors acceptors (Acid) (Base)

Acetaminophen 151 49 0.5 0.5 2 2 9.5 -4.4
Atenolol 266 85 0.2 -1.7 3 4 14.1 9.7
Methotrexate 454 211 -1.9 -2.5 5 12 34 2.8
Morphine 285 53 0.9 -0.4 2 4 103 9.1
Paliperidone 426 82 1.8 2.1 1 5 13.7 8.8
Phenytoin 252 58 247 25 2 2 9.47 -9
Quinidine 324 46 34 2.0 1 4 13.9 9.1
Remoxipride 371 51 2.1 0.7 1 4 13.1 8.4
Risperidone 410 62 2.5 2 0 4 8.8

from DrugBank (http://www.drugbank.ca/)
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Table SIIl. Demographic data of the patients in the acetaminophen study (study 1)

Patient 1 2 3 4 5 6 7
Gender M F F F F M F
age (year) 51 49 76 62 54 79 42
height (cm) 178 170 160 155 160 175 168
weight (kg) 64 65 56.5 70 56 74 57
number of doses before inclusion 43 22 14 29 5 18 25
reason of admission SAH SAH SAH SAH SAH SAH SAH

SAH; subarachnoid hemorrhage
M:male, F:female
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Table SIV. Acetaminophen EVD experimental data

Patient 1 Patient 2 Patient 3
volume | 1 volume | 1o volame | o
(mL) (mL/h) (mL) (mL/h) (mL) (mL/h)
baseline 4 4 baseline 18 9 baseline 17 17
0-0.5h 4 8 0-0.5h 6.5 13 0-1h 8 8
0.5-1h 4 8 0.5-1h 5 10 1-2h 13 13
1h-1.5h 5 10 1h-1.5h 5 10 2-3h 4 4
1.5-2h 8.5 17 1.5-2h 3 6 3-4h 12 12
2-2.5h 1.5 3 2-3h 12 24 4-5h 6 6
2.5-3h 4 8 3.0-4h 15 30 5-6h 15 15
3-3.5h 3.5 7 4-5h 10 10
3.5-4h 7 7 5-6h 15 15
4-5h 2 2 6-7h 10 10
5-6h 13 13 7-8h 6 6
6-7h 3 3
7-8h 7 7
Patient 4 Patient 5 Patient 6
volume | 1 volume | 1o volume | oW
(mL) (mL/h) (mL) (mL/h) (mL) (mL/h)
baseline 14.5 14.5 baseline 21 21 baseline 9 9
0-1h 12 nd 0-1h 11 nd 0-1h 55 nd
1h-1.5 8 1h-1.5 5 10 1h-1.5 6 12
1.5-2h 6.5 13 1.5-2h 5 10 1.5-2h 0.75 1.5
2-2.5h 1.6 3.2 2-2.5h 5.5 1 2-2.5h 4.5 9
2.5-3h 6.5 13 2.5-3h 8 16 2.5-3h 3 6
3-4h 19 19 3-4h 14 14 3-4h 7.5 7.5
4-5h 16.5 16.5 4-5h 14 14 4-5h 8 8
5-6h 16 16 5-6h 7 7 5-6h 12 12
Patient 7
volame | 70"
(mL) (mL/h)
baseline 12 12
0-1h 4.75 nd
1h-1.5 4.6 9.2
1.5-2h 0.75 1.5
2-2.5h 2.75 55
2.5-3h 55 11
3-4h 17 17
4-5h 13 13
5-6h 14 14
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ABSTRACT

Drug development targeting the central nervous system (CNS) is challenging due to
poor predictability of drug concentrations in various CNS compartments. We developed
a generic physiologically based pharmacokinetic (PBPK) model for prediction of drug
concentrations in physiologically relevant CNS compartments. System-specific and
drug-specific model parameters were derived from literature and in silico predictions.
The model was validated using detailed concentration-time profiles from 10 drugs in
rat plasma, brain extracellular fluid, two cerebrospinal fluid sites, and total brain tissue.
These drugs, all small molecules, were selected to cover a wide range of physicochemical
properties. The concentration-time profiles for these drugs were adequately predicted
across the CNS compartments (symmetric mean absolute percentage error for the
model prediction was < 91%).

In conclusion, the developed PBPK model can be used to predict temporal concentration
profiles of drugs in multiple relevant CNS compartments, which we consider valuable
information for efficient CNS drug development.
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INTRODUCTION

The development of drugs targeting diseases of the central nervous system (CNS)
represents one of the most significant challenges in the research of new medicines
(1). Characterization of exposure-response relationships at the drug target-site may
be of critical importance to reduce attrition. However, unlike for many other drugs,
prediction of target-site concentrations for CNS drugs is complex, among other factors,
due to the presence of the blood-brain barrier (BBB) and the blood-cerebrospinal fluid
barrier (BCSFB). Moreover, direct measurement of human brain concentrations is highly
restricted for ethical reasons. Therefore, new approaches that can robustly predict
human brain concentrations of novel drug candidates based on in vitro and in silico
studies are of great importance.

Several pharmacokinetic (PK) models to predict CNS exposure have been published
with different levels of complexity (2). The majority of these models depends on animal
data. Furthermore, these models have typically not been validated against human CNS
drug concentrations (2). We previously published a general multi-compartmental CNS
PK model structure, which was developed using PK data obtained from rats (3).

Quantitative structure-property relationship (QSPR) models can be used to predict
drug BBB permeability and Kp,uu,brain, . (unbound brain extracellular fluid-to-plasma
concentration ratio) (4-6) without performing novel experiments, but these QSPR
models have not taken into account the time course of CNS distribution. Therefore,
there exists an unmet need for approaches to predict drug target-site concentration-
time profiles without the need of in vivo animal experiments.

Physiologically based pharmacokinetic (PBPK) modelling represents a promising
approach for the prediction of CNS drug concentrations. Previously such models have
been widely used to predict tissue concentrations (7). PBPK models typically distinguish
between drug-specific and system-specific parameters, therefore enabling predictions
across drugs and species. However, PBPK models for the CNS have been of limited utility
due to a lack of relevant physiological details for mechanism of transport across the BBB
and BCSFB, and for drug distribution within the CNS (2).

Capturing the physiological compartments, flows and transport processes in a CNS PBPK
model is critically important to predict PK profiles in the CNS. The CNS comprises of
multiple key physiological compartments (2), including brain extracellular fluid (brainECF),
brain intracellular fluid (brain ), and multiple cerebrospinal fluid (CSF) compartments.
The brain,, and brain, . compartments are considered highly relevant target-sites for
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CNS drugs, while CSF compartments are often used to measure CNS-associated drug
concentrations, if brain_. and brain . information cannot be obtained. Furthermore,
cerebral blood flow (CBF) and physiological flows within the CNS, such as the brainECF
flow and CSF flows, influence drug distribution across CNS compartments. Next to
binding to protein and lipids, pH-dependent distribution in subcellular compartments
such as trapping of basic compounds in lysosomes needs to be considered. With regard
to the transfer processes across the BBB and BCSFB, passive diffusion via the paracellular
and transcellular pathways, and active transport by influx and/or efflux transporters
need to be addressed.

At both BBB and BCSFB barriers, the cells are interconnected by tight junctions, which
limit drug exchange via the paracellular pathway (8). Paracellular and transcellular
diffusion depend on the aqueous diffusivity coefficient and membrane permeability
of the compound, which can be related to the physicochemical properties. The
combination of these transport routes may differ between individual drugs, which
complicates the prediction of plasma-brain transport.

System-specificinformation on physiological parameters can be used in scaling between
species. Many of these system-specific parameters can or have been obtained from in
vitro and in vivo experiments. Drug-specific parameters can be derived by in vitro and
QSPR approaches, and can be used for the scaling between drugs. A comprehensive
CNS PBPK model can integrate system- and drug-specific parameters to potentially
enable the prediction of the brain distribution of drugs, without the need to conduct in
vivo animal studies.

The purpose of the current work is to develop a comprehensive PBPK model to predict
drug concentration-time profiles in the multiple physiologically relevant compartments
in the CNS, based on system-specific and drug-specific parameters without the need
to generate in vivo data. We specifically consider the prediction of PK profiles in the
CNS during pathological conditions, which may have distinct effects on paracellular
diffusion, transcellular diffusion and active transport. Therefore, we include a range
of such transport mechanisms in our CNS PBPK model. This model is evaluated using
previously published detailed multilevel brain and CSF concentration-time data for 10
drugs with highly diverse physicochemical properties.
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MATERIALS AND METHODS

We first empirically modelled plasma PK using available plasma PK data, which was used
as the basis for the CNS PBPK model. This CNS model was based entirely on parameters
derived from literature and in silico predictions. Model development was performed
using NONMEM version 7.3.

Empirical plasma PK model

Plasma PK models were systematically developed using in vivo data with a mixed-effects
modeling approach. One-, two- and three-compartment models were evaluated. Inter-
individual variability and inter-study variability were incorporated on each PK parameter
using exponential models. Proportional and combined additive-proportional residual
error models were considered. Model selection was guided by the likelihood ratio test
(p<0.05), precision of the parameter estimates, and standard goodness of fit plots (9).

CNS PBPK model development

A generic PBPK model structure was developed based on the previously published
generic multi-compartmental CNS distribution model (Figure 1) (3), which consists of
plasma, brainECF, p CSFin the lateral ventricle (CSF ), CSF in the third and fourth
ventricle (CSF,,), CSF in the cisterna magna (CSF,,) and CSF in the subarachnoid
space (CSF,,) compartments. We added new components; (1) an acidic subcellular
compartment representing lysosomes to account for pH-dependent drug distribution,
(2) a brain microvascular compartment (brainMv) to account for CBF versus permeability
rate-limited kinetics, and (3) separation of passive diffusion at the BBB and BCSFB into
its transcellular and paracellular components.

brain

System-specific parameters
Physiological values of the distribution volumes of all the CNS compartments, flows,
surface area (SA) of the BBB (SA,): SA of the BCSFB (SAycqg)r SA of the total brain cell
membrane (BCM) (SA,.) and the width of BBB (Width___) were collected from literature.
SA,; Was divided into SA_ ., which is a surface area around CSF , and SA, .., which
is a surface area around CSF_. The lysosomal volume was calculated based on the
volume ratio of lysosomes to brain intracellular fluid of brain parenchyma cells (1:80)
(10), and SA of the lysosomes (SA
cell using the lysosomal volume and the diameter of each lysosome (11). Transcellular
and paracellular diffusion were separately incorporated into the models, therefore
the ratio of SA__, and SA

BBB BCSFB
required for the calculation. Based on electron microscopic cross-section pictures of

BBB

) is calculated by obtaining lysosome number per

for transcellular diffusion and paracellular diffusion were

4
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brain capillary, the length of a single brain microvascular endothelial cell was estimated
to be around 17 pm and the length of the intercellular space was estimated to be
around 0.03 pm (12). The presence of tight junctions in the intercellular space of the
BBB and BCSFB significantly reduces paracellular transport (8). Therefore, correcting
for the effective pore size for paracellular diffusion is important. The transendothelial
electrical resistance (TEER) is reported to be around 1800 Q cm? at the rat BBB (13),
whereas the TEER is around 20-30 Q cm? at the rat BCSFB (14). According to a study
on the relationship between TEER and the pore size (15), the pore size at the BBB and
BCSFB can be assumed to be around 0.0011 um and 0.0028 pm, respectively. Thus, it was
expected that 99.8% of total SA,, and 99.8% of total SA, . is used for the transcellular
diffusion (SA,,, and SA, ..., respectively), whereas 0.006% of total SA_,, and 0.016% of
total SA s AT used for paracellular diffusion (SABBBp and SABCSFBp’ respectively). Note
that, due to the presence of tight junction proteins, not all intercellular space can be
used for paracellular diffusion.
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Drug-specific parameters
Aqueous diffusivity coefficient. The aqueous diffusivity coefficient was calculated using
the molecular weight of each compound with the following equation (16).

logDaq = —4.113 — 0.4609x log MW (1)

where Daq is the aqueous diffusivity coefficient (in cm?/s) and MW is the molecular
weight (in g/mol).

Permeability. Transmembrane permeability was calculated using the log P of each
compound with the following equation (17).

log P,transeeliular — g 939x log P — 6.210 )

where PO‘”’“SC‘?"“'ar is the transmembrane permeability (in cm/s), log P is the n-octanol
lipophilicity value.

Active transport. The impact of the net effect of active transporters on the drug
exchange at the BBB and BCSFB was incorporated into the model using asymmetry
factors (AFin1-3 and AFout1-3). The AFs were calculated from Kp,uu,brain_, Kp,uu,CSF ,
(unbound CSF  -to-plasma concentration ratio) and Kp,uu,CSF,, (unbound CSF,,to-
plasma concentration ratio), such that they produced the same Kp,uu values within
the PBPK model at the steady state. The AFs were therefore dependent on both the
Kp,uu values and the structure and parameters of the PBPK model. If the Kp,uu values
were larger than 1 (i.e. net active influx), then AFin1, AFin2 and AFin3 were derived from
e KP,UU,CSF | and Kp,uu,CSF_ , respectively, while AFout1-3 were fixed to
1. If the Kp,uu values were smaller than 1 (i.e. net active efflux), then AFout1, AFout2
and AFout3 were derived from Kp,uu,brainECF, Kp,uu,CSF, and Kp,uu,CSF
while AFin1-3 were fixed to 1.In the analysis, Kp,uu,brain

Kp,uu,brain

o respectively,
ccr KP,UU,CSF  and Kp,uu,CSF
were derived from previous in vivo animal experiments (3). The steady state differential
equations in the PBPK model were solved using the Maxima Computer Algebra System
(http://maxima.sourceforge.net) to obtain algebraic solutions for calculating AFs
from the Kp,uu values. The detailed algebraic solutions for each AF are provided in
Supplementary Material S1.
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Combined system-specific and drug-specific parameters

Passive diffusion across the brain barriers. Passive diffusion clearance at the BBB and
BCSFB (Q,, and QBCSFB, respectively) was obtained from a combination of paracellular
and transcellular diffusion, Qp and Qt, respectively (Eq.3).

Qper/Bcsre(ML/min) = Qpppg/pcsre + Qtpe/pesre (3)

where Qg . s represents the passive diffusion clearance at the BBB/BCSFB, Qpy,,,
scsrs FEPresents the paracellular diffusion clearance at the BBB/BCSFB, and Qt
represents the transcellular diffusion clearance at the BBB/BCSFB.

BBB/BCSFB

The paracellular diffusion clearance was calculated with the aqueous diffusivity

coefficient (Daq), Width . . ... and SAggs, OF SAg g, USING equation 4.
L/min) = —2%0 x4
Qpsrs/scsrp(ML/min) = T — BBBp/BCSFBp (4)

The transcellular diffusion clearance was calculated with the transmembrane
permeability and SA__. or SA using equation 5.

BBBt BCSFBt

" ( L/ ) 1 transcellular (5)
Qtppp/pcsrs(ML/min =3*ho X5AppBt/BCsFBe

where the factor 1/2 is the correction factor for passage over two membranes instead of
one membrane in transcellular passage.

Active transport across the brain barriers. To take into account the net effect of the active

transporters at the BBB and BCSFB, AFs were added on QtBBB/BCSFB (Eq.6 and 7).
QBBB/BCSFB,in(mL/min) = Qpssa/scsre + Qtepr/pesrs * AFin (6)
QBB BCSFB_out withoutpnr (ML/MIN) = QPpgp/pcsre + Qtppp/pesrs * AFout (7)

where Q represents the drug transport clearance from brain, to brain_/CSFs,
and Qg ocors out withoure TEPTESENtS the drug transport clearance from brain, . /CSFs
to brain,, without taking into account the pH-dependent kinetics (to be taken into
account separately; see below).

BBB/BCSFB_in
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Cellular and subcellular distribution. Passive diffusion at the BCM Qe and at the
lysosomal membrane (Q,,) was described with the transmembrane permeability
together with SAa OF SA sy respectively (Eq.8 and 9).

QBCM(mL/min) — PotranscellularstBCM (8)
Quyso(mL/min) = P, 54, o0 9)
where Q,,, represents the passive diffusion clearance at the BCM, and Q ,, represents

the passive diffusion clearance at the lysosomal membrane.

pH-dependent partitioning. We considered the differences in pH in plasma (pH 7.4)
and in relevant CNS compartments, namely brainECF (PH 7.3), CSF (pH ;. 7.3), brainICF
(pH,; 7.0), and lysosomes (pH, _ 5.0) (18). The impact of pH differences on the passive
diffusion clearance from brain__ to brain, (PHF1), from CSF , to brain  (PHF2), from

ECF
CSF__ to brainMV (PHF3), from brain___to brain__ (PHF4), from brainICF to brainECF (PHF5),

(
TRV ECF ICF
from brain . to lysosomes (PHF6), and from lysosomes to brain, . (PHF7) were described

by pH-dependent factors, which were defined as the ratio of the un-ionized fraction
of each compound at the pH in a particular compartment and the un-ionized fraction
in plasma. The PHFs were calculated from the pKa of each compound and the pH of a
particular compartment. The equations are developed using the classical Henderson-
Hasselbalch equation(19,20), and are based on the assumption that there is no active
transport.

10PKa-7444

PHFpgsel = PHFpg504 = 10PKa—PHECF 11
10PKa-7444

PHFpgse2 = PHFpg5.3 = ToPKa—PHCSF 11

10PKa-7444

PHFpa5e5 = PHFya5e6 = Tpra=piigroy (12)

10PKa-7444 13

PHFyqs5e7 = [oorapiiyso s (13)

1074-pPKaq

PHFacid1 = PHFacid4 = 10PHECF-PKa
1074 PKatq

10PHCcsF—PKa g

PHFaCidZ = PHFaCid3 =

1074-PKayq

PHFaCidS = PHFaCid6 =

10PHICF—PKa g
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1074-pPKayq
10PHLYSO-PKa

PHF 047 = (17)
where PHF__1-7 are PHF1-7 for basic compounds, PHF _ 1-7 are PHF1-7 for acidic
compounds, and 7.4 is the pH in the plasma compartment.

CSF, brain__and

ECF ICF

using PHFs with the following equations 18-24,

The impact of pH differences on the drug distribution among brain
lysosomes was added on Q,,,and Q,,,
based on the assumption that the transport clearance is proportional to the un-ionized
fraction of each compound.

QpBB_out(ML/Min) = Qppp_out withourrnr XPHF1 (18)
Qscsra1_our(ML/MiN) = Qpcsrs_withoutpnr X PHF2 (19)
Qbcsrrz_out (ML/Min) = Qpcsrp withoutrnr X PHF3 (20)
Qpcm_in(mL/min) = QpcyXPHF4 (21)
QBcMpy, (ML/min) = QpcyXPHFS (22)
Quyso_in(mL/min) = QLysoXPHF6 (23)
Quyso_out(mL/min) = QuysoXPHF7 (24)
where Qg . represents the drug transport clearance from brain, to brain,, Q; s, ..

represents the drug transport clearance from CSF , to brain,,, Q
drug transport clearance from CSF,,, to brainMV, Q
ICF and QBCM?ou
wso.in TEPresents the drug transport clearance from brain
. represents the drug transport clearance from lysosomes to

scsra2_ou FEPTESENLS the
scm i F€Presents the drug transport
clearance from brain_, to brain . represents the drug transport clearance
from brain _ to brain_. Q
to lysosomes, and Q

bralnICF.

BCM_ou

Drug binding. Drug binding to brain tissue components was taken into account in the
model using a binding factor (BF) under the assumption that drug binding to the tissue
happens instantly. The BF was calculated from Kp (total brain-to-plasma concentration
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ratio) by solving the BF that results in the same Kp value in the model, using the Maxima
program as described above (Supplementary Material S1). The Kp for each compound
was calculated using the compounds’log P, the composition of brain tissue and plasma,
fu,p (free fraction in plasma) and fu,b (free fraction in brain) with the following equation
(21).

_ [10198Px(Vnib+0.3XVphb)+0.7XVphb+Vwb/fu,b] (25)
T [10198 Px (Vnlp+0.3XVphp)]+0.7XVphp+Vwp/ fu,p]

where Vnlb, Vphb, Vwb, Vnlp, Vphp, and Vwp represent the rat volume fractions of brain
neutral lipids (0.0392), brain phospholipids (0.0533), brain water (0.788), plasma neutral
lipids (0.00147), plasma phospholipids (0.00083), and plasma water (0.96), respectively
(22).

In vivo data collection for model evaluation

In vivo data obtained from multiple brain locations were used to evaluate the developed
model (3,23-30). An overview of experimental design and data for 10 compounds with
substantially different physicochemical characteristics is provided in Table I. All data
were previously published, except the remoxipride total brain tissue data. General animal
surgery procedure, experimental protocol and bioanalytical methods for remoxipride
total brain tissue data are described in Supplementary Material S2, and experimental
protocol details for each drug are summarized in Supplementary Table SI.
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Evaluation of the PBPK model

The PBPK model performance was evaluated by the comparison of model predictions
with the concentration-time profiles in brainECF, CSF,, CSF., and total brain tissue of
10 compounds. We performed 200 simulations for each compound including random
effect estimates for the plasma PK model. Based on these, we calculated the prediction
error (PE) and symmetric mean absolute percentage error (SMAPE) (Eq. 26 and 27).

Y . ._Y ..
PE — OBS,ij PRED,ij (26)
(YoBs,ij+YPRED,ij)/?

SMAPE = %Zgﬂuﬂm %100 27)

where Y. .is the jth observation of the ith subject, Y

OBS,i
the ith subject, and N is the number of observations.

oReD;j 1S the jth mean prediction of

RESULTS

Plasma PK model

The estimated parameters for the descriptive plasma PK models were obtained with
good precision and summarized in Table Il. The models describe plasma concentration-
time profiles very well for all compounds except risperidone (Supplementary Figure
S1). For remoxipride, a small under-prediction was observed at later time points.

CNS PBPK model

The values of the system-specific and drug-specific parameters are summarized in
Table Ill and Table IV, respectively. The combined system-specific and drug-specific
parametersare summarizedin TableV.Overall, the developed generic PBPK model could
adequately predict the rat data in brain_, CSF, CSF,, and total brain tissue. Figure 2
shows the PE for each compound and each CNS compartment. The PE for risperidone
brain__ and CSF,, showed modest under-prediction. For the other drugs, the PEs were
distributed within two standard deviations and no specific trends were observed across
time, compounds and CNS locations. The SMAPEs for the model prediction in brain
CSF,,
the model could predict concentration-time profiles in these compartments with less
than two-fold prediction error. The concentration-time plots of individual predictions
versus observations across drugs and dose levels, are provided (Supplementary Figure

S1).

ECF
CSF,,, and total brain tissue were 72, 71, 69 and 91%, respectively, indicating that
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Figure 2. Prediction accuracy of the PBPK model.
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The plots were stratified by the CNS compartments (panels). (A) Selected individual observed

drug concentrations (dots) and 95 % prediction interval (red lines). (B) Box-whisker plots for

the prediction errors (PE) across all 10 drugs evaluated. Blue dots are PE for each observation.
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Table lll. System-specific parameters of the PBPK model

Description Parameter Value Reference
Brain Ve 1880 pl (31)
Brain, . Vbrain, 290 pl (32)
Brain., Vbrain, 1440 pl (33)
Total lysosome Vivso 18 pl calculated ¢
Volumes CSF, VCSF,, 50 pl (34,35)
CSF VCSF_,, 50 pl (34,35)
CSF,, VCSF,, 17 ul (36,37)
CSF6 VCSF,, 180 pl (34,38)
Brain microvascular Vi 60 pl (39)
Cerebral blood flow Qe 1.2 mL/min (40)
Flows Brain, flow Q¢ 0.0002 mL/ min (41)
CSF flow Q. 0.0022 mL/min (32)
BBB SA 263 cm?? (42)
Surface areas BCSFB SA, s 25 cm?2bo (43)
Total BCM SA, 3000 cm? (44)
Total lysosomal membrane SA Lo 1440 cm? calculated ©
Width BBS Width, (0.5 was (L)Js?’eglsn“t?e model) (45)

CSF, cerebrospinal fluid; BBB, blood-brain barrier; BCSFB, blood-cerebrospinal barrier; BCM, brain cell membrane

299.8 % of SA,g, are used for transcellular diffusion, and 0.006 % of SA,,; are used for paracellular diffusion, ©99.8 % of SAycqr are used for

transcellular diffusion and 0.016 % of SA, ., are used for paracellular diffusion, 9 SA, ... and SA . are assumed to be 12.5cm? and 12.5cm?,

respectively,”based on the volume ratio of lysosomes to brain, . (1:80)(10), *based on the lysosome number per cell which was calculated using

the total lysosomal volume and diameter of each lysosome (0.5-1.0 um)(11).
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Chapter 4

Impact of cerebral blood flow (Q_,,)

Q¢ is 1.2 mL/min (40). Therefore, for strong lipophilic compounds, for instance quinidine,
the drug transport clearance from plasma to the brain_ . (BBB permeability) is limited by
Qg Since Qg and Ques out of quinidine were 9.1 and 5.1 mL/min, respectively (Table
Il and Table V). 7

Impact of distinct paracellular and transcellular pathways on total
diffusion at the BBB and BCSFB (Q andQ, ...

The Qg Quegrs; and Q,;,, Were determined by the combination of paracellular and
transcellular diffusion in the model. Even though the SA of BBB for paracellular diffusion
(SAqggg,) is very small compared to the SA of BBB for transcellular diffusion (SA,,,) (0.006:
99.8), paracellular diffusion had an impact on the values of Queer Qucsren and Queorsy
especially for hydrophilic compounds. For instance, the values of transcellular diffusion
(Qt,,,) and paracellular diffusion (Qp,,,) for methotrexate, which is the most hydrophilic
compound in this study, were 0.000080 and 0.087 mL/min, respectively (Table V). Thus,
Qg of methotrexate was determined mainly by paracellular diffusion. For quinidine,
which is the most lipophilic compound in the study, Q,,, was mainly determined by CBF
limited transcellular diffusion (QtBBB and Qpgg, were 7.6 and 0.10 mL/min, respectively).

BBB’ QBCSFB1

Rate limiting drug transport clearance for intra-extracellular exchange
(QBCMjn and QBCM?out)

The Qg ,, and Q,, ,, were higher than Qg  and Qg . for acetaminophen,
paliperidone, phenytoin, quinidine, raclopride, remoxipride and risperidone. Q and

BCM_in
Qo @T€ lower than Q. and Q,; . for methotrexate (Table V). This suggests that
the transport clearance from brainMV, via brainECF, to brainICF is limited by QBBB_in and QBBB_

... for acetaminophen, paliperidone, phenytoin, quinidine, raclopride, remoxipride and

and Q for methotrexate.

risperidone, whereas it is limited by Q BCM_out

BCM_in
Surface area of BCSFB to determine the paracellular and transcellular
diffusion clearance around CSF  and CSF__,

In our model, we assumed that the SA of the BCSFB around CSF, (SA
(SA,gg,) are equal in size (50% of the total SA s
that determines the paracellular and transcellular diffusion clearance across the BCSFB1
and BCSFB2. However, the early-time predictions for CSF | for acetaminophen, quinidine
and remoxipride indicate an over-prediction of the paracellular and transcellular
diffusion clearance (Figure 2 and Supplementary Figure S1), suggesting that the SA
of BCSFB1 is less than 50% of the total SA

BCSFB1) and CSFTFV
for each). SA is one of the key factors

BCSFB®



Development of a comprehensive rat CNS PBPK model

Impact of active transporters to determine the extent of drug exposure in
the CNS compartments

Active transporters govern the extent of drug exposure in the brain and CSFs. For most
of the compounds, the impact of active transporters among Kp,uu,brain_, Kp,uu,CSF ,
and Kp,uu,CSF_,, was assumed to be identical, except for methotrexate. Different
Kp,uu,CSF , (0.0066) and Kp,uu,CSF_,, (0.0024) were observed for methotrexate, which
were taken into account in the PBPK model by asymmetry factors AFout2 and AFout3.
The extent of drug entry into the brain and CSF was predicted well for all compounds,
except for morphine at the 4 mg/kg dose (Supplementary Figure S1).

DISCUSSION

The developed CNS PBPK model resulted in adequate predictions of concentration-time
courses for 10 diverse drugs in the brainECF, CSF,, CSF,
than two-fold prediction error. In comparison, QSPR studies that predict Kp,uu,brain_,
of drugs have similar prediction error magnitudes, even though only one parameter
was predicted (5,6). Therefore, the two-fold prediction error is considered to be a good

result.

and total brain tissue with less

A small under-prediction was observed in brain_ and CSF_, for risperidone, and in
brain, . for morphine at the 4 mg/kg dose. The under-prediction of risperidone brain_
and CSF_,, concentrations (Figure 2) likely results from difficulties in the plasma PK
modeling of risperidone, which leads to propagation of an error in the PBPK model.
Risperidone plasma PK data appeared to follow a 2-compartment PK model but data
were insufficient to describe this 2-compartment kinetics. The small under-prediction
for morphine brain_, profiles at a dosage of 4 mg/kg might be related to a large inter-
study variability for morphine, since the predictions for morphine at the other dosage
groups could adequately capture the observations (Supplementary Figure S1 and

Table SI).

This is the first time that the transcellular and paracellular diffusion clearance at the BBB/
BCSFB were addressed separately, by using the information of the intercellular space
and the effective pore size. As the contribution of these pathways may depend on the
condition of the barriers (i.e.in certain disease conditions the tight junctions may become
less tight), the, assessment of these system-specific parameters is important. From the
electron microscopic cross-section picture of brain capillary (12), the intercellular space
was measured to be 0.03 um, which is comparable to the 0.02 um width reported (46).
Based on the relationship of the pore size and TEER, which were obtained from in vitro
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studies (15), we assumed the effective pore size of the BBB and BCSFB to be 0.0011
pum and 0.0028 um, respectively. The effective pore size derived for the rat BBB (0.0011
um) is within the range reported in literature (0.0007-0.0018 um) (47,48). Therefore, it is
reasonable to assume that our estimations for these system-specific parameter values
are appropriate. In this study, no compound with sole paracellular transport (such as
mannitol) has been used, as no such data were available in literature.

Forthe PBPKmodel, the drug-specific parameters were obtained from inssilico predictions
using the compounds’ physicochemical properties, except for AF values. AF values were
calculated using Kp,uu values, as obtained from the previously published in vivo animal
experiments (3). It should be noted that Kp,uu values can also be obtained from several
published QSPR models using the compound’s physicochemical properties (4-6).

Unlike previously developed PBPK models for the CNS (2), our PBPK model contains a
number of key relevant physiological processes and compartments.

We discriminated between paracellular and transcellular diffusion processes. The
relative impact of the paracellular diffusion on Q. or Q, ., for each compound varied
from around 100% (methotrexate) to 1.3% (quinidine). For hydrophilic compounds,
Q,,; and Q, ., were impacted most by paracellular diffusion, whereas transcellular
diffusion largely determined the Q,,, and Q. ,
of the two processes is expected to be meaningful for the prediction of the CNS
drug concentrations in disease conditions, since pathophysiological conditions may

of lipophilic compounds. The separation

differently affect paracellular and transcellular diffusion.

We also demonstrated the relevance of considering CBF-limited kinetics on the drug
transfer at the BBB. For the lipophilic compounds, Qg . and Qg .
Qg indicating that the drug transfer clearance on the BBB is largely determined by Q

are higher than

CBF

The importance of the separation between brain. . and brain . compartments
was shown. Qe in and Qe o Were either higher or lower than Ques i and Ques our
depending on the molecular \;veight, the log P and the pKa of the compo(md, which led
to differences in drug distribution into brain  from brain,, .

We identified differences in methotrexate drug concentration in CSF,, and CSF,, (23).
Therefore, it is expected that the expression level (function) of some of the active
transporters may be different between the BCSFB around CSF, and CSF__ . Methotrexate
is known to be a substrate of various transporters, such as RFC1, MRP, BCRP, OATP and
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OAT transporters (23), even though there is no detailed information about their exact
and Q to

location. Therefore, we incorporated this in our model by including Q, ., N

describe transport for methotrexate.

All of the parameters for our CNS PBPK model can be derived from either literature
or in silico predictions. Therefore, the model can be used to assess newly developed
CNS drugs without in vivo data and contributes to the “refinement, reduction and
replacement” of animals in drug research. Although the reported values of the system-
specific parameters for human are sparse and variable (2), theoretically the model can
be scaled to humans by replacing the system-specific parameters to predict target-
site concentrations in human brain, representing an important tool for translational
development of new CNS drugs.
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S2. General animal surgery and experimental setting.

Animals

All of the animal study protocols were approved by the Animal Ethics Committee of
Leiden University (all approval numbers are given in Table Sl). All animal experiments
were performed in accordance with the Dutch Law of Animal Experimentation. Male
Wistar rats with a weight range 225-275 g (Charles River, The Netherlands) were housed
in groups for a few days (5-13 days) under standard environmental conditions with ad
libitum access to food (Laboratory chow, Hope Farms, Woerden, The Netherlands) and
acidified water. Between surgery and experiments, the animals were kept individually in
Makrolon type 3 cages for 1 week to recover from surgical procedures.

Surgery

Rats were anesthetized (5% isofluraneforinduction, 1-2%as maintenance). Subsequently
cannulas were implanted in the femoral artery for serial blood sampling, and in the
femoral vein for drug administration, respectively. Microdialysis guides were inserted
into brain and several CSF locations. One day before the experiment, the microdialysis
dummies were replaced by microdialysis probes. For details on the microdialysis guides,
probes and locations are summarized in Table SI.

Drug administration

Experiments generally started at 9:00 a.m. to minimize the influence of circadian
rhythms. Before the start of drug administration microdialysis probes were continuously
flushed with microdialysis perfusion fluid until equilibration was reached. Drugs were
intravenously administered for 1-30 mins.

Bioanalytical methods for remoxipride total brain tissue data

Remoxipride brain tissue was extracted at the end of the animal experiment in
which plasma, brain.. data were sampled (3). The remoxipride brain samples were
quantified with a validated liquid chromatography tandem mass spectrometry (LC-
MS/MS) method (30), with slight adaptations for the 0.7 mg/kg group as follows: the
trifluoroacetic acid was added to the solvents of the on-line solid phase extraction and
mobile phases were replaced with formic acid in order to reach the required pH while
maintaining a satisfactory peak shape, and to eliminate the signal suppression caused
by trifluoroacetic acid. Also, raclopride-d5 hydrochloride (Toronto Research Chemicals,
North York, Canada) was used as the internal standard.
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SUPPLEMENTARY FIGURES
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ABSTRACT

Knowledge of drug concentration-time profiles at the central nervous system (CNS)
target-site is critically important for rational development of CNS targeted drugs. Our
aim was to translate a recently published comprehensive CNS physiologically based
pharmacokinetic (PBPK) model from rat to human, and to predict drug concentration-
time profiles in multiple CNS compartments on available human data of four drugs
(acetaminophen, oxycodone, morphine and phenytoin).

Values of the system-specific parameters in the rat CNS PBPK model were replaced by
corresponding human values.The contribution of active transportersfor the four selected
drugs was scaled based on differences in expression of the pertinent transporters in
both species. Model predictions were evaluated with available pharmacokinetic (PK)
data in human brain extracellular fluid and/or cerebrospinal fluid, obtained under
physiologically healthy CNS conditions (acetaminophen, oxycodone, and morphine)
and under pathophysiological CNS conditions where CNS physiology could be affected
(acetaminophen, morphine and phenytoin).

The human CNS PBPK model could successfully predict their concentration-time
profiles in multiple human CNS compartments in physiological CNS conditions within a
1.6-fold error. Furthermore, the model allowed investigation of the potential underlying
mechanisms that can explain differences in CNS PK associated with pathophysiological
changes. This analysis supports the relevance of the developed model to allow more
effective selection of CNS drug candidates since it enables the prediction of CNS target-
site concentrations in humans, which are essential for drug development and patient
treatment.
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INTRODUCTION

Development of drugs for central nervous system (CNS) diseases faces high attrition
rates (1). A major factor for this high attrition rate is the lack of adequate information on
unbound drug concentration-time profile at the CNS target-sites, which is the driving
force for the drug-target interaction and subsequent drug effect (2).

Several factors govern the distribution of drug molecules into and within the CNS.
Physiological CNS compartments include the brain microvascular space, the key
drug-target site compartments being the brain extracellular fluid (brainECF), the brain
intracellular fluid (brain ), and also multiple cerebrospinal fluid (CSF) spaces. CNS
drug distribution is governed by several processes including physiological fluid flows,
passive and active membrane transport across the blood-brain barrier (BBB) and the
blood-CSF barrier (BCSFB), extracellular-intracellular exchange, and pH differences (3).
Physiological fluid flows include cerebral blood flow (CBF), brainECF bulk flow, and CSF
flow. The interplay between various processes complicates prediction of drug target-
site concentrations. In addition, aging and pathophysiological conditions may alter CNS
drug distribution. This happens for example via changes in properties of the BBB and
BCSFB (e.g. tight junctions, active transporters), volumes of CNS compartments and CNS
fluid flows (4,5), and should therefore be taken into account in CNS pharmacokinetics
(PK) predictions.

To investigate CNS drug distribution, ex vivo techniques such as the brain homogenate
and the brain slicing technique are currently used. With these techniques, steady
state values of the unbound fraction in brain (6) and the volume of distribution of the
unbound drugin brain (7) can be determined, from which also intracellular accumulation
of the unbound drug can be derived. Unfortunately, these techniques cannot provide
information on the unbound drug concentration-time profiles, and potential local
concentration differences. Such information is very important for determining
the rate and extent of processes in CNS drug distribution and understanding their
interrelationships (systems pharmacokinetics). Time course data of unbound drug
concentrations can only be obtained by in vivo intracerebral microdialysis (8-11), as
other monitoring techniques like positron emission tomography measure total drug
concentrations (12-14). However, though minimally invasive, the use of microdialysis in
humans is highly restricted. Therefore, approaches that can predict time-dependent and
CNS location-dependent unbound drug concentration in human are of great interest.
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We recently developed a comprehensive physiologically based pharmacokinetic
(PBPK) rat model to predict unbound drug concentration-time profiles for multiple CNS
compartments (15). This rat PBPK model allows prediction of CNS PK profiles without
the need of in vivo PK data. The purpose of the present study was to scale the rat CNS
PBPK model to predict drug PK profiles in multiple CNS compartments in human. The
human CNS PBPK model was evaluated using available human brain . and/or CSF PK
data in physiological and/or pathophysiological CNS conditions, on acetaminophen,
oxycodone, morphine, and phenytoin.

MATERIALS AND METHODS

The previously developed rat CNS PBPK model (15), which consisted of a plasma PK
and a CNS PBPK component, was scaled to predict human CNS PK by substitution of rat
CNS physiological parameter values by the human values (Figure 1). Human plasma PK
models for the drugs investigated (acetaminophen, oxycodone, morphine, phenytoin)
were either obtained from literature or developed using available human plasma data.

All analyses were performed using NONMEM version 7.3 (16). The predictive
performance of the developed model was evaluated using available human data on
the concentrations of acetaminophen, oxycodone, morphine and phenytoin in brain_,
and/or CSF, obtained under physiological and/or pathophysiological CNS conditions.

Human plasma and CNS data

The details of the clinical PK studies of acetaminophen, oxycodone, morphine and
phenytoin, which were used for the evaluation of the human PBPK model predictions,
are summarized in Table I.

Acetaminophen

Human acetaminophen PK data in plasma and in CSF in the lumbar region (CSF,,,
Lumear) Were obtained from healthy subjects (study A1) and from patients with nerve-
root compression pain (study A2) (17,18). These CNS conditions were considered
to be physiological CNS conditions, i.e. without likely effects on CNS PK. In study A3,
human CSF samples from the lateral ventricle (CSF ) were obtained by extra-ventricular
drainage (EVD) (CSF,,p) from patients with traumatic brain injury (TBI), which was
considered to be a pathophysiological CNS condition (19). For all datasets, total plasma
concentrations for acetaminophen were converted to unbound plasma concentrations

using the free fraction (85%) obtained from literature for healthy subjects (20).
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Oxycodone

Oxycodone human plasma and CSF_,. ...« PK data (study O1) were obtained from
patients under elective gynecological siurgery (21), where a CNS condition considered
to be physiological. Unbound plasma concentrations for oxycodone were extrapolated
from the total plasma concentrations using the free fraction (59%) obtained from

literature for healthy subjects (22,23).

Morphine

Morphine human PKdatain plasmaandinbrain_ (study M1 and M2) were obtained from
bilateral microdialysis measurements from both the injured and uninjured brain sides of
TBI patients, thereby providing a comparison of physiological and pathophysiological
conditions (24,25). For both datasets, the unbound plasma concentrations were

reported in these original publications.

Phenytoin

Phenytoin human PK data in plasma and in CSF (study P1) were obtained

SAS_LUMBAR
from epileptic patients, which was considered a pathophysiological CNS condition
(26). Unbound plasma concentrations for phenytoin were extrapolated from the total
plasma concentrations using the free fraction (13%) obtained from literature for healthy

subjects (27).

Human plasma PK models

For acetaminophen (study A3) and morphine (study M1 and M2), we used published
human plasma PK models (19). For acetaminophen (study A1 and A2), oxycodone
(study O1) and phenytoin (study P1), plasma PK models were systematically developed
with a mixed effects modeling approach using available individual human plasma data,
since there is no plasma PK model from literature or the existing plasma PK model did
not adequately describe the data (19) (see Table I). One-, two- and three-compartment
models were evaluated for their utility to describe the data. Inter-individual variability
was incorporated on each PK parameter, using an exponential model. Proportional and
combined additive-proportional residual error models were tested. Model selection was
guided by a likelihood ratio test with p<0.05, the precision of the parameter estimates,
assessment of the parameter correlation matrix, and graphical evaluation of the plots for
observations versus predictions, weighted residuals versus time, and weighted residuals
versus predictions (28).
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Chapter 5

Scaling of the rat CNS PBPK model to humans

The previously developed rat CNS PBPK model (15) (Figure 1) consists of nine
compartments, being plasma, brain microvessels (brainMv), brainECF, - lysosomes,
CSF ., CSF in the third and fourth ventricle (CSF), CSFin the cisterna magna (CSF,,,)

v
and CSF The model parameters are either system- or drug-specific.

brain

SAS_LUMBAR®

This rat CNS PBPK model was scaled to humans by 1) substitution of the rat system-
specific parameters values by their corresponding human equivalents, 2) rat to human
conversion of the contribution of active transport at the BBB and the BCSFB based on
reported differences in the expression of active transporters, and 3) adding the rate of
drug dispersion in the CNS.

System-specific parameters

Literature values were used for the physiological volumes for all CNS compartments,
CBF, brain,, bulk flow, CSF flow, surface area (SA) of the BBB (SA,,), SA of the BCSFB
(SAgre)r the ratio of SA_ . and SA, ., for transcellular and paracellular diffusion, the
diameter of brain parenchyma cells, the diameter of lysosomes, the cross-width of the
BBB cells and the effective pore size (29-44). The SA, ., was divided into SA, .., which
is the SA around CSF, and SAG e, which is SA around CSF__, like those in the rat CNS
PBPK model (15). The total volume of lysosomes was calculated using the volume ratio
of the lysosomes to the brain intracellular fluid of brain parenchyma cells (1:80) (45).
The SA of total brain parenchymal cell membrane and the SA of total lysosomes were
calculated using the diameter of brain parenchyma cells and the volume of brain , and
diameter of lysosomes and the total volume of lysosomes, respectively. The values of

the system-specific parameters used in the model are summarized in Table Il.

Drug-specific parameters

The calculation of drug-specific parameters including the aqueous diffusivity coefficient
and BBB transmembrane permeability of the compound was performed as described
previously (15) and the details for the calculation are described in Supplementary
Material S1. The influence of the net effect of active transporters on the drug exchange
at the BBB and BCSFB was incorporated into the model using three asymmetry factors
(AFin1-3 or AFout1-3, which can be calculated from Kp,uu values (unbound brain/CSF-
to-plasma concentration ratio), such that they produced the same Kp,uu values within
the model). If the net transport is influx of the drug, AFin1-3 were used, while AFout1-3
were fixed to 1. If the net transport is efflux of the drug, AFout1-3 were used, while
AFin1-3 were fixed to 1 (15).
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Table Il. System-specific parameters of the human PBPK model in healthy condition

Description Parameter Human value Reference
Brain Voot 1400 mL (29)
Brain_ Vbrain 240- 280mL (260 was used in the model) (30,31)
Brain Vbrain, 960 mL 31)
Total lysosome Vivso 12mL calculated®
Volumes | CSF, VCSF,, 20-25 mL (22.5 was used in the model) (32,33)
CSF.., VCSF,, 20-25 mL (22.5 was used in the model) (32,33)
CSF,, VCSF,, 7.5mL (34,35)
CSFgs Lumean VCSFo,s umsan 90-125 mL (90 was used in the model) (32,33)
Brain microvascular Vi 150 mL (42)
Cerebral blood flow Qe 610-860 mL/min (735 was used in the model) (36-38)
Flows Brain,, bulk flow Q¢ 0.15-0.2 mL/min (0.175 was used in the model) (39)
CSF flow Q. 0.3-0.4 mL/min (0.35 was used in the model) (39)
BBB SAgss 12-18 m??(12 was used in the model) (40,41)
calculated
Surface BCSFB SA e 6-9 m?°< (7.5 was used in the model) (assumed 50%
areas of BBB,,)
Total BCM SA, 228 m? calculated®
Total lysosomal membrane | SA .. 180 m? calculated
Width BBB Width,,, 0.3-0.5 pm (0.5 was used in the model) (43)
zf:re:tsii\;: BBB 0.0007-0.0009 umn:(;.ggl()ﬁ was used in the (44)

CSF, cerebrospinal fluid; BBB, blood-brain barrier; BCSFB, blood-cerebrospinal barrier; BCM, brain cell membrane

299.8 % of SA,, was used for transcellular diffusion, and 0.004 % of SA_; was used for paracellular diffusion, ® 99.8 % of SA, ., was used for

transcellular diffusion and 0.016 % of SA, ., was used for paracellular diffusion,  SA .., and SA, ... was both assumed to be 3.75cm?,Ybased

on the volume ratio of lysosomes to brainm (1:80), °based on the number of brain parenchyma cells which was calculated using the total brainm
volume and diameter of each brain parenchyma cell (15 um) (46), ‘based on the lysosome number per cell which was calculated using the total
lysosomal volume and diameter of each lysosome (0.5-1.0 um) (47).

As no direct information is available on the values of AFs for human, we used two
different approaches to obtain the values depending on the information available for
the active transporters for each compound. We propose a workflow and decision tree to
obtain human AF values for the individual compounds, based on availability of literature
information (Figure 2), as follows:

1) A literature search was performed for the main transporters involved in the BBB/
BCSFB transport of the compounds in humans.

2) Ifrelevant active transporters were reported, a literature search was performed on
species differences in transporter protein expression / activity of the main active
transporters.

3) If information on the inter-species differences was available, rat AF values were
converted to human AF values using a conversion factor as calculated from the
differences in transporter protein expression and/or activity of the main active
transporters between rats and humans (Method 1).
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4)  If information of the inter-species differences was not available for the compound,
we searched information available from other compounds whose transfer are
predominantly mediated by the same transporters, and then step 2 was repeated
(Method 2).

5) Ifanactive transporter was not reported, we searched for in vitro data able to derive
the net contribution of active transport component on the overall permeability. If
no indications of active transport could be found, the human AF values were fixed
to 1 (Method 3). The details of the calculation methods to obtain human AF values
from the in vitro data are described in Supplementary Material S3.

Below we describe in detail the rationale for selection of AF values for each compound.

- Acetaminophen
Acetaminophenis reported to be transported across the human BBB by passive diffusion
only, (48), therefore we fixed the AF values for acetaminophen to 1 (Method 3).

- Oxycodone

An active influx transporter for oxycodone at the BBB has been reported; pyrilamine-
sensitive proton-coupled organic cation (H+/0C) antiporter (49,50). Even though
information on species difference in its protein expression level and its activity is
not directly available for oxycodone, the transporter activity can be deduced from
the in vitro observations on pyrilamine transfer, of which the exchange at the BBB is
predominantly mediated by this transporter (49,50). Therefore, Method 2 was applied
for oxycodone. According to the in vitro studies on pyrilamine in the human BBB model
(hCMEC/D3 cells), the Km and Vmax values of active uptake are comparable to those
in the rat BBB model (TR-BBB13 cells) (50). Moreover, the weaker active uptake of
oxycodone comparing to that of pyrilamine in the human BBB model (50) is in line with
the observations in the rat BBB model (49). It thus appears reasonable to assume that
the BBB influx mediated by this transporter is comparable between rat and human, and
therefore the human AFs were considered to be similar to rat AFs. The human AF at the

BBB, AFin1, was 2.3, which was calculated using a Kpuu,brain_.. (unbound brain

_to_
ECF ECF
plasma concentration ratio) value of 1.7 (51). The human AFs at the BCSFB, AFout2 and
AFout3, were assumed to be 1.9 and 2.3, respectively, which were calculated from a

Kpuu,CSF (unbound CSF-to-plasma concentration ratio) value of 1 (21).

- Morphine

Permeability glycoprotein (P-gp) and multidrug resistance-associated proteins (MRPs)
are reported to be the active efflux transporters for morphine at the rat BBB (52,53).
Furthermore, an involvement of active influx transporters has also been suggested in rat
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BBB (54). Even though morphine is reported to be a substrate of P-gp (55) for humans,
other efflux and influx transporters have not been clearly identified. The P-gp protein
concentration in rat brain endothelial cells is about 19 fmol/mg protein, which is about
three-fold higher than that in humans (6 fmol/mg protein) (56). Regarding the P-gp
activity for morphine, no inter-species difference has been observed (57). Therefore,
the rat-to-human conversion factor of AFs was set to 3 for morphine. The rat AFoutT,
AFout2 and AFout3 are 20, 38 and 49, respectively (15), and therefore in this study
human AFout1, AFout2 and AFout3 were assumed to be 6.6, 13 and 16, respectively
(Method 1).

- Phenytoin

P-gp and MRPs are suggested to be the active efflux transporters for phenytoin at the
rat BBB (58,59). However, many in vitro studies, including the studies using human
hCMEC/D3 cells and other cells expressing human P-gp and human MRPs, have shown
that phenytoin is neither a substrate for human P-gp nor human MRP2 (60-63). Even
though the reasons for these differences between the in vivo rat studies and the in vitro
experiments using human P-gp and MRPs are not clear, inter-species differences in
the activity by P-gp for phenytoin (63) and MRP2 have been reported (64). Therefore,
Method 3 was applied to predict AFs for phenytoin. In this study, we assumed that the
human AFs for phenytoin are equal to 1.

Use of system-specific and drug-specific parameters in the model

Drug transport at the BBB and BCSFB, brain cellular distribution, acidic subcellular
distribution and drug binding were derived by using drug-specific parameter values
and system-specific parameters using the equations which were described previously
(15) and are provided in Supplementary Material S2.

Scaling of the dispersion rate

Previously the values of the system-specific drug dispersion rate within the brain and
CSF have been estimated based on rat microdialysis data of nine compounds (19). This
dispersion rate is defined as a combination of CSF flow, brain___ bulk flow and turbulence
flow of the drug molecules. For the scaling of the drug dispersion rate to humans we
used the following allometric scaling equation.

0.75
BWhuman) (1)

P = X (
human rat
BWyqt



Chapter 5

where P is the scaled human parameter, P_ is the estimated rat parameter from the

human

model, BW, is the average human body weight (75 kg), and BW __ is the average rat
body weight (250 g).

BBB/BCFSB for the drug?

Ye‘/ \\I‘O
Availability of in vitro data? from human
brain endothelial cells available?

‘ Knowledge of the main transporters at the ’

Knowledge of inter-species differences? of the main
transporters available?

Yes l l Ne % e \ e

Knowledge on other [ Availability of in vitro data from ’

Method 1

- animal brain endothelial cells*?
T e T — compounds whose transfer

is predominantly mediated
Method 3 / Yes \ No

used to calculate human
AF based on animal AF?

by the same transporter?

The result is used to

calculate human AF
Yes

human endothelial cells to

Method 2 obtain human AF

‘ Perform in vitro study® on ’
The information is used to

calculate human AF based
on animal AF?

1. Inter-species differences of the expression level and activity/function of the main transporters, are needed.

2. The methods to calculate the rat AF were reported (15). In short, rat AF was calculated using the Kp,uu values which were
obtained from in vivo studies or in silico predictions.

3. Invitro data which is able to derive active transport component of the overall permeability are needed. The details are
provided in supplementary material S3.

4. The assumption is made that the overall active transport characteristics of animal and human BBB are similar.

Figure 2. Decision tree to obtain human AF.

Evaluation of the human CNS PBPK model

The predictions of the scaled human CNS PBPK model were evaluated by comparing of
model predictions to observed human PK data in brain, CSF,,. ... and/or CSF_ .The
accuracy of the prediction was evaluated with symmetric mean absolute percentage
error (SMAPE) (Eq. 2) using population prediction (PRED). We also performed 200
simulations for each compound, then calculated 2.5 % tile, median and 97.5 % tile of
the simulated concentrations and plotted these together with the observations.

1 YoBs,ij~YPRED,ij
SMAPE = =YN_ |-—222 __XEPU %100
Nzk_l (YoBs,ij*+YPRED,ij)/2 (2)
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where Y____is the jth observation of the ith subject, Y,

0BS,jj
the ith subject, and N is the number of observations.

ppeD 1S the jth mean prediction of

Simulated impact of different pathophysiological conditions on CNS PK

Under pathophysiological CNS conditions, several CNS system-specific parameter
values, such as CBF, BBB characteristics, BCSFB characteristics, brainECF bulk flow, CSF
flow and active transporters, have been reported to be changed (Supplemental Table
Sl). The following data were available from literature: acetaminophen concentrations in
CSF,,, and morphine concentrations in brain . which were obtained from TBI patients,
and phenytoin data in CSF
I).

sas_Lumsar Which were obtained from epileptic patients (Table

In TBI patients, a decrease in CBF, an increase in paracellular permeability due to the
disruption of the tight junction complexes, and changes in activity/expression of active
transporters (such as a decreased expression of P-gp) have been reported (65-67).
For epileptic conditions, studies have indicated regional decreases in CBF, increased
paracellular permeability due to the opening of the tight junction proteins, and an
increase in some active efflux transporters such as P-gp and MRPs (68-71).

To investigate the impact of such pathological changes on each compound’s PK
profiles, we simulated the PK upon such changes. In the simulations, the system-specific
parameter values were varied within a range of 20-500% of their original values (i.e. 5
times lower or higher).

If the changes in the values of the system-specific parameters had a relevant impact
on PK profiles, the model predictions were performed again by adapting values of
system-specific parameters identified in the literature, and subsequently compared to
the observed PK data.



Chapter 5

RESULTS

Plasma PK parameter values

The plasma PK parameters usedintheanalysisforacetaminophen, morphine, oxycodone,
and phenytoin are summarized in Supplemental Table SlI. For acetaminophen (study
A3) and morphine (study M1 and M2), the plasma PK parameter values were obtained
from literature (19). For acetaminophen (study A1 and study A2), oxycodone (study
0O1) and phenytoin (study O1), the descriptive plasma PK model was developed using
available plasma data. The plasma PK parameter values were obtained with acceptable
precision (relative standard error <66%) and could adequately describe the plasma PK
data (Figure 3 and Figure 5).

Prediction of CNS PK in physiological CNS conditions

System-specific and drug-specific parameters in physiological CNS conditions are
summarized in Table Il and Table Ill, respectively. The parameters derived from human
system-specific and drug-specific parameters are summarized in Table IV. The drug
dispersion rate for human was calculated to be 1.6 mL/min based on allometric scaling.
The model could adequately predict the PK profiles in brain_ for morphine and the
PK profiles in CSF,,. | 1o
conditions (Figure _3), with an SMAPE of brainECF and CSF
respectively.

for acetaminophen and oxycodone under physiological CNS
of 49% and 54%,

SAS_LUMBAR

Prediction of CNS PK in TBI and epileptic conditions

To explore the impact of each system-specific parameters, which were altered in
pathological CNS conditions of TBI and epilepsy on the PK profiles for acetaminophen,
morphine and phenytoin, simulations were performed by changing the values of the
CBF, and paracellular diffusion. The influence of the active efflux transporters was
also simulated for morphine. The impact on model predictions after changing the
values of CBF, paracellular diffusion and the influence of the active efflux transporters
within a range of 20-500% of their original values are shown in Figure 4. It can be
seen that the impact of pathological changes on PK profiles is drug-dependent and
CNS compartment-dependent. For acetaminophen, the PK profiles in CSF , were not
sensitive to the changes in CBF nor to the changes in paracellular diffusion across the
BBB/BCSFB. In contrast, for morphine brainECF concentrations increased with an increase
in paracellular diffusion, and decreased with an increase in active efflux transport. For
phenytoin, no change was observed in PK profiles in CSF with the changes in
CBF and paracellular diffusion.

SAS_LUMBAR
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Since TBI and epilepsy conditions did not influence acetaminophen PK profiles in CSF ,
and phenytoin PK profiles in CSF,. | ... tO @ significant extent, the model prediction
for these PK data was performed uging the physiological values of the system-specific
parameters (Figure 5). The model predictions captured the acetaminophen PK data in
CSF,,, and the phenytoin PK data in CSF,, . ... Well even if the concentrations are
slightly over-predicted around the early sambling time for the acetaminophen PK data

in CSF,, ..

On the other hand, we found that the values of paracellular diffusion and the influence
of the active efflux transporters needed to be adjusted to capture the morphine
. inTBI
patients were captured well when paracellular diffusion was upregulated and active
efflux transport was downregulated (Figure 6).

concentrations in brain___ in TBI patients (Figure 4). Morphine PK data in brain
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Figure 3. Predicted (red lines: median, shaded area is 95 % prediction interval) and observed
(circles) concentration-time profiles in physiological CNS compartments. (A) Plasma and CSF
in the lumbar region (CSF, . | ) data for acetaminophen which were obtained from both
healthy subjects and patients with nerve-root compression, (B) plasma and CSF,. | .z.s data
for oxycodone which were obtained from patients undergoing elective gynecological surgery
and (C) plasma and brain,, data for morphine which were obtained from the uninjured side
of the brain in traumatic brain injury (TBI) patients. The x-axis represents the time in minutes

and the y-axis represents the concentration in ng/mL.
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Figure 4. Simulation of the concentration-time profiles for acetaminophen, morphine and
phenytoin using the human CNS PBPK model. The values of CBF, paracellular diffusion and an
influence of active transports (if applicable) were varied within the range of 20-500% of their
original values (colors). The plots were stratified by the CNS compartments (panels). The x-axis
represents the time in minutes and the y-axis represents the concentration in ng/mL.
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Figure 5. Model prediction (red lines: median, shaded area is 95% prediction interval)

versus concentration-time profiles (circles) for each pathophysiological condition. (A)
Acetaminophen data was obtained from plasma and CSF in the lateral ventricle collected by
extra-ventricular drainage (CSF,,) from traumatic brain injury (TBI) patients, (B) phenytoin
data was obtained from plasma and CSF in the lumbar region (CSF,,. | .z, from epileptic
patients. The x-axis represents the time in minutes and the y-axis represents the concentration
in ng/mL.
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Figure 6. Model prediction (black lines) versus concentration-time profiles (circles) for
morphine in brain_ in TBI patients. The plots were stratified by the change in the values of
the system-specific parameters. The red dotted lines were the model predicted concentration-
time profile for morphine in brain_ in healthy subjects. The x-axis represents the time in
minutes and the y-axis represents the concentration in ng/mL.
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Table lll. Drug-specific parameters of the PBPK model

‘ Acetaminophen ‘ Oxycodone Morphine Phenytoin
Drug specific parameters
Transmembrane permeability | cm/min 1.1*10* 3.5%10* 2.5%10 0.0077
g‘:‘:j:e‘:lsucli;frfzisfi;'i}i'ocr:’ffﬁde”t cm?/min 46%10* 3.3%10% 3.4%10% 3.6%10°
AFin1 1 23 1 1
AFin2 1 1 1 1
AFin3 1 1 1 1
AF AFout1 1 1 6.6 1
AFout2 1 1.9 13 1
AFout3 1 23 16 1
Free fraction
fu,p 0.85 0.59 0.11 0.13
fub - 0.39(72) 0.45(72) -
Physicochemical properties
Molecular weight 151 315 285 252
logP 0.5 0.3 0.9 25
pKa (Acid) 9.5 13.6 10.3 9.5
pKa (Base) -4.4 8.2 9.1 -9.0
Charge class Neutral Base Base Neutral

AF, asymmetry factor

AFin1-3 and AFout1-3 were converted from the rat AFs or obtained from in vitro study.




Scaling of the comprehensive rat CNS PBPK model to humans

Table IV. Parameters derived using system-specific and drug-specific parameters in the PBPK

model
Parameter Unit Acetaminophen Oxycodone Morphine Phenytoin
Qg mL/min 72 120 64 510
5. ont mL/min 72 68 130 510
Qt,,, mL/min 65 21 15 460
QP mL/min 66 47 50 52
PHF1 1.0 0.82 0.80 1.0
Quesror in mL/min 57 47 46 190
Queon out mL/min 57 46 98 190
Qt gy mL/min 2.0 6.6 47 140
QP e mL/min 55 39 41 43
PHF2 1.0 0.82 0.80 1.0
Qucsre in mL/min 57 47 46 190
[CI—— mL/min 57 46 98 190
Qtyegy, | ML/min 20 6.6 47 140
QP yesrs mL/min 55 39 41 43
PHF3 1.0 0.82 0.80 1.0
Qe mL/min 250 650 461 18000
Quer o mL/min 250 360 230 18000
PHF4 1.0 0.82 0.80 1.0
PHF5 1.0 0.43 0.40 1.0
Quso i mL/min 120 170 120 8800
50,0t mL/min 130 18 12 8900
PHF6 1.0 0.43 0.40 1.0
PHF7 1.0 0.0046 0.0041 1.0
BF - 0.01 1 -

Qg5 1, QPpgs + Qg “AFINT, Qpy = (QPgg, + Qg "AFOULT)*PHFT,

A,

BCSFBIp!

Qp,,,= (Aqueous diffusivity coefﬁcientANidthBBB)*SABBBP,
Qt,,,= 1/2*Transmembrane permeability*SA ..
QBCSFELm = stcs;m + Qtacsrm*Asz'

Qucseon oue = (QPocorpr Qlycsrs; “AFOUL2)*PHF2,

Qpyspq,= (Aqueous diffusivity coefficient/Width, ., )*S
Qt,eq,= 1/2* Transmembrane permeability *SA ...
QBCSFBZ,\H = QpBCSFBZ + QtB(SFBZ*AFin?"

QB(SFBZ,OLI( = (QpB(SFBZ+ QtB(SFBZ*AFOUt?’)*PHF?"

Qp,q5,= (Aqueous diffusivity coefficient/Width, ., ))*S

Qt,gpq,= 1/2* Transmembrane permeability *SA, ...

QB(MJH: Transmembrane permeability *SA, , *PH F4’
——— Transmembrane permeability *SAgey ‘PHFS
vso_n= Transmembrane permeability *SA, . *PHF6

Q =Transmembrane permeability *SA . *PHF7

LYSO_in

A,

BCSFB2p,

PHF1, PHF2, PHF3, PHF4, PHF5, PHF6, and PHF7 were calculated from the pKa of each compound and pH of the respective compartment.

BF was calculated from the Kp of each compound.
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DISCUSSION

We developed a human CNS PBPK model to predict unbound drug PK of four model
compounds in multiple CNS compartments. Under physiological CNS conditions, good
predictions of observed human data were achieved within a 1.6-fold error. Furthermore,
the model showed its ability to be used for building a better understanding of the key
system properties that may explain the changes on drug concentration-time profiles
under pathophysiological CNS conditions.

The human CNS PBPK model can be applied to any (existing or new) compounds
once the physicochemical properties and information on the involvement of active
transporters at the BBB and the BCSFB are available. Such information can be obtained
from in silico predictions and/or in vitro studies.

The model uses plasma PK data as input to build a plasma PK model. In our study we
either used plasma PK models that have been published or we developed the plasma
PK model separately on the basis of existing plasma PK data. It should be noted that
even in the absence of a plasma PK model or data, the CNS PBPK model can be used
in conjunction with plasma PK simulations by using the existing whole-body PBPK
platforms. Thus, the human CNS PBPK model does not require any in vivo data to predict
unbound drug PK at target-site in the human CNS.

Gathering as much information as possible about unbound drug PK in the CNS is
important to improve CNS drug development and CNS drug treatment, because it is
the driver for drug-target binding kinetics and therewith for the drug effect profile. In
contrasttotheexvivotechniques,such asbrainhomogenateand brain slicing techniques,
as well as in silico approaches like quantitative structure-activity relationship models
(73,74) that can provide information on unbound concentrations in the brain at steady
state conditions, the CNS PBPK model predicts the unbound drug concentration time
course. This is an important improvement since even during chronic dosing, variations
in drug concentrations will still be present and may influence the target occupancy-
time profile (75).

The human CNS PBPK model allows prediction of the unbound drug PK in multiple
physiologically relevant CNS compartments. This is crucial as the PK profiles in different
CNS compartments are known to be different, even for drugs that are not subjected to
active transport (9). Moreover, the model could be used to investigate the impact on PK
profiles in the different CNS compartments as a result of pathological processes, which
have shown to be drug-dependent as well as CNS compartment-dependent (Figure
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5 and 6). To our best knowledge, such integration of multiple aspects has not been
reported earlier, and it will substantially contribute to an increased insight into CNS PK
changes in pathological conditions in relation to the CNS effects.

A key feature of drug transport across the BBB and BCSFB is the contribution of active
transporters. In PBPK modeling, expression levels and activity of each active transporter
should ideally be separately incorporated. The major transporters such as P-gp and MRP
are investigated well with regard to their inter-species differences of expression levels
and transporters activity; however, such information is currently lacking for the other
transporters (56,76).

Therefore, in our human CNS PBPK model, instead of using information on individual
transporters, we used the “net contribution of the active transport” approach. This is a
useful approach in situations where active transporters, which have not yet been widely
investigated, are involved in the process of drug exchange at the BBB/BCSFB. In this
study, we investigated a method to convert the “net contribution of the active transport
(AFs)” at the BBB and BCSFB from rat to human, or obtain it from in vitro studies. We
propose a workflow and decision tree to derive human “net contribution of the active
transport (AFs)” (Figure 2).

In the rat PBPK model, we derived the “net contribution of the active transport (AFs)”
from Kpuu values (15). The translation method of AFs values from rat to human depends
on the available information about the transporters involved in the processes. If the
existing literature information is not sufficient to support the conversion of the rat AFs
to human AFs, we proposed alternative methods to obtain human AFs directly from
in vitro study using preferably human brain endothelial cells, such as hCMEC/D3 cells.
Thus, either way, theoretically we do not need any in vivo data to obtain human AFs.

We have shown the potential of the model to be adapted according to literature
information of pathophysiological changes and to explore the impact of the
pathophysiological changes on PK profiles in each CNS compartment. For PK data for
acetaminophen in CSF, under TBI condition and PK data for phenytoin in CSF,.  eas
under epileptic conditions, the impact of the conditions did not lead to signiﬁcant
alterations of CNS PK, hence no changes to the model were needed to obtain reasonable
predictions. For morphine, the simulations showed that the model could describe the
drug concentration in brain___ in TBI patients if the paracellular diffusion at the BBB and
BCSFB was increased by more than 50% and AFs at the BBB and BCSFB were decreased
by more than 40%. Our findings align with the reported 40% decrease in expression of
P-gp in TBI patients (67). This demonstrates how the model could provide quantitative
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mechanistic insights of clinically observed alterations in CNS PK which are supported
by additional external evidence. In the future, additional human data, for example from
the accessible CSF lumbar region, can provide further information to validate the model
in other pathophysiological conditions, and can better inform the human CNS PBPK
model about what system-specific parameter values has actually changed or how much
the system-specific parameter values need to be adjusted.

Due to the lack of information for the drug dispersion rate in the CSF, we used allometric
scaling of the drug dispersion rate in rats using body weight to obtain the drug
dispersion rate for humans. Since the drug dispersion rate may be different depending
on the physiological components such as the length of spine and size of the tube of
spine, an allometric scaling can be considered as an appropriate approach to scale the
value among species. In this study, the average drug dispersion rate value in rat for the
nine compounds was used for the scaling (19). At least for acetaminophen, oxycodone,
morphine and phenytoin, the average drug dispersion rate was sufficient to capture
the PK profiles of the compounds in the CNS. However, the drug dispersion rate may
depend on not only the physiological components (which have already been taken into
account by the allometric scaling), but also on the physicochemical properties such
as molecular weight and lipophilicity. Therefore, further investigations are needed to
optimize the drug dispersion rate for each compound in human.

CONCLUSIONS

A human CNS PBPK model was developed to predict the concentration-time profiles
of four model compounds in human CNS compartments. All model parameters were
either derived from in silico predictions, literature data or based on in vitro information.
Therefore, the model can provide the concentration-time profiles in multiple
physiologically relevant compartments in human CNS without the need of in vivo
PK data. We demonstrated that the model could predict the brain_ . and CSF,,. | \en
concentrations-time profiles under physiological CNS conditions. We also showed how
the model can provide quantitative understanding of the impact of pathophysiological
conditions on PK profiles in each CNS location. This human CNS PBPK model provides
the basis to link CNS PK with drug-target binding kinetics and the biological effect(s)
of the drug. As such, the developed model will have a substantial role in the selection
of CNS drug candidates, in the prediction of target-site concentrations in humans, and
to support the assessment of drug efficacy and safety in the early stage of the drug
development.
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SUPPLEMENTARY MATERIAL

S1. Calculation for the drug-specific parameters in the model.

The drug-specific parameters in the model were calculated using the following
equations.

Aqueous diffusivity coefficient. The aqueous diffusivity coefficient was calculated using
the molecular weight of each compound with the following equation (77).

logDaq = —4.113 — 0.4609% log MW 1)

where Daq is the aqueous diffusivity coefficient (in cm?/s) and MW is the molecular
weight (in g/mol).

Permeability. Transmembrane permeability was calculated using the log P of each
compound with the following equation (78).

log PotranscellulaT = 0.939x% 10gp —6.210 (2)

where PO‘”’“S“‘?"“'ar is the transmembrane permeability (in cm/s), log P is the n-octanol
lipophilicity value.

Active transport. The impact of the net effect of active transporters on the drug
exchange at the BBB and BCSFB was incorporated into the model using asymmetry
factors (AFin1-3 and AFout1-3). The AFs were calculated from Kp,uu,brain_, Kp,uu,CSF ,
(unbound CSF  -to-plasma concentration ratio) and Kp,uu,CSF,, (unbound CSF,,to-
plasma concentration ratio), such that they produced the same Kp,uu values within
the PBPK model at the steady state. The AFs were therefore dependent on both the
Kp,uu values and the structure and parameters of the PBPK model. If the Kp,uu values
were larger than 1 (i.e. net active influx), then AFin1, AFin2 and AFin3 were derived from
Kp,uu,brain,, Kp,uu,CSF , and Kp,uu,CSF ,, respectively, while AFout1-3 were fixed to
1. If the Kp,uu values were smaller than 1 (i.e. net active efflux), then AFout1, AFout2
and AFout3 were derived from Kp,uu,brainECF, Kp,uu,CSF, and Kp,uu,CSF_,,
while AFin1-3 were fixed to 1.n the analysis, Kp,uu,brain,, Kp,uu,CSF , and Kp,uu,CSF

were derived from previous in vivo animal experiments (15). The steady state differential

respectively,

equations in the PBPK model were solved using the Maxima Computer Algebra System
(http://maxima.sourceforge.net) to obtain algebraic solutions for calculating AFs from
the Kp,uu values.
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$2. Calculation for the parameters using the system-specific and drug-
specific parameters.

The parameters in the model were calculated using the following equations.

Passive diffusion across the brain barriers. Passive diffusion clearance at the BBB and
BCSFB (Q,,, and Qg respectively) was obtained from a combination of paracellular
and transcellular diffusion, Qp and Qt, respectively (Eq.3).

Qper/Bcsre(ML/min) = Qpppg/scsre + Qtse/pesra (3)

where Q.. . ... represents the passive diffusion clearance at the BBB/BCSFB, Qpy,,,
scsrs FEPresents the paracellular diffusion clearance at the BBB/BCSFB, and Qt
represents the transcellular diffusion clearance at the BBB/BCSFB.

BBB/BCSFB

The paracellular diffusion clearance was calculated with the aqueous diffusivity
coefficient (Daq), Width and SA____or SA using equation 4.

BBB/BCSFB BBBp BCSFBp

Daq

QpssB/BCSFs(ML/min) = XSApppp/BcsFBp (4)

Widthgpp/BCSFB

The transcellular diffusion clearance was calculated with the transmembrane
permeability and SA__. or SA using equation 5.

BBBt BCSFBt

i 1 transcellular
Qtppa/Bcsre (mL/min) = 7" Py XSApppt/BCsFat (5)

where the factor 1/2 is the correction factor for passage over two membranes instead of
one membrane in transcellular passage.

Active transport across the brain barriers. To take into account the net effect of the
active transporters at the BBB and BCSFB, AFs were added on Qt Eq.6 and 7).

BBB/BCSFB (

QssB/Bcsrp_in(ML/min) = Qpgpg/pcsrs + Qtppp/pesrr * AFin (6)

QsBB/BCSFB_out withoutprr (ML/Min) = QPgpp/scsrs + Qtpsp/acsrs * AFout (7)
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where Q e/ CSFs,
and Quup ocors out withourrr TEPTESENtS the drug transport clearance from brain, /CSFs
to brain,, without taking into account the pH-dependent kinetics (to be taken into
account separately; see below).

sssracsrs i FEPTEseNts the drug transport clearance from brain,, to brain

Cellular and subcellular distribution. Passive diffusion at the BCM (Q
lysosomal membrane (Q
together with SA_, or SA

s and at the
was described with the transmembrane permeability
respectively (Eq.8 and 9).

LYSO)

LYSO!
QBCM (mL/min) — PO transcellular XSABCM (8)

QLYSO (mL/min) — PotranscellularstLYSO (9)

where Q,,, represents the passive diffusion clearance at the BCM, and Q

the passive diffusion clearance at the lysosomal membrane.

vso FEPresents

pH-dependent partitioning. We considered the differences in pH in plasma (pH 7.4)
and in relevant CNS compartments, namely brainECF (pHECF 7.3), CSF (pHCSF 7.3), brainICF
(PH 7.0), and lysosomes (pHIyso 5.0) (Friden, 2011). The impact of pH differences on the
passive diffusion clearance from brain_, to brain,,, (PHF1), from CSF , to brain,,, (PHF2),
from CSF_, to brain,,, (PHF3), from brain_, to brain (PHF4), from brain , to brain_,
(PHF5), from brainICF to lysosomes (PHF6), and from lysosomes to brainICF (PHF7) were
described by pH-dependent factors, which were defined as the ratio of the un-ionized
fraction of each compound at the pH in a particular compartment and the un-ionized
fraction in plasma. The PHFs were calculated from the pKa of each compound and
the pH of a particular compartment. The equations are developed using the classical
Henderson-Hasselbalch equation (Henderson, 1908 and Henderson, 1908), and are
based on the assumption that there is no active transport.

10pKa-7.4,1

PHFbaselszFbase4=m (10)
10PKa-7.444

PHFpq5e2 = PHFyase3 = TpRa=phgsr (1)
10PKa=7441

PHFpa5e5 = PHF}g506 =

10PKa=PHICcF 41

10PKa-7441

PHFp 4.7 =

10PKa~PHLys0 +1
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1074-PKa

PHFociq1 = PHFqcia% = [pHpororasy

(14)

1074-PKayq

PHFacidZ = PHFacid3 = m

(15)

1074-pKajq
10PHICF_PK‘1+1

PHF ;45 = PHF 146 = (16)

1074 PKayq
10PHLYs0~PKaLq

PHF 047 = (17)

where PHF, _1-7 are PHF1-7 for basic compounds, PHF_ .,1-7 are PHF1-7 for acidic
compounds, and 7.4 is the pH in the plasma compartment.

The impact of pH differences on the drug distribution among brain_, CSF, brain
lysosomes was added on Q,,,and Q
based on the assumption that the transport clearance is proportional to the un-ionized
fraction of each compound.

ICF and
using PHFs with the following equations 18-24,

Qeg5_out(ML/Min) = Qppp_out withoutpnr XPHF1 (18)
Qscsra1_our(ML/Mmin) = Qpcsrp_withoutpnr X PHF2 (19)
Qscsra2_our(ML/Min) = Qpcsrp_withouspnr X PHF3 (20)
Qpcm_in(mL/min) = Qgcy X PHF4 (21)
Qscmyy,, (ML/Min) = QpeyXPHFS 22)
Quyso_in(ML/min) = Q. ysoXPHF6 (23)
Qryso_out(ML/mMin) = QrysoxPHF7 (24)
where Qg . represents the drug transport clearance from brain_ to brain,, Q; s, ..
represents the drug transport clearance from CSF  to brain,,, Q, ... . . represents the
drug transport clearance from CSF_ to brain,,, Q,., ., represents the drug transport
clearance from brain,, to brain, and Q,,, . represents the drug transport clearance

from brain ., to brain_. Q
to lysosomes, and Q
bralnICF.

wso.in EPresents the drug transport clearance from brain

scm ot TEPTEsents the drug transport clearance from lysosomes to
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Drug binding. Drug binding to brain tissue components was taken into account in the
model using a binding factor (BF) under the assumption that drug binding to the tissue
happens instantly. The BF was calculated from Kp (total brain-to-plasma concentration
ratio) by solving the BF that results in the same Kp value in the model, using the Maxima
program as described above (Supplementary Material S1). The Kp for each compound
was calculated using the compounds’log P, the composition of brain tissue and plasma,
fu,p (free fraction in plasma) and fu,b (free fraction in brain) with the following equation
(79).

Kp = [101°8 P x (Vnlb+0.3xVphb)+0.7XVphb+Vwb / fu,b]
p= [10198 Px (Vnip+0.3XVphp)]|+0.7xVphp+Vwp/ fu,p]

(25)
where Vnlb, Vphb, Vwb, Vnlp, Vphp, and Vwp represent the rat volume fractions of brain
neutral lipids (0.0392), brain phospholipids (0.0533), brain water (0.788), plasma neutral
lipids (0.00147), plasma phospholipids (0.00083), and plasma water (0.96), respectively
(80).

S3. Calculation for the active transport component of the overall
permeability from in vitro data.

The asymmetry factors (AFs) can be derived from In vitro data such as efflux ratio data
and cell uptake kinetics data (72).

Effluxratio data. AFs can be derived from the information of apparent permeability (P,
from apical to basolateral (Papp,A:B) and basolateral to apical (Papp,B:A)’ or the information
of efflux ratio(ER). The active transport component of the overall permeability can be
derived using the following equation (in this case, the active transporters mediate a net
efflux of the drug).

CLeff,active = (Papp,B:A - app,A:B) * SAgpp * scaling factor (26)
EReff,active = (Papp,B:A/Papp,A:B) (27)

where the scaling factor is used to convert values obtained from in vitro experiments to
in vivo BBB values.

Cell uptake kinetics data. AFs can be derived from the information of Vmax and Km.
The active transport component of the overall permeability can be derived using the
following equation (in this case, the active transporters mediate a net influx of the drug).



Scaling of the comprehensive rat CNS PBPK model to humans

Clyptake = (Vmafﬁ) *- the milligrams of protein per gram of brain * brain weight  (28)
CLing active = (CLupmke — Ppassive * SAgpp * (1 — M)) * scaling factor (29)
’ Cy,Plasma
where C _ is free dug concentration in brain microvascular compartment, C is free
u,BM u,plasma
dug concentration in plasma compartment, Ppassive is passive permeability.
In the PBPK model, CL. _,ER_ _ CL  and ER . can be derived using the
eff active’ eff,active’ infactive infactive

following equation :

CLefs active = Qtppp * (PHF1 + AFoutl — 1) + Qppgpp * (PHF1 - 1) (30)
_ (Qtppp*AFout1+Qpppp)*PHF1

EReff’aCti"e - (QtppB+QPBBB) (31)

CLing active = Qtppp * (AFinl — PHF1) + Qpppp * (1 — PHF1) (32)
_ (Qtppp+QppBB)*PHF1

ERinf'athe " (Qtppp*AFin1+Qpgpg) (33)

where Qt,_ is the transcellular diffusion rate at the BBB, Qp,,, is the paracellular diffusion

rate at the BBB.

Using equations 26 and 30, for example, AFout1 can be calculated from in vitro data.
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General discussion and future perspectives

Drug development for central nervous system (CNS) indications has been particularly
challenging and suffers from high attrition rate due to safety concerns or lack of efficacy
during clinical development (1,2). Knowledge of unbound drug concentration-time
profiles at the target-site in the CNS is crucial to understand drug concentration-effect
relationships and to determine whether relevant CNS drug concentrations relative to
the target affinity have been reached (3). This is relevant specifically for the CNS, because
drug concentrations in the CNS can be significantly different from drug concentrations
in plasma due to the presence of the blood-brain and the blood-cerebrospinal fluid
barriers (BBB and BCSFB, respectively) (4), and intra-brain distribution processes.
However, since measurement of the drug concentration in human CNS is highly limited
due to ethical and practical constraints, plasma concentrations are typically used in CNS
drug development to quantify drug pharmacodynamics (PD) for selection of optimal
dose regimens.

The purpose of our research was to develop novel approaches to predict the unbound
drug pharmacokinetics (PK) in the CNS. To achieve this, a comprehensive CNS
physiologically based pharmacokinetic (PBPK) model has been developed. The resulting
model includes expressions describing key CNS physiology and drug distribution
processes to predict unbound drug PK in multiple CNS compartments. Specifically, in
this thesis we present:

1) A comprehensive overview of key physiological variables for prediction and
translation of CNS PK (Chapter 2)

2) A generic multi-compartmental CNS PK distribution model (Chapter 3)

3) A comprehensive rat CNS PBPK model (Chapter 4)

4)  Scaling the comprehensive rat CNS PBPK model to humans (Chapter 5)

The systems pharmacokinetic models, which have been developed in the thesis, is
summarized in Table |, focusing on the characteristics of each model.
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A COMPREHENSIVE OVERVIEW OF KEY PHYSIOLOGICAL
VARIABLES FOR PREDICTION AND TRANSLATION OF CNS PK

To predict the PK of drugs at multiple sites within the CNS, it is necessary to consider
the complexity of the CNS physiology and drug distribution processes that underlie the
drug PK at these sites. In Chapter 2, we described the key CNS physiological variables
that determine the drug PKin the CNS.

The relevant CNS physiological compartments are the brain microvascular space, the
cells of the barriers in the CNS (i.e. the BBB and BCSFB), the brain parenchymal cells,
the brain extracellular fluid (brain_,), the brain intracellular fluid (brain ), cerebrospinal
fluid (CSF) in the lateral ventricle (CSF ), CSF in the cisterna magna (CSF ) and CSF in
subarachnoid space (CSF,, ). Additional physiological parameters are physiological fluid
flows including the cerebral blood flow (CBF), brain, . bulk flow, and CSF flow within
the CNS. Together with these physiological variables, drug properties are the important
factors that govern the drug PK, specifically drug transport across the BBB and the
BCSFB, which results in drug dependent rate and extent of drug distribution in the CNS.
With regard to drug transport across the BBB and the BCSFB, a distinction needs to be
made between transcellular and paracellular passive diffusion since the BBB and the
BCSFB are comprised of cells that are interconnected by tight junctions (5). Moreover,
we addressed the role of drug binding to the brain tissue components (such as proteins
and lipids) and the influence of pH differences among the physiological compartments
(pH partition theory) (6-9). These CNS system-specific parameters and drug-specific
parameters are the basis of a comprehensive CNS PBPK model structure.

A GENERIC MULTI-COMPARTMENTAL CNS PK DISTRIBUTION
MODEL

The purpose of Chapter 3 was to develop a generally applicable CNS PK model structure
that can be used to predict unbound drug concentration-time profiles in multiple CNS
compartments in rats and humans. We used published and newly generated rich brain_,
and CSF unbound concentration-time datasets in rats for nine drugs (acetaminophen,
atenolol, methotrexate, morphine, paliperidone, phenytoin, quinidine, remoxipride and
risperidone) that were obtained by microdialysis experiments.

The developed model could adequately describe the rat PK data of these nine structurally
highly diverse drugs in multiple CNS compartments. This model includes descriptors of
all relevant CNS physiological compartments with two drug-specific parameters: drug
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exchange process at the BBB (Q
compartments (Q

and drug dispersion through brain___ and CSF

PL?ECF) ECF
o). These parameter values were estimated using available brain,
and/or CSF PK data in rats under physiological CNS condition. Interestingly, the value
of Q. was comparable among the nine drugs, indicating this parameter value could
be potentially fixed and used for other small molecules. Altogether, it means that the
model requires only plasma PK data and brain . or CSF PK data to estimate model
parameters in the model for each drug, which makes this model relatively easy to use.

The model was scaled to predict unbound drug concentration-time profiles in human
CNS by replacing the values of the rat system-specific parameters by the corresponding
human values and allometric scaling of the drug-specific parameters. Generally, under
physiological CNS conditions, the scaled model predicted the available drug PK data in
multiple human CNS compartments very well.

In summary, a generic multi-compartmental CNS PK distribution model that could
predict unbound drug PK profilesin multiple CNS compartmentsin ratsand humans, was
developed. The model structure formed the base model structure for the development
of the comprehensive PBPK models for rats and humans as introduced in the successive
chapters 4 and 5.

An important limitation of the use of this model to predict drug PK in the CNS is the
requirement of in vivo PK data. Moreover, this model is not ideal for the investigation
of the effect of pathophysiological conditions on drug PK in the CNS because the drug-
specific parameters in the model were estimated using PK data under physiological CNS
condition.

A COMPREHENSIVE RAT CNS PBPK MODEL

In Chapter 4, we developed a comprehensive rat CNS PBPK model to predict
unbound drug concentration-time profiles in multiple CNS compartments. In contrast
to the generic multi-compartmental CNS PK distribution model (Chapter 3), the
comprehensive CNS PBPK model is able to predict unbound drug PK profiles in multiple
CNS physiological compartments in the rat without the need to have PK data from in
vivo animal studies.

The PBPK model includes descriptors of all physiologically relevant CNS compartments
and drug distribution processes, with parameters that can be derived from either
literature and/or through in silico predictions. The model was evaluated using rat PK

data in brainECF, CSF,, CSF., and brain tissue for ten drugs (acetaminophen, atenolol,
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methotrexate, morphine, paliperidone, phenytoin, quinidine, raclopride, remoxipride
and risperidone), resulting in adequate predictions of the PK data, within only a two-
fold error.

This model is the first model to include two separate expressions to explicitly distinguish
between paracellular and transcellular diffusion at the BBB and the BCSFB. The relative
contributions of paracellular and transcellular diffusion to the total passive diffusion
varied between individual drugs. The separation of these two passive transport
processes appeared to be important for the prediction of the CNS drug concentrations
under pathophysiological conditions that may differently affect paracellular and
transcellular diffusion.

In conclusion, the rat CNS PBPK model is a valuable tool to predict unbound drug
concentration-time profiles in the CNS for newly developed (CNS) drugs without the
need for in vivo PK data. Furthermore, this CNS PBPK model is powerful in deciphering
changes in CNS drug distribution due to variations in the values of system-specific
parameters (for example by pathophysiological conditions) or variation in the values
of drug-specific parameters (such as drug physiochemical properties). By doing this, we
are able to investigate the influence of particular system- and drug-specific parameters
on drug distribution in the CNS, thus bringing useful information in the stage of the
drug candidate selection in drug discovery.

SCALING THE COMPREHENSIVE RAT CNS PBPK MODEL TO
HUMANS

The rat CNS PBPK model was scaled to predict concentration-time profiles in human
CNS by replacing the values of the rat system-specific parameters to their corresponding
human values and by scaling the contribution of active transport from rat to human
on the basis of information on differences in the protein expression level and activity/
function of these transporters (Chapter 5).

The accuracy of the scaled human CNS PBPK model was evaluated by comparison with
reference human PK data in brainECF and/or in CSF for acetaminophen, oxycodone and
morphine, as paradigm compounds, which were obtained from physiological CNS
conditions. It was demonstrated that the model could adequately predict these PK
profiles in humans, within only a 1.6-fold error.
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CNS drugs are often used under patient conditions in which CNS physiology may
be altered (10-28) and changes in CNS physiology may have impact on drug PK
in the CNS. We investigated how the developed CNS PBPK model can be used to
quantitatively understand physiological determinants that may explain altered CNS PK
under pathophysiological conditions. For this analysis we used PK data from traumatic
brain injury (TBI) patients (acetaminophen and morphine), and epileptic patients
(phenytoin). In TBI patients, a decrease in CBF, an increase in paracellular permeability,
and changes in activity/expression of active transporters have been reported. For
epileptic conditions, a decrease in CBF, an increase in paracellular permeability, and
increases in some active efflux transporters such as P-glycoprotein (P-gp) and multidrug
resistance-associated proteins (MRPs) have been reported. Therefore, the influence of
these conditions on the drug distribution into and within the CNS was investigated. The
CNS PBPK model captured PK profiles of acetaminophen in CSF for TBI patients and PK
profiles of phenytoin in CSF for epileptic patients, by using the same system-specific
parameters values as in the physiological condition. This indicated that acetaminophen
and phenytoin PK profiles in CSF were not affected by TBI or epileptic conditions,
respectively. For morphine, the CNS PBPK model did not capture the PK profiles in
brain_. in TBI patients. However, by varying the values of system-specific parameters,
based on literature likely to be associated with these brain injuries, we were able to
quantitatively investigate the influence of the TBI condition on the morphine PK data.

In summary, the scaled human CNS PBPK model could predict the unbound drug-
concentration profiles in several CNS compartments in human without the need of
clinical PK data. This is valuable because it allows obtaining human CNS PK profiles in
a very early stage of the drug development process. Furthermore, we demonstrated
how the developed human CNS PBPK model could be a useful tool to investigate the
quantitative influence of each pathophysiological condition on drug PK in the CNS.
This is extremely important as it allows us to gain an understanding on the impact of
pathophysiological conditions on CNS system-specific parameters, and thereby on CNS
drug distribution under these conditions.



General discussion and future perspectives

FUTURE PERSPECTIVES

Due to the generic structure of the model, it could be further refined to an ever more
robust and more widely applicable CNS PBPK model along the following ideas;

1)

Further evaluation and refinement of the model using PK data of additional drugs
in multiple species.

The developed CNS PBPK model was evaluated using ten compounds data in
rats and four compounds data in humans. By including PK data of additional
drugs with a wider range of physicochemical properties, obtained from multiple
species, the model can be further validated and refined. Also, if deemed necessary,
the model could be used for the extrapolation to species other than human. This
is of particular of interest for animal species with a high homology of disease
characteristics with human. An example is the rhesus monkey, which is used in
the research on modulators of the amyloid precursor protein in the treatment of
Alzheimer’s disease (29).

Mechanism-based investigation of the impact of various disease conditions on
CNS PK.

The impact of various pathophysiological conditions on CNS physiology and
subsequent CNS PK could be further systematically investigated and implemented
in the CNS PBPK model. This could be done by using PK data obtained from other
disease conditions such as inflammation (30) and/or different stages of disease
processes that may affect CNS PK.

Systems-based investigation of the impact of population-specific properties on
CNS PK.

The proposed CNS PBPK model has been developed using PK data obtained from
adults only, while also the model application to pediatric and elderly patients
could be of great relevance. For example, for pediatric patients, the model could
be adapted by modification of system-specific parameters such as size of brain
and volume of CSF. Also, developmental changes in expression (maturation) of
membrane proteins such as transporters, receptors, and junctional proteins at the
BBB, need to be considered (31).

Toimprove the CNS drug development success rate, the prediction of CNS drug effects in

humans is essential. Our view is, that the development of a CNS PBPK- Pharmacodynamic
(PBPK-PD) model on the basis of in silico predictions, literature information, and/or in
vitro studies, would be an important milestone on the way towards this goal.
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The developed CNS PBPK model could be integrated with target-mediated drug
disposition and target association/dissociation kinetic submodels to support
predictions of target occupancy (32). Since the target occupancy induces signal
transduction processes, it may create the basis for the following PBPK-PD relationship
(33). Recently it has been found that drug-target binding kinetics not only influences
the time-dependent target occupancy, but also influences the drug target-site
concentrations when drug target affinities are high or target protein concentrations in
the target-site are high (34). This is an important finding since concentrations of target
proteins may substantially differ between CNS locations (35). Furthermore, it has been
shown that target binding has an impact on drug plasma concentrations as well when
concentrations of target proteins or drug target affinities are high enough (36). Thus,
integrating these factors into one model framework is important in order to take into
account the contributions of individual factors for specific CNS locations to determine
the PKand PD of drugs.

In summary, the developed CNS PBPK model offers a robust way to enhance CNS drug
development and can be further extended to predict drug efficacy by integrating
the information of drug-target binding kinetics, target occupancy, target activation,
transduction, homeostatic feedback, and disease processes altogether.

CONCLUSION

We developed a comprehensive CNS PBPK model for prediction of unbound drug
concentration-time profiles in multiple CNS compartments in both rats and humans.
The CNS PBPK model is useful to investigate the impact of pathophysiological CNS
conditions on the CNS drug distribution.

The CNS PBPK model only requires knowledge of physicochemical properties of the
drugs and the influence of the net active transporters on the drug exchange at the BBB
and the BCSFB, which could be obtained from in silico predictions, literature information
and in vitro studies (if needed). Because of this it is a powerful tool to predict drug PK
in the CNS in the early stage of the drug development, as well in later stage of drug
development or even in drug treatment regimens of diseases using existing drugs.
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English summary

ENGLISH SUMMARY

Clinical development of drugs for central nervous system (CNS) disorders has been
particularly challenging and still suffers from high attrition rates. This high attrition is
mainly due to lack of efficacy during clinical development. To improve the prediction
of CNS drug effects, knowledge of the unbound drug concentration at the CNS target-
site is indispensable, as these unbound drug concentrations at the target-site drive the
effects of the drug. Unfortunately, measuring drug concentrations in the human CNS
has major practical and ethical constraints. Plasma concentrations are therefore still the
mainstay in the selection of optimal dose regimens in clinical CNS drug development,
although these concentrations may substantially differ from the CNS target-site
drug concentrations. This is due to the impact of blood-brain barrier (BBB) transport,
the blood-cerebrospinal fluid barrier (BCSFB) transport and intra-brain distribution
processes. Therefore, alternative approaches to predict the drug pharmacokinetics (PK)
at the target-site(s) in the human CNS should be searched for.

The CNS is a very complex organ. Drug PK in the CNS is governed by drug properties
and multiple system variables (Chapter 2). Firstly, the poorly penetrable BBB and
BCSFB limit passage of unbound drugs from the systemic circulation into the brain.
These barriers are associated with limited paracellular passive diffusion due to the
presence of the tight junctions between the barrier cells. In addition, various active
influx and efflux transport mechanisms on these barriers may increase or decrease drug
distribution in the CNS, respectively. Secondly, the CNS can be subdivided into several
distinct physiological compartments. These include the brain microvascular space, the
cells of the barriers in the CNS (i.e. the BBB and BCSFB), the brain parenchymal cells,
the brain extracellular fluid (brain_), the brain intracellular fluid (brain ), cerebrospinal
fluid (CSF) in the lateral ventricle (CSF,), CSFin the cisterna magna (CSF,,) and CSF in
subarachnoid space (CSF,, /). The specific drug disposition characteristics across these
specific compartments further determines local drug PK in the CNS. Thirdly, CNS drug
PK are influenced by physiological flows, including the cerebral blood flow (CBF), brainECF
bulk flow, and CSF flow. Lastly, drug protein and tissue binding and the pH in the various
CNS physiological compartments further affect ultimate unbound drug PK in the CNS.

Several approaches have been taken to investigate CNS drug distribution (Chapter
2). For animals, ex vivo techniques such as the brain homogenate and the brain slicing
technique, which have focused on steady state conditions, are used. Since, even in
chronicdosing, drug concentrations in plasma and CNS will vary over time, and transport
processes are time-dependent, we need information over drug concentrations in a time-
dependent manner to understand the drug PK in the CNS. For human, non-invasive
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monitoring techniques such as positron emission tomography and single-photon
emission computed tomography, are currently used. These techniques, however,
cannot distinguish between total and unbound drug concentrations, while in particular
providing information on unbound drug concentrations is a prerequisite since it drives
the drug effects.

Furthermore, as it has been recently demonstrated that (unbound) drug concentrations
may vary between different locations in the CNS, it is also important to have information
on the unbound drug PK at different locations within the CNS. Microdialysis is a
highly valuable technique, as it allows the in vivo measurement of unbound drug
concentration-time data, at different CNS locations. However, though minimally
invasive, the use of microdialysis in humans is highly restricted and is only allowed in
certain disease conditions, such as traumatic brain injury (TBI), where it can be used to
monitor endogenous compounds to inform clinicians on the status of the patient earlier
than clinical signs. This indicates that information on unbound drug PK in human CNS
has to be obtained indirectly.

Mathematical PK modelingisaninteresting tool to predict time-and location-dependent
drug concentrations. Of all the mathematical PK modeling approaches that have been
proposed to predict drug PK in the CNS, none has so far captured satisfactorily CNS
systems complexity. To build and/or validate the mathematical PK models that enable
the prediction of unbound drug PK in the CNS, the data obtained by microdialysis
are indispensable, even though such data can be mainly obtained from animals. This
indicates the need for the development of more comprehensive mathematical PK
model, which includes descriptors of all physiologically relevant CNS compartments
and drug distribution processes, and is able to be scaled from animals to humans to
predict unbound drug PK in the human CNS.

Physiologically based pharmacokinetic (PBPK) modelling represents one of the most
promising approaches for the prediction of CNS drug concentrations. PBPK models
mathematically describe relevant physiological, physicochemical, and biochemical
processes that determine the drug PK in tissues. In PBPK models, drug-specific and
system-specific parameters are typically distinguished, therefore enabling predictions
across drugs, species and disease conditions.

The ultimate goal of this research was to develop a comprehensive PBPK model for
the prediction of concentration-time profiles of small molecule drugs in multiple CNS
compartments in humans, only based on the physicochemical properties of the drug
that can be obtained without the need for animal experiments.
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Development of a generic multi-compartmental CNS PK distribution
model

A generic multi-compartmental CNS PK distribution model was developed in Chapter 3.
The purpose of this study was to identify a generally applicable CNS PK model structure
that can be used to predict unbound drug concentration-time profiles in multiple CNS
locations in rats and humans. For this study, in addition to published rat data on the time
course of the concentrations for acetaminophen, atenolol, methotrexate, morphine,
quinidine and remoxipride, we used newly generated rich rat datasets for paliperidone,
phenytoin, remoxipride and risperidone to broaden the range of physicochemical
properties and chemical structures. Ultimately, detailed datasets for nine drugs were
available.

The developed model consisted of plasma and main CNS physiological compartments
(brainECF, brainICF, and four different CSF sites) that could adequately describe the rat
PK data of these nine structurally highly diverse drugs in multiple CNS compartments.
This model includes descriptors of all relevant CNS physiological compartments with
two drug-specific parameters: drug exchange process at the BBB (Q, ) and drug
dispersion through brain__and CSF compartments (Q, ). These parameter values were
estimated using available brain . and/or CSF PK data in rats under physiological CNS
condition. Interestingly, the values of Q_ .. that were obtained were comparable among
the nine drugs, indicating this parameter value could be potentially fixed and used for
predictions of the concentrations of other small molecules. Altogether, the proposed
multi-compartmental CNS PK distribution model requires only plasma PK data and
e OF CSF PK data to estimate model parameters in the model for each drug, which
makes this model relatively easy to use.

brain

The model was scaled to predict unbound drug concentration-time profiles in human
CNS by replacing the values of the rat system-specific parameters to the corresponding
human values, and by allometric scaling of the drug-specific parameters. The scaled
model predicted the available drug PK data in multiple human CNS locations very well
under physiological CNS conditions.

In summary, a generic multi-compartmental CNS PK distribution model that could
predict unbound drug PK profiles in multiple CNS compartmentsin ratsand humans, was
developed. The model structure formed the base model structure for the development
of the comprehensive PBPK models for rats and humans as described in the successive
Chapters 4 and 5.
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An important limitation of the use of this model to predict drug PK in the CNS is the
requirement of in vivo PK data. Moreover, this model is not ideal for the investigation
of the effect of pathophysiological conditions on drug PK in the CNS because the drug-
specific parameters in the model were estimated using PK data under physiologically
healthy CNS condition.

Development of a comprehensive CNS PBPK model in rat

A comprehensive rat CNS PBPK model was developed in Chapter 4, to predict unbound
drug concentration-time profiles in multiple CNS compartments using descriptors
of the physicochemical characteristics of the drugs that were obtained either by
computational methods or by in vitro screening. The rat CNS PBPK model structure was
based on the previously developed generic multi-compartmental CNS PK distribution
model structure. The model includes descriptors of all physiologically relevant CNS
compartments and drug distribution processes, with parameters that can be derived
from either literature and/or through in silico predictions. The model was evaluated
ECF CSFLV’
atenolol, methotrexate, morphine, paliperidone, phenytoin, quinidine, raclopride,
remoxipride and risperidone), resulting in adequate predictions of the PK data, within
only a two-fold error.

using rat PK data in brain CSF,, and brain tissue for ten drugs (acetaminophen,

This model is the first model to include two separate expressions to explicitly distinguish
between paracellular and transcellular diffusion at the BBB and the BCSFB. The relative
contributions of paracellular and transcellular diffusion to the total passive diffusion
varied between individual drugs. The separation of these two passive transport
processes appeared to be important for the prediction of the CNS drug concentrations
under pathophysiological conditions that may differently affect paracellular and
transcellular diffusion.

In conclusion, the rat CNS PBPK model is a valuable tool to predict unbound drug
concentration-time profiles in the CNS for newly developed (CNS) drugs without the
need of in vivo PK data. Furthermore, this CNS PBPK model is powerful in deciphering
changes in CNS drug distribution due to variations in the values of system-specific
parameters (for example by pathophysiological conditions) or variation in the values
of drug-specific parameters (such as drug physiochemical properties). By doing this, we
are able to investigate the influence of particular system- and drug-specific parameters
on drug distribution in the CNS, thus bringing useful information at the stage of the
drug candidate selection in drug discovery.
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Scaling of the comprehensive rat CNS PBPK model to humans

In Chapter 5, the rat CNS PBPK model was scaled to predict concentration-time profiles
in human CNS by replacing the values of the rat system-specific parameters to their
corresponding human values and by scaling the contribution of active transport from
rat to human on the basis of information on differences in the protein expression level
and activity/function of these transporters.

The scaled human CNS PBPK model was evaluated by comparison of the model
predictions with available human PK data in brain_ and/or in CSF for acetaminophen,
oxycodone and morphine, which were obtained under physiological CNS conditions.
The human CNS PBPK model could adequately predict these PK profiles, within only a
1.6-fold error.

CNS drugs are often used under patient conditions in which CNS physiology may
be altered and changes in CNS physiology may have impact on drug PK in the CNS.
We investigated how the developed CNS PBPK model can be used to quantitatively
understand physiological determinants that may explain altered CNS PK under
pathophysiological conditions. For this analysis we used PK data from TBI patients
(acetaminophen and morphine), and epileptic patients (phenytoin). In TBI patients,
a decrease in CBF, an increase in paracellular permeability, and changes in activity/
expression of active transporters have been reported. For epileptic conditions, a
decrease in CBF, an increase in paracellular permeability, and increases in some active
efflux transporters such as P-glycoprotein (P-gp) and multidrug resistance-associated
proteins (MRPs) have been reported. Therefore, the influence of these conditions
on the drug distribution into and within the CNS were investigated. The CNS PBPK
model captured well the PK profiles of acetaminophen in CSF for TBI patients and PK
profiles of phenytoin in CSF for epileptic patients, by using the same system-specific
parameters values as in the physiological condition. This indicated that acetaminophen
and phenytoin PK profiles in CSF were not affected by TBI or epileptic conditions,
respectively. For morphine, the CNS PBPK model did not capture the PK profiles in
brain_ in TBI patients. However, by varying the values of system-specific parameters,
based on literature likely to be associated with these brain injuries, we were able to
quantitatively investigate the influence of the TBI condition on the morphine PK data.

In summary, the scaled human CNS PBPK model could predict the unbound drug-
concentration profiles in several CNS compartments in human under physiological
CNS conditions without the need of clinical PK data. This is valuable because it allows
obtaining human CNS PK profiles in a very early stage of the drug development process.
Furthermore, we demonstrated how the developed human CNS PBPK model could

201

A



Appendix

be a useful tool to investigate the quantitative influence of each pathophysiological
condition on drug PK in the CNS. This is extremely important as it allows us to gain an
understanding on the impact of pathophysiological conditions on CNS system-specific
parameters, and thereby on CNS drug distribution under these conditions.

FUTURE PERSPECTIVES

Due to the generic structure of the model, it could be further refined to an ever more
robust and more widely applicable CNS PBPK model along the following ideas;

1. further evaluation and refinement of the model using PK data of additional drugs
in multiple species.

2. mechanism-based investigation of the impact of various disease conditions on CNS
PK using PK data obtained from other disease conditions beyond TBI and epilepsy.

3. systems-based investigation of the impact of population-specific properties on
CNS PK using PK data obtained from pediatric and elderly patients.

Toimprove the CNS drug development success rate, the prediction of CNS drug effectsin
humans is essential. Our view is, that the development of a CNS PBPK- Pharmacodynamic
(PBPK-PD) model on the basis of in silico predictions, literature information, and/or in
vitro studies, would be an important milestone on the way towards this goal.

The developed CNS PBPK model could be used to integrate target-mediated drug
disposition and target association/dissociation kinetic submodels and to support
predictions of target occupancy. Since the target occupancy induces signal transduction
processes, it may create the basis for the following PBPK-PD relationship.

In summary, the developed CNS PBPK model offers a robust way to enhance CNS drug
development and can be further extended to predict drug efficacy by integrating
the information of drug-target binding kinetics, target occupancy, target activation,
transduction, homeostatic feedback, and disease processes altogether within one
model framework.
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CONCLUSION

A comprehensive CNS PBPK model for prediction of unbound drug concentration-time
profiles in multiple CNS compartments was developed for both rats and humans. This
model is useful to investigate the impact of pathophysiological CNS conditions on the
CNS drug distribution.

The CNS PBPK model only requires knowledge of physicochemical properties of the
drugs, with the influence of the net active transporters on the drug exchange across the
BBB and the BCSFB that can be obtained from in silico predictions, literature information
and in vitro studies (if needed). Because of this, the developed CNS PBPK model is a
powerful tool to predict drug PK in the CNS in the early stage of the drug development,
as well in later stage of drug development or even in drug treatment regimens of
diseases using existing drugs.
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NEDERLANDSE SAMENVATTING

Het ontwikkelen van geneesmiddelen voor de behandeling van ziekten van de hersenen
is nog altijd een grote uitdaging. Tijdens de ontwikkeling van deze geneesmiddelen valt
een groot aantal van de verbindingen af met name doordat zij uiteindelijk in de mens
onvoldoende werkzaam blijken te zijn.

Aangezien alleen het ongebonden geneesmiddel is in staat te binden aan het
aangrijpingspunt (zoals bijvoorbeeld een receptoreiwit), en de concentratie van het
ongebonden geneesmiddel daardoor bepalend is voor de werking, is het van groot
belang om kennis te vergaren over de vrije (ongebonden) geneesmiddelconcentratie op
de plaats van werking in de hersenen. Echter, vanuit praktisch en ethisch gezichtspunt
is het helaas in de regel niet mogelijk om bij mensen de geneesmiddelconcentratie
in hun hersenen te meten. Daarom wordt nog altijd de geneesmiddelconcentratie in
plasma gebruikt als basis voor het opstellen van de optimale doseerschema’s tijdens
de klinische onderzoeksfase, ook al kunnen concentraties in bloedplasma substantieel
verschillen van de concentraties op de plaats van werking in de hersenen.

Deze concentratieverschillen tussen plasma en hersenen ontstaan als gevolg van het
transportvan geneesmiddelen over de bloed-hersenbarriére en de bloed-liquorbarriére,
alsook als gevolg van de distributie van het geneesmiddel in de hersenen zelf. Omdat
een directe bepaling van geneesmiddelconcentratie in de hersenen bij mensen in de
regel niet mogelijk is, is het belangrijk alternatieve methoden te ontwikkelen waarmee
het concentratie-tijd verloop van geneesmiddelen op de plaats van werking in de
menselijke hersenen voorspeld kan worden.

De hersenen zijn zeer complex en het concentratie-tijdsverloop van een geneesmiddel
(op verschillende locaties) in de hersenen hangt enerzijds af van de eigenschappen van
het geneesmiddel en anderzijds van de eigenschappen van de het“biologische systeem”
(Hoofdstuk 2). Bij het voorspellen van geneesmiddelconcentraties in de hersenen is het
noodzakelijk een onderscheid te maken tussen stof-specifieke en systeem-specifieke
parameters. De systeem-specifieke parameters hangen samen met de anatomie en de
fysiologie van de hersenen.Voor de hersen-systeemeigenschappen zijn dat de barriéres
die bepalend zijn voor het transport van het bloed naar de hersenen. Deze barrieres, de
bloed-hersenbarriére en de bloed-liquorbarriére, worden gevormd door respectievelijk
de endotheelcellen in de bloedvatwand in de hersenen en de epitheel cellen van de
choroid plexus. Door de aanwezigheid van zogenaamde tight junctions is de ruimte
tussen deze cellen erg klein, waardoor de passieve diffusie van geneesmiddelen via

deze zogenoemde para-cellulaire route sterk wordt beperkt. Daarnaast hebben de
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cellen van deze barriéres verschillende actieve influx en efflux transportmechanismen
die eveneens het transport van geneesmiddelen van plasma naar hersenen en vice
versa kunnen beinvloeden. Als tweede omvatten de hersensysteem-eigenschappen
de volumes en oppervlakten van verschillende fysiologische hersen compartimenten,
zoals de zojuist beschreven hersen bloedvat endotheelcellen en choroid plexus
epitheelcellen, maar ook de hersenparenchym cellen, de extracellulaire vloeistof (brain
extracellular fluid; brainECF), de intracellulaire vloeistof (brain intracellular fluid; brainICF),
de cerebrospinale vloeistof (cerebrospinal fluid, CSF) in de laterale ventrikels (CSF ), de
cisterna magna (CSF_,) en de subarachnoidale ruimten (CSF,). De verdeling van het
geneesmiddel over deze fysiologische hersencompartimenten is mede bepalend voor
de lokale concentratie-tijdprofielen van geneesmiddelen in de hersenen. Als derde
komen er in de hersenen vloeistofstromen voor. Dat zijn de cerebrale bloedstroom, de
stroomvan hetbrain_en ookdie van de CSF.Tot slot is de binding van het geneesmiddel
aan eiwitten en vetten in het hersenweefsel, alsook de invloed van zuurgraad op de
verdeling van een geladen geneesmiddelmolecuul over verschillende fysiologische
hersencompartimenten, van belang voor het uiteindelijk concentratieverloop van een

geneesmiddel op een bepaalde locatie in de hersenen.

Om geneesmiddeldistributie naar de hersenen te onderzoeken zijn verschillende
methoden ontwikkeld (Hoofdstuk 2). Bij onderzoek in proefdieren is het mogelijk om
ex vivo methoden te gebruiken; daarbij is de analyse van hersenweefsel-homogenaten
of hersenweefsel-plakjes meestal gericht op onderzoek naar concentraties onder
evenwichtscondities. Echter, omdat er zelfs bij herhaalde toediening van het
geneesmiddel geen sprake is van evenwichtscondities zullen we rekening moeten
houden met geneesmiddelconcentraties in plasma en hersenen die variéren in de tijd
en deze dan ook ook kunnen bepalen of voorspellen.

Voor hersenonderzoek in de mens kan gebruik gemaakt worden van niet-invasieve
technieken zoals positron-emissie tomografie (PET) en single-photon emission
computed tomography (SPECT), waarmee het tijdsverloop van locale concentraties
van geneesmiddelen in de hersenen bepaald kunnen worden, maar het is daarmee
helaas niet mogelijk om een onderscheid te maken tussen de totale en de ongebonden
geneesmiddelconcentratie, terwijl juist deze informatie van belang is voor het effect.

Recent is aangetoond dat de (vrije) geneesmiddelconcentratie niet voor iedere
locatie in de hersenen dezelfde is. Daarom is het ook belangrijk om de vrije
geneesmiddelconcentratie op diverse locatiesin de hersenen te kunnen bepalen. Dit kan
metbehulp van de microdialyse techniek. Alhoewel microdialyse een minimaalinvasieve
methode is, is het gebruik hiervan voor onderzoek bij mensen slechts in uitzonderlijke
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gevallen toegestaan. Zo wordt microdialyse bijvoorbeeld toegepast bij patiénten met
traumatisch hersenletsel om de concentraties van endogene stoffen te meten die de
behandelend arts belangrijke informatie geeft over de toestand van de patiént. In
sommige gevallen is het daarbij toegestaan een deel van de microdialysemonsters te
gebruiken voor het bepalen van ongebonden geneesmiddelconcentraties. Dit betekent
dat we dus geen beschikking hebben over een algemeen te gebruiken methode om
geneesmiddelconcentraties in de hersenen van mensen direct te bepalen en is daarmee
dus het zoeken naar een indirecte methode.

Door middel van wiskundige modelering van concentratie-tijd profielen van
geneesmiddelen (farmacokinetische modellering; PK modellering) is het in principe
mogelijk om tijds- en locatie-afhankelijke geneesmiddelconcentraties te voorspellen.
Tot nu toe is er nog geen wiskundig PK model beschikbaar dat de ongebonden
geneesmiddelconcentraties in de verschillende fysiologische compartimenten van de
hersenen goed kan voorspellen. Hiervoor zijn de gegevens uit microdialyse studies
onmisbaar. Omdat het alleen mogelijk is om microdialyse studies in proefdieren uit te
voeren is het noodzakelijk om een PK model te ontwikkelen waarin alle fysiologisch
relevante hersencompartimenten en distributieprocessen opgenomen zijn, én
waarmee het mogelijk is de vertaalslag van proefdier naar mensen te maken, zodat vrije
geneesmiddelconcentraties in de diverse compartimenten van de hersenen in de mens
kunnen worden voorspeld.

Op fysiologie-gebaseerde farmacokinetische (physiology-based pharmacokinetics,
PBPK) modellering is een wiskundige methode, waarmee door onderscheid te maken
tussen geneesmiddel-specifieke en systeem-specifieke eigenschappen (fysiologische,
fysisch-chemische en biochemische processen) geneesmiddelconcentraties in het
lichaam kunnen worden voorspeld.

Het doel van het onderzoek beschreven in dit proefschrift was het ontwikkelen van een
uitgebreid hersen PBPK model om het beloop van de concentratie van geneesmiddel
moleculen in diverse fysiologische compartimenten in de hersenen te voorspellen op
basis van de fysisch-chemische eigenschappen van dat geneesmiddel.
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Ontwikkeling van een generiek multi-compartimenteel hersen PK model
voor geneesmiddel distributie naar de hersenen

Het onderzoek beschreven in hoofdstuk 3 had tot doel het ontwikkelen van een
generiek multi-compartimenteel hersen PK model waarmee het beloop van de vrije
geneesmiddelconcentraties op meerdere plaatsen in de hersenen voorspeld kan
worden. Voor ontwikkeling van dit model hadden we de beschikking over gegevens
van ongebonden en gebonden geneesmiddelconcentraties in plasma en verschillende
hersencompartimenten, voor 9 geneesmiddelen met zeer verschillende fysisch-
chemische eigenschappen. Voor paracetamol, atenolol, methotrexaat, morfine,
kinidine en remoxipride waren gegevens over het beloop van de concentraties
beschikbaar uit eerdere studies, terwijl voor paliperidon, fenytoine, remoxipride, en
risperidon gegevens uit nieuwe studies verkregen werden. Het ontwikkelde model
was opgebouwd uit diverse compartimenten, waaronder plasma en de belangrijkste
fysiologische hersencompartimenten (brain_, brain, en 4 verschillende CSF-
compartimenten) Dit generieke hersen PK model bevat wiskundige vergelijkingen voor
de beschrijving van alle relevante fysiologische hersencompartimenten en bevat ook
vergelijkingen voor 2 stof-specifieke parameters, te weten het geneesmiddeltransport
over de bloed-hersenbarriére en de dispersie (een combinatie van flow en diffusie)
van de geneesmiddelen door de brain ECF en CSF-compartimenten. Een interessante
bevinding was dat de waarden van de dispersie voor de 9 verschillende stoffen
vergelijkbaar waren.

Het ontwikkelde multi-compartimentele hersen PK model is relatief eenvoudig toe te
passen omdat alleen in vivo plasma PK en brain ECF of CSF PK gegevens nodig zijn om
voor een specifiek geneesmiddel de modelparameters te schatten. Echter, de noodzaak
om beschikking te hebben over in vivo data is een beperking van dit model. Bovendien
is dit model niet of beperkt geschikt om het effect van pathofysiologische condities op
het concentratie- tijdprofiel van geneesmiddelen in de hersenen te voorspellen, omdat
dit model uitgaat van fysiologische condities.

Tot slot hebben we aangetoond dat, onder fysiologische omstandigheden het multi-
compartimentele hersen PK model kan worden gebruikt om het concentratie-tijd
verloop vande vrijegeneesmiddelconcentratie in de menselijke hersenen te voorspellen.
Hiervoor werden de waarden van systeem-specifieke parameters van de rat vervangen
door de corresponderende waarden van de mens en werd tevens gebruik gemaakt
van allometrische schaling. Met het resulterende humane hersen PK model bleek het
mogelijk om een adequate voorspelling te maken van het geneesmiddelconcentratie-
tijdverloop in de verschillende fysiologische compartimenten van de menselijke
hersenen.
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Kort samenvattend heeft het onderzoek beschreven in dit hoofdstuk geleid tot een
generiek multi-compartimenteel hersen PK model waarmee het beloop van de vrije
geneesmiddelconcentratiein meerdere hersencompartimentenkanwordenbeschreven
in zowel ratten als mensen. De gebruikte modelstructuur vormde vervolgens de basis
voor het ontwikkelen van de PBPK hersen distributiemodellen voor ratten en mensen,
zoals beschreven in de volgende hoofdstukken.

Ontwikkeling van een uitgebreid PBPK hersendistributie-model in ratten

Het onderzoek beschreven in hoofdstuk 4 had tot doel om een integraal PBPK
hersendistributiemodel te ontwikkelen waarmee het beloop van de ongebonden
geneesmiddelconcentratie in meerdere compartimenten in de hersenen voorspeld kan
worden op basis van alleen de fysisch-chemische eigenschappen van een geneesmiddel.
De structuur van het hersen PBPK model voor de rat was gebaseerd op het eerder
ontworpen generieke multi-compartimentele hersen PK model en bevat beschrijvingen
van alle fysiologisch-relevante compartimenten in de hersenen en de geneesmiddel
distributie processen. De waarden van de verschillende stof-specifieke en systeem-
specifieke parameters voor dit model werden verkregen met behulp van in silico of in
vitro methoden en/of uit de literatuur. Op basis van dit model werd een betrouwbare
voorspelling verkregen van het tijdsverloop van de ongebonden concentratie van
10 verschillende geneesmiddelen (paracetamol, atenolol, methotrexaat, morfine,
paliperidon, fenytoine, kinidine, raclopride, remoxipride en risperidon) in brainECF, CSF,,
en CSF_,, waarbij een maximale afwijking slechts een factor 2 bedroeg.

Dit hersen PBPK model is het eerste model waarin expliciet onderscheid wordt
gemaakt tussen paracellulair en transcellulair transport over de bloed-hersenbarriere
en de bloed-liquorbarriére, waartoe twee aparte vergelijkingen in het model zijn
opgenomen. De relatieve bijdrage van paracellulaire en transcellulaire diffusie aan de
totale passieve diffusie was per geneesmiddel verschillend. Het onderscheid tussen
deze twee passieve transportprocessen bleek van belang voor de voorspelling van
geneesmiddelconcentraties in de hersenen in patho-fysiologische condities, omdat
de relatieve bijdragen van deze transportprocessen eveneens in verschillende mate
werden beinvloed door patho-fysiologische condities.

Het door ons ontwikkelde hersen PBPK model is een waardevolle methode om
het beloop van de vrije geneesmiddelconcentratie in de hersenen van ratten te
voorspellen voor nieuwe geneesmiddelen, zonder dat er in vivo PK data beschikbaar
hoeven te zijn. Bovendien kan met dit model worden aangetoond of verschillen in
geneesmiddeldistributie naar de hersenen het gevolg zijn van variatie in de systeem-
specifieke parameters (bijvoorbeeld in pathofysiologische situaties) of variatie in de
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waarden van de stof-specifieke eigenschappen (bijvoorbeeld de fysische en chemische
eigenschappen). Deze informatie kan vervolgens gebruikt worden bij de selectie van
kandidaatmoleculen tijdens het onderzoek naar nieuwe geneesmiddelen.

Opschalen van het volledige PBPK hersendistributie-model van rat naar
mens

De volgende stap in ons onderzoek was het opschalen van het volledige PBPK
hersendistributiemodel van rat naar mens zodat we de geneesmiddelconcentratiesin de
hersenen van de mens kunnen voorspellen; dit is beschreven in hoofdstuk 5. Hiervoor
hebben we de waarden van de systeem-specifieke parameters voor de ratten vervangen
door de humane waarden. Ook hebben we de bijdrage van actieve transportereiwitten
geschaald vanrat naar mens op basis van verschillen in expressieniveaus en de activiteit/
functionaliteit van de betrokken transporteiwitten.

Door de voorspelde resultaten met het humane hersen PBPK hersendistributiemodel
te vergelijken met beschikbare human PK gegevens voor paracetamol, oxycodon en
morfine uit brainECF en/of CSF konden we het opgeschaalde model evalueren. De
afwijking tussen de voorspelde PK profielen en de gemeten PK data was maximaal
een factor 1,6 voor PK data die waren verkregen in een fysiologische situatie. Echter,
geneesmiddelen voor neurologische aandoeningen worden juist gebruikt in situaties
waarbij er sprake is van een patho-fysiologische conditie van de hersenen en ook dit kan
van invloed zijn op het concentratie-tijd verloop van geneesmiddelen in de hersenen.
Daarom hebben we literatuurgegevens gebruikt voor het onderzoek naar de invloed
van pathologische condities op de PK van paracetamol en morfine voorpatiénten met
traumatisch hersenletsel en voor de PK van fenytoine in patiénten met epilepsie. In
patiénten met traumatisch hersenletsel is de doorbloeding van de hersenen afgenomen
en is er een toename in para-cellulaire permeabiliteit. Ook zijn er veranderingen in de
activiteit/expressieniveaus van de verschillende transportereiwitten gerapporteerd.
In patiénten met epilepsie is er, naast de afname in cerebrale doorbloeding en de
toename in para-cellulaire permeabiliteit, een toename in de activiteit van sommige
efflux-transportereiwitten, zoals het P-glycoproteine (P-gp) en de‘multidrug resistance-
associated proteins’ (MRPs) gerapporteerd. De invloed van deze veranderingen op
geneesmiddeldistributie naar en in de hersenen zijn onderzocht met behulp van het
humane hersen PBPK model.

Het concentratie-tijdprofiel van de paracetamol in CSF van patiénten met traumatisch
hersenletsel en de fenytoine concentratie in CSF van patiénten met epilepsie bleek goed
beschreven te kunnen worden met het humane PBPK hersendistributiemodel waarbij
dezelfde systeem-specifieke parameters werden gebruikt als voor de fysiologische
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situatie. Hieruit kunnen we opmaken dat de farmacokinetiek van deze stoffen niet
significant wordt beinvloed door deze neurologische aandoeningen. Echter, het
concentratie-tijdsverloop van morfine in brein., van patiénten met traumatisch
hersenletsel werd alleen goed beschreven als systeem-specifieke parameters werden
aangepast voor de beschreven pathofysiologische veranderingen . Hierdoor konden we
deinvloed van traumatisch hersenletsel op de PKvan morfine kwantitatief onderzoeken.

Samengevat kunnen we voor een fysiologische situatie met het humane hersen PBPK
model de vrije geneesmiddelconcentraties in diverse compartimenten van de humane
hersenen voorspellen zonder dat daarvoor (pre)klinische PK gegevens nodig zijn. Dit
kan al in een vroeg stadium van het geneesmiddelontwikkelingsproces waardevolle
informatie opleveren over de PK in de humane hersenen. Ook hebben we aangetoond
dat het humane hersen PBPK model gebruikt kan worden om, op een kwantitatieve
manier, de invloed van een pathofysiologische conditie op de geneesmiddel PK
in de hersenen te onderzoeken. Dit is een belangrijke stap, omdat het informatie
oplevert over de invloed van de pathofysiologische situatie op de systeem-specifieke
hersenparameters en daarmee over geneesmiddeldistributie naar de hersenen bij
verschillende neurologische aandoeningen.

TOEKOMSTPERSPECTIEF

Doordat ons model een generieke basisstructuur heeft kan het verder worden verfijnd
en geoptimaliseerd tot een nog robuuster en breder toepasbaar hersen PBPK model.
Hiervoor hebben we de volgende ideeén:

1. Verdere evaluatie en optimalisatie van het model met behulp van PK data van
andere geneesmiddelen en/of diersoorten;

2. Een op mechanisme-gebaseerd onderzoek naar de invloed van verschillende
neurologischeaandoeningenophetconcentratie-tijdsverloopvangeneesmiddelen
in de hersenen gebruik makend van gegevens voor hersenaandoeningen anders
dan traumatisch hersenletsel en epilepsie;

3. Door in een systeembenadering de invloed van populatie-specifieke
eigenschappen op het concentratie-tijdsverloop van geneesmiddelen in de
hersenen te onderzoeken, waarbij gebruik gemaakt kan worden van PK data
verkregen bij pediatrische en geriatrische patiénten.

De voorspelling van de effecten van geneesmiddelen in de hersenen is van groot
belang om het succespercentage in de ontwikkeling van geneesmiddelen voor
hersenaandoeningen te verbeteren. Wij zijn van mening dat de ontwikkeling van een
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hersen PBPK- farmacodynamisch (PBK-PD) model waarmee op basis van in vitro en in
silico analyses de vrije geneesmiddelconcentraties van geneesmiddelen in relevante
compartimenten in de hersenen kunnen worden voorspeld, een belangrijke mijlpaal
is. Het ontwikkelde hersen PBPK model kan dan worden geintegreerd met, onder meer
target associatie/dissociatie kinetiek (sub)modellen en modellen voor beschrijving van
de target activatie, transductie en homeostatische feedback mechanismen, met als
uiteindelijk doel de voorspelling van het beloop van het effect.

CONCLUSIE

Een uitvoerig hersen PBPK model is ontwikkeld om de vrije geneesmiddelconcentraties
in meerdere compartimenten van de hersenen te voorspellen, zowel in ratten als
in mensen. Dit model kan ook worden gebruikt om voor stoffen met uiteenlopende
fysisch-chemische eigenschappen het concentratie-tijdsverloop van geneesmiddelen
in relevante compartimenten in het hersenen te voorspellen. Bovendien geeft het model
inzicht in de invloed van hersenaandoeningen op de distributie naar en in de hersenen.
Omdat voor de voorspelling van de concentraties van nieuwe geneesmiddelen in de
hersenen uitsluitend gegevens uit in vitro en in silico studies nodig zijn, is het model bij
uitstek geschikt voor toepassing in de vroege fases van het geneesmiddelonderzoek en
bij de selectie van kandidaatgeneesmiddelmoleculen. In de latere fases klinische fases
kan het model worden toegepast om veranderingen in de verdeling naar de hersenen
als gevolg van pathofysiologische processen te voorspellen.
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