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Abstract
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Brain. In vivo, in vitro and in silico. Acta Universitatis Upsaliensis. Digital Comprehensive
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The blood-brain barrier is formed by tightly joined capillary cells with transporter proteins and
acts as to regulate the brain concentration of nutrients as well as many drugs. When developing
central nervous system drugs it is necessary to measure the unbound drug concentration in the
brain, i.e. the unbound brain exposure. This is to ensure that the drug reaches the site of action.
Furthermore, when designing new drugs it is extremely valuable to be able to predict brain
exposure from a tentative drug structure.

Established methods to measure total drug concentrations are of limited (if any) utility since
the pharmacologically active, unbound, concentration is not obtained. The aim of the conducted
research was to develop an efficient methodology to measure unbound drug in the brain and to
generate a dataset for developing computational prediction models describing the relationship
between drug structure and unbound brain exposure.

First it was demonstrated that unbound brain exposure can be efficiently assessed using
a combination of total drug concentrations in the brain and separate measurements of drug
binding in the brain slices. The in vitro brain slice method was refined and made high-
throughput. Improvements were also made to the in vivo measurements of total concentrations
by introducing an appropriate correction for drug in residual blood.

Modeling of a 43-drug dataset in the rat showed that unbound brain exposure is related to
the drug hydrogen bonding potential and not to lipid solubility, which contrasts the common
understanding. Further, the drug concentrations in cerebrospinal fluid approximated unbound
concentrations in the brain ("=0.80) and were also correlated with corresponding measurements
in humans (’=0.56). Therefore, rat-derived prediction models can be used when designing drugs
for humans.

This thesis work has provided drug industry and academia with efficient tools to obtain and
to use relevant estimates of drug exposure in the brain for evaluating drugs candidates.

Keywords: Blood-brain barrier, Drug transport, Tissue distribution, Transporters,
Pharmacokinetics

Markus Fridén, Department of Pharmaceutical Biosciences, Box 591, Uppsala University,
SE-75124 Uppsala, Sweden

© Markus Fridén 2010
ISSN 1651-6192

ISBN 978-91-554-7886-5
urn:nbn:se:uu:diva-130230 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-130230)



You must unlearn what you have learned.
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1 Introduction

Whether a drug is taken orally or parenterally by injection, the blood circula-
tion carries the drug molecules to the capillaries of every organ and tissue of
the body. The drug then easily diffuses out of capillaries into most tissues.
From the random nature of diffusion it can be inferred that over time, the
concentration of freely diffusible, unbound, drug is similar throughout the
body. The brain is an important exception, because the random passive
movement of drug is restricted by the so called blood-brain barrier (BBB) in
favor of active and directional drug transport mediated by specific transport
proteins. This commonly, but not always, results in the maintenance of un-
bound drug concentrations in the brain that are lower than the corresponding
concentration in blood plasma or other organs.

For a drug to evoke its pharmacologic effect in the brain it is obvious that,
following a tolerably small dose, the concentration of unbound drug needs to
be high enough to efficiently bind to and thus act on the target protein.
Equally, there can be benefit from the BBB for drugs acting in other organs,
since side effects in the brain can be avoided. It is essential to obtain an un-
derstanding of the processes governing drug exposure in the brain and to
address these in the chemical design of the drug in order to develop effective
drug treatments. Yet there is little known about the relationship between the
chemical structure of the drug and the level of drug exposure in the brain. A
major impediment for this understanding has been the lack of experimental
methods to actually measure the unbound drug. Principally all analytical
methods are limited to measuring the total drug concentration i.e. the total
amount of drug in a tissue sample. This can be very misleading since the
unbound drug only represents an unknown fraction, the remainder being
inactive drug deposited in the cells.

By dialysis of diffusible drug using the microdialysis technique it is poss-
ible to measure unbound drug in vivo. Unfortunately, microdialysis has tech-
nical challenges that preclude implementation in drug discovery. This is
because discovery programs need to quickly study large numbers of drug
compounds in order to build structure-brain exposure relationships and to
select the most appropriate molecules for further development. Following
the development of the more efficient methodologies presented in this thesis,
comes the possibility of incorporating un-ambiguous data on brain exposure
in the design of safe and efficacious drugs.
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1.1 Physiology of the brain and its barriers

Owing to the high rate of energy metabolism of the brain, it is one of the
most highly perfused organs. While representing only 2 % of the total body
volume it receives as much as 12 % of the cardiac output [1]. The limited
distances that oxygen and nutrients can cover by diffusion through tissue is
balanced by the incredible density of the capillary network. The average
distance between a neuron and a microvessel in gray matter is ~20 pm [2, 3],
and it has been said that virtually every neuron is supplied with its own ca-
pillary [4]. Depending on intake of food and liquid as well as external stress
factors, there are large variations in the composition of blood in terms of the
concentrations of ions, nutrients and neurotransmitters. These fluctuations
are incompatible with the functions of the brain, which are highly reliant on
regulated flows of ions across and along neurons. In order to create a con-
stant environment within the brain, the specialized brain capillary network is
forming the BBB by tight association of cells using protein complexes
known as tight-junctions. Each endothelial cell has a luminal phospholipid
cell membrane, facing the blood, and an abluminal membrane, facing the
brain. Water soluble nutrients such as glucose and amino acids cannot cross
these lipid membranes at a rate that is fast enough to keep up with rate of
metabolism. Therefore, the BBB is complemented with numerous trans-
membrane transport proteins that facilitate and control the entry of nutrients
as well as disposal of metabolites.

Many of these transporters have the capability to transport also molecules
that are foreign to the body, such as drugs, if there is resemblance in the
chemical structure. While this conceivably contributes to the delivery of
drugs to the brain, the more commonly observed situation is that BBB limits
the access to the brain by efficient efflux transporters that pump the drug
back into blood. The role of drug transporters for drug exposure in the brain
is discussed in more detail in Section 1.2.2.

The brain is very heterogeneous and has an anatomy of its own describing
different regions and structures with various functions. The cerebrospinal
fluid (CSF) in which the brain is suspended is of particular interest for mea-
surement of drug exposure since it can be readily sampled. CSF is produced
by a leaf-like and highly vascularized organ, the choroid plexus (CP), lo-
cated in the ventricular cavities of the brain. The CP is the interface between
blood and the CSF and has a barrier function similar to the BBB. It is there-
fore referred to as the blood-CSF barrier (BCSFB). Unlike the BBB there are
large pores between the endothelial cells of the BCSFB; the barrier function
arises from a layer of tightly joined epithelial cells facing the CSF (Fig. 1).
The CSF is produced at a rate of 2-5 pL/min in the rat [5] and flows through
the ventricles which are connected with the subarachnoid space on the sur-
face of the brain. The majority of produced CSF is reabsorbed by outcrop-
pings (villi) of the arachnoid membrane, whereas a small portion of CSF
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descends down the spinal cord through the central canal. Due to the leaky
gap-junctions between the ependymal cells of ventricular lining there is no
actual barrier to diffusion of drug from CSF to brain tissue or in the opposite
direction.

Similar to the CSF, but much smaller in magnitude, is the bulk flow of
brain tissue interstitial fluid (ISF). The ISF is produced at the BBB as well as
by metabolism of glucose [6] and takes special pathways in the space around
capillaries and larger vessels. The ISF bulk flow drains in the CSF.

The brain is heterogeneous also on the microscopic scale having different
cell types intertwined such as neurons, astrocytes and microglia. Collective-
ly, the cells make up about 80 % of the brain tissue volume in which the
remaining 20% is interstitial space containing ISF. Although the ISF behaves
like a salt solution in terms of drug diffusion, it is physically a gel of hy-
drated polysaccharides and fibrous protein [7]. The chemical composition of
brain is approximately 80 % water, 10 % proteins and 10 % lipids and so-
lutes.

BLOOD-CSF CSF-BRAIN BLOOD-BRAIN CSF-BLOOD

f?"‘\s

CHOROID PLEXUS EPENDYMA PARENCHYMA ARACHNOID VILLI

Figure 1. Diagram of interfaces in the brain. CSF is produced by the choroid plexus
(left) and flows through the ventricles to the subarachnoid space surrounding the
brain, where it is reabsorbed by arachnoid villi (right). Interstitial fluid originates
from the brain capillaries shown as 2 circular structures (center) and joins the CSF
flow in the ventricles and subarachnoid space. (From ref [8] with permission).

1.2 Drug disposition in the brain

This section gives an introduction to current understanding of drug disposi-
tion in the brain. It encompasses processes at the BBB that either add or
remove drug from the brain as well as processes that describe the fate of the
drug once inside the brain. For the presentation of each process, particular
focus is put on the effects on the unbound drug concentration in the brain
ISF (Fig 2). The section concludes with an integrated analysis of all
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processes, which is a requirement for understanding the overall picture of
drug disposition in the brain.

Bound

?;11 l T - Bound
, & ------ » ISF bulk flow
Vol Unbound «————— Unbound =~

(plasma) — % (ISF) !

i .l-..

Target —» EFFECT

Figure 2. Drug circulates in the blood as free drug and drug bound to plasma pro-
teins. The concentration of unbound drug in plasma drives the transport across the
BBB into the brain interstitial space where the drug resides or binds to brain cells.
The unbound drug molecules in the brain interstitial fluid are pharmacologically
active since they are available to bind the target and elicit the effect. Elimination of
drug from brain by transport across the BBB can only occur for unbound drug mole-
cules in the brain interstitial space. Hence, the BBB acts only as to regulate the un-
bound drug concentration in the brain ISF relative to the unbound drug concentra-
tion in blood plasma. In contrast, the commonly measured total drug concentration
in the brain is highly dependent on the extent of drug binding in brain tissue, which
is a process distinct from BBB transport. (Adapted from ref [9] with permission).

1.2.1 Diffusion and passive permeability

Drug molecules have no clue where they are headed. By diffusion they move
in random patterns through the water as determined by seemingly incidental
movements of adjacent water molecules. There is no favored direction of
diffusion for any one drug molecule. However, when several molecules are
present at high concentration in one location there is always net movement
of drug towards locations with lower concentrations. This intuitive and pre-
dictable phenomenon is a consequence of statistical probability. It is simply
more likely that at least one molecule will move from a location of high con-
centration to a location of low concentration, than it is for a molecule to
move in the opposite direction. Provided enough time, differences in concen-
tration diminish. Passive diffusion of drug across the BBB is likewise sym-
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metric by the same principle, though the rate of diffusion can be dramatically
reduced. Even so, by providing enough time all drugs would be expected to
reach the same concentrations in the brain as in blood had it not been for
additional dispositional processes that introduce asymmetry in BBB transport
(see Section 1.2.2).

There is a strong relationship between the lipid solubility of the drug (li-
pophilicity) and its rate of permeating the BBB (permeability), where in-
creased lipophilicity is associated with increased permeability [10]. This
relationship is related to the partitioning of drug into the lipid membrane,
which is needed for permeation. Molecular size is an additional factor since
physical work is needed to create the pocket in the lipid membrane with its
surface tension [11]. Acid-base properties are also related to passive per-
meability. It is generally held that it is the uncharged forms of weakly basic
and acidic drugs that dominate passive membrane permeation. Hence, the
proton dissociation constant, pKa, in relation the physiological pH (7.4) will
also influence passive permeability.

1.2.2 Carrier-mediated transport

Endogenous compounds and hydrophilic drugs that do not readily partition
into the membranes of the BBB may still be transported into the brain by
carrier proteins called transporters. For more permeable drugs, carrier-
mediated transport commonly occurs simultaneously with passive transport.
Based on the direction of transport across the BBB, transporters are termed
as influx (blood to brain) or efflux (brain to blood) transporters. Some trans-
porters can mediate transport in both directions. Principal modes of carrier-
mediated transport of small molecules can be identified (Fig. 3).

Passive

diffusion Efflux Influx Modes of transport
Brain
(Abluminal)
Co-transport
OAT3 GLUT-1 %
Endothelial ADP+P
cell
Pgp
Blood I Exchange
(Luminal)
Tight- Facilitated Primary- Secor}dary-
junction active active

Figure 3. Drug transport mechanisms at the blood-brain barrier.

1.2.2.1 Facilitated transport

Facilitating transporters increase the rate of passive diffusion through the
membrane by acting as a pore which is selective for the particular solute.
There is no energy consumed by this mode of transport, thus net transport
only occurs in the downhill direction of a concentration gradient. Some
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members of the solute carrier (SLC) family of transporters function in this
mode. For example the glucose transporter (GLUT1, SLCIC2A1), which is
the most abundant transporter in the BBB, has been proposed to facilitate the
diffusion of morphine-6-glucuronide into the brain [12]. Similarly, the sys-
tem L-amino acid transporter (LAT1, SLC7AS) transports gabapentin into
the brain [13].

1.2.2.2 Active transport

Active transport is paramount for drug exposure in the brain since it is the
only way to transport drug asymmetrically i.e. against a concentration gra-
dient. Depending on the source of energy, active transport can be categorized
as primary or secondary-active [14]. Primary active transport is mediated by
members of the ATP-binding cassette transporter family ie. ABC-
transporters, which utilize the direct hydrolysis of ATP for the translocation
of a drug.

According to current understanding P-glycoprotein (Pgp, ABCBI) is the
single most important transporter for limiting the brain exposure of com-
monly used drugs. A most compelling example of Pgp effects on drug phar-
macology is provided by the opioid drug loperamide. While loperamide has
the typical constipating effect of an opioid, its limited brain exposure and
thus limited central effects makes it an effective and safe anti-motility agent.
Pgp is a transmembrane protein which is present at the luminal membrane of
the BBB facing the blood side. It binds and translocates its substrates from
the inner leaflet of the lipid bi-layer and releases the substrate to the outer
leaflet or directly in the capillary lumen [15]. The substrate specificity of
Pgp is tremendously broad and it has been proposed that the only require-
ment is a degree of hydrogen bonding [16]. The ABC super-family of trans-
porters also include multidrug resistance-associated proteins (MRPs) of
which the isoforms MRP1, MRP4 and MRPS5 are expressed at the BBB.
MRP transports acidic drugs, various drug conjugates as well as nucleosides.
While the presence of the breast cancer resistance-associated protein BCRP
(ABCQG2) is long known, its importance for drug efflux has been a matter of
debate. The situation was recently clarified by showing that the BCRP effect
in vivo can be effectively masked by Pgp due overlapping substrate specifici-
ty [17, 18].

Secondary-active transporters utilize the hydrolysis of ATP indirectly by
relying on an ATP-dependent concentration gradient of another solute such
as sodium. The organic anion transporter OAT3 (SLC22A8) is a secondary-
active transporter present in the abluminal membrane facing the brain side.
OAT3 is involved in the efflux of benzyl-penicillin [19] as well as endogen-
ous metabolites [20, 21].
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1.2.3 Elimination by ISF bulk flow

In contrast to both passive diffusion and carrier-mediated transport, the eli-
mination of drug by bulk flow of brain ISF makes no distinction with regards
to the structure or properties of the drug. In fact, the concept of ISF bulk
flow was used to explain the equal rates of elimination of differently sized
polymers [22, 23]. ISF bulk flow has a conceptual key role in drug disposi-
tion in the brain, since it provides a basal rate of elimination for all drugs.
The magnitude of ISF bulk flow is however very small; most of the reported
values range between 0.1 and 0.3 pl/g brain in anaesthetized rats [23, 24].
A slightly higher value (0.6 pL/g brain) was obtained in one study with
conscious rats [25].

1.2.4 Drug metabolism in the brain

The expression level of cytochrome P450 enzymes in brain tissue is at least
10-fold lower than in the liver. However, there are large variations between
brain regions and also brain cells [26]. The drug metabolizing CYP isoform
CYP2D6 has been of particular interest since it is expressed within individu-
al brain cells at levels similar to the liver [27] and is involved in the metabol-
ism of many centrally acting drugs including codeine and antidepressants.

Although the levels of enzymes are generally not as high as in the liver it
can be argued that, in analogy to intestinal first-pass metabolism, the BBB
would be a very strategic location to eliminate drug and may significantly
limit drug exposure in the brain. However, extensive oxidative metabolism
occurring at the BBB would put the whole brain at risk of reactive metabo-
lites and reduced barrier function. Efficient drug efflux seems to be a safer
mechanism to protect the brain. The difficulty in appreciating the (lack of)
importance of metabolism to drug elimination from brain is related to the
lack of in vivo methods that distinguish between metabolism and carrier-
mediated efflux, or between metabolism in the brain and in the periphery
with subsequent transport of the metabolites into the brain.

In general, pharmacological or toxicological consequences of drug meta-
bolism in the brain are more likely to be related to the metabolites that are
formed than the elimination of parent drug from the brain.

1.2.5 Distribution within the brain

The distribution of drug that occurs within the brain, after the drug has
reached there, is often referred to as “tissue binding”. It involves the uptake
of drug from the interstitial space into cells where it binds to various cell
constituents. Drug is also bound on the outside of the cell membranes, how-
ever this membrane surface area represents no more than 0.5 % of the total
membrane surface area of the cell [28]. A common misconception is that
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drug is eliminated from brain ISF by uptake into cells. Cellular uptake and
non-specific tissue binding is generally a reversible process, which means in
this case that the drug molecule eventually returns to the ISF. Hence, there is
no net effect when the unbound brain ISF concentration is averaged over
time. The total brain tissue concentration on the other hand is highly depen-
dent on binding in cells. A relationship can be defined between the unbound
drug concentration in the brain ISF (C, pinisr) and the amount of drug (total
drug concentration) in the brain (Apwin). This relation is unique for every
drug and is described by the unbound volume of distribution in brain (Vprain,

[29):

A, .
V — brain (1)

u,brain
u,brainlSF

Vibrain 18 @an apparent volume in which a known amount of drug (Apin) ap-
pears to be dissolved. Its inverse value can also be understood as an unbound
fraction of drug in the brain. The smallest possible value for V, pin is the
physical volume of brain interstitial fluid i.e. 0.2 mL/g_brain. This is only
seen if the drug does not at all enter brain cells but is only present in the
interstitial space. Higher values of Vpuin are obtained for drugs that enter
cells to a greater extent. Particularly large values occur when the drug is
extensively bound to cell constituents.

Vibrain 1S @ main theme of this thesis for a particular reason; if the value of
Vibrain 1s determined for a drug, it can be used to calculate C, painisr from
measured values of Appin. As discussed above, C, prainisr 1S the pharmacologi-
cally “active” concentration, given that the site of action is facing the ISF,
and therefore the relevant measure of brain exposure. The measured total
concentration (Apmin) on the other hand, mainly reflects inactive, non-
specifically bound drug.

1.2.6 Diffusion in the brain interstitial space

The interstitial space containing the ISF is continuous throughout the brain
and allows all drug molecules to be transported by diffusion. The rate of
diffusion depends on the size of the molecule. The diffusion is also hindered
for molecules that do not easily enter cells since longer distances need to be
covered. As result of the increased path length the effective diffusion coeffi-
cient in tissue for such molecules is reduced by a factor ~2.6 [7]. In terms of
the rate of drug entry into brain, diffusion through interstitial space is impli-
citly considered a fast process since the distances to be covered are very
small due to the proximity between microvessels. Interstitial space diffusion
occurs only within the brain; hence it does not result in net clearance of drug.
Brain regions adjacent to ventricles and the subarachnoid space may consti-
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tute a special case, since diffusion of solutes to and from CSF occurs across
the ependymal lining (see Section 1.1).

1.2.7 Plasma protein binding

Plasma protein binding has essentially no direct role for the disposition of
drugs in the brain. It is mentioned in this context because in order to deter-
mine whether the drug exposure in the brain is “high” or “low” C,prainisr
needs to be compared with the corresponding unbound concentration in
plasma (see Section 1.2.8). Since the total plasma concentration is the meas-
ured entity, plasma protein binding becomes an issue when estimating the
unbound plasma concentration. With that said, it is to be noted that the un-
bound fraction in plasma has no effect on the steady state unbound plasma
concentration of any oral drug or parenterally given low-extraction drug. As
a philosophical note, had we been fortunate enough to start out our research
on drug disposition with analytical tools capable of measuring the unbound
drug, we might not ever have made the connection between plasma protein
binding and BBB transport.

1.2.8 Integrated analysis of drug disposition in the brain

As described in the sections above numerous processes are involved in brain
disposition of drugs, some of which can be directly studied or predicted from
the chemical properties of the drug. The impact on brain exposure of an in-
dividual dispositional process may seem straightforward at a first considera-
tion. For example, regarding the passive permeation from blood to brain; it
may appear logic that a higher rate of passive transport into the brain trans-
lates into more drug in the brain. This is essentially incorrect because the
gain is inevitably offset by the accompanying increased outward passive
transport. As illustrated, concerted actions of several processes with inter-
relationships can cause surprising phenomena to occur.

Clearly, the human mind has limited ability to predict the behavior of
complex systems. Rather than simplifying the problem by focusing on par-
ticular parts of the system, it is a better idea to approach the whole problem
by making a model. A model of drug disposition in the brain can be con-
structed by mathematically describing the individual processes as they are
understood and by appropriately inter-connecting them. The model can then
be used, with our without the help of computers, to simulate the behavior of
the whole system under various conditions. The use of modeling and simula-
tion are standard pharmacokinetic tools for describing drug disposition in the
body as a whole, and the extension to the brain is done using the same prin-
ciples. The following describes an integrated analysis of drug disposition in
the brain, much of which permeates views and ideas presented in this thesis.
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Processes are described by models in a quantitative manner using parame-
ters that can attain various numerical values. One such parameter is the pas-
sive transport clearance across the BBB (CL4ive), Which describes how fast
the drug is passively transported across the BBB. CLive 1S given in units of
flow and is interpreted as a volume of blood plasma per unit of time which is
completely cleared from drug by means of transport across the BBB. For the
model which is considered here (Fig. 4), the drug is being passively trans-
ported from the blood compartment to a single brain compartment by the
efficiency given by CLsgsive.

Blood \4 C|—passive

\

/ Brain \

c'—met

»
L

CI-passive

CLianux

CI-bulkflow

)

ClLeffiux

Cu,p BBB Kcu,brainISF Vu,bry

Figure 4. Schematic representation of drug disposition in the brain. See text for
details.

Whether the drug moves across the BBB from blood to brain or in the oppo-
site direction, the very same membranes need to be crossed. Therefore, pas-
sive transport in the direction of brain to blood is equally efficient and hence
also denoted CLpaive. However in his case, the fluid which CLgive refers to
is the brain ISF. In addition to symmetric transport across the BBB there is
also asymmetric transport mediated by active transporters (Section 1.2.2).
Active influx and efflux transport can also be described as net clearances
composed of the sum of all active processes in one direction (CLj,n,x and
CLctux) provided that the transporters are far from reaching their maximal
capacity. Other processes that contribute to the elimination of drug from
brain are metabolism (CL,, Section 1.2.4) and bulk flow of brain interstitial
fluid (CLpukfiow» Section 1.2.3). Among all these clearance parameters
CLpuiksiow 18 unique in that it actually represents a physical flow i.e. the ISF
bulk flow. Diffusion of drug from one location to another in the interstitial
space is a random process that does not add or remove drug from brain. It is
therefore not considered in the model. Diffusion of drug to and from CSF to
adjacent brain tissue is ignored although such models have been constructed
[30]. For simplicity, the unbound drug concentration in plasma (C,,) is here
considered as a fix value to reflect continuous infusion of drug. To complete
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the parameterization of the model a volume is ascribed to a single brain
compartment. This is the Vi, pin introduced in Section 1.2.5.

The model which is represented as boxes and arrows in Fig. 4 is also de-
scribed by a single differential equation (Eq. 2). This equation describes how
the rate of change in C,prainisr (dCyprainis/dt) depends on the simultaneous
effects of the different transport processes. Positive and negative terms
represent processes that take drug into the brain or remove drug from the
brain, respectively. All terms are products of the clearance parameter and the
unbound drug concentration in the fluid which is referred to i.e. C,;, for
transport into the brain and C, p,inisr for elimination from the brain.

dC u ,brainlSF

u,brain X dt = Cu,p X (CL passive + CLinf lux ) (2)

- Cu,bminISF X (CL + CL + CL met + CL bulkflow )

passive efflux
The model can be used to analyze the influence of different processes on
Cuprainisr, and its relation to C,, over time. Since Cyprainisr and C,, are the
drivers for central and peripheral drug effects respectively, it is of immediate
interest to determine the ratio of C, prinisr to Cyp i.€. the unbound brain-to-
plasma concentration ratio, Ky uuprain [31]. As would be predicted by the
model (Eq. 2), K uubrin 1S time-dependent. The value for K yuprain is small
shortly after a given dose because the drug has not yet been allowed enough
time to reach significant C, prinise. At later time-points the value for K, uy prain
is higher. However, since most drugs are given repeatedly during shorter or
longer time-periods, the time-averaged value for K, brain 1.€. the steady-state
value is of particular interest. At steady-state there is no net movement of
drug across the BBB i.e. dC, pinisi/dt is zero. Eq. 2 can then be rearranged to
explicitly express K yu prain:

+CL.

K _ Cu,brain[SF _ CL passive inf Jux (3)
p.uu,brain -
C CL + CL efflux + CL met + CLbulkﬂow

u,p passive

A number of important and useful points can be inferred from this relation-
ship. The most obvious one is perhaps that Vi is no longer present. This
means, for example, that increased binding of drug in brain tissue does not
result in reduced average unbound drug concentrations. Counter-intuitive as
this may be, it illustrates the power of using a holistic approach to the prob-
lem. The contribution of the various parameters to K, u brain can also be eva-
luated. Beginning with the ISF bulk flow, the physiological value for
CLpuiksiow (Section 1.2.3) is much smaller than the sum of other elimination
clearances for compounds with drug-like properties. Not even for the large
and highly hydrophilic morphine-3-glucuronide does the ISF bulk flow ac-
count for more than 25 % of its elimination [32]. CLyukaow can accordingly
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be ignored in the denominator of Eq. 3, and the influence of ISF bulk flow
be ruled out with the help of the model. Provided that the physiological
magnitude of ISF bulk has not been greatly underestimated, it can also be
inferred that optimization of drug delivery to the brain cannot rely on altera-
tions of passive permeability alone, as can be done for optimizing oral drug
absorption.

CL,et can be generally assumed to be small (Section 1.2.4), however in
case it is not, it will be seen as a contributor to CL.. Further, if there is no
active influx or active efflux of a particular drug (something that cannot be
generally assumed), Ky brain becomes unity and the unbound drug concen-
tration is the same in the brain and blood. Hence, the physical tightness of
the BBB would not have been “value for money” had it not been for asym-
metric active carrier-mediated transport. Finally, it is also seen that K, prain
is greater than unity if CLj,nu dominates over CLpugive and CLegux, and that
Ky uuprain 18 smaller than unity when CLcm,x dominates over CLpagive and
CLinﬂux [33]

A model-based and quantitative analysis provided by Takasawa et al. [30],
showed negligible contribution of brain-to-CSF diffusion for zidovudine and
didanosine in rats. It may however not be possible to generalize these find-
ings for all drugs since the contribution is dependent on several drug specific
processes.

1.3 Methodologies for measurement of BBB transport

A substantial number of methodologies are available for the study of drug
transport across the BBB in experimental animals. These in vivo methods
can be grossly divided into two groups: 1) methods that measure the rate of
drug transport and 2) methods measure the extent of drug transport across
the BBB [34].

1.3.1 Rate of BBB transport

Methods that measure the rate of transport into brain include the intravenous
injection technique [35], the in situ brain perfusion technique [36], and the
carotid artery single injection technique [37] also known as the Brain Uptake
Index. The readout of these methods is the BBB uptake clearance CL;,. By
reference to the model (Eq. 3), CLj, is the sum of passive influx (CLpassive)
and active influx (CLj,q,). In reality, however, efflux transporters are known
to hinder influx in addition to enhancing efflux [38].

Measurements of the rate of elimination from the brain are less common.
The most well-known method is the intra-cerebral microinjection technique
known as the Brain Efflux Index [39]. This method gives a value of the ef-
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flux clearance (CL,y), which describes the combined effect of all processes
that eliminate drug from brain i.e. passive and active efflux (CLpasives CLet
ax) as well as metabolism (CL,) and elimination by ISF bulk flow
(CLuikfiow)-

The greatest value of the abovementioned methods is the possibility to de-
lineate and study individual mechanisms of BBB transport such as the con-
tribution of particular transporters [34].

1.3.2 Extent of BBB transport

As discussed above, the exposure of the brain to unbound drug is of highest
importance for the pharmacology of the drug and thus its clinical use. Brain
exposure as described by K, ,ubrin 15 @ measure of the extent of BBB trans-
port. By and large, the present thesis work was prompted by the lack of effi-
cient methods to determine K, ,uprin In animals. In order to determine
Ko uuprains Cuprainise as well as C,, need to be measured or estimated at steady-
state during continuous infusion of drug (Eq. 4). An equivalent approach is
to measure Cyprainisr and C,, at multiple time-points following a single dose
and calculate the ratio of respective area under the concentration-time curve
(AUCu,brainISF and AUCu,p):

_ Cu,brain]SF _ AUCu,brain]SF
Juu brain — -
’ C auc,

u,p

K 4)

1.3.2.1 Microdialysis

Methods for the study of BBB transport have been available in some form
since the late 19™ century when the BBB was first described. However, it
was only with the continued development of the microdialysis technique in
the 1990s that it became possible to actually quantify the unbound drug in
the brain [40-42]. Using this technique both unbound drug and endogenous
neurotransmitters are dialysed through a small semi-permeable dialysis
membrane on a probe. The probe, which is surgically implanted in a brain
region, is continuously perfused with a physiologic buffer solution allowing
fractions of dialysate to be collected for drug analysis. Due to the continuous
perfusion, the perfusate and brain ISF cannot be assumed to be in equili-
brium. It is therefore necessary to determine the relationship between the
unbound drug concentration in the ISF surrounding the probe and the dialy-
sate concentration, i.e. to determine the recovery of the probe. This estimated
probe recovery is then used to back-calculate C,pinise from the measured
dialysate concentration. There are several different approaches to estimating
probe recovery, many of which utilizes retrodialysis in some form i.e. the
inclusion of the drug or a calibrator in the perfusion fluid to determine the
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loss through the probe. Theory has it that the recovery by loss is equal to
recovery by gain [43]. This principle is generally confirmed experimentally
in vitro prior to in vivo experiments. A typical recovery value for a standard
brain probe is ~10-20%. Recently, ultra-slow microdialysis with nearly 100
% recovery has been developed in order to circumvent the issue of estimat-
ing probe recovery. The extent of BBB transport (K, brain) 1S determined by
comparison with C,, measured with another probe placed in a large blood
vessel or by other techniques.

There are several advantages of using microdialysis in addition to measur-
ing unbound drug. These include the multiple samples obtained over time in
the same animal, which not only limits the use of animals but also allows
both rate (CL;, and CL,) and extent (K, yuprain) to be measured. The limita-
tions include various technical challenges such as advanced animal surgery,
adsorption of lipophilic drugs to the tubing or probe membrane and the ne-
cessity to determine probe recovery. Arguments have been put forth that the
BBB is damaged at the site of probe insertion [44], however studies show
that the BBB has effectively recovered within 24 hours of the implantation
[45]. There is also good agreement of CL;, values determined by microdialy-
sis and other methods [33].

While the integrity of the BBB is likely to remain a matter of debate, it is
noted that the microdialysis has been instrumental for the development of
and recognition of the K yuprain concept. Still today there is no other method
of measuring Cy prainise OF Ky yuprain €Xclusively in vivo.

1.3.2.2 Brain tissue sampling

In strong contrast to the delicate microdialysis method, brain tissue sampling
approaches the extent of BBB transport by asking: “how much drug is
there?” The measured entity is the amount of drug in brain (Ap.i,) i.e. the
total brain concentration. Comparison is generally made with the total plas-
ma concentration (C,) to calculate the total brain-to-plasma concentration
ratio K, prain also known as BB or the logarithm thereof (logBB).

A, .
— BB — brain (5)

p,brain
CP

It is obvious that it is difficult to interpret an amount of drug inside the cra-
nium in terms of C,prainsr. Still, brain tissue sampling has been the most
common practice in drug industry to assess the extent of BBB transport.
Likewise, logBB remains commonly used for construction of various com-
putational prediction models (see Section 1.4). The brain ISF in which we
want know the unbound drug concentration only represents 20 % of the
brain sample, the remaining 80 % being brain cells. Depending on the extent
of drug uptake and binding inside cells, virtually any value of Apin can oc-
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cur for a given value of C,prinsr. Again, more non-specifically drug bound
in brain cells is not reflective of unrestricted BBB transport, nor does it mean
lower unbound drug concentration at extracellular or intracellular target
sites. Hence it cannot be considered relevant to measure Apain O Ky prain i
isolation.

1.3.2.3 Combined in vivo tissue sampling and in vitro V  prain
measurement
Since Vypmin 18 the drug-specific proportionality constant between C, prinisr
and Apnin (Eq. 1) it should be possible to convert any measured value of
Abrain 10 Cyprainise by knowing the value of V,pin. It has been proposed that
Vubrain €an be determined in vitro using uptake studies in brain slices [39] as
well as by measuring the unbound fraction in homogenized brain tissue
(fubrain) using equilibrium dialysis [46, 47]. Cy prainisr, and hence also Ky, uy brain,
is calculated by dividing Apmin by Viyprin measured in slices (Eq. 6) or by
multiplying by the homogenate f prin (Eq. 7). Cy, is generally determined by
multiplying the measured C, by the unbound fraction in plasma (f,,), which
is determined by equilibrium dialysis.
A i rain
brain — pb (6)

K =
p.uu,brain
Cp X Vu,brain X fu,p Vu,bmin X fu,p

K _ Abrain X fu,brain _ f;A,brain
p.uu,brain — X p,brain
C X £, » fu,p

(7

The methodology of combining standard brain tissue sampling techniques
with simple in vitro estimates of V prin OF £, prain has sufficient throughput for
broad implementation in drug discovery programs. The core question is
whether the slice or homogenate method measures Vprin OF fyprain i Vitro
such that a non-biased value for C, pinsr results when combining with Ay,
measured in vivo. This issue is assessed in Paper I of this thesis.

1.3.2.4 Correction for drug in residual blood

Whether sampling of brain tissue is done to measure the rate or extent of
BBB transport, an inherent difficulty is the amount of drug in the residual
blood of brain vasculature. This drug has not crossed the BBB and must be
corrected for in order to obtain a value for Ay, that exclusively represents
drug in brain tissue. The correction is normally done by subtracting the
amount in residual blood calculated as the product of the plasma concentra-
tion and estimated volume of brain residual blood [48, 49]. The vascular
volume in the brain is around 3 % in a live animal. For drugs with very small
Aprain relative to C, (small K prain), the estimated Ay,in can become very im-
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precise or even negative. The problem is further complicated by the different
composition of brain capillary residual blood compared to arterial blood in
terms of hematocrit etc [50]. The reason for the different composition may
include selective draining of red blood cells when the blood pressure falls to
zero, or the presence of microdomains in the capillary network that are not
large enough to accommodate blood cells or plasma proteins. The issue of
correction for drug in residual blood is specifically addressed in Paper III
where a drug-specific correction model for residual blood was proposed.

1.3.2.5 CSF sampling

Notwithstanding the intricacies of brain anatomy and physiology it is some-
times assumed that the CSF drug concentration (Ccsy) is equal to C, prainisr- It
has therefore been relatively common to use sampling of CSF to assess drug
exposure at central target sites both in experimental animals and in humans.
Sampling of CSF can be done at various sites: in the ventricles via perma-
nent catheters, by puncturing the occipital membrane of cisterna magna or
by puncturing the lumbar membrane, which is the common procedure in
humans. In analogy to K, ubrin, the unbound CSF-to-plasma concentration
ratio K, u,,csr can be estimated (Eq. 8) where C, csr represents the unbound
drug concentration in CSF. Due to the very low protein concentration in CSF
there is very little binding of drug and hence Ccsr can in most instances be
directly used as an approximation of C, csr.

_Cuosr _Ces

Kp.uu,CSF - C C

u,p u,p

(®)

1.3.3 In vitro methods

Various in vitro approaches have been developed for the study of BBB
transport [51, 52], including assays of pure passive permeability i.e. PAMPA
[53], cell-culture models using primary brain endothelial cells, immortalized
cell-lines of brain endothelial cells as well as cell culture models of other
origin than the brain, i.e. CACO-2, MDCK and LC-PK1 cells.

A distinction is made between in vitro methods that measure the rate and
extent of BBB transport, just as was done for the in vivo methods. In vitro
BBB models are typically used to measure the rate of transport, i.c. BBB
permeability. The extent of transport can principally also be assessed in vitro
however this requires that the permeability in both directions is measured.
The extent of BBB transport is expressed as the ratio of the two permeability
values, i.e. the efflux ratio. There is a direct analogy between the in vitro
efflux ratio and the in vivo Ky, prain, Which is the ratio of CL;, and CLyy. So
far, the results from in vitro models with brain endothelial cells have been
rather disappointing in that only very modest efflux ratios have been re-
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ported. In terms of describing asymmetric drug transport Pgp-transfected
cell-lines such as MDR1-MDCK seem to be superior [34]. The merit of in
vitro models is that the biology and mechanisms of drug transport can be
studied in detail. Most importantly, in vitro methods present the only oppor-
tunity to study BBB transport with human material in drug discovery.

1.4 Methodologies for prediction of brain exposure

Being able to measure drug exposure in the brain is obviously of great value
in drug discovery programs since it helps to understand the pharmacology of
the drug and also to guide the selection of compounds for further develop-
ment. /n vitro models of the BBB also have a place here by acting as a filter
with higher throughput than animal experiments. However, it is of yet great-
er value if one would be able to tell beforehand i.e. predict which molecules
will have the appropriate level of brain exposure before the compounds are
even synthesized. The key element of such computational in silico models is
to characterize the relationship between the chemical structure of the drug
and the level of brain exposure. The goal, which is to design brain exposure
into the structure of the drug, also requires that the prediction model is not
more complicated than to allow the chemist to interpret the model in terms
of favorable directions.

1.4.1 Computational model development

The procedure for developing predictive computational models for e.g. brain
exposure can be divided into five general steps: 1) selecting a relevant set of
drug molecules; 2) generating experimental data for the drug property of
interest; 3) describing the chemical structure of the molecules in terms of
numerical descriptor values; 4) relating the structural description to the expe-
rimental data using a mathematical relationship; and 5) validating the predic-
tivity of the model [54].

1.4.1.1 Compound selection

The selection of a training-set of compounds on which to build the relation-
ship between brain exposure and molecular structure is not an arbitrary
choice, since it will define the applicability domain of the model. The de-
sired applicability domain can be larger e.g. to encompass drugs in general
(global models) or small to encompass only structures that are relevant to a
particular drug discovery program (local models). A higher level of predic-
tivity is expected from local models than from global models though it
comes at the expense of a more restricted applicability domain. Regardless
of whether global or local models are considered, one should strive for a
structurally diverse selection within the domain.

27



1.4.1.2 Molecular descriptors

Molecular structures need to be translated in to numerical representations
before a mathematical relationship can be derived with the measured drug
property. This is done by molecular descriptors encoding various properties
of the molecule. There are several sets of descriptors which are associated
with the different computational approaches or software. For prediction of
BBB transport, however, standard physicochemical descriptors have been
commonly used. Physicochemical descriptors provide information about the
molecular size, shape, lipid solubility (lipophilicity) as well as information
on the hydrogen bonding potential of the drug. Acid-base properties i.e. pro-
ton dissociation constants (pKa) can also be predicted from the structure and
used to classify drugs as neutral, positively or negatively charged at physio-
logical pH.

1.4.1.3 Generation of experimental data

This step is often considered the most costly and time-demanding step of
model development. There is consequently always a risk of using inadequate
experimental methods or not applying sufficiently stringent criteria for inclu-
sion of experimental data from literature. It is well known that good quality
data are a conditio sine qua non, an absolutely essential condition. A predic-
tion model can never make better predictions than the experimental data
used for its generation.

1.4.1.4 Relating experimental data to molecular descriptors

Given the influence of the drug chemistry in the various aspects of drug dis-
position in the brain it is not surprising to find relationships between experi-
mental measurements and molecular descriptors. There are several mathe-
matical or statistical modeling approaches that can be used in the process of
describing these relationships. The simplest form would be to look at the
correlation between the measured drug property and individual molecular
descriptors. If a strong relationship is found (linear or not), the equation de-
scribing the relationship could be used as a computational prediction model
for future compounds. If a strong relationship cannot be seen with any one
descriptor, it is possible that several descriptors can give a better prediction
when combined. The modeling method used in this thesis (Paper 1V) is par-
tial least squares projection to latent structures (PLS) [55]. By this method
of modeling, a larger number of molecular descriptors can be reduced to a
smaller number of latent super-variables or principal components, which are
then related to experimental data. Advantages of using PLS include that de-
scriptors that are irrelevant to the problem are handled as well as closely
related (correlated) descriptors. PLS models are also easily interpreted in
terms of how the molecular properties could be changed. A major drawback
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is PLS being a linear method which cannot detect and describe non-linear
relationships, which are abundant in nature.

1.4.1.5 Validation of the model

Before a computational prediction model can be taken into practice it must
be validated. While the coefficient of determination (R”) describes the corre-
lation between observed and predicted values for the training-set, it cannot
be taken for granted that the predictivity is equally good for drugs not used
for training the model. In fact, R* should never be used to compare predic-
tion models or be expected to reflect the real model predictivity for new
compounds. Cross-validation or leave-many-out is a method for validating a
model [56]. By dividing the compounds in groups, a model can be generated
based on all groups but one, for which the values are instead predicted. The
procedure is repeated until all groups have been withheld from the model
and predicted. The cross-validated coefficient of determination (Q?) is gen-
erally the first method of validating a PLS model, and is used continuously
to assess the predictivity of rivaling models. Unfortunately, a high value for
Q’ is neither a guarantee for a predictive model. The only way to really vali-
date a prediction model is to use an external test-set of compounds which
have not at all been used in the training of the model. Failure of a high Q*
model to satisfactorily predict compounds in a test-set indicates that there are
unresolved issues with defining the applicability domain of the model. This
highlights the importance of the compound selection procedure which, if
made appropriately for the problem at hand, increases the chances of obtain-
ing a model that is fit-for-purpose. As a final note, there are no computation-
al tools to indicate the validity or relevance of the modeled experimental
data.

1.4.2 Overview of BBB prediction models

The era of computational modeling of BBB transport began in 1980 when
Levin [10] observed a strong relationship between the BBB permeability
(CLi,) and the octanol-water partitioning coefficient (LogP) for a set of 27
compounds. Interestingly, four compounds with molecular weight greater
than 400 Dalton were excluded from the analysis since they were considered
“extremely restricted” owing to their size. In retrospect it is realized that
these were substrates of Pgp. It was, however, concluded that there exists a
molecular weight cutoff for “significant BBB passage”. A relationship be-
tween descriptors of lipophilicity and logBB was also found by Young et al.
in 1988 [57] for a set of 20 antihistamines. Since then, the public dataset of
logBB values has expanded well over a hundred compounds, and several
computational approaches have been used by different groups [58-63]. These
studies taken together [64] indicate that brain penetration as measured by
logBB is negatively correlated to descriptors of hydrogen bonding e.g. the
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number of hydrogen bond donors (HBD), acceptors (HBA) or polar molecu-
lar surface area (PSA). A positive correlation with logBB is seen for descrip-
tors related to lipophilicity such as LogP. Furthermore, acids having a nega-
tive charge at physiological pH generally have lower logBB than do basic
drug with a net positive charge. The underlying mechanisms of these find-
ings are identified and discussed in Paper IV.

In order to remedy the relatively limited availability of logBB values,
larger datasets have been created by classifying marketed or investigational
drugs as CNS active (CNS+) or inactive (CNS-) according to the presence or
lack of central drug effects or side effects. The underlying assumption of this
approach is that CNS+ drugs “cross” the BBB whereas CNS- drugs do not.
This is obviously correct for all CNS+ drugs but the lack of CNS effects of
CNS- drugs can arguably have different backgrounds. Values of logBB have
also been added to these datasets by using arbitrary cutoff values for classifi-
cation as CNS+ or CNS-. Nevertheless, the prediction accuracy of this kind
of classification approaches has been fairly good especially for CNS+ drugs
[64]. A justified objection to categorical modeling is that brain exposure is a
continuous variable by nature, and strictly speaking, CNS- drugs do not exist
since all drugs enter the brain to some extent.

Much of what is considered to be known about BBB has actually been
learnt from the related field of intestinal drug absorption. Palm et al. [65]
demonstrated that orally administered drugs should not exceed a polar mole-
cular surface area (PSA) greater than 120 A”. Inspired by this work, Kelder
et al. [66] published a prediction model for logBB based on PSA together
with an analysis showing that the majority of CNS+ drugs have PSA 60 A*
or less. This has given rise to the perception that the BBB is “tighter” than
the intestinal membrane, and that a window of PSA exists for orally ab-
sorbed but CNS inactive drugs. Principles derived for oral drug absorption
should not be directly applied to the BBB, since the BBB represents an alto-
gether different system. For oral drug absorption, the rate of membrane
transport is crucial, since there is a limited intestinal transit time [34]. In
contrast there is no definite time limit for the BBB transport as the drug con-
tinuously circulates in blood, during a repeated dosing situation. This makes
the net rate of inward membrane transport (CL;,) much less important for the
BBB.

1.5 Translation to humans

A commonly used notion is that the BBB is “conserved” between mamma-
lian species. According to such an assumption it would be feasible to directly
translate data on BBB transport in preclinical species to man. While the
overall architecture of BBB is conserved, and perhaps also most of its physi-
cal aspects, current understanding of the pivotal role of drug transporters cast
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doubt on this assumption. Human transporters generally have one or more
orthologous transporter counterpart expressed in other species. For example,
the human drug transporting Pgp is encoded by a single gene and protein
(MDR1) whereas the mouse has two versions (mdrla and mdrlb). The ami-
no acid sequence of orthologous transporters is never exactly the same,
which has potential effects on the transport efficiency for the particular drug.
Furthermore, the expression level i.e. the abundance of each transporter may
differ between species.

The assumption of a species-conserved BBB is particularly critical for de-
cision making in drug discovery as new compounds enter clinical trials
largely based on animal data. Approaches for scaling or translating animal or
in vitro BBB data to humans are not as well developed as those of e.g. drug
elimination by the liver. This is, in part, related to the difficulties of estab-
lishing human in vitro BBB models. There are also limited possibilities of
actually validating such models since there are essentially no solid data
available on brain exposure in humans.

Sampling of CSF has been a relatively commonly used clinical procedure,
however, the applicability of CSF concentrations has been rightfully ques-
tioned [67] since CSF represents a different compartment than the brain ISF.
Imaging by Positron Emission Tomography (PET) allows the K p.in of the
labeled drugs to be determined in humans, but this has been done only for a
limited number of drugs [68]. In Paper IV, literature data on drug concentra-
tions in CSF are compared with corresponding measurements in rats.
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2

Aims of the thesis

The general objective of this thesis was to develop an efficient methodology
for measurement of unbound drug exposure in the brain and to explore the
relationships with the chemical structure of the drug.

The specific aims were:
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To verify by comparing with in vivo microdialysis that intra-brain drug
distribution (Vprin) can be quantified in vitro using brain slice or homo-
genate methods (Paper I).

To establish experimental conditions of the brain slice method such that
it can be applied for drugs with various properties in a high-throughput
manner (Paper II).

To develop a correction model for drug in residual blood of brain tissue
samples so as to improve the accuracy of brain exposure measurements
(Paper I1I).

To apply the methodology developed in Papers I-III for the generation of
a novel dataset of the unbound brain-to-plasma and CSF-to-plasma con-
centration ratios, K, yuprain and Ky . csr (Paper IV).

To attempt developing computational prediction models for K,y prain and
relate to previous prediction models based on measurement of logBB
(Paper IV).

To investigate the relationship between K,y prain and K,y csr to evaluate
the use of K, wucsr as a surrogate for K,y prain (Papers II-IV).

To approach the issue of translating rat K, ., prin and its relationships
with drug structure to the human, by comparing rat K, ., csr with com-
piled literature values for K, ,, csr in humans (Paper IV).



3 Methods

3.1 Animals

Male and female Sprague-Dawley rats were obtained from Harlan (Horst,
The Netherlands). Male Dunkin Hartley guinea pigs were obtained from
Lidkdpings Kaninfarm (Lidkdping, Sweden). All animals were acclimatized
for a minimum of 5 days at 22°C during a 12-hour light-dark cycle with free
access to food and water. Ethics approvals were obtained from the Animal
Ethics Committee of Goteborg University for Paper I (346-2002, 412-2005),
Paper II (412-2005), Paper III (169-2006, 221-2008) and Paper IV (412-
2005, 169-2006, 221-2008). Female rats (230-280 g) were used for in vivo
microdialysis in Paper I. Guinea pigs were used for in vitro brain slice and
homogenate experiments with cetirizine in Paper I. Male rats (250-400 g)
were used in all other in vitro and in vivo experiments of Papers I-IV.

3.2 Animal surgery

Isoflurane inhalation anesthesia (FORENE®, Abbot Scandinavia AB, Solna
Sweden) was used in surgical procedures throughout Papers [-IV. Rats were
prepared for infusion experiments (Papers III-IV) by catheterization of the
left femoral vein for drug administration using a PE-10 cannula fused with
PE-50 tubing. The rats were given ketoprofen as adjuvant analgesics (Rome-
fen® Vet, Merial, Lyon, France) and were rehydrated (Rehydrex®) and al-
lowed a post-operative recovery period of 24 hours prior to the experiment.

3.3 Compound selection

Drugs were selected as model compounds for the development of experi-
mental methods (Papers I-11I) and computational methods (Paper IV). Since
the general aim was to develop methods that are applicable to a wide range,
if not all, drug-like small molecules, a diverse and representative selection
was required.

The selection of compounds for Paper I was dictated by the availability of
microdialysis data in literature on V. The set of 14 drugs or drug meta-
bolites that were included in the study was biased towards more hydrophilic
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compounds due to the fact that lipophilic compounds are difficult or imposs-
ible to study with microdialysis. The bias was partially remedied by inclu-
sion of one moderately lipophilic compound (CP-122721) for which V prain
could be determined in new microdialysis experiments.

In Paper II, which aimed to optimize the slice method, six drugs were
used as model compounds based on prior knowledge of their mechanisms of
distribution. Gabapentin was chosen based on its active uptake into brain
cells. Neutral (diazepam and rimonabant), basic (thioridazine and parox-
etine) as well as acidic (indomethacin) drugs were represented since distribu-
tion in brain slices was found to be pH dependent (Paper I). Special care was
taken to include lipophilic compounds with potentially high Vprin (parox-
etine, thioridazine and rimonabant) since these would not be possible to
study with microdialysis and since drugs with high Vi, showed to be dif-
ficult also in the preliminary setup of the slice method.

Paper III aimed at improving the correction for drug in the residual blood
of brain tissue samples. The three selected model drugs (indomethacin, lope-
ramide and moxalactam) were known beforehand to be potentially sensitive
to the correction due to having low values of K, pnin (see Section 1.3.2.4).
Furthermore, they exhibited widely different patterns of binding in the brain
(Vubrain) relative to the respective binding in plasma (f, ;). This was to illu-
strate the inter-relationship between binding in the brain vs. plasma and the
problem of correcting for drug in residual blood.

The aim of Paper IV was to generate a large dataset of K, yuprin and
K, .uucsr and use this to develop computational prediction model for Ky, uu brain
and assess the applicability to human by comparing rat and human K, ., csr.
For the compound selection it was therefore needed to consider the availabil-
ity of literature values of K,, ., csr in human patients. A representative selec-
tion was, however, required since global computational prediction models
were desired since they are applicable to the entire chemical drug space. To
meet both these criteria, a literature review of human CSF data provided by
Shen et al. [8], was used as starting point. This CSF dataset contained clini-
cal data on drug concentrations in the CSF for 92 drugs from 5 different
therapeutic areas. An independent data set of 24 diverse drugs [69]
represented the range of chemical structural space for drugs on the Swedish
market (diverse data set). In order to ensure a representative selection of
drugs from the CSF data set the diverse data set was used as a template as
follows. Molecular descriptors (Section 1.4.1.4) were calculated for all com-
pounds. A principal component analysis (PCA) using Simca-P+ [70] was
performed for the 24 drugs of the diverse data set. The 92 drugs of the CSF
data set were projected onto this PCA, and 36 drugs were initially selected
from the CSF dataset according to the resulting scores. Drugs with signifi-
cant bioanalytical challenges were later replaced by similar drugs. Drugs of
particular interest for the BBB were added even if they were not included in
the CSF dataset. The final data set consisted of 43 compounds, with human
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CSF data available for 32 of the 43 compounds. Fig. 5 shows the distribution
of the selected compounds in comparison to the diverse data set and the CSF
data set in the PCA score plot.
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Figure 5. PCA score plot of the CSF dataset, the diverse dataset and the selected
drugs. Principal components 1 (tPS[1]) and 2 (tPS[2]) represent the molecular de-
scriptor related to molecular size and hydrogen bonding (polarity), respectively.

3.4 Determination of intra-brain distribution, V prin

In Paper I, the in vitro brain slice and brain homogenate methods for mea-
surement of V,pin Were compared with the in vivo microdialysis method.
Each method is presented below.

3.4.1 Invivo microdialysis

The main source of microdialysis data on Vp.in in Paper I was literature
reports. In these studies the V ppin determined by microdialysis (V. prainmp)
was calculated by dividing Ay, measured by conventional brain tissue sam-
pling by C, prainisr measured by microdialysis in the same animal (Eq. 9).
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A,
_ brain (9)

Vu ,brain(MD) — C
u,brainlSF

3.4.2 In vitro brain slice method

The brain slice method which was adapted from the work of Kakee et al.
[39], was used in a preliminary setup in Paper I. The following describes the
optimized setup which was developed in Paper II and implemented in Papers
I-1V.

Six 300-um slices (see cover art) from a drug-naive rat were cut using a
DTK-Zerol Microslicer (Dosaka, Kyoto, Japan) and transferred into a &80-
mm glass dish containing 15 ml of buffer plus up to 10 drugs to be studied at
a concentration of each 100 nM. The tray was placed in a humidified and
oxygenated box inside a Forma Orbital Shaker 420 (Thermo Fisher Scientif-
ic, Waltham, MA) set at 35°C. After 5 hours incubation the slices were dried
on filter paper and weighed in a 2-ml Eppendorf tube (~33 mg). The slices
were individually homogenized in 9 volumes (w/v) of buffer with an ultra-
sonic probe (Sonifier 250; Branson Ultrasonics, Danbury, CT). The buffer
was sampled directly from the dish. Vypmin determined in brain slices
(Vuprainis)) Was calculated according to

_ Axlice - Vz X Cbuffer (10)

V. =
u,brain(s) C (1 _ I/l )

buffer

where Agjice and Cyygrer are the amount of drug in the slice per gram and the
concentration of drug in the buffer, respectively. V; (milliliters per gram of
slice) is the volume of buffer film that remains around the sampled slice
because of incomplete absorption of buffer by the filter paper. V; (0.094
ml/g_slice) was estimated using '*C-inulin in a separate experiment.

3.4.3 In vitro brain homogenate binding method

Brain homogenate was prepared from the brains of drug-naive rats in 3 vo-
lumes of a 122 mM phosphate buffer (pH 7.4). The studied drugs were add-
ed to the homogenate and equilibrium dialysis of homogenate and buffer was
performed in triplicate for 16 h at 37°C in 1 ml Plexiglas cells mounted with
a 5-kDa cutoff Diachema cellulose membrane (Dianorm GmbH, Miinchen,
Germany). The fraction of unbound drug in diluted brain homogenate, f,p,
i.e. the buffer-to-homogenate concentration ratio, was used to calculate
fuprain, While also taking into account the dilution (D) associated with homo-
genate preparation (Eq. 11) [46]. The inverse of f,prain (Vuprainy) Was used to
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express the quantity on the Vi scale to facilitate comparison with micro-
dialysis and brain slices (Eq. 12).

1

f;t,brain = 1 (11)
m{_l]
u,hD
14 _ (12)
wbrain(h) —
f;t,brain

3.5 Measurement of K yu brain and Ky, yu csr i1 vivo

The work around developing the brain slice method for measurement of
Vibrain (Papers I-11) enabled its application for generating a large rat-dataset
of Kjuuprain by combining with conventional brain tissue sampling. This
combined approach, which is described below, is significantly faster as
compared to microdialysis. As a potential surrogate for K, uprain, the un-
bound CSF-to-plasma ratio (K, u.csr) was determined in the same animals.

The drugs were administered in cassettes of two to three drugs as 4 h con-
stant-rate intravenous infusions to approach steady state using an infusion
flow rate of 1 (mL/kg)/h, corresponding to dosage rates of 2 (umol/kg)/h for
each drug. Each cassette was given to a separate group of rats. The vehicle
used was saline or a 1:1:1 (w/w/w) mixture of dimethyl acetamide, tetracthy-
lene glycol, and water. At the end of the infusion, the rats were anesthetized
by inhalation of isoflurane. CSF (50 pL) was collected by puncturing the
occipital membrane of cisterna magna using a fine needle connected to a
cannula. The CSF sample was dispensed from the cannula into a 96-deep-
well plate containing 5 pL of blank plasma, followed by rinsing three times
with 50 pL of methyl tert-butyl ether/hexane (1:1) to minimize adsorption of
lipophilic drugs to the walls of the catheter. Immediately after CSF sam-
pling, a blood sample (~2 mL) was collected in a heparinized tube from the
abdominal aorta, followed by immediate severing of the heart. The brain was
removed, and a coronal section (6 mm) containing striatum was cut and di-
vided into smaller pieces. A brain sample (350-375 mg) was transferred to
an Eppendorf tube and homogenized in three volumes of deionized water
using an ultrasonic probe.

The unbound fraction in plasma (f,,) was measured for each drug using
an equilibrium dialysis method [71]. Pooled plasma from all rats, with each
of the rats given a cassette of drugs, was divided into three to five aliquots of
200 pL and dialyzed overnight against 200 pL of phosphate buffer (122
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mM). A buffer pH of 7.0 was used in order to offset an upward shift in pH
during the dialysis, resulting in a final pH of 7.4.

The correction model for drug in residual blood, which was developed in
Paper III was used in the determination of Appin. Abmin Was accordingly cal-
culated from the total drug concentration in brain homogenate (Cpainn) cor-
rected for drug in the effective plasma space (V) and the brain residual
plasma water volume (V)

- X
Abmin = C Veﬁ Cp (13)
1-V

water

brain,h

Ve 1s the apparent plasma distribution volume of drug in the brain and is
dependent on f,,, of the drug. It has a value between the physical plasma
water volume (Vyaeer, 10.3 pl/g brain) and the slightly smaller apparent brain
distribution volume of plasma protein (Vpoein, 7.99 pl/g_brain).

Vv@ﬂ = f;lap X VWdtel‘ + (1 - »f;l,p) X Vprotein (14)

Using the corrected Apmin, Kpuubrain Was calculated with Eq. 6. K prain 1.€.
logBB was calculated using Eq. 5.

K,.uucsr wWas calculated according to Eq. 15 after estimation of the unbound
fraction in CSF (f,csr) based on the albumin CSF-to-plasma concentration
ratio of 0.003 [72] (Eq. 16).

K Coesr  Cosp X focsr
puu,CSF - (15)

C C

u,p u,p

1
(16)
1+ 0.003(1 - IJ

u,p

fu,CSF =

3.6 Computational modeling

3.6.1 Molecular descriptors

The following molecular descriptors were calculated: ClogP, ACDLogP,
ACDLogD7.4, molecular weight (MW) and volume (VOL), number of rings
(RingCount) and rotatable bonds (RotBond), van der Waals nonpolar
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(NPSA) and polar surface area (PSA), and the number of hydrogen bond
donors (HBD) and acceptors (HBA) as defined by Lipinski. The pK, of all
drugs was measured experimentally using capillary electrophoresis and mass
spectrometry [73]. The fraction of drug molecules that were un-ionized at pH
7.4 (LogUnionized) was calculated accordingly, and the drugs were classi-
fied as acid, base, neutral, or zwitterion according to the most abundant ion
species at pH 7.4.

3.6.2 PLS modeling

To find relationships between brain exposure of the drug and the chemical
structure, the PLS method was applied using Simca-P+ with default settings.
PLS models for K,y brain and K, prain Were developed on the basis of a train-
ing-set comprising the original experimental in vivo data obtained using the
brain slice method for all 43 drugs. K, ubrin, Kpprain and the fraction un-
ionized were log transformed prior to model development. As an initial as-
sessment of the importance of each variable, the linear coefficient of deter-
mination (Rz) was calculated between 10gK,, yy brain and 10gK, prain and each of
the 16 variables. To start with, all 16 descriptors were used in the develop-
ment of PLS models; however, a variable selection procedure was used, in
which groups of descriptors that did not contain information relevant to the
problem (i.e., noise) were removed in a stepwise manner. This was to optim-
ize and simplify the models. Descriptors were excluded from the model
based on the variable importance for projection score in Simca-P+. The pre-
dictive performance of the new model was assessed according to the cross-
validated coefficient of correlation (Q?). The variables were generally ex-
cluded up to the point where there was no improvement in Q* by further
exclusion of variables.

3.7 Bioanalytical methods

3.7.1 Technical procedures

The amount of drug in the various sample matrices was quantified with re-
versed phase liquid chromatography and multiple reaction monitoring mass
spectrometry (liquid chromatography-tandem mass spectrometry, LC-
MS/MS) detection using Micromass (Waters, Manchester, UK) triple-
quadrupole instruments equipped with electrospray. Gradient elution over 1-
2 min with acetonitrile and 0.2% formic acid with a flow rate of 0.6 ml/min
was used with various C18 columns. Mass transitions and detailed chroma-
tographic conditions for each compound are given in the respective publica-
tion (Papers I-IV). Sample preparation was adapted for any compound-
specific requirements but followed a general procedure: samples of plasma,
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brain homogenate etc. as well as standards made in the appropriate sample
matrix were added in aliquots of 50 ul to 96-deepwell plates (Nalgene Nunc
International, Rochester, NY). Protein-precipitation was made by addition of
150 pl of ice-cold acetonitrile containing 0.2% formic acid. After 1 min of
vortexing and 20 min of centrifugation at 4000 rpm (Rotanta/TR; Hettich,
Tuttlingen, Germany) at 4°C, the supernatant was transferred to a new plate
and appropriately diluted with 0.2% formic acid. Injections of 5 to 20 pl
were made from this plate to the LC-MS/MS system.

3.7.2 Drug quantification

External calibration curves were used throughout Paper I and for quantifica-
tion of all in vivo samples in Papers III-IV. Standards with at least five dif-
ferent concentrations were prepared from a serial dilution of drug in 50%
acetonitrile and 0.2% formic acid by standard addition to the blank matrices
in a 1:9 volume ratio. Linear or quadratic calibration curves were fitted to
the instrument response (chromatographic peak areas) and used for drug
quantification. Calibration curves with R* greater than 0.990 were consi-
dered acceptable.

Samples from in vitro assays e.g. brain slice experiments in Papers II-1V,
brain homogenate experiments in Papers II-III and the plasma protein bind-
ing assay (Paper IV) were analyzed without the use of standards. In these
assays there is little use to make an absolute quantification of drug since the
results are anyway expressed as a ratio of two concentrations such as the
concentration on either side of the dialysis membrane in the equilibrium
dialysis assay. Therefore, the chromatographic peak areas in the respective
matrix, e.g. plasma and buffer, were directly used for calculations. To ensure
that the responses used in the calculations were within the linear response
range of the mass spectrometer, additional dilutions (10- and 100-fold) of
protein precipitated the samples were made in 37.5% acetonitrile with 0.2%
formic acid. These dilutions were analyzed together with the un-diluted
samples. Any effects of nonlinearity in response were minimized by choos-
ing one of the three different analyzed dilutions (1-, 10-, or 100-fold) such
that the peaks for e.g. plasma and buffer were of similar size for each com-
pound. Before calculations, the peak areas were scaled back to undiluted
samples by multiplying by the dilution factors 1, 10, or 100 as appropriate.

Radioactive isotopes were quantified using a Wallac WinSpectral 1414 lig-
uid scintillation counter (Wallac, Turku, Finland) and an OptiPhase HiSafe 3
scintillation cocktail (Fisher Chemicals, Loughborough, UK). Homogenates
of brain or brain slices were solubilized with 1 ml of Soluene-350 (Perki-
nElmer Life and Analytical Sciences, Boston, MA) and decolorized with 100
ul of hydrogen peroxide.
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3.8 Statistical analysis

3.8.1 Method comparison using Altman and Bland analysis

In Paper I, the agreement with microdialysis Vi pmin and Vyprin determined
with the brain slice and homogenate methods, respectively, was evaluated
according to the method of Altman and Bland [74, 75]. Since experimental
variability appeared to be proportional to Vi, 1.€. the coefficient of varia-
tion was similar for compounds with very different Vypmim, log-
transformation of data was done. The significance of a mean difference (bi-
as) was tested with Student’s ¢ test. The agreement between methods was
expressed as a 90% confidence interval ratio (CIR) around the observed
antilogged mean difference (bias), which was calculated using the ¢ distribu-
tion. Owing to the log-transformation of data, the 90% confidence interval is
the antilogged mean difference divided by the 90% CIR to the mean differ-
ence multiplied by the 90% CIR.

3.8.2 Statistical modeling of variance components

In Paper II, the aim was to optimize the brain slice method and arrive at a
standardized design scenario using which V| pi, 18 precisely determined with
a minimum of work. This required the identification and quantification of
the various sources of variability in the method. The potential sources of
variability were the inter-day variability, the variability associated with using
slices from different rats, the variability between slices and the analytical
variability. Using the optimized experimental setup, the V,pmnin Was deter-
mined for six model compounds on three days, in six slices from six rats
with duplicate analytical measurement on two different days. This dataset of
1296 V prain determinations (6 compounds X 3 days x 6 rats x 6 X slices x 2
analytical replicates) was analyzed using mixed modeling [76] to generate
the contribution of the different sources of variability. These figures were
subsequently used to simulate 95% CIRs of various design scenarios.

3.8.3 The propagation of error method

In Paper III, the statistics was addressed for the combined use of in vivo
brain tissue sampling and in vitro brain slice method. By this combined ap-
proach (Section 1.3.2.3), K, uubrin 1S determined as a function of four meas-
ured variables namely Aprin, Cp, Vuprain and f,,,. By the correction model for
drug in residual blood Ay, Was expanded to itself be a function of six va-
riables. Hence, K wbrin Was expressed as a function of altogether nine va-
riables, which are all estimated with some experimental variability. The
propagation of error method [77] was used to assess the overall precision of
Ko.uubrain determined for a particular compound as well as the contribution of
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individual variables. This was to identify the weak spots of the methodology.
Expressed in general terms, this statistical approach estimates the standard
error of a function Y=£(X, Z, ...) with the following formula:

2 2
s, = \/(g—)};j s +[g—§j 52 (17)

where s, s, and s, are the standard errors of function Y and measurements X
and Z, assuming zero covariance between variables. 0Y/0X and 0Y/0Z are
the partial derivatives of function Y with regard to X and Z, respectively.

3.8.4 Statistical tools for computational modeling

In Paper IV, PLS was applied to the dataset of K yubrain and Kj prain as de-
scribed in Section 3.6.2. The primary statistical evaluation of the prediction
models was the leave-many-out cross validated Q also referred to as model
predictivity (Section 1.4.1.5). Q* was automatically calculated by the soft-
ware using seven cross-validation groups. The predictivity of the final mod-
els was further characterized by the root of mean squared error of prediction
(RMSE) calculated as

1 n
RMSE = \/ - Z ()’ 1, predicted — Yi,observed )2 (18)

i=1

where #n is the number of observations and y,edicea a0d Vopservea are the expe-
rimentally determined and predicted values respectively.
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4 Results and discussion

4.1 Evaluation of in vitro measurements of V, prin

In Paper I, the in vitro brain slice and brain homogenate methods for mea-
surement of intra-brain distribution (Vypmnin) Were compared with corres-
ponding measurements in vivo using microdialysis. This was to determine
whether any one of the in vitro methods would be suitable to combine with
conventional sampling of whole brain tissue to yield estimates of C, prainisr-

The 15 drugs included in the study exhibited a wide range of V, pin val-
ues as determined using microdialysis. The morphine glucuronides M3G and
M6G had values lower than unity (0.25 and 0.20 ml/g_brain respectively)
indicating that they were predominantly distributed outside the brain cells in
the ISF. At the other extreme the moderately lipophilic and basic drug CP-
122721 had a 1000-fold higher V prin value (207 mL/g_brain) owing to ex-
tensive uptake and binding inside the cells.

The overall in vivo agreement of the slice and homogenate method was
described by the 90% CIR. There was no evidence of overall bias for either
method. As would be expected from the slice method being a more physi-
ologic system, it also performed better according the much smaller CIR
(2.95) compared to the CIR for the homogenate method (6.00). This is also
illustrated in Fig. 6 where 14 and 10 out of the 15 drugs were within 3-fold
of microdialysis values for the slice and homogenate method, respectively.

The better agreement of the slice method is well understood when consi-
dering the individual drugs in the study and the various mechanisms by
which they distribute within the brain. Starting at the lower end by taking
M3G as example; the preferential distribution outside cells is also seen in the
brain slices as Vpin having a value lower than unity (0.53 ml/g_brain). In
contrast, the homogenate method gives a value close to unity (1.2
ml/g_brain) only indicating that there is little or no binding to tissue consti-
tuents. A Vypmin value at unity or above is inherent for the homogenate me-
thod since the intracellular and interstitial spaces are mixed in a homogenate.
The viability and in vivo agreement of the brain slices is also seen by the
active uptake of gabapentin, which in the absence of binding (homogenate
Vibrain 1.05 ml/g_brain) results in V,p,in of 5.5 in microdialysis experiments
and 4.0 in the slices. Moreover, there was a tendency for basic drugs to have
higher V pnin in the slices relative to the homogenate method. This is consis-
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tent with the pH partition theory [78] and the lower intracellular pH of brain
tissue [5].
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Figure 6. Relationship between V,, prin determined in vivo using microdialysis and in
vitro using the brain homogenate method (grey filled circles) and the slice method
(black filled circles).

By taking the microdialysis data as accurate, the brain slice 90% CIR of 2.95
suggests that by using the slice method only one out of ten drugs will have
an estimated Vpmnin that is more than 2.95-fold off the real value. Even
though the slice method supersedes the homogenate method, a discussion is
justified whether the in vivo agreement the slice method is satisfactory.
Needless to say, it depends on the question asked. For methods used in drug
discovery differences within 3-fold are commonly said to be acceptable or
even indicative of equivalence between methods. However, rather than mak-
ing claims that the method performance is sufficient for early drug discovery
screening, the question must be asked here: what is realistically the accuracy
of literature microdialysis data. That is to say what 90% CIR would hypo-
thetically result when comparing microdialysis data generated at two inde-
pendent labs? While there is no answer to this question, we know that all
methods hold experimental variability (random error), and to some extent
also systematic error (inaccuracies). Nevertheless, microdialysis is the only
method to measure unbound drug exclusively in vivo, and therefore the me-
thod of choice for evaluating the slice and homogenate methods. The stand-
point obtained from Paper I, is that the slice method is in overall agreement
with microdialysis and that there were no major issues raised concerning the
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applicability of the method. A similar conclusion was recently arrived at by
Liu et al. who found a within 3-fold agreement for a majority of compounds
between the homogenate method and microdialysis [79].

4.2 Unbound intracellular drug concentrations

The abovementioned discrepancies between the slice and homogenate me-
thod for basic drugs triggered the definition of a new parameter: the unbound
partition coefficient of the cell (K yucein). Kpuucen describes the intracellular
exposure to unbound drug as the unbound intra-to-extracellular concentra-
tion ratio (Eq. 19) where C, . is the averaged unbound intracellular drug
concentration of an “average” brain cell.

C,.
_ u,cell (19)

puucell —
u,brainISF

It is proposed in Paper I that K, ,uci can be experimentally determined by
combining the brain slice and the homogenate methods. This is because the
slice Vypain describes the net uptake of drug into cells, irrespective of me-
chanism, whereas the homogenate method gives specific information on
intracellular binding. The developed principles and methodology, which
differentiates intracellular binding from other uptake processes, may be ap-
plicable also in other fields of research pertaining to cellular uptake e.g. pre-
diction of hepatic drug clearance. It should be noted at this point, however,
that there are assumptions associated which may be difficult to justify for all
kinds of drugs, such as the existence of a single intracellular compartment.

4.3 Optimization of the brain slice method

As the position was taken, based on findings in Paper I, that the brain slice
method has a promising application for measurement of K,y prain, @ thorough
investigation of the experimental setup was warranted. Various aspects of
the experimental setup and properties of the slices were addressed and re-
sulted in the final (optimized) protocol described in Section 3.4.2.

The most urgent issue to be resolved was the applicability of the slice me-
thod to highly lipophilic drugs with high V,p.in. Data for lipophilic basic
compound using the preliminary setup had indicated that equilibrium may
not be reached within the four hours incubation used. Taking thioridazine as
example (Fig. 7) it was shown that the time to reach equilibrium was dramat-
ically reduced by improving the stirring efficiency by using slow rotational
shaking in a relatively large incubation vessel. The equilibrium was further
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accelerated to be reached within 5 hours incubation by increasing the amount
of tissue per unit of buffer volume by adding all six slices into the same in-
cubation vessel. Since thioridazine and rimonabant represent the extremes of
drug lipophilicity it was concluded that 5 hours incubation would be an ap-
propriate default incubation time.
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Figure 7. Brain slice uptake experiments with a cassette of six model compounds.
Samples were taken at 0.33, 1, 2, 3, 4, 5 and 6 hours. The solid and fine lines
represent incubations with 6 slices and 1 slice per incubation dish, respectively.
Open squares represent the V, pi, in incubations with single compounds. The cross
represents the V, prin as determined using the protocol in Paper I.

Simplifications were made to the protocol in order to increase throughput
and minimize the amount of work associated with the generation of data for
new compounds. The amendment with the greatest leverage for throughput
was the introduction of cassette incubations. There were no indications of
significant differences between V,pnin determined in incubations of single
compounds as compared to cassette incubations (Fig. 7). To obtain an indi-
cation of the appropriate upper limit for the number of drugs to be pooled,
the concentration dependence of a single compound (paroxetine) was stu-
died. The results showed that V,p.in Was constant up to a buffer concentra-
tion of 1 pM above which V,puin Was dramatically reduced. Based on this
experiment as well as on analytical considerations it was considered prudent
to limit the number of drugs to 10 and to use a collective drug concentration
in buffer not exceeding 1 pM.

Finally, the various sources of variability were investigated. The variabili-
ty associated with performing the experiment in different slices amounted to
45% of total variability, whereas analytical variability contributed with 35%.
The smaller remaining variability was related to using different rats and per-
forming the experiment on different days. Simulated standard error resulting
from various design scenarios indicated that determination of V ppi, in six
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slices from a single rat on a single day was the best trade-off between work
input and precision of Vy prin.

4.4 Development of a correction model for drug in
residual blood

On the course of generating the dataset of K, yuprain to be used in Paper 1V, it
was observed for a large number of drugs that the estimated value for Apgin
was very variable between animals and sometimes negative after having
made the correction for the amount of drug in residual blood. It was evident
that the correction model initially used based on 3 % residual blood was
inappropriate. If those compounds would have been simply excluded from
the study, it would have biased the dataset and limited the applicability do-
main of the prediction model for K,y brain. Alternatively, assignment of very
low values for K, prin could be justified since low K prin is the root of the
problem. However, the same cannot be done for the corresponding value for
Ko, uuprain Since low K, prain can arise not only from K, uuprin being low but also
from the extent of plasma protein binding greatly exceeding binding in brain
tissue i.e. when the product of f,;, and Vi prin is small (Eq. 6). It was there-
fore necessary to revise the correction model for residual blood.

The improvement of accurate and precise correction for drug in residual
blood was done in five sequential steps: First, the procedures for exsanguina-
tion of the animal and sampling of tissue were standardized so as to minim-
ize the amount of residual blood. This was assessed by visual inspection.

Second, while using these exact procedures (Section 3.5) the volumes oc-
cupied by residual plasma water (Vyaer), plasma proteins (Vprowein) and eryt-
hrocytes (V) were experimentally determined in a group of 8 rats. The in-
tention was to determine these values “once and for all” so as to be generally
applicable for residual blood correction. Ve (10.3 + 0.54 pl/g brain) was
slightly higher than Vin indicating that the concentration of plasma pro-
teins is lower in brain residual plasma than in arterial plasma. Similarly the
Ve (2.13 £ 0.68 ul/g_brain) was very low compared to V.r Which indicated
a lower hematocrit of brain residual blood.

In the third step, a drug-specific correction model was constructed that
accommodates the binding of drug to plasma proteins and erythrocytes. This
resulted in Eq. 20, which expresses K, wuprin @3 @ function of totally nine
measured variables including the abovementioned variables as well as the
drug concentration in whole blood (Cyj0q) and arterial hematocrit (Hct).
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In the fourth step, the correction model was applied to the measurement of
K uuprain for moxalactam, indomethacin and loperamide out which the first
two had negative values of K ,uprin Using the previous correction method.
Overall, the results showed a significant added value since all estimates of
Kp.uubrain Were non-negative, and the precision of Ky brain Were within an
acceptable range given the circumstances (Fig. 8).

The final step towards accurate, precise and yet practical correction ap-
proach was to identify and make the appropriate simplifications. First it was
deduced that the amount of drug associated with erythrocytes could be gen-
erally ignored. Hence, measurements of Cy0q and Hct were avoided. Se-
condly, statistical analysis of the contribution to imprecision of Ky brain
imposed by the different measured variables, suggested that there is little
benefit of measuring Vyaer and Viroein 1n €ach animal instead of using the
average values. As result, a simplified correction model was proposed (Eqgs.
13-14, Section 1.3.2.4) that does not require any additional measurements. It
should be noted, however, that in order to apply average values of Ve and
Vprotein, Similar procedures should be used for the sampling of brain tissue.

Lop Mox Ind
Kp,uu,brain
T T 1
0.001 0.01 0.1 1
Kp,brain
Mox Ind Lop

Figure 8. Probability density graph for K, prin (upward) and K, prin (downward)
for indomethacin (Ind), loperamide (Lop) and moxalactam (Mox) in a representative
rat. The shaded areas define the 95 % confidence intervals. The shift on the log scale
for the peak of K, prain and K, yuprain cOrresponds to the pattern of binding to plasma
proteins and brain tissue (f, ;X Vyprin) for each drug.
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A rather illuminating aspect of the work presented in Paper III was the com-
parison of the unbound (K, yu brain) and total (K, prin) brain-to-plasma ratios as
was done in Fig. 8. The three drugs provide a most compelling case of how
one must not be mislead to make interpretations of K, prin in terms of brain
exposure, not even as a first approximation. This is because the rank order of
the drugs can be completely reversed: loperamide being a good Pgp-
substrate [80] has the lowest K prain, but owing to its large fi,,%Vyprain
product it has the highest value for K, pmin. In contrast, indomethacin and
moxalactam with much smaller f, ,XV prin products had very low (previous-
ly undetectable) K, prain but much higher K,, i, prain than that of loperamide.

Furthermore, it is commonly assumed that total drug concentrations in the
brain (logBB or K, yrin) can be used to provide at least some indication as to
“whether or not” a drug crosses the BBB. The inaccuracy of this assumption
is clearly demonstrated by the indomethacin example discussed above; even
when K prin is low, it is essential to estimate f,, and V. prin to obtain even
the faintest idea of drug exposure in the brain.

4.5 Structure - brain exposure relationships

By using the very same experimental methods that were developed in Papers
I-1II a reasonably large dataset of K yuprain and K, wucsr Was obtained (Table
1). The intention of generating this data set was to explore the relationship
between the chemical structure of the drug and the level of unbound drug
exposure in the brain. Owing to the lack of efficient methods to measure
Kop.uubrain, previously published computational prediction models have been
derived from measurements of K, pnin (10gBB) or measures of rate of BBB
transport (CLyy,).

Ky uuprain Was successfully determined in vivo for 41 of the 43 studied
compounds. Overall, the findings showed that active efflux dominates drug
disposition in the brain, since 34 of 41 drugs had K, u,prin values less than
unity and only 7 drugs having values slightly greater than unity. The range
of K uubrain Was from 0.006 for methotrexate to 2.0 for buproprion, i.e. 300-
fold. In contrast, K;pmin ranged from ~ 0.002 for sulphasalazine to 20 for
amitriptyline, i.e. 10 000-fold. This is a considerably larger range than that
for Kp,uu,brain-
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Figure 9. Linear correlation coefficient, R?, for K, uu,brains Kpprain and each of the 16
molecular descriptors for the selected drugs in the training data set. The upward and
downward orientation of the bars represents positive and negative correlations, re-
spectively, with K, uy brain and K, prain-

4.5.1 In silico models for K, yy prain

The most significant molecular descriptors for the relationship with Ky, uu prain
were those that relate to hydrogen bonding, i.e. PSA and HBA (Fig. 9). The
first PLS model of K, prain used all 16 molecular descriptors simultaneously
as variables and was also the model with the best predictivity (Q*=0.452).
However, a large number of variables did not significantly contribute to the
model and were excluded in a step-wise manner. The simplest models con-
tained only descriptors of hydrogen bonding (PSA, HBA) and were equally
predictive. The very simplest model (Eq. 21, Fig. 10) used HBA as the single
descriptor (Q*= 0.426, RMSE = 3.94-fold):

logK =—-0.04-0.14x HBA (21)

p,uu,brain

The dataset was not large enough to be divided into a training-set and a test
set of compounds. Therefore an external validation dataset was established
from collated literature data using the brain homogenate method. The data in
the external dataset appeared to be equally well predicted (RMSE = 4.19-
fold) with very little bias (Fig. 10).
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Figure 10. Observed versus predicted rat K, ,uprain based on Eq. 21. Large grey filled
circles are drugs in the training-set. Small grey filled circles are observations from
the external dataset. Solid lines represent the prediction model and fine lines
represent a 3-fold error of prediction.

The model can be readily interpreted in terms of the expected pharmacology
of the drug; in order to achieve a 2-fold increase in Ky, prain, 1t 1S NECESSAry
to remove 2 HBAs from the molecular structure. Conversely, a 2-fold reduc-
tion in K, ,uprain can be achieved by addition of 2 HBAs. A change in
Koy, uubrain @s small as 2-fold can be considered pharmacologically significant
since it principally means a doubling of the dose if the drug acts on a central
target. If, on the other hand, there are critical CNS side effects associated
with a peripherally acting drug, a reduction in K, ,uprin by a factor 2 results
in doubling of the therapeutic window.

The Q? value for the model predictivity provides the proportion of the va-
riability in K prmin between drugs that was explained by the model. The
presented models were capable of explaining only 40-45% of the variability
in the training-set. It follows, therefore, that other approaches are required
than adding/removing hydrogen bond acceptors in order to fully maximize
or minimize K ,uprain. Strategies for improving model predictivity include
the construction of local models that are specific to a particular class of
drugs or to apply different computational methods that also accommodate
non-linear relationships. However, the challenge of predicting the simulta-
neous influence of all known and unknown transporters at the BBB cannot
be overestimated.

A question of fundamental interest is the mechanistic background for the
relationship between K, ., prin and hydrogen bonding; is it related to effects
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on passive transport, such as for oral drug absorption [65], or is it related to
both passive and active processes? An isolated effect on passive transport
appears unlikely since it would imply a basal level of efflux for all drugs.
Instead, a dual of role of hydrogen bonding is suggested where formation of
hydrogen bonds is related to passive transport as well as being important for
the interaction with transporters such as Pgp [16].

Interestingly, lipophilicity, which is normally correlated with passive
transport, did not increase the value of K,y brain- It is plausible that the effect
of increased passive transport by increased lipophilicity is paralleled and
offset by increased efflux owing to increased drug concentrations in the
membrane where the interaction takes place between drug and transporter
(Pgp). Hence, the dominating position of hydrogen bonding for structure-
brain exposure relationships seems to arise from its additive effects on pas-
sive and active transport independently of lipophilicity; a less lipophilic drug
with many HBAs has very limited passive transport and is thus sensitive to
low capacity active efflux, while a lipophilic drug with many HBAs is a
probable transporter substrate, e.g. a Pgp substrate [81].

4.5.2 In silico models for K, pr,in (logBB)

Since logBB has previously been the most commonly used experimental
measure in computational prediction models, models for K ynin or logBB,
were also investigated in Paper [V.

The relationship between logBB and structure was dominated by hydrogen
bonding similar to K prin. In contrast to K, ,uprain, however, logBB was
also positively correlated with descriptors of lipophilicity. Furthermore,
logBB is higher for basic drugs than for acidic drugs (Fig. 9). The PLS mod-
el that was developed contained one descriptor for hydrogen bonding
(HBA), one descriptor of lipophilicity (ACDLogD7.4) and the ion class of
the drug (acid or base):

logBB =—0.18—0.097 HBA
+0.10 ACDlog D7.4+0.68 Base—0.67 Acid (22)

The predictivity of the logBB model was better than the K prin model
based on comparison of Q* (0.693 vs. 0.426). The better Q* value of the
logBB model should be seen in the light of the 30-fold greater range of ob-
served values. In contrast, similar predictivity is seen based on RMSE (4.0-
fold vs. 3.9-fold). While interpreting the relationships between molecular
descriptors and logBB it should be born in mind that logBB is a hybrid pa-
rameter containing information on both brain exposure (K ubrin) and the
pattern of brain tissue vs. plasma protein binding i.e. the V, prin*f,, product:
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BB = Kp,uu,brain X Vu,brain Xfu'P (23)

Hence there is a straightforward interpretation of the logBB model: HBA
accounts for the part of logBB which is, in fact, related to Ky brain; AC-
DLogD7.4 and the drug being basic accounts for binding to phospholipid in
tissue (Vyprain); and the drug being acidic accounts for extensive binding to
albumin in plasma (f,;). The imminent risk of relying on logBB-derived
prediction models is the design of drugs that are unnecessarily lipophilic or
basic without improved unbound brain exposure; or if restricted brain expo-
sure is desired, the design of albumin bound acidic compounds that later
prove to have significant CNS effects at therapeutic plasma concentrations.

4.6 Utility of K, yu.csr as a surrogate for K, yubrain 10 the
rat

The data collected in Paper IV (Table 1) allowed a direct comparison of
Ky uu,csk and K yuprain 10 the rat. The relationship shown in Fig. 11A reveals a
remarkable agreement considering the physiological differences; K . csr
was within 3-fold of K, yuprain for 32 of 39 drugs (r2=0.80). The slope of the
regression line (0.71) was significantly different from 1 (p < 0.0001), which
indicated that there were systematic, however moderate, differences between
Kp.uucsr and Ky yuprain. In particular, low values for K,y brain Were associated
with proportionally higher values for K, ., csr. All four drugs for which
Kpuucse was more than 3-fold greater than K . pin Were Pgp substrates:
loperamide, nelfinavir, rifampicin and verapamil. The explanation is most
likely found in the differential expression and role of Pgp in the BBB vs.
BCSFB. While Pgp is the most abundant efflux transporter in the rat BBB,
its role at the BSCFB is unclear since the apical or sub-apical localization
infers net drug influx in the blood-to-CSF direction [82, 83]. While these
results strongly indicate a risk of over predicting Ky, brain for Pgp substrates,
further studies are needed to establish if it can be generalized to all Pgp sub-
strates.

The under-prediction of K,y brain for drugs with higher values (Fig. 11A)
is more intriguing. It can be principally explained by less efficient active
drug influx at the BCSFB as compared to the BBB, which is conceivably
due to the lack of specific transporters at the BCSFB. If this was the case,
one might have expected values for K, . brin to be greater than unity. How-
ever, active influx and efflux work simultaneously in opposite directions to
produce principally any value for K uprain. The group of drugs for which
Kp.uucse under-predicted K yuprain mainly comprised moderately lipophilic
basic drugs. The identity of the supposed uptake transporters is unclear how-
ever may relate to a new “pyrilamine transporter”, which is an energy-
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dependent, proton-coupled anti-porter interacting with organic cations. Oxy-
codone and diphenhydramine for which K, . bmin Was underpredicted by
Ky .uucsr in this study are reported to be substrates of this transporter [84, 85].

Overall, the relatively strong relationship between rat K,y csr and Ky uubrain
supports the use of K, ,ucsr for cross-species comparison of brain exposure
data (Section 4.7). The relationship is however not sufficiently strong to
justify replacement of the experimental determination of K yuprain 1n small
rodents. This is especially so since measurements of K yuprain and Ky csr
are of comparable experimental complexity when using the methodologies
developed in Papers I-11I.

-
o

-
o

A B
= 071
Rat Kj, yu,csrF = 0.60 X Rat Kj yu,brain Rat K uu,csr = 0.36 X Human Ky, css ™
2
1 r’=0.80 1| R=0.56 [
)
] ®
2 [ ]
& 01 0.1 o ® o
g [ ] ..
o
@ o
0.01] 0.01]
o o
0.001 0.001 T

0.001 0.01 0.1 1

Rat K uu,brain

10

T
0.001 0.01

T
0.1 1
Human Ky uu,csr

Figure 11. Relationship between K, u, csr and K,y brain in the rat (A) and the agree-
ment between rat and human K,, ., csr (B). Fine lines represent identity and 3-fold
differences. Solid lines are the result of linear regression analysis of log-transformed
data. Data points represent average values for one drug. Moxalactam (circles) was
included from both a study in patients with bacterial meningitis (filled circle) and a
study in healthy volunteers (open circle) (B).
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Table 1. Brain exposure ratios in the rat and humans

Alprenolol
Amitriptyline
Atenolol
Baclofen
Bupropion
Cefotaxime
Codeine
Delavirdine
Diazepam
Diphenhydramine
Ethyl-phenylmalonamide
Gabapentin
Indomethacin
Lamotrigine
Levofloxacin
Loperamide
M3G

M6G
Methotrexate
Metoprolol
Morphine
Moxalactam
Nadolol
Nelfinavir
Nitrofurantoin
Norfloxacin
Oxprenolol
Oxycodone
Oxymorphone
Paclitaxel
Pindolol
Propranolol
Rifampicin
Salicylic acid
Saquinavir
Sulphasalazine
Tacrine
Thiopental
Thioridazine
Topiramate
Tramadol
Verapamil
Zidovudine

HBA
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Human
Rat data élat:
Cup Vaubrain fup Kpprain ~ Kpuubrain ~ Kpuucse Kpuucse
(uM)  (mL/g_brain)
0.28 50 0.44 8.27 0.38 0.33 -
0.022 310 0.09 20.15 0.73 0.17 0.18
1.5 2.5 1.0 0.07 0.026 0.036 0.54
42 1.7 1.0 0.03 0.020 0.027 0.17
0.079 16 0.31 9.78 2.00 0.49 2.0
2.8 a 0.59 a a 0.007 0.17
0.21 32 0.95 2.70 0.89 0.54 0.79
0.017 40 0.016 0.03 0.043 0.051 0.23
0.061 20 0.12 2.28 1.07 0.78 0.79
0.051 32 0.48 16.25 1.05 0.39 -
43 0.9 0.55 0.64 1.25 14 -
52 4.6 1.0 0.64 0.14 0.067 0.16
0.20 14 0.01 0.01 0.11 0.17 0.27
1.8 4.6 0.51 2.02 0.88 0.86 1.10
0.59 1.7 0.82 0.17 0.12 0.19 0.18
0.054 370 0.06 0.15 0.007 0.037 -
2.7 0.60 1.00 0.007 0.011 0.049 0.081
2.1 0.99 0.98 0.008 0.008 0.017 0.10
2.9 0.68 1.00 0.004 0.006 0.007 0.062
0.75 5.5 0.90 3.14 0.64 0.43 0.93
0.23 3.7 0.90 0.51 0.15 0.40 0.51
3.8 0.57 0.32 0.003 0.019 0.020 0.41
0.78 3.4 0.86 0.11 0.037 0.041 -
0.0019 860 0.00 0.04 0.019 0.067 0.045
0.71 1.6 0.48 0.008 0.011 0.0099 -
0.70 29 0.87 0.07 0.028 0.018 0.11
0.21 11.8 0.45 1.06 0.20 0.10 -
0.33 4.2 0.87 3.77 1.03 0.65 -
0.24 4.0 0.73 2.29 0.79 0.91 -
0.016 769 0.05 0.28 0.007 b -
0.16 72 0.43 1.56 0.50 0.11 0.52
0.051 118 0.09 6.59 0.61 0.49 0.42
0.83 6.9 0.12 0.03 0.035 0.34 22
5.6 1.0 0.28 0.05 0.19 0.16 0.19
0.0030 208 0.007 0.08 0.055 b 0.096
0.013 4.2 0.005 0.002° ¢ 0.032 -
0.12 22 0.55 9.56 0.78 0.67 0.74
0.55 43 0.19 1.28 1.53 1.09 0.75
0.0013 3333 0.002 3.75 0.45 0.21 14
34 32 0.79 0.84 0.33 0.63 1.00
0.30 4.2 0.85 5.29 1.46 0.71 1.44
0.075 54 0.12 0.34 0.053 0.11 1.13
1.2 1.1 0.64 0.065 0.090 0.18 1.04

“ Instability in brain homogenate

® Below limit of quantification

¢ Unacceptably large variability in K prin and K,y brain due to the correction made for drug in vascular spaces.
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4.7 Agreement between K, ,u csr 1n rat and humans

The relevance to humans of structure-brain exposure relationships in the rat
(Section 4.5) was evaluated by comparing K, ., csr determined in rats and
human patients. The relationship between rat and human K, csr (r2=0.55,
Fig. 11B) is considered reasonably strong given the magnitude of normal
experimental variability and the diversity of collected human data. There
was, however, a bias toward the observed human K, ., csr values being on
average 3-fold higher than the corresponding values in the rat.

By taking the human and rat data as accurate, the bias is interpreted as the
rat having developed CNS barriers which are capable of providing a higher
level of protection from exogenous compounds than humans. This could
involve several aspects of the CNS barriers such as the physical tightness,
the efficiency and expression of various transporters or the fluid dynamics of
the brain.

While the biological explanations mentioned above are plausible, the bias
may also have resulted from the combined effect of experimental factors that
incidentally are expected to contribute to a bias in the observed direction.
These methodological issues were: 1) the disease state of the patients, 2)
kinetic bias due to timing of CSF sampling and 3) the different CSF sources
used for rat (cisternal) and human (lumbar). Firstly, and most importantly,
the subjects of the clinical reports were typically not healthy volunteers but
patients with various disease states several of which are associated with alte-
rations in CNS barrier function and sometimes increased protein contents in
the CSF. This is exemplified by moxalactam for which the K, ,,csr was 25-
fold lower in healthy volunteers than in patients with bacterial meningitis
(Fig. 11B).

The second experimental reason for the observed rat/human K, ,,csr dif-
ference may be a delay in appearance and elimination of drug in the CSF
relative to plasma, which makes the dosage regimen and the timing of CSF
sampling critical. Ideally, the CSF and plasma would be sampled simulta-
neously at steady state during continuous intravenous infusion. This was
rarely performed in humans and, since the single CSF sample was generally
taken several hours after the last dose, it is almost certain that a kinetic bias
was introduced towards higher values of K, ., csr in humans. This is con-
trasted by the rat experiments, where 4-hour intravenous infusions were giv-
en to rats to approach steady state and where K, ., csr would be underesti-
mated for any drug for which 4 hours was not sufficient to attain complete
equilibrium.

Thirdly, K, ucsr was determined using CSF samples from cisterna magna
in the rat and generally by lumbar puncture in the patients. The impact of
different sampling sites on the K, ,, csr comparison will depend on the extent
of drug exchange between the CSF and the blood via the blood-spinal cord
barrier and cord tissue along the path of CSF flow. Although the blood-
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spinal cord barrier is similar to the BBB in terms of cellular structure, it is
generally more permeable than the BBB [86]. Therefore, the value of
Kp.uucsr 1s expected to be higher from lumbar samples if there is significant
drug exchange with blood across the blood-spinal cord barrier. If, on the
other hand, drug exchange is not significant, lumbar CSF would reflect
cranial CSF with a lag time of 60-90 minutes [87] thus potentiating the ki-
netic bias discussed above. Either way, given the general timing of CSF
sampling in the clinical material, human K ., csr from the lumbar sampling
site is expected to be overestimated to some extent relative to the rat.

It cannot be concluded from the present data whether the 3-fold difference
reflects a true species difference, an observational bias, or both. Neverthe-
less, the similar rank-order (correlation) for the drugs justifies the established
practice in drug industry to use rats for the study of central drug exposure
and to derive in silico prediction models.
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5 Conclusions and perspectives

This thesis was directed towards developing a simple and efficient metho-
dology for measuring the unbound drug concentration in brain tissue in ex-
perimental animals. The developed methodology was based on the idea that
the unbound drug concentration can be assessed by combining conventional
in vivo measurements of the total (bound plus unbound) brain tissue concen-
tration with a separate in vitro determination of the degree of drug binding in
the brain. The first study (Paper 1) verified the validity of this combined in
vivo - in vitro approach. It was shown that a brain slice method, but not a
brain homogenate method, gave results that were similar to measurements
using the in vivo microdialysis technique. Thereafter, improvements were
made to the experimental setup of brain slice method making it both high-
throughput and amenable to the study of drugs with diverse chemical proper-
ties including those with high lipophilicity.

The third study (Paper III) elaborated on the correction for drug in resi-
dual blood, which is a well-known problem when determining very low le-
vels of total drug in the brain. It was concluded that by using standardized
procedures and statistics it is possible to obtain measurements with defined
precision also for drugs that were previously considered “not detectable”.

In previous years, there were no methods available to determine the un-
bound drug concentration in tissue; the microdialysis technique, which
emerged in the 1990s, was too complex to gain widespread use in drug in-
dustry. As resulting from the lack of methods to generate data, the unbound
drug concentration in the brain as defining brain exposure was never fully
recognized among scientists. Instead, surrogate measurements of the total
drug concentration have shaped fundamental ideas pertaining to the relation-
ship between the chemical properties of the drug and the level of exposure in
the brain. For example, it is today considered common knowledge that high
lipid solubility of the drug is associated with higher exposure in the brain.

The last study (Paper IV) in which a novel 43-drug dataset was presented,
was the first study to show the relationship between chemical drug properties
and the exposure of the brain to unbound drug. As would be expected from
unbound brain exposure (as opposed to total) being determined by specific
drug-transporter interactions, there were no strong relationships found. The
analysis showed however, that the best prediction was obtained by simply
counting the number of hydrogen bond acceptors in the molecule. Whereas
the dependence of hydrogen bond potential is long known, the most signifi-
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cant conclusion was that there was no obvious relationship with drug lipo-
philicity, at odds with the common understanding.

The data collected in Paper IV was also used to evaluate the utility of
CSF sampling i.e. K, ucsr as surrogate measurement of the unbound drug
concentration in the brain i.e. K, upin. The overall agreement between
Ky ,uu,csk and K yuprain Showed that CSF can be principally used as a surrogate
when there is no possibility measure K,y prain. A finding of particular interest
was that drugs that are substrates for Pgp are likely to have higher concentra-
tions in CSF than in the brain.

After having established that K., csr was a reasonable surrogate for
Ko uuprain 10 the rat, the agreement between K, ., csr in rat and human was
investigated. Rat K, ,, csr was on average 3-fold lower than human K, ., csr,
but it cannot be concluded if this bias was due to a CNS barrier species-
difference or due to artifacts in the clinical data. The main conclusion was
that the overall correlation (r*=0.56) suggests that the structure-unbound
brain exposure relationships that were derived from the rat can be used for
designing drugs for man.

The methods developed in this thesis are valuable tools in drug discovery to
study the effect of the blood-brain barrier on the incidence of central effects
and side-effects for any class of drugs. Since the methods are predictive for
brain exposure in humans, they can also be used to select the most appropri-
ate compounds for further development.

Future progress in the field of predictions is likely to rely also on informa-
tion from various in vitro methods using human material. However there are
still significant challenges associated with developing approaches for scaling
of in vitro data to the in vivo situation, not to mention difficulties of obtain-
ing a critical mass of solid human data to validate such attempts.
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6 Populédrvetenskaplig sammanfattning

Blod-hjirnbarriiiren

Blodkérlen i hjdrnan har en sirskild beskaffenhet som skiljer sig fran dvriga
organ; kapilldrviggarna ar forhallandevis svargenomtriangliga eftersom det
saknas egentliga hal genom vilka ndringsimnen normalt sett ror sig obehind-
rat. Istdllet &r hjarnans kapilldrer utrustade med s.k. bararproteiner som ser
till att koncentrationen i hjdrnan av de @mnen som &r nddviandiga for dess
funktion hélls pa en lagom niva. Vissa varianter av dessa bérarproteiner ut-
sondrar samtidigt slaggprodukter som annars skulle ansamlas. Tatheten i
hjarnans kapilldrer har gett upphov till bendmningen blod-hjérnbarriéren.
Denna barriér &r dven kénd for att ge ett skydd mot kroppsfrimmande och
potentiellt farliga &mnen sasom likemedel. Skyddet som uppritthalls &r all-
tid den kombinerade effekten av att kapillarens fysiska tithet bromsar intré-
det av det frimmande dmnet och att speciella bararproteiner fortlopande
fdngar upp och utsdndrar ménga av de molekyler som 4nda tar sig in.

Betydelsen for Liikemedlets effekter och framtagandet av nya likemedel
Av uppenbara skl kan blod-hjarnbarridiren medfora problem vid utveckling
av nya lakemedel som é&r ténkta att ha sin verkan i hjarnan. Samtidigt kan det
finnas fordelar for ldkemedel som ska verka i andra organ @n hjirnan; om
blod-hjéarnbarridren effektivt hindrar likemedlet att komma in kan detta for-
hindra biverkningar som annars kunnat uppsté. Ett konkret exempel pa detta
ar den morfinliknande likemedelssubstansen loperamid som, mer kind un-
der produktnamnet Imodium, anvénds for att motverka diarré. Forhallandet
kan forklaras som foljer; morfin som bevisligen tillats komma in i hjdrnan
har dels en smirtstillande verkan i1 hjarnan och dels en forstoppande biverkan
i tarmen. Loperamid & andra sidan halls tack vare ett sdrskilt bararprotein i
blod-hjérnbarriéren effektivt utanfor hjarnan, varfor effekter pa hjédrnan sak-
nas och loperamid kan siljas receptfritt pa apoteket. Den nyare typen av
allergimedicin sdsom ceterizin (Zyrlex) ar ett liknande exempel som jamfort
med éldre allergilikemedel har betydligt lindrigare s6vande effekt.

Vare sig man utvecklar 1ikemedel som ska verka i hjdrnan eller annat or-
gan behover man ibland méta koncentrationen av ldkemedlet i hjarna hos ett
forsoksdjur t.ex. ratta. Detta gors for att sdkerstilla att lakemedlet verkligen
nér sitt effektstélle, eller som i andra fall d& man vill forvissa sig om att la-
kemedlet inte kan orsaka biverkningar dir. Métning av ldkemedelskoncent-
ration i hjirna anvinds ocksé for utredande studier, t.ex. om man vill ta reda
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pa om en ny klass av ldkemedel utdvar sin farmakologiska effekt i hjarnan
eller ndgon annanstans.

Att mata lakemedelskoncentrationen i prover av hjarnvavnad fran ett av-
livat forsoksdjur ar forhdllandevis trivialt med den avancerade analysutrust-
ning som finns att tillgd. Sddana métningar har gjorts i ldkemedelsindustrin
mer eller mindre rutinméssigt under &rtionden. Det stora problemet som varit
otillrackligt uppmérksammat &r att den uppmatta totala ldkemedelskoncent-
rationen inte ger ett rittvisande matt pa hur mycket hjarnan exponeras dvs.
utsdtts for ldkemedlet. Detta har sin grund i att lakemedelsmolekylerna i
hjarnan befinner sig i tva olika former: antingen som fritt rorliga i vdvnadens
vatten dér de &r ocksa &r farmakologiskt aktiva, eller som farmakologiskt
inaktiva nér de &r bundna i hjdrnans fett. Forhallandet mellan andelen aktivt
och inaktivt 1dkemedel har mycket att géra med lakemedlets kemiska egen-
skaper sasom fettloslighet, men om detta sdger den uppmatta totala koncent-
rationen ingenting. Om totalkoncentrationen av flera olika ldkemedelssub-
stanser méts och utvirderas finns det dirmed begransade chanser att vilja ut
den bista. Likaledes om en lovande ldkemedelssubstans ska forbéttras i detta
avseende genom fordndring av dess kemiska struktur dr det ocksa latt att bli
vilseledd; om ldkemedlet gors mer fettlosligt Okar visserligen den totala kon-
centrationen i hjarnan men den fria farmakologiskt aktiva koncentrationen
forblir okdnd. Detta anses idag ha varit ett avgorande skél till att s& manga
utvecklingsprojekt i ldkemedelsindustrin har misslyckas.

Doktorsavhandlingen

Arbetet i denna doktorsavhandling handlar om utvecklandet av nya léttan-
vianda metoder for att mdta den fria och aktiva lidkemedelskoncentrationen i
hjarnan. Principen bygger pa att de traditionella métningarna av totalkon-
centration kombineras med separata provrorsforsok som for varje likemedel
bestimmer forhallandet mellan antalet fria och bundna likemedelsmoleky-
ler. Dérvid kan den fria koncentrationen ocksa berdknas. I delstudie 1 visa-
des att denna princip var gangbar. I provror med tunna snitt av ratthjarna
uppmittes bindningsgraden av 15 olika ldkemedel. Resultatet stimde vél
Overens med métningar gjorda med den etablerade men svirbeméstrade mik-
rodialysmetoden. Med dessa lovande resultat startades delstudie 2 for att
ytterligare forbéttra och forenkla hjarnsnittsmetoden for att mojliggdra snab-
bare testning av stora antal substanser. Delstudie 3 syftade till att gora en
viktig forbattring av de traditionella métningarna av totalkoncentrationen
vilka hjdrnsnittsmetoden kombineras med. I prover av hjarnvdvnad finns
ofrankomligen ocksé en viss méngd blod som ocksa innehaller det studerade
lakemedlet. Eftersom likemedel i blod inte befinner sig i hjdrnan i egentlig
mening kan detta stora analysen allvarligt, och da sérskilt for lakemedel med
lag totalkoncentration sett i forhéllande till totalkoncentrationen i blod. Den
korrigering som normalt sett gors for detta visade sig under avhandlingsarbe-
tets géng inte fungera tillfredstdllande, vilket foranledde ett invecklat utveck-
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lingsarbete pa denna punkt. Detta arbete gjorde det mojligt att erhélla nog-
granna matt pa totalkoncentration i hjarna dven for lakemedel med synnerli-
gen 1ag koncentration i hjdrna i forhallande till blod. Dérutéver blev det mgj-
ligt att tillbakavisa en felaktig men vanlig och till synes logisk forestillning:
att det traditionella anvéndandet av totalkoncentration (utan kombinering
med hjarnsnittsmetoden) kan anvéndas for att visa om ett l&kemedel inte
finns i hjdrnan 6verhuvudtaget.

I den sista delstudien, delstudie 4, anvidndes de metoder som utvecklats 1
delstudier 1-3 for att skapa en unik samling av uppmaitta fria ldkemedelskon-
centrationer i hjérna och ryggmérgsvétska for 43 likemedel. De olika kemis-
ka egenskaperna for de 43 ldkemedlen beskrevs med siffervirden varefter ett
datorprogram anvindes for att hitta samband mellan dessa och likmedlens
fria koncentration i hjdrna. Ett sddant samband skulle kunna vigleda like-
medelskemisten ndr nya likemedel ska designas och byggas ihop. Ett matt-
ligt starkt samband hittades med de siffervirden som beskrev ldkemedlets
forméga att bilda bindningar med véte, s.k. vitebindningar. Detta bekréftade
tidigare slutsatser fran métningar av totalkoncentration. Mer intressant var da
att det inte fanns nagot samband mellan likemedlets fettloslighet och fri
lakemedelskoncentration — ett fynd som gér stick i stdv med en allmént ut-
bredd uppfattning inom ldkemedelsindustrin savél som bland kliniker. Sale-
des for att 6ka den fria koncentrationen av ett likemedel i hjarnan bor ke-
misten helt bortse fran dess fettldslighet och istdllet fordndra likemedlets
struktur sé att den vitebindande formagan minskar.

I delstudie 4 gjordes dven ett forsok att utvirdera med vilken sdkerhet
man kan forutséga hur likemedlet hanteras av blod-hjarnbarridren i ménni-
ska utifrdn méatningar gjorda pa ratta. Koncentrationen av de 43 ldkemedlen i
ryggmargsvitska hos ratta visade sig stimma ganska vidl Overens med fri
koncentration i hjdrna i samma djur. Didrmed ansdgs det ocksa relevant att
for samma lékemedel jémfora koncentrationen i ryggmérgsvétska hos ratta
med motsvarande métningar som tidigare gjorts pd méinniska. Pa det hela
taget fanns en Gvertygande Overensstimmelse, vilket gav ett faktaméassigt
underlag for anvindandet av ratta for utvirdering av ldkemedelssubstanser i
detta avseende.

Avhandlingsarbetets bidrag till liikemedelsforskningen

Forskningen i avhandlingsarbetet har tillhandahallit ldttanvdnda forsoks-
djursmetoder som ger en réttvisande bild av hur blod-hjarnbarridren inverkar
pa nya ldkemedel under utveckling. Detta 6ppnar mojligheter att forska fram
ny kunskap, vilket exemplifieras av delstudie 4 dér det fastslogs att det inte
som tidigare antagits finns ett samband mellan likemedlets fettloslighet och
dess aktiva koncentration i hjdrna. Sammanfattningsvis har detta avhand-
lingsarbete bidragit till forbéttrade beslutsunderlag i 1&kemedelsforskningen
samt till en effektivare anviandning av forsoksdjur.
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