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Abstract Peptides are able to cross the blood-brain
barrier (BBB) through various mechanisms, opening new
diagnostic and therapeutic avenues. However, their BBB
transport data are scattered in the literature over different
disciplines, using different methodologies reporting dif-
ferent influx or efflux aspects. Therefore, a comprehensive
BBB peptide database (Brainpeps) was constructed to
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collect the BBB data available in the literature. Brainpeps
currently contains BBB transport information with positive
as well as negative results. The database is a useful tool to
prioritize peptide choices for evaluating different BBB
responses or studying quantitative structure—property (BBB
behaviour) relationships of peptides. Because a multitude
of methods have been used to assess the BBB behaviour of
compounds, we classified these methods and their respon-
ses. Moreover, the relationships between the different BBB
transport methods have been clarified and visualized.
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List of symbols

9%1ID Percentage injected dose

Y Surface tension

70 Surface tension in pure buffer
solution

€ Dielectric constant

A Terminal rate constant

T Surface pressure

I’ Surface excess concentration

I', Limited surface excess
concentration

A Area of the filter, membrane
surface area, capillary surface
area

ABC transporter ATP-binding cassette
transporter

Ap Surface area of the test
compound at the air—water
interface

A Amount of test compound in
brain
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Clestinj Concentration of the test
compound in the injected
solutions

Clissue Tissue concentration of the
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Ciot Total concentration

Cy Unbound concentration

Cu brain Unbound concentration in brain

Cy plasma Unbound concentration in
plasma
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compound

Exp.t Exposure time

F Regional flow rate
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exchangeable compound
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fu Unbound fraction
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Introduction

The blood—brain barrier (BBB) was discovered 125 years
ago by Ehrlich and later supported by Goldmann based on
the observation that blood-borne coloured substances did
not leak into the brain, whereas intracerebroventricularly
injected dyes did not exit the brain (Ehrlich 1885; Gold-
mann 1913). The barrier is mainly formed by brain capil-
lary endothelial cells, joined together by tight junctions and
surrounded by a basal membrane, next to other cell types as
pericytes, astrocytes and neuronal cells (see Fig. 1). This
physical barrier separates blood (systemic circulation) from
brain (central nervous system), protecting the brain by
regulation of influx and efflux. The transport of most for-
eign molecules is blocked, while essential substances can
pass the BBB. This means that many drugs, capable of
treating central nervous system (CNS) disorders are denied
access to the regions where they would be effective. Owing
to the presence of tight junctions, paracellular transport is
quasi-impossible, but molecules are able to cross the BBB
by passive transmembrane diffusion, depending on their
lipophilicity. Additionally, several specific transport sys-
tems are present at the BBB, transporting compounds by a
carrier-, receptor- or adsorptive-mediated transfer mecha-
nism. In contrast, efflux transporters, such as P-glycopro-
tein (Pgp) are described as well, pumping compounds back
into the blood. Because selective and sufficient entry of
drugs and their modification tools is important in CNS drug
design, while still limiting the access of toxic compounds,
knowledge about the BBB behaviour of drugs is highly
researched (Chu et al. 2006; Engelhardt 2006). Moreover,
the addition of physical techniques to temporarily and
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Fig. 1 BBB morphology (M metabolites)

spatial-selectively open the BBB, can even further extend
the clinical possibilities (Campbell et al. 2011; Liu et al.
2010; Madsen and Hirschberg 2010; Rossi 2011).

Peptides are a promising group of therapeutic and
diagnostic drugs, which are expected to play a significant
role in the next decennia alleviating the current rising
attrition rate of small molecules. These physiologically
active molecules exert a variety of direct or indirect CNS
effects, often showing hormesis, so that peptide drug
development is a promising, but extraordinarily difficult
challenge. Earlier, it was believed that peptides were not
able to penetrate the BBB, but several studies disproved
this criticism (Banks and Kastin 1996; Van Dorpe et al.
2010, 2011). Although the sequence and other structural
and genomic information can be retrieved from general
protein/peptide databases like Swiss-Prot, experimental
data on the BBB transport characteristics of peptides are,
however, very scattered in the literature and hence, a need
for a more formal approach was felt. Therefore, we built up
a database: the ‘Blood-brain barrier peptide database
(Brainpeps)’, analogous to existing non-ribosomal and
antimicrobial (plant) peptide databases (Caboche et al.
2008; Hammami et al. 2009; Maupetit et al. 2009; Vanhee
et al. 2010; Wang et al. 2009). The multi-disciplinary
complexity of the BBB research has led to several tech-
niques, each resulting in a specific parameter describing a
specific aspect of brain penetration. The different BBB
techniques were already overviewed in literature (Nag
2003; Pardridge 1999a), however, to the best of our
knowledge, no coherent overview of all the responses is
currently available. As the attrition rate of candidate CNS
drugs is significantly higher than in other therapeutic areas
(Alavijeh et al. 2005), a thorough understanding of the
different BBB-penetration aspects is a key aspect in
developing CNS drugs. This manuscript thus also focuses
on the different methods and responses currently available
to study BBB transport of peptides.

Database model

The construction of the Brainpeps database is based on the
conceptual design shown in Fig. 2. The level of detail
shown in this figure is limited in order to focus only on the
important conceptual decisions. The model used for this
design is related both to entity-relationship (ER)-modelling
(Chen 1976) and unified modelling language (UML)-
modelling (Booch et al. 1999). The design shows six entity
types (visualized in Fig. 2 as rectangles with right angles).
These entity types are ‘peptide’, ‘origin’, ‘experiment’,
‘response’, ‘method’ and ‘publication’. The rectangle
shows the name of the entity type, followed by its attri-
butes. Each entity type can have an unlimited number of
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Fig. 2 Database architecture
modification response
PID Original (FK1) |" RID
PID Modified (FK2) L peptide experiment Parameter
Type %' PID PID (FK1)
! SMILES RID (FK2) method
Name MID (FK3) MID
Sequence PBID (FK4) Name
IUPAC hame Value
origin
olb 1 ) peptide origin publication
Organism PID (FK1) PBID
Tissue —{ o (FK2) Description

instantiations in the real world, called entities. For exam-
ple: the entity ‘Oxytocin’ is an instantiation of the entity
type ‘peptide’. In the physical database, each entity type
translates to a table, where each attribute translates to a
table column and each entity is represented by a table row.
Attributes displayed in bold font are mandatory (i.e.,
missing values are not allowed), while optional attributes
are displayed in regular font. The primary key of an entity
is a combination of attributes that uniquely and irreducibly
describes each entity and is visualized as one or more
underlined attributes (Codd 1970). So is each single pep-
tide uniquely identified by the attribute PID (Peptide
IDentification). Other attributes represent the Simplified
Molecular Input Line Entry Specification (SMILES)-string,
the peptide name, the peptide chemical sequence and
the International Union of Pure and Applied Chemistry
(IUPAC) name. Other entity types are described below.
Next to the entity types, the diagram shows relationship
types between entity types. Two kinds of relationship types
are distinguished in Fig. 2. The first kind is called a one-fo-
many relationship type and is symbolized by an arrow
between two entity types, marked by two cardinalities.
Basically, this type models that one entity (marked by
cardinality 1) of the first entity type corresponds to multiple
entities (marked by cardinality n) of the second entity type,
hence the name one-to-many. For example: the arrow
between peptide and experiment means that a peptide can
occur in multiple experiments, but each experiment is
related to exactly one peptide. In the physical database,
one-to-many relationship types do not require an additional
table. They are implemented by copying the primary key of
the entity type with cardinality 1 in the entity type with
cardinality n. The copy of the primary key then serves as a
reference and is called the foreign key (denoted FK). For
example, the primary key of peptide (PID) is copied in
experiment to serve as a reference (FK1). Note that arrows

@ Springer

in Fig. 2 always point from a foreign key to a primary key.
The second kind of relationship type is called many-to-
many relationship. This kind of relationship requires an
additional table, visualized by rectangles with rounded
angles, and basically implemented by two one-to-many
relationship types. There are two many-to-many relation-
ship types in the conceptual design of the Brainpeps
database: ‘modification’ and ‘peptide-origin’.

Having explained the introduced notation as used in
Fig. 2, a brief discussion about the database schema is
given. The central entity type is experiment. Each
experiment is characterized by applying a method (MID)
to a peptide (PID) in order to measure a particular
response (RID). The result of each experiment is exactly
one value. Further on, each experiment is conducted
within the context of exactly one publication (PBID).
Having the database model as it is, database users can
investigate experiments by focussing on specific responses
measured, by specific methods used or by specific pep-
tides that are the subject of experiments. Peptide modifi-
cations that are deliberately applied to peptides, such as
modifications for measuring purposes like direct or indi-
rect radio-iodination, can be stored by using the rela-
tionship type ‘modification’. Finally, the origin from
peptides is characterized by a combination of organism
and tissue. The relationship between peptides and origins
(OID) is stored by using the relationship type ‘peptide-
origin’.

Information collection

For loading information in the database, literature data was
gathered by using the search engines ScienceDirect, Pub-
Med and Web of Knowledge. ‘Brain’, ‘blood-brain barrier’
and ‘peptides’, each separately, as well as ‘transport,
‘transfer’, ‘permeation’ and ‘permeability’, using the
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Boolean operation “AND”, covering the period 1990—
2010.

Database availability

The database is available at the following website:
http://brainpeps.ugent.be/. Researchers can search the
database by peptide nomenclature (e.g. peptide name,
3-letter code, 1-letter code), BBB method (e.g. multiple
time regression, efflux), BBB response value (e.g. Ki,, Kout)
and literature (author, year, journal). In addition, there are
tools to contact us and propose to submit data to the
database.

BBB-penetration mechanisms

Brain penetration is the exposure of the peptide (active
drug or drug delivery excipient) to the therapeutic target in
the brain. This is function of two main processes limiting
the brain penetration: permeation and distribution (Liu
et al. 2004). The first process describes the rate of entry,
whereas the second process represents the relative extent of
material that entered the brain (Reichel 2009). The results
of brain penetration experiments define compounds in two
classes: CNS* and CNS™, for high and poor penetrators,
respectively, although this is often linked to the perme-
ability or distribution component only. For example,
compounds with a low log BB (<0) are sometimes defined
as poor brain penetrators (CNS™) versus CNS™ compounds
having a log BB >0 (Mensch et al. 2010). Similarly,
compounds with K}, prain << 1 are designated as poor CNS
distributors versus Kj, prain > 1 as good CNS distributors
(Peremans et al. 2008). Another classification was obtained
by defining limits of the effective permeability coefficient
obtained with the parallel artificial membrane permeability
assay (PAMPA): CNS™ for P, > 4 x 107% cm/s are clas-
sified as being highly BBB permeable, CNS™ when
P. <2 x 107® cm/s for low BBB-permeable compounds
and CNS™~ when P, ranges from 2 to 4 x 107® cm/s for
compounds with an intermediate BBB permeability (Di
et al. 2003). When using Caco-2 cell lines, the following
two classes were distinguished: P,,, < 2x107° cm/s: low
permeability and P,,, > 20x 107 cm/s: high permeability.
Similarly, the immobilized artificial membrane (IAM)
capacity factor was used: CNSt when kja/Mw X
107" > 0.85 and CNS™ when this ratio is lower than 0.84
(Yoon et al. 2006).

Permeation mechanisms

The permeation mechanisms are focused on the blood—
brain endothelial barrier, including transcellular passive

diffusion as well as active uptake, pinocytosis and para-
cellular permeation, but also efflux activity and metaboli-
zation (phases I and II) within the endothelial cells
structurally modifying the compounds before they reach
the target brain tissue (Di et al. 2003). BBB permeation
describes velocity aspects of peptide flux between blood
and brain tissue as obtained from theoretical calculations,
in vitro and/or in vivo experiments.

Efflux transporters present at the BBB are P-glycopro-
tein (Pgp), breast cancer resistance protein (BCRP) and
multidrug resistance associated protein-1 (MRP-1). The
efflux potential is expressed by the efflux ratio (ER),
defined as the ratio of the permeability in the efflux
direction divided by the permeability in the influx direc-
tion. It is most often assessed by an in vitro cell monolayer
permeability assay. Generally, ER > 2 indicates significant
efflux and is uncommon in current CNS drugs: the majority
of the current CNS drugs shows an ER < 2 (Feng et al.
2008).

Overall, brain permeation is described by the following
global responses:

e P, the apparent permeability coefficient. Several in
vitro system are applied to obtain P,,, using cell
cultures as well as artificial membranes.

e PS: the permeability—surface area coefficient, defined
as the product of permeability P and capillary surface
area S (Bickel 2005). This response represents the
uptake clearance from blood to brain (Pardridge 2004).
The measurement of the PS product is obtained by in
vitro as well as by in vivo techniques, using a tissue
culture or animal models, respectively.

e K;,: the unidirectional influx rate constant, describing
the kinetics of the permeability. By measuring the brain
and plasma concentration after intravenous administra-
tion and constructing the concentration—time profile,
the unidirectional influx rate constant is estimated
(Gjedde 1981; Pan et al. 1998a).

®  fipeqin and tipeq (Liu et al. 2005): the (intrinsic)
equilibration half-life. This parameter is derived from
the BB concentration profile as being the time to reach
50% of the concentration plateau (Liu et al. 2005). The
intrinsic half-life is an extension, whereby the plasma
elimination constant rate is neglected, i.e. the plasma
concentration is considered constant (Liu et al. 2005).

More specifically, mechanistic aspects are investigated
by following methods:

e Efflux potential in vitro Pgp methods (e.g. Caco-2,
knock-out mice).
e Uptake transporters:

in vitro cell layer transport assays using cells
transfected with transporter genes, cell uptake assays
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(incl. oocyte uptake method), inverted vesicle assay,
ATPase assay for ABC transporters, calcein-AM
assay for Pgp-inhibitors;

in vivo experiments using genetically modified
animals. For example, the in vivo Pgp efflux ratio
is obtained by comparison of Pgp deficient
(mdrla—/—) mice to Pgp competent (mdrla+4/4)
mice.

Distribution mechanisms

Once in the blood stream, the drug distributes across the
body. Several brain distribution mechanisms limit the
access of the compound to its target brain cells: metabolic
clearance, plasma protein binding, nonspecific binding to
proteins and lipids in brain tissue and clearance of the
compound from the brain extracellular fluid (ECF) into the
blood and cerebrospinal fluid (CSF).

Metabolic clearance (systemic clearance Clg = Cly +
Clg + minors) predominantly includes hepatic clearance
(Cly): a high rate of liver metabolization (e.g. #,, of a few
minutes) will greatly reduce the plasma concentration and
thus limit the access of the peptide to the brain. This is also
the case for kidney clearance (renal clearance Clg) (Hansen
et al. 2002). Species differences are to be taken into con-
sideration, as indicated in Table 1.

When the compound is highly bound to plasma proteins
and the on/off kinetics are moderate to slow, then little free
drug is available to penetrate the brain tissue. However, it
has been shown that release of free drug from bound is
higher in vivo than in vitro plasma assays (Pardridge 2004),
as demonstrated by their much higher dissociation constant
(Ky) values in vivo compared to in vitro with bovine serum
albumin (BSA) and human o, acid glycoprotein (hAAG)
(Pardridge 1995).

Generally, although data are not consistent, it is the
unbound free drug in the brain that is responsible for
activity, while the nonspecific binding is no longer con-
tributing to its activity. Measurement of unbound drug in
brain for current CNS drugs ranges widely from 0.07 to
52% (Maurer et al. 2005), indicating other factors, like

Table 1 Clearance differences for different species

Blood flow (mL/(min kg BW)

Species Hepatic Renal (GFR) Total
Mouse 90 15 400
Rat 55 5 300
Dog 30 5 120
Human 20 2 80

BW body weight, GFR glomerular filtration rate (Lin 1998)

@ Springer

target distribution in the brain, play a role in functional
activity.
Brain distribution is described by following responses:

e B/P: the blood-brain equilibrium distribution defined as
the brain-to-plasma concentration ratio at steady-state.

It is calculated from in vivo kinetic experiments as
AUChryin
AUCp]asma

e K,: the brain-to-plasma partition coefficient, deter-
mined from the total brain and plasma concentration.

® K, iree: the brain-to-plasma partition coefficient deter-
mined from the unbound brain and plasma concentra-
tion. This is a better parameter to quantitate the extent
of brain equilibrium, because it is independent of
plasma and brain tissue binding (Liu et al. 2005).

, quantified as log BB.

Responses: definitions and calculations

As demonstrated in Table 2, the different BBB transport
techniques can be associated with several responses.
Moreover, the response calculation could be carried out in
different ways. A certain research group mostly uses the
same BBB techniques to study the BBB transport and
calculates the responses as they are used to do. For these
two reasons, we collected the different calculations used to
characterize the BBB transport behaviour as well as the
associated methodologies. This way, it is possible to link
the BBB techniques with the responses and vice versa in
order to present a clearer overview.

Most drugs are transported into the brain by passive
diffusion, which is affected by different factors: (1) lipo-
philicity, (2) ionization, (3) molecular weight and (4)
plasma protein binding (Dash and Elmquist 2003). From
these four factors, lipophilicity comprises the measure of
drug—-membrane partitioning and is thus the most important
physicochemical parameter for predicting and interpreting
membrane permeability (Stewart and Chan 1998).

Lipophilicity

Several groups have correlated the lipophilicity of the
compounds with their brain permeability and demonstrated
a linear relationship (Banks and Kastin 1985; Cornford
1985; Levin 1980).

The lipophilicity (Liu et al. 2006a) is expressed as log P,
log D or delta log P. The partition coefficient (P) (Ecker
and Noe 2004; Kumar et al. 2007; Liu et al. 2006a) for test
compounds is defined as the concentration ratio of test
compound found in the organic phase such as octanol (Cy,,
[n173]) and that in the aqueous phase (Cya [n13]), quan-
tified as log P:
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Table 2 BBB penetration methods

Response (basic unit-dimension)®  Specific response symbol”

Method Principle (mechanism)
Intravenous injection Permeability
In situ brain perfusion Permeability
Efflux study Permeability
Brain efflux index (BEI) Permeability
Brain uptake index (BUI) Permeability
BMEC (co)-culture Permeability
Cell lines (non-cerebral, immortalized)

PAMPA

Imaging detection techniques (MRI, PET, SPECT) Permeability
Indicator diffusion Permeability
Microdialysis Distribution
Equilibrium dialysis Distribution
Ultrafiltration Distribution
Ultracentrifugation

Antinociception Permeability
Brain slice Distribution
Brain homogenate Distribution
Single time point Permeability
Internal carotid injection Permeability
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* Specified by our lab to emphasize the different techniques used to calculate a parameter
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C
log P = log %. (1)
ag

For ionic compounds, the distribution coefficient (D) is
used, quantified as log D (Bickel 2005). This coefficient
represents the ratio of the sum of the concentrations of all
species of the compound, ionic and neutral, in octanol to

the corresponding concentration sum in water and is
dependent on the pH:
Corg

Y (2)
Cwatﬁneut + Cwat,lon

10g Dorg/wat = IOg

Alog P is defined as the difference between the log P value
of the 1 — octanol/water system and that of the
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cyclohexane/water system (Ecker and Noe 2004; Eddy
et al. 1997):

A IOg P = IOg Poct/waler - log Pcyclohexane/waler- (3)

The classic way to determine the lipophilicity is called the
shake-flask method and consists of mixing equal volumes of
organic and aqueous solution. Then, the layers are separated
and the test compound is added to the aqueous phase and
mixed with the organic phase again. Following this, the
solution is centrifuged and the content in the aqueous phase is
determined using high-performance liquid chromatography
(HPLC). The content in the organic phase is also determined
with HPLC after lyophilizing and reconstitution in methanol
(Ducarme et al. 1998). The octanol/buffer coefficient is
finally calculated as the ratio of the concentration in the
octanol layer to that in the buffer layer.

IAM capacity factor

As the shake-flask method is time-consuming and less sus-
ceptible for automation, (Giaginis and Tsantili-Kakoulidou
2008), immobilized artificial membrane (IAM) chromatog-
raphy was introduced as a more rapid, efficient, reliable and
accurate measurement of lipophilicity (Stewart and Chan
1998). IAM columns contain a monolayer of phosphatidyl-
choline covalently immobilized on a silica support, which
mimics very closely the lipid membrane bilayer (Ducarme
et al. 1998; Ecker and Noe 2004; Reichel and Begley 1998).
Given the chemical and physical similarity between these
IAM columns and the biological cell membranes, these
chromatographic columns are mainly used for predicting
biomembrane transport properties (Cucullot et al. 2006;
Lazaro et al. 2005). The compounds on these columns are
analysed in an HPLC system with a physiological buffer
(mostly phosphate buffered saline) as eluent and character-
ized by their capacity factor, expressed as log kiam:
log kam = logM (4)
Io
where ¢, [t] is the retention time of the test compound and 7, [t] is
the retention time of a reference compound that is not retained
by the column (e.g. citrate) and is also called dead time. The
obtained capacity factor is then correlated to brain penetration,
but is only applicable when the drug is transported by diffusion.
Pidgeon (Pidgeon and Venkataram 1989) developed the
IAM column and suggested that kjan; always gives a better
correlation for predicting biomembrane transport compared
to the capacity factor in reversed-phase HPLC (RP-HPLC)
and the octanol-water partition coefficient. For polar and
ionizable compounds, it was observed that kjay is superior
over the octanol-water partition coefficient, distribution
coefficient and the capacity factor determined by RP-HPLC
(Dash and Elmquist 2003).
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Surface activity

Another way to predict the blood—brain barrier penetration
via passive diffusion can be achieved by constructing
surface activity profiles. The BBB consists of a lipid
bilayer, characterized as a highly anisotropic system with
two distinct regions: (1) the hydrophilic head group—water
interface and (2) the hydrophobic region (Fischer et al.
1998). Therefore, conventional investigations that derive
the diffusion ability from octanol-water partition coeffi-
cients or HPLC assays often fail to predict the membrane
permeation for larger compounds because of the limited
anisotropy in these systems. Thus, the surface activity was
proposed as an alternative to correlate with the BBB
penetration (Fischer et al. 1998; Gerebtzoff and Seelig
2006).

The surface activity is determined by molecular prop-
erties such as the number of lipophilic groups, the number
of charged group and their extent of ionization and the
molecular size, which also indicate the ability of the
compound to cross the BBB (Seelig et al. 1994).

The surface pressure profile represents the change in
surface activity as a function of compound concentration
at the air—water interface. This parameter is evaluated in
a single experiment measuring the Gibbs adsorption
isotherm. The isotherm is a quantitative measure for the
tendency of a compound to move to the air—water
interface. Because the dielectric constant of air (¢ = 1)
and the hydrocarbon region of the lipid membrane
(¢ = 2) are similar, the air—water interface provides a
good model for orientation of the compound in the lipid—
water interface.

The Gibbs adsorption isotherm can be written as:

—RT
NAAS)

dy = ( dlnC = —-RTT'dInC = —d=n (5)
where C [nl_3] is the concentration of the compound in the
bulk solution, RT [mlztzn_l] is the thermal energy, Na
[n_l] is the Avogadro constant and Ag [12] is the surface
area of the surface active compound at the interface.

1
(NAAS)

(6)

represents the surface excess concentration (i.e. the
concentration at the surface in excess of the bulk
concentration), which increases linearly with C at low
concentrations and reaches a limiting value denoted I'_:

1 d=n

= 7
* RTdInC )

This equation may also be written as:

= RTT o In(1 + K, C) (8)
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known as the Szyszkowski equation, where K, is the air—
water partition coefficient (Fischer et al. 1998).

To measure the surface activity, a filter paper is equili-
brated in buffer until a steady surface tension was reached.
The surface tension of the buffer (yo) is set to zero and the
surface pressure of the compound (m [force length™' =
mt~?]) is recorded by adding small aliquots of the com-
pound stock solution with a microsyringe until equilibrium
is reached, typically being between 15 and 20 min. The
measurements are performed in a multi-channel micro-
tensiometer, designed for high throughput using small
sample volumes and are based on the maximum pull force.
Because of the adsorption of a compound at the air—water
interface, the surface pressure is defined as the difference
between the surface tension of pure buffer and the surface
tension of the buffer solution containing the test compound
(Petereit et al. 2010):

n=7"—7. 9)

The permeability

Permeability is defined as the ability, expressed as rate,
of a test compound to move into brain, with units of
distance per time, whereas brain clearance represents the
ability of the brain to remove the test compound from
blood after a single passage across the BBB, with units
of volume per time (Bonate 1995; de Boer and Breimer
1996; Franke et al. 2000). These two parameters are
described in two different sections (“Permeability coef-
ficient” and “The clearance”). Since the development of
the first in vitro BBB model (Joo and Karnushi 1973),
several co-culture systems were developed and further
refined (Cecchelli et al. 1999; Malina et al. 2009; Shayan
et al. 2011). The brain endothelial cells were isolated
from different species (Lundquist and Renftel 2002;
Walker and Coleman 1995). In addition, the use of
immortal and non-cerebral cell lines was evaluated as an
alternative in vitro system to predict the BBB transport
behaviour in vivo (Cecchelli et al. 2006; Garberg et al.
2005; Hakkarainen et al. 2010; Neuhaus et al. 2010;
Roux and Couraud 2005).

Next to the in vitro permeability (“The in vitro perme-
ability”), this parameter is also determined with in vivo
techniques (“The in vivo permeability”). For the clearance,
also two different parameters exist: for influx (“The in
vitro influx clearance” and “The in vivo influx clearance”)
and efflux (“The efflux clearance”).

Permeability coefficient

The in vitro permeability This parameter can be obtained
by several cell systems using different cell types, as stated

above, which all mimic the in vivo BBB as closely as
possible. The ideal in vitro BBB model should address the
following criteria (Cucullot et al. 2006; Reichel et al.
2003):

e show restricted paracellular transport reflected by a
high transendothelial electrical resistance (TEER) and
low permeability of sucrose;

e express BBB characteristics: morphology, markers and
specific transporters;

e be reproducible and predictable.

1. Isolated brain microvessel endothelial cells (BMEC)

The cells are mostly isolated from the bovine, porcine,
mouse, rat and even human brain (Culot et al. 2008;
Lundquist and Renftel 2002; Malina et al. 2009; Walker
and Coleman 1995) and are quite similar to the in vivo
system. Several techniques were applied for the isolation
and purification of the cells, involving mechanical and
enzymatic dissociation, filtration and centrifugation pro-
cedures (Cecchelli et al. 2006, 1999; Grant et al. 1998).
The advantages of the isolated BMECsS consist of the close
in vivo resemblance, the possible cryopreservation and the
study of molecular interactions of endothelial functions
(Cecchelli et al. 2007; Gumbleton and Audus 2001;
Lundquist and Renftel 2002; Pardridge 1999b). However,
these cells are not suitable for studying transendothelial
transport or transcytosis because there is no separation
between the luminal and abluminal compartments (de Boer
and Breimer 1996; Eddy et al. 1997). Moreover, because
the luminal compartment cannot be accessed, only the
abluminal side can be studied (de Boer and Breimer 1996;
Lundquist and Renftel 2002; Nicolazzo et al. 2006). In
addition, difficulties can be observed during isolation,
including limited viability of the cells, metabolic defi-
ciency induction during isolation and differences in isola-
tion selectivity regarding the co-isolation of contaminating
cell types (Cecchelli et al. 2006; de Boer and Breimer
1996; Grant et al. 1998; Reichel et al. 2003).

2. BMEC culture model

For quantitative permeability studies, BMEC culture
systems are developed, differing in species origin, cell type,
isolation procedure, culture conditions and characterization
(Deli et al. 2005; Gaillard et al. 2001). Although several
species are used to isolate endothelial cells, bovine and
porcine are the two species receiving most attention in BBB
culture models due to the limited yield of BMECs in murine
species and the ethical issues related to the use of human
material (Gumbleton and Audus 2001; Reichel et al. 2003).
After isolation, the cells form a confluent monolayer on a
rat-tail collagen-coated filter or microporous membrane.
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The resulting monolayer can be used to investigate trans-
endothelial transport, in contrast to isolated cells (Eddy
et al. 1997; Hansen et al. 2002; Nicolazzo et al. 2006).

Prior to the experiment, the tightness is evaluated by
determination of the TEER and the permeability of high
and low integrity markers (e.g. diazepam and sucrose) in
order to assure the quality of the culture system. In addi-
tion, the permeability of the collagen-coated membrane or
filter only is investigated in a control experiment to assure
free permeability of the compound (Cecchelli et al. 1999;
Malina et al. 2009). The permeability is measured in a
diffusion apparatus consisting of a donor and receptor
chamber, in between the cultured membrane or filter is
inserted. A receptor chamber (abluminal or basolateral
side) is filled with culture medium and at time = O min,
the donor chamber (Iuminal or apical side) is filled with the
test compound dissolved in the culture medium. Both
chambers are stirred and after predetermined time points,
samples from the receptor chamber are collected and
replaced with fresh medium. In order to obtain the initial
and final concentrations, samples are taken from the donor
chamber in parallel at the beginning and end of the
experiment. The amount of test compound in the acceptor
chamber is analysed by HPLC or radioactivity and plotted
as a function of time in order to calculate the apparent
permeability:

Slope
W = (CpoA) (10)
where slope [mt™'] is the slope obtained from the acceptor
chamber concentration profile, Cpo [n173] is the initial
concentration of test compound in the donor chamber and
A [I°] is the membrane surface area (Cucullot et al. 2006;
Franke et al. 2000; Hansen et al. 2002).

Another research group (Usansky and Sinko 2003)
divided the obtained monolayer permeability from apical to
basolateral BMEC side in a passive diffusion and a carrier-
mediated transfer term. The monolayer permeability (P,
[lt_l]) is then kinetically described as follows:

Jmax /
Pm=7Km+ca+Pp=Pc+Pp (11)

where J.x [nt~'177] is the apparent maximal flux, K, is

the apparent Michaelis—Menten constant [nl~>], C, is the
compound concentration at the luminal side [n1*3], P,
[1t71] is the passive diffusive permeability and P, [lt_l] is
the apparent net carrier-mediated permeability. The
intrinsic carrier-mediated permeability (P.) is defined as:

]max

P+ when C,<<K,. (12)

m

Some other research groups (Bickel 2005; Cecchelli
et al. 1999; Franke et al. 2000; Lundquist et al. 2002)
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defined the permeability as an endothelial permeability,
taking the filter-permeability into account:

1 1 1

P endoth P total P filter

(13)

where Pepgom [1t7'] is the permeability of the endothelial
cells, P [1t7'] is the total permeability and Pgjer (1t " is
the permeability of the filter which needs to be corrected
for.

Although cell culture systems are expensive, time-
consuming and deal with a limited lifespan of the cells,
the cultivated cells can be frozen and provide large cell
quantities (Cecchelli et al. 2006, 1999; Plattner et al.
2010). Furthermore, the purity as well as the homoge-
neity of the cell cultures are not easily assured because
of the presence of contaminating cells like pericytes,
leading to a large variability and low reproducibility
(Deli et al. 2005; Plattner et al. 2010). Moreover, during
subsequent cultivation, loss of BBB properties occurs,
including suppression of transporters, therefore only low
passage cells can be used (Prieto et al. 2004; Terasaki
et al. 2003).

3. Co-culture

As the BBB consists not only of BMECs, but also other
cell types, such as astrocytes and pericytes, known to
induce some fundamental BBB characteristics, several
research groups developed co-culture models or cell-con-
ditioned media, combining these cell types with BMECs
(Gaillard et al. 2001; Nakagawa et al. 2009). This way, a
higher TEER and lower permeability was achieved com-
pared to BMEC cultures alone, resembling more the in
vivo situation (Shayan et al. 2011). In addition, increased
tight junction formation as well as increased expression of
specific BBB markers, including transporters, was obtained
(Cucullot et al. 2006). Different culture setups exists: non-
contact (cells at the bottom) or contact (opposite side of
membrane) to take into account the close anatomical
association of BMECs and the other cell types (Audus et al.
1999; Malina et al. 2009). Most co-culture systems use rat
astroctyes, while pericytes were found to further improve
the BBB tightness. Therefore, a triple co-culture model was
developed, comprising BMECs, astrocytes and pericytes,
mimicking the in vivo BBB anatomy and integrity much
more than the other co-culture systems (Nakagawa et al.
2009).

In the mono-culture systems, the test compound is added
to the apical compartment at time 0 min. At designated
times, the concentration of the test compound in the
basolateral compartment together with a sample of the
initial solution is measured. The apparent permeability is
calculated as described with Eq. 10 (Gaillard et al. 2001;
Van Dorpe et al. 2010).
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Table 3 Overview (conditionally) immortalized cell lines

Species Name of cell line Immortalized gene

Immortalized

Mouse MBEC4 SV40 T antigen
ME-2 None
S5C4 Adenovirus E1A gene
Rat RBE4
RBECI SV40 T antigen
GPNT
GP8
CR-3
rBCEC4 Polyoma virus T antigen
RCE-T1 Rous sarcoma virus
Bovine t-BBEC-117 SV40 T antigen
SV-BEC
BBEC-SV
Porcine PBMEC
Human HBEC-51
SV-HCEC
BB19 Papilloma E6E7 gene
Conditionally immortalized
Mouse TM-BBB SV40 tsA58 T antigen
Rat TR-BBB

4. Immortalized cell line

In order to avoid the time-consuming isolation and
maintenance of primary cell cultures, immortalizing pri-
mary BMECs was attempted. Many species were used to
produce immortalized cell lines, but the rat model is the
most frequently used (Reichel et al. 2003). Given that most
in vivo BBB studies have been performed with rodents, this
rat model is important to establish in vitro—in vivo corre-
lations (Roux and Couraud 2005). Primary cultured cells
were transduced with an immortalizing gene, such as
SV40, polyoma virus large T-antigen or adenovirus E1A,
by transfection of plasmid DNA or by infection using
retroviral vectors. In contrast, conditionally immortalized
have been established by using transgenic rodents, which
better maintain the in vivo functions compared to immor-
talized cells (Roux and Couraud 2005; Terasaki et al.
2003). This has resulted in the generation of a number of
immortalized cell lines (for an overview see Table 3). For
the permeability study, the cell line was cultured on
Transwell Clear inserts. Prior to the preparation of the
analysis, the Transwell inserts are removed to empty wells
within a tissue culture plate and the apical and basolateral
chambers are filled with buffer. After a pre-incubation
period, transport of the probes in the apical to basolateral
direction across the monolayer is initiated by adding buffer,
containing test compound, to the Transwell apical

chamber. At predetermined times, the concentration of the
test compound in the basolateral compartment together
with a sample of the initial solution is measured. The
apparent permeability is calculated with Eq. 10.

Although the common major drawback of the immor-
talized cell lines includes the lack of tightness, leading to
the formation of a leaky monolayer (Reichel 2009; Smith
et al. 2007), these systems proved to be useful for mech-
anistic and biochemical studies requiring large amounts of
biological material due to the expression of relevant BBB
transporters (Omidi et al. 2003; Reichel et al. 2003). In
addition, no time-consuming cell isolation procedures are
required, making these systems less labour intensive
(Lundquist and Renftel 2002). Moreover, immortal cell
lines can be cryopreserved and grown after recovery
without loss of phenotype (Smith et al. 2007).

5. Parallel artificial membrane permeation assay
(PAMPA)

A cost-effective high-throughput alternative to in vitro
cell methods, PAMPA was first introduced by Kansy
(Kansy et al. 1998) and has been widely used in pharma-
ceutical industry to predict gastrointestinal absorption
(Carrara et al. 2007; Dagenais et al. 2009; Ottaviani et al.
2008). The assay involves the use of non-biological artifi-
cial membranes and thus only focuses on the prediction of
passive transcellular permeability. In order to be able to
predict the BBB penetration, the lipid composition was
modified using porcine brain lipids (Di et al. 2003; Mensch
et al. 2010). PAMPA consists of hydrophobic filters coated
with phospholipids in an organic solvent solution (Carrara
et al. 2007; Ecker and Noe 2004; Fujikawa et al. 2005).

In order to determine the permeability (P), the acceptor
filter is mounted on top of the donor plate to form a
sandwich, in which two compartments are separated by the
coated membrane filter (Di et al. 2003; Mensch et al.
2010). The test compound diffuses from the donor chamber
through the membrane into the acceptor chamber because
of the concentration gradient. After incubation of the
“sandwich”, the sandwich is dissembled, the concentration
of the test compound in acceptor chamber, donor chamber
and reference well determined and the permeability cal-
culated. The artificial membrane permeability [It™'] is
calculated as:

P _ —VpVa wnl1— Va+ Vp CA(Z‘)
aPpPAMPA Ty VA AL Vo ) Cp(0)

(14)

where Vp [I?] is the donor volume, V4 [I°] is the volume of
the acceptor compartment, A [12] is the accessible filter area
and ¢ [t] is the incubation time, C and Cp are concentra-
tions of the compound in acceptor and donor well at time
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t and 0, respectively (Carrara et al. 2007; Feng et al. 2008;
Mensch et al. 2010). Although the PAMPA-assay is
accurate, low cost, reproducible and consumes only a
limited amount of test compound, this system completely
lacks pores and active transporter systems due to the arti-
ficial nature of the membrane (Verma et al. 2007). In
addition, a long incubation time is required and adsorption
by the assay plate occurs, attributed to the high tightness of
the artificial membrane (Uchida et al. 2009).

6. Non-cerebral cell lines

Despite the morphological and biological differences
(membrane lipids, enzymes and transporters) between the
BBB and non-cerebral peripheral epithelial cell lines
(Caco-2 and MDCK), these cell lines possess sufficient
restrictive paracellular transport (Lundquist and Renftel
2002; Nicolazzo et al. 2006; Reichel et al. 2003). These
cells were initially used to predict intestinal absorption, but
were also proven to estimate BBB permeability (Garberg
et al. 2005; Nicolazzo et al. 2006). Caco-2 cells are derived
from a human colon carcinoma cell line, expressing
transporters such as the peptide transporter-1 (PEPTI),
monocarboxylic transporters (MCT) and the P-glycopro-
tein (Pgp) efflux transporter. Thus, the Caco-2 cell mono-
layers can be used to study passive transport (transcellular
and paracellular) as well as active transport (Fujikawa et al.
2005; Siissalo et al. 2009). Madin—Darby canine kidney
(MDCK) cells are epithelial cells derived from dog kidney,
mimicking some BBB properties (Navarro et al. 2011;
Wang et al. 2005). These cells have also been used as a
model for the BBB permeability, resulting in similar Py
values as determined with BMEC (Garberg et al. 2005).

To study the transport across the cultured cells, the
apical side (for apical to basolateral transport) or the baso-
lateral side (for basolateral to apical transport) of the cell
monolayer receives a test compound solution. After shak-
ing, the amount of test compound in the receiver chamber,
basolateral side (for apical to basolateral transport) or
apical side (for basolateral to apical transport) is
determined.

The apparent permeability (Pypp [1t™']) is calculated
according to Fick’s law of diffusion:
do 1

X
dr A X Cy

Papp = (15)
where %—QZ [nt~'] is the transport rate of the test compound to
appear in the receiver chamber, A [17] is the surface area of
the cell monolayers and C, [n173 ] is the initial concentra-
tion of test compound in the donor chamber (Garberg et al.
2005). The ratio of dQ and dr is also called the flux (J)
(Yazdanian et al. 1998). Both cell lines are easily grown
and the permeability assay can be automated, but only
qualitative predictions of BBB permeability are drawn.
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Moreover, only low amounts of Pgp are expressed.
Therefore, MDCK cells were transfected with the human
multidrug resistance gene (MDR-1) leading to the over-
expression of Pgp. In addition, the use of Caco-2 cells is
limited due to the significant permeability differences
between intestine and BBB cells (Cucullot et al. 2006;
Gumbleton and Audus 2001; Navarro et al. 2011; Nicol-
azzo et al. 2006; Reichel 2009).

The in vivo permeability Although, the use of in vitro
systems revealed several advantages such as low amount of
compound needed, high-throughput, mechanistic studies,
extrapolation to the in vivo situation may be hampered
because of the differences between the various in vitro
techniques (de Boer and Breimer 1996; Usansky and Sinko
2003). These differences exist mainly due to the use of
different model systems or improper and unclear experi-
mental conditions (Franke et al. 2000).

In addition, currently no generally satisfying in vitro
BBB model exists (Reichel 2009; Reichel et al. 2003;
Walker and Coleman 1995). Nevertheless, the results still
need to be correlated and validated with the in vivo data.
Several animal-based in vivo models are available, but
their applicability depends on aspects such as the sensi-
tivity and selectivity of assays of drugs in the brain, fast
and poor BBB penetrating compounds, the estimation of
local concentrations in the brain or whole brain distribu-
tion, and the measurement of single time concentrations
versus concentration time profiles (Lundquist et al. 2002;
Nicolazzo et al. 2006).

1. Indicator diffusion

Because the arterial concentration (C,) is not measured,
a non-diffusible internal standard is co-injected with the
test compound. This internal standard serves as a measure
of the degree of dilution of the test compound within the
cerebral circulation and thus reflects what C, would have
been if no dilution occurred (Bonate 1995; Knudsen and
Paulson 1999).

The test compound is injected in the artery, followed by
immediate collection of several blood samples to construct
time—concentration curves. After determining the extrac-
tion of the test compound as

(Cref - Ctest)

E = ,
Cref

the permeability coefficient [1t™'] could be calculated as

(Crone 1965):

P:-%n(l—E) (16)

where gQ) is the rate of blood flow per gram tissue and per
time [I°’m 't™'] and the capillary surface area per gram
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tissue (A) [1%]. As the concentrations [nl~>] of the reference
and test compound in the test solution are not equal, all
concentrations are expressed relative to the concentrations
in the injection solution (Crone 1965).

Although a single animal may be used for several time
points, eliminating a major source of variation, this tech-
nique is technically difficult and the data are not easy to
interpret (Bonate 1995).

2. Mouse brain uptake assay (MBUA)

The MBUA is routinely used by Raub (Raub et al. 2006)
and is more sensitive than BUI and indicator diffusion. In
this test, a single intravenous dose of a test compound is
administered, followed by blood and brain collection,
typically at 5 min post-dose. The obtained brain and
plasma concentrations are used to calculate an apparent
permeability coefficient (P,pp). Brain concentrations are
corrected for the plasma volume present in brain tissue,
measured independently with an impermeable marker (e.g.
inulin) (Garberg et al. 2005; Nicolazzo et al. 2006). Con-
sidering a two-compartment system, P,,, is estimated as
originally described by Ohno et al. (1978):

C C

Popp = zTprldt when 7?<<< Col (17)
where Py, [ltfl] is the permeability coefficient, A
[I’m~'] is the capillary surface area per gram brain, Cy,
[Nm~'] and Coi [N173] are the concentrations of test
compound in brain and in plasma, respectively, and V, is
the volume fraction of brain into which the test com-
pound distributes.

It is assumed that metabolism, efflux out of the brain and
tissue accumulation are negligible at the investigated time
point (Garberg et al. 2005). However, permeability can
only be measured under conditions that are independent of
cerebral blood flow and for test compounds that are less
permeable than glycerol (Ohno et al. 1978).

3. Antinociception test

Peptides inducing an analgesic effect can be studied with
the antinociception test. After administering the test com-
pound intravenously or intracerebroventricularly into the
animal, the tail flick withdrawal is evaluated by immersing
the animal’s tail in hot water (55°C). The latency to with-
drawal is measured at different time points in order to
construct the time curve (Kleczkowska et al. 2010; Liu et al.
2006a). The dose producing 50% of the maximum response
(i.e. EDs), derived from fitting the dose-response data, is
multiplied with the ratio of peak response (PR) and total
concentration as expressed as the AUC:

PR
EDSO,norm = EDSO X A—UC (18)

The ratio of PR and AUC normalizes for degradation
and elimination.

Finally, the BBB permeability index (BBB-PI) is
defined as the ratio of normalized ED50 after intravenous
and intracerebroventricular injection, respectively (Fiori
et al. 1997):

EDSO norm,icv
Pl = ——"—. 19
EDSOmorm,iv ( )

The clearance

While the permeability is defined as rate of a test com-
pound to move into brain, brain clearance represents the
volume blood that is completely removed by the brain after
a single passage of the brain.

This parameter could be defined for influx transfer
(determined in vitro as well as in vivo) and for efflux
transport (only investigated in vivo), described separately
below.

The in vitro influx clearance After determining the con-
centration of the samples in acceptor and donor chamber,
as explained above in “Permeability coefficient”, the
clearance is calculated as (Cecchelli et al. 1999; Garberg
et al. 2005; Nakagawa et al. 2009):

Cl — CaVa
Cp

(20)

where C, and V4 are the concentration and volume in
acceptor chamber defining the amount present and Cp is
the concentration in donor chamber. This equation is
applicable for all in vitro systems explained above: isolated
and cultured BMEC, co-culture, immortalized cell lines
and non-cerebral cell lines.

The in vivo influx clearance The in vivo influx clearance
is investigated with the brain uptake index method (BUI) or
in situ brain perfusion technique.

1. BUI

The brain uptake index method was developed by
Oldendorf (1970), in which the test compound together
with a freely diffusible reference is injected in the artery,
followed by brain sampling after 5-15s. An extrac-
tion of the test compound is determined, assuming
that no metabolism and back-diffusion occurs of both
compounds:
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Etest
( /Er ef / injectate

where E../E.r is the ratio of the extracted concentration
test and reference compound in brain and injectate,
respectively. To a lesser extent, other related definitions
of BUI were used, e.g. Isakovic et al. (2004), where BUI is

defined as (Etesr/Eref> % 100, or Bickel (2005), who defines

BUI = 100 x (21)

BUI as (w) x 100. From this BUI experiment,

Eref.permanem

where FE. is determined, the PS product [13t_1] is
calculated with the Renkin—Crone equation:

PS = —CBFIn(1 — Eyy) (22)

where CBF [13t_1] is the cerebral blood flow (Bickel 2005;
Isakovic et al. 2004).

This method may be used for small animals and can
easily be modified to quantify efflux transfer, but is only
applicable for highly permeable compounds (Bickel 2005;
Bonate 1995; Cornford 1999).

2. In situ brain perfusion

In order to measure the brain uptake also for slowly
penetrating compounds and thus improve sensitivity,
compared to the BUI technique, in situ brain perfusion was
introduced. The higher sensitivity is ascribed to the pro-
longed experimental time (Begley 1999; Dash and Elm-
quist 2003). The method was developed by Takasato
(Takasato et al. 1984) using rats and was adapted for mouse
(Dagenais et al. 2000; Murakami et al. 2000) as already
successfully applied to study brain uptake of peptides
(Banks et al. 2002; Kastin and Akerstrom 1999; Pan et al.
2005; Zlokovic et al. 1990, 1994). The circulation to the
brain is taken over via infusion into the heart, while the
heart is stopped, such that no contribution of the blood flow
occurs (Brandsch et al. 2008; Golden and Pollack 2003;
Smith 2003; Urquhart and Kim 2009). The artery is cath-
eterized, the heart ventricles severed and the brain is per-
fused with buffer, containing test compound and
impermeable marker. Perfusion is terminated by decapi-
tating the animal at a designated time point, typically
2-5 min.

The initial uptake clearance (Cl,, [1Pt™" m™']) for short-
time perfusion is determined as:

CBrain

CPerfusion - ClupT * VV (23)
where Cgpain [mmfl] is the brain tissue concentration,
Cperfusion [m173] is the perfusion fluid concentration, T [t] is
the perfusion time and V, [l3m71] the brain vascular vol-
ume. The uptake clearance is then estimated from the slope
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of the initial linear portion of the Cgain/Cperfusate Versus 7'
plot (Liu et al. 2004).

The major advantage of this method consists of the
possible manipulation of perfusion medium and time. In
addition, metabolism and plasma protein binding are neg-
ligible, BBB integrity can be monitored with the imper-
meable marker and the method is also suitable for slowly
penetrating compounds. However, the method is techni-
cally difficult and limited to the use of small animals as
large volumes of perfusate would be needed to ensure
adequate cerebral blood flow rates (Begley 1999; Smith
2003; Su and Sinko 2006).

The efflux clearance The limited brain uptake of certain
compounds can be ascribed to the presence of several
efflux transporters at the BBB, making it important to
investigate the efflux of test compounds (Brandsch et al.
2008; Golden and Pollack 2003; Urquhart and Kim 2009).
The brain efflux index (BEI) method was developed by
Kakee (Kakee et al. 1996) in order to quantify the efflux of
a test compound across the BBB. A mixture of test and
impermeable reference compound is injected into the brain
parietal cortex area 2 (Par2), followed by brain collection
at designated time points. From this injection site, diffusion
of the impermeable marker into the rest of the CNS is
limited (Hosoya et al. 2002). Because it is difficult to
measure the effluxed portion, the amount associated with
the brain is determined. The brain efflux index is thus
defined as the percentage test compound remaining in the
brain, normalized to the impermeable marker (Kusuhara
et al. 2003):

conc (test/ref)

BEI = 100 —
conc (test/ref)

brain_ 100 (24)
injected

where conc(test/ref) is the ratio of the concentration of test
and reference compound remaining in the brain and
injected solution, respectively.

By semilogarithmic fitting of the (100 — BEI)-values
versus time, the apparent efflux rate constant from the brain
(kegr) is obtained, which is necessary to determine the
apparent brain efflux clearance (Cl.¢ [1’t™'] (Isakovic et al.
2004; Moriki et al. 2005; Raybon and Boje 2001; Terasaki
1999):

Cletr = kett X Vor (25)

where V4, [I°] is the brain distribution volume of the test
compound, determined with the brain slice uptake tech-
nique. Although it is very interesting to study efflux, this
technique is not useful for screening. In addition, metab-
olism and damage from the needle, altering the BBB
properties, could confound the results (Nicolazzo et al.
2006; Su and Sinko 2006).
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Recovery

Because only the unbound fraction of a compound is
available for BBB transport, the intracerebral microdialysis
technique was applied to determine this fraction (Tsai
2003). The technique is based on the perfusion of a
microdialysis probe, consisting of a semi-permeable
membrane, with physiological buffer, whereby compounds
that are small enough can diffuse through the membrane
along the concentration gradient. The probe is stereotaxi-
cally implanted into the brain region of interest, which is an
invasive procedure (Bickel 2005; Tunblad et al. 2003).
After continuous blood and brain sampling, the concen-
tration of the test compound that permeated into the brain
is monitored over time. The free concentration of the
compound in the brain ECF is reflected by the concentra-
tion measured in the dialysate and is used to construct the
concentration—time curve. Generally, the transport proper-
ties are described by the extraction efficiency or the
recovery (Tsai 2003):

(Cpert — Caial)
(Cperf - Cs)

where Cpes [nl173] is the concentration of the perfusate,
Cgiar [n17%] the concentration of the dialysate and C; [nl 73]
the concentration of the sample.

Quantitative data are obtained after individual calibra-
tion of the probe, but depends on probe characteristics,
elimination and metabolism (de Lange et al. 1999). Due to
different diffusion properties of the compound in tissue, the
recovery in vivo is different from that in vitro. Therefore,
the internal reference technique was found to be useful as a
calibration method for both, in vitro and in vivo experi-
ments. An internal standard is added to the perfusion buf-
fer, and then the concentration in the dialysate could be
determined relative to the initial concentration in the per-
fusion medium (Hansen et al. 2002; Van Belle et al. 1993).
As dialysis is performed in conscious animals, several
advantages are associated to this technique: (1) continuous
sampling; (2) measurement of concentration over different
time points in a single animal allows the construction of a
pharmacokinetic concentration—time profile; (3) reduction
of number of animals and thus the inter-animal variation;
(4) no influence of anaesthesia; and (5) no sample prepa-
ration before analysis is required due to exclusion of large
molecules by the dialysis membrane (Dai and Elmquist
2003; de Lange et al. 1999; Hammarlund-Udenaes 2000).
However, the method is limited by the need for probe
calibration as well as by the sensitivity of the analytical
technique used for the analysis of the dialysis samples
(Bonate 1995; Davies et al. 2000; Stenken 1999). More-
over, microdialysis is invasive and may damage BBB

R= (26)

integrity, probe implantation requires technical skills, only
local concentrations are measured and low sample con-
centrations and volumes are obtained (Bickel 2005;
Chaurasia et al. 2007; de Lange et al. 1999; Nicolazzo et al.
2006).

The probe can be used in the delivery mode, by addition
of test compound to perfusion buffer, or in the sampling
mode, in which perfusion buffer is devoid of test com-
pound. This way, the recovery can be estimated either by
gain or by loss as described below.

Recovery by gain

The calculation of the recovery by gain is only possible in
vitro because a known test compound concentration (Cs) is
added to the sample solution surrounding the probe. The
probe is perfused with buffer alone (Cpe¢ = 0) and the
dialysate concentration (Cg;,) of the test compound is
analysed. The relative recovery (Scheller and Kolb 1991)
equals

Caial
RR=—. 27

Recovery by loss

Next to the determination of the recovery by gain, retro-
dialysis can be used to obtain the concentration recovery by
loss in vitro as well as in vivo. In this assay, the test
compound is added to the perfusion buffer (Cper [nl73)),
the unbound fraction present in the brain ECF diffuses into
the probe and is collected for analysis. Before perfusion,
neither the animal for in vivo assay nor the probe for in
vitro assay is treated with test compound (C; = 0). The
relative loss of test compound from the perfusion buffer
into the surrounding medium or tissue through the mem-
brane is calculated (Hansen et al. 2002; T'sai 2003; Tunblad
et al. 2003):

Coert — Cai
RL — ( perf dlal) ) (28)
Cperf

The concentration of test compound in brain ECF is then
defined as (Dai and Elmquist 2003):
Cial
RL

Crcr = (29)

Brain-to-plasma partition coefficient

The brain-to-plasma partition coefficient (K,) is the most
widely used parameter to evaluate the extent of brain
penetration or distribution (Liu et al. 2008; Reichel 2009),
describing the ratio of total brain and plasma concentration
at steady state:

@ Springer



704

Brain Struct Funct (2012) 217:687-718

_ Cbr,lot

K, (30)

Cpl,lot .
The total concentrations in brain and plasma are defined as:
Ciot = Cy Xf u-

However, K, is of limited value because it depends on
binding in plasma and brain, uptake and efflux transport at
the BBB, metabolism in the brain and the bulk flow of
CSF. It should be pointed out that it is the free
concentration that exerts the CNS action, thus a large
total brain concentration does not necessarily mean a high
concentration available for action due to binding. If active
transporters, brain metabolism and the bulk flow of CSF do
not contribute significantly to brain compound disposition,
then the free compound concentration in brain is equal to
the free compound concentration in plasma and K, is
expressed as the ratio of unbound fraction in plasma
(fuplasma) and unbound fraction in brain (fprin) at
equilibrium (Gupta et al. 2006; Jeffrey and Summerfield
2010; Maurer et al. 2005):

Cu,brain f u,plasma

Kp = = Kpuu X Kp,in (31)

Cu,plasmafu,brain

where K, is the ratio of the unbound concentration in

Cu.plnsma

brain and plasma at steady state (Kp,uu = C”L) and K, ;n
is the intrinsic partition coefficient defined as the ratio of

the unbound fractions in brain and plasma (Kp,in = f“'}’ﬂ>
u,plasma
K

puu governs BBB properties independent of plasma
and brain tissue binding, therefore represents a better
parameter than K, to assess brain penetration, but is
experimentally more difficult to obtain. Kp, is determined
by nonspecific binding in brain and plasma (Becker and
Liu 2006; Liu et al. 2005).

Several techniques can be used to determine the
unbound fractions as discussed below.

1. Equilibrium dialysis

The unbound fraction in plasma and brain homogenate,
and thus K ;,, is determined with an in vitro or in vivo
equilibrium dialysis method. When performing the in vitro
analysis, plasma and diluted homogenized brain tissue are
both spiked with test compound and loaded in the dialysis
apparatus. At the start of the experiment, the receiver
chamber is filled with buffer and during incubation the test
compound can diffuse from donor to receiver chamber.
After reaching equilibrium, samples are taken from the
incubated receiver and donor chambers and the concen-
tration investigated with an analytical technique, mostly
HPLC.

Since brain is diluted prior to analysis, the dilution
factor (D) is taken into account when calculating the
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unbound fraction (Kalvass and Maurer 2002; Summerfield
et al. 2007):

1/D
(1/fuan — 1) +1/D°

Although the homogenates are readily available and can
easily be stored until analysis, the main disadvantage of the
technique consists of the necessity to homogenize brain
before analysis. This may change the binding properties by
unmasking binding sites that are not accessible in vivo (Liu
et al. 2008; Read and Braggio 2010).

The dialysis method can also be applied to in vivo
animals as described in “Recovery”. By placing the dial-
ysis probe in blood and brain, it is possible to measure the
unbound concentrations over time on each side of the BBB
(Gupta et al. 2006; Jeffrey and Summerfield 2010).

undiluted f,, = (32)

2. Ultrafiltration or ultracentrifugation technique

Ultrafiltration reveals tissue binding after adding plasma
or brain homogenate, spiked with test compound, into the
ultrafiltration tube. Test compounds are forced through the
membrane using a pressure gradient. The solution is cen-
trifuged at a speed of about 1,800g and the filtrate analysed
to measure the free concentration. This concentration is
then compared to the total concentration of plasma or brain
homogenate. Separately, adsorption to the filtration mem-
brane is measured (Berezhkovskiy 2008; Mano et al. 2002;
Tsai 2003).

Ultracentrifugation, in contrast, uses a centrifugation
tube with plasma or brain homogenate and test compound.
The solution is ultracentrifuged at a speed of more than
400,000g, resulting in three layers according to the density
of the substances present. The upper layer is used for the
estimation of the total concentration, whereas the middle
layer determines the unbound concentration. It is assumed
that no protein contamination is present in the middle layer
and binding equilibrium is not affected during ultracentri-
fugation. This technique is superior to ultrafiltration,
because in the latter test compound may show adsorption to
the membrane (Nakai et al. 2004).

3.  Brain slice method

Because the dialysis, ultracentrifugation and ultrafiltra-
tion techniques require tissue homogenization before
analysis, as an alternative, the brain slice method could be
applied. In the brain slice method, the brain tissue remains
intact, being more physiologically relevant due to the
conservation of cellular structures of the brain tissue
(Di et al. 2011; Reichel 2009).

After decapitation of the animal, brain is collected and
cut into slices. Following this, the slices are incubated with
buffer containing test compound. At different time points,
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slices and samples of incubation buffer are taken, dried on
a filter paper, homogenized and measured (Becker and Liu
2006; Friden et al. 2007). In contrast to the dialysis
method, the free drug concentration is indirectly derived
from the unbound brain distribution volume:

Cslice - Vi X Cbuffer

Vabr = 33
v Choutter(1 — Vi) (33)
and thus
Cslice
Kyin = 34
p,in Cpl ( )

V; is the volume of buffer film remaining around the
sampled slice due to incomplete absorption of buffer by the
filter paper and is estimated from a separate experiment
using inulin (Friden et al. 2009).

Compared to microdialysis in vivo, the brain slice
method is applicable to a wide range of compounds,
technically simple, more reproducible and yields a higher
throughput. However, no extensive validation of this
method is reported (Becker and Liu 2006; Di et al. 2011;
Read and Braggio 2010).

The blood-brain equilibrium distribution

Next to the partition coefficient, described above, the brain
equilibrium distribution could also be described with the
BB parameter (Garberg et al. 2005; Liu et al. 2004). BB is
simply defined as the ratio of the steady-state concentra-
tions (or area under curve) in brain and blood, quantified as
log BB (Alavijeh et al. 2005):

log BB = log <Cbr> (35)
Cpi

Once obtained, this parameter is applied in other
calculations (e.g. P,,,) and in computational in silico
predictions of the BBB permeability in terms of the
physicochemical properties (Pardridge 2004; Subramanian
and Kitchen 2003). Although, it is easier to determine
log BB compared to kinetic data (e.g. log PS), the results
may be misleading. A low log BB value may not
necessarily mean a low penetration, because the
parameter depends on binding to plasma and brain tissue
as well as active transport (Alavijeh et al. 2005; Lanevskij
et al. 2010; Liu et al. 2004). For this reason, it was
suggested to replace log BB by log PS values (Martin
2004; Pardridge 2004).

Several in vivo methods, such as the intravenous
injection technique, MBUA and microdialysis, can be
performed to obtain the log BB (see “CSF concentration”,
“The in vivo permeability” and “Recovery”, respectively)
(Ecker and Noe 2004; Tsai 2003).

The unidirectional influx constant from plasma to brain

In order to quantify the rate of blood to brain transport, a
transfer constant can be determined with the intravenous
injection, in situ brain perfusion and microdialysis
methods.

1. Multiple time regression or intravenous injection
technique

This technique represents the most widely applied
approach to quantify the unidirectional transfer constant for
slowly penetrating compounds (Bickel 1999). After intra-
venous injection of the test compound, arterial blood and
brain are collected. The blood and brain collection is
obtained at various times (between 1 and 60 min) after
injection, each time point representing one animal (Banks
et al. 2002; Kastin and Akerstrom 1999; Pan et al. 1998b;
Pardridge 1995). As only the initial uptake is regarded,
efflux from the brain into the blood can be ignored (Smith
2003). In order to avoid the dependence of a proper, spe-
cific compartmental model, a graphical approach was
developed to study brain uptake. The steady-state unidi-
rectional influx transfer constant is graphically derived
from the following equation (Gjedde 1981):

An 'f(;Cp(r)dr
oW TG0

where A,, is the amount of radioactivity in brain at time f,
C, is the amount of radioactivity in serum at time 7, Kj, the
unidirectional influx rate constant and V; the initial distri-
bution volume, including endothelial binding and accu-
mulation as well as intravascular distribution.

As the level of test compound in serum varies during the
experimental period due to elimination, the exposure time
(Exp.?) is defined as the integral of the serum radioactivity
over time divided by the radioactivity at time #:

fé Cy(t)dr
Co(t)

This integral of radioactivity over time is represented by
the area under the curve (AUC) and its relationship with
the experimental time was demonstrated by Kastin et al.
(2001).

Finally, the brain/serum ratios (pl/g) are plotted versus
exposure time and the slope of the linear portion of this
relationship measures K;,, while the intercept represents V.

During this study, the BBB is intact, presenting all
transporters, junctional proteins and enzymes at their
physiological concentrations, the unique architecture of the
blood vessels and perivascular cells is present and undis-
turbed, and cerebral metabolic pathways are not compro-
mised (Nicolazzo et al. 2006; Smith 2003). In addition,

+Vi (36)

Exp.t = (37)
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saturation as well as regional studies can be performed with
this method (Bonate 1995; Smith 2003). Moreover, this
technique is technically easy, applicable to slowly pene-
trating compounds, gives information on pharmacokinetics
in blood and brain and is sensitive (Bickel 1999; Nicolazzo
et al. 2006). However, metabolism and distribution into
tissues may confound the results, efflux is ignored, the
method is labour intensive and time-consuming requiring a
large number of animals and thus inter-animal variation
may cause a large variance (Bonate 1995; Cecchelli et al.
2007; Smith 2003).

2. Single time point analysis

The above-described experiment can also be carried out
in order to obtain the influx transfer constant form a single
time point analysis. A single brain is collected at one
selected time point and several blood samples are collected
at suitable time intervals from the catheterized artery
(Mensch et al. 2009). The influx constant could be deter-
mined as follows (Bickel 1999):

t

Cbr = Kin X /Cp(f)df (38)
0

where Cy, [nm~'] is the brain concentration, K;, [I°’m~'t™!]
is the unidirectional influx constant and the integral
expresses the plasma concentration over time. The brain
tissue concentration is corrected for the intravascular
content (V)), determined by a vascular marker (e.g. BSA):

Cor = (Vb — Vo) Gp(1) (39)

where Vp [m173] is the apparent volume of distribution of
the test compound in total brain at sampling time 7 and C;,
is the plasma concentration [n173].

Thus, when combining these two equations, the unidi-
rectional influx constant could be determined as (Bickel
1999):

(Vb — Vo) Gy(2)
fé Cp(t)dr

Although only a single animal is required for this study,
reducing the inter-animal variation, it is however not
frequently applied as replaced by the multiple time
regression. The major drawback is the possible erroneous
estimation of Kj, if there is a significant efflux during the
experimental period (Patlak et al. 1983).

Kin = (40)

3. External imaging detection methods

Detection in multiple time regression can also be carried
out with the rapid, non-invasive imaging techniques,
measuring real-time and local levels of blood and brain
concentrations. Nevertheless, these methods have a high
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cost, are labour intensive, yield a low-throughput and are
not able to separate parent and metabolite compounds
(Bonate 1995; Cecchelli et al. 2007; Nicolazzo et al. 2006).

Dynamic magnetic resonance imaging (MRI) measure-
ments register the concentration changes of a contrasting
agent (e.g. gadolinium-diethylenetriaminepentaacetic acid)
in brain tissue after an intravenous injection. Measurement
is based on the magnetic properties of atoms and their
ability to absorb energy at a specific radiofrequency, which
is emitted after excitation (Dienel 2006). Determining the
unidirectional influx rate by evaluation of the concentra-
tion—time curve of the contrast agent requires a compart-
mental kinetic model or graphical analysis analogous to
Eq. 36 (Ewing et al. 2003; Taheri and Sood 2007):

Clissue(t) _ ki J;; Cpa(’[)d’[ "
Cpa(t) Cpa

Vo (41)

where Cigue(f) [n17°] is the tissue concentration of the
indicator at time ¢ per gram brain, Cp,(7) [nl17%] is the
arterial plasma concentration over the duration of the
experiment per unit plasma volume and V,, [1%] is the tissue
volume. Compared to the other imaging techniques, MRI
has a limited sensitivity (Bickel 2005). However, nowadays
this technique has improved sensitivity due to the use of
high resolution MRI systems, which can now work at 15 T.
In fact, this method remains the gold standard to assess
BBB function and integrity (Albensi et al. 2000; Hoffmann
et al. 2011).

As already described in the capillary depletion tech-
nique, it is important to consider whether the peptides do
cross the blood-brain barrier or are bound to the endo-
thelial cells. This binding might influence the permeability
results. As already described in the capillary depletion
technique, it is important to consider whether the peptides
do cross the blood-brain barrier or are bound to the
endothelial cells. This binding might influence the per-
meability results (Ermisch 1992; Ermisch et al. 1985,
1991; Kretzschmar et al. 1986). Observing the lack of
consensus on nomenclature in quantitation of in vivo
radioligand binding studies, Innis et al. (2007) proposed
standard terminology in order to reduce confusion and
improve clarity.

Positron emission tomography (PET) could also be
applied to investigate the BBB permeability using a PET
scanner with tracers, such as 82Rb or %Ga-EDTA. A pos-
itron-emitting nuclide is injected, resulting in the annihi-
lation of a positron with an electron. Following this, two
gamma photons with an energy of 511 keV are emitted at
180° angle (Dienel 2006; Mueggler et al. 2009). Again a
compartmental model is applied to determine the rela-
tionship between the transport rate constant and the tissue-
plasma concentration as described in Eq. 41 (Logan 2000;
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Webb et al. 1989). Currently, this is the most sensitive
imaging system (Dienel 2006).

Single photon emission tomography (SPECT) results in
a lower gamma counting sensitivity and a more limited
number of labelled tracers are available compared to PET.
In order to solve the low-resolution problem in small ani-
mals, new SPECT systems were created (Beekman and
Vastenhouw 2004). A gamma-emitting compound is
injected in order to evaluate the unidirectional rate (see
Eq. 41) (Bickel 2005; Dienel 2006).

4. In situ brain perfusion

As already described above in detail (see “The in vivo
influx clearance”), the in situ brain perfusion technique
could be performed to obtain the in vivo clearance. Anal-
ogous to Eq. 36, the unidirectional influx rate (Kj,) is
described as (Begley 1999):

1
Chr — K, Jo Cpert(t)dt v
Crert (1) Crert (1)

where Cy,, and Cpef [nm™'] are the concentrations in brain
and perfusate, respectively.

Since the concentration of the test compound in perfu-
sion buffer is constant, the integral of concentration in
perfusate equals C.,. Thus, the equation is rearranged and
simplified to (Smith 2003):

Cbr
Cpert (1)

where ¢ is the perfusion time.

By plotting the brain/perfusate concentration ratio as a
function of experimental time, the unidirectional influx
transfer constant is estimated from the slope of the
regression curve.

In addition, the single time point analysis can be
described for perfusion as well (Begley 1999):

(42)

= Kint +V; (43)

(Cbr - Civ)

K. =
mn Cpf

(44)
This method is technically more difficult than the

intravenous injection technique, but permits the
modification of perfusion buffer (Bickel 2005).

The half-life

The same definition applies to the calculation of the half-
life from the brain elimination or efflux rate, independent
of the method used, but the way to determine the efflux
rate differs. The brain-to-plasma concentration ratio and
the remaining activity in brain can be used as detailed
below.

1. Brain-to-plasma concentration ratio

The equilibration half-life (#/,q) represents the time to
reach 50% of the brain-to-plasma concentration ratio at
equilibrium (i.e. 50% of the plateau level of the brain-to-
plasma concentration time profile) and is calculated after
injection of a single intravenous bolus as (Liu et al. 2005;
Tunblad et al. 2003):

In(2)
t =— 45
1/2eq kout - kel ( )
where kg [tfl] is the brain elimination rate constant and k;
[F]] is the plasma elimination rate constant. The efflux and

elimination rate constants for brain and plasma are obtained as:

PS ><fu,brain

kout = 46
o =0 (46)
and

Cl
kg =—2 47
el Vp ( )
respectively.

In these equations, PS [I’t"'m™'] is the permeability—
surface area product (explained later), fprin 1S the
unbound fraction in brain tissue measured by microdialy-
sis, Vy [1’m~!] is the volume of brain tissue, Cl, [Pt~ 'm™ Y
represents the systemic clearance and V;, [I’m™"] is the
plasma distribution volume.

Because Eq. 45 is only applicable for compounds where
koue 1s larger than k., the intrinsic equilibration half-life is
introduced as the time to reach 50% of the brain-to-plasma
concentration at equilibrium under the condition of con-
stant plasma concentration (Liu et al. 2005):

In(2
tl/Zeqﬁin = k( ) (48)
out

Here, ko is calculated from the PS product and the
unbound brain fraction as stated in Eq. 46.

Because these definitions are related to a pharmacoki-
netic compartmental model, the major drawback is that
they are specifically valid for this model only. Moreover,
microdialysis was necessary to obtain the free fractions of
test compound.

2. Efflux study

The animal receives an intracerebroventricular injection of
radiolabelled test compound into the right lateral ventricle and
the residual radioactivity in the brain is determined. By plotting
the natural logarithm of this measured radioactivity remaining
in the brain against time, the half-life of the compound is
derived from the linear regression curve using Eq. 48.

In this study, k., is defined as the slope of the regression
curve.
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For time point zero, a control group is studied, in which
the animal is killed by injecting an overdose of anaes-
thetics, followed by compound injection (Banks et al.
2002; Hsuchou et al. 2007).

Compartmental distribution

All in vivo methods lack the ability to discriminate
between binding to the vasculature and complete penetra-
tion through the BBB. In order to distinguish between this
endothelial binding and/or endocytosis by brain capillaries
and actual transcytosis, the capillary depletion method
or quantitative autoradiography is used (Bickel 1999;
Triguero et al. 1990).

1. Capillary depletion

After intravenous injection of the test compound, fol-
lowed by subsequent blood and brain sampling, the brain is
homogenized. Brain parenchyma and capillaries are sepa-
rated by dextran density centrifugation (Banks et al. 2002;
Chen et al. 2002; Pan et al. 2005; Price et al. 2007; Smith
2003). When the test compound is specifically bound to the
brain endothelium, then the compound is not separated
from the pellet (capillaries), while in the case of nonspe-
cific binding, the test compound will distribute into the
supernatant (parenchyma) during the brain centrifugation
(Pardridge 1995).

The compartmental distribution (CD) is evaluated by
plotting the tissue/serum ratio of brain cortex, parenchyma
and capillaries as calculated by:

CD = N tissue

Nserum (49)
where Nygsue [Nm_l] is the radioactivity per gram tissue
(i.e. brain, parenchyma or capillaries) and Ngerum [N173] is
the radioactivity per volume serum.

This method was found to be rapid, sensitive and results
in quantitative data (Triguero et al. 1990).

2. Quantitative autoradiography

Although, the capillary depletion technique is much
faster and has at least a comparable sensitivity, quantitative
autoradiography (QAR) may visualize subcellular organ-
elles within the endothelial cytoplasm, which are involved
in trafficking (Triguero et al. 1990). The only difference
with the above-described method consists of the brain
activity measurement. This is performed on cryostat sec-
tions of the harvested brain tissue, which are dried and
exposed to X-ray film (Bickel 2005). The film is developed
and the distribution and quantitation of the radioactivity is
measured (Dash and Elmquist 2003; Dienel 2006; Fens-
termacher and Wei 1999).
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CSF concentration

CSF can easily be sampled by cisternal puncture, per-
formed through catheters inserted into the cistern magna or
lumbar intrathecal space (Liu et al. 2006b; Okura et al.
2007). The CSF concentration reflects the unbound or free
concentration in the brain when steady-state equilibration
of freely diffusible test compound concentration 1is
achieved throughout the brain (Maurer et al. 2005; Shen
et al. 2004). When comparing to the BBB, different
transporters are present at the blood—cerebrospinal fluid
barrier (BCSFB) and the range of molecular size that can
penetrate into the CSF is much larger (Saunders and
Dziegielewska 1999). CSF concentration may be a poor
indicator of brain ECF levels because only 10% of CSF
arises from brain ECF, while 90% originates from the
choroid plexus. Moreover, the CSF volume is limited and
the method is only valid for slow uptake compounds
(Hammarlund-Udenaes 2000; Read and Braggio 2010;
Shen et al. 2004).

1. Microdialysis

The spinal CSF concentration can be determined by
subjecting the animal to microdialysis (see “Recovery”).
In this case, the dialysis probe is inserted in the cisternal
membrane to estimate the in vivo recovery as expressed in
Eq. 28 (Okura et al. 2007):

The concentration of test compound in CSF is calculated
based on the probe recovery (Okura et al. 2007):

RL
Cdial

Ccsk = (50)

2. Cisternal puncture

As the microdialysis involves technical skills, the cis-
ternal magna or lumbar intrathecal space can be catheter-
ized for CSF sampling.

After administration of the test compound, arterial
blood, cisternal CSF and blood are collected. CSF-to-
plasma

C
< CSF > (5 1 )
Cu,plasma

brain-to-plasma

Cu.brain >
(Cu,plasma ( )

and CSF-to-brain

Ccsr >
53
(Cu,brain ( )

are then calculated.
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The brain-to-CSF ratio is equivalent to the apparent
distribution volume of the test compound normalized to the
mass of the collected brain tissue (Liu et al. 2006b; Shen
et al. 2004). The presence of the test compound in the CSF
only reflects extracellular availability.

The determined CSF concentration and unbound plasma
concentration are used to predict the unbound brain con-
centration indirectly (Liu et al. 2006b).

Derived parameters

Parameters derived from the ones described above, which
are generally used, are mentioned here.

Surface parameters

The analysis of the Gibbs adsorption isotherm see “Surface
activity”) yields three physicochemical parameters:

1. the surface area of the compound at the air—water
interface (Ap).

2. the minimum concentration to induce surface activity
(Co)

3. the critical micelle concentration (CMC) at which the
surface pressure reaches a limiting value

From the obtained data, a n-log C plot and a 7 versus C
plot are constructed and several parameters are determined,
such as Cy, CMC, Cgy K, and I',. The parameters
derived from the w-log C plot are:

e (, is arbitrarily defined as the compound concentration
at which the surface pressure is 0.1 mN/m [nl*3].

e CMC is determined as the concentration at which the
surface pressure becomes independent of the compound
concentration [nl_3].

e K, is obtained by fitting the n/C curve using the
determined ...

e (g, is determined as the concentration higher than the
CMC leading to further aggregation and finally precip-
itation and thus creating a collapse of surface pressure
[nl~3].

e [, is obtained from the slope of the linear part of the
Gibbs adsorption isotherm.

e The cross-sectional area, A, can indirectly be deter-
mined from [',. A was evaluated from the slope of the
7 versus In C curve.

The correlation of the three parameters, described above
Ap, Cy and CMC), with the BBB permeability was inves-
tigated. Cy appears to correlate with the hydrophobicity of
the test compounds, but not exactly parallel with the
chromatographically determined hydrophobicity. CMC
alone was not useful to predict the BBB permeability, but

in combination with Cy in a so-called Co—CMC plot. From
this diagram, three regions are divided:

1. CNS™ compounds constituted by very hydrophobic
compounds.

2. Less hydrophobic compounds which penetrate easily
into the CNS.

3. More hydrophilic compounds which become CNS™ at
high concentrations.

At last, the Ap parameter demonstrates that hydro-
phobic CNS™ compounds have distinctly larger areas than
the CNS™ compounds. Thus, in conclusion, CNS™ com-
pounds are not surface active, very hydrophobic with low
Cy and CMC values and large cross-sectional areas at the
air—water interface or relatively hydrophilic with high C,
and CMC values, especially when applied at low con-
centrations, whereas CNS™ compounds possess interme-
diate Cy and CMC values and have cross-sectional areas
which are smaller than that of a lipid molecule (Fischer
et al. 1998; Gerebtzoff and Seelig 2006; Petereit et al.
2010).

In vitro transport rate

Transport rates are determined from in vitro cell systems
(see “The in vitro permeability”) by plotting the cumula-
tive amount of transported compound as a function of time
(Madgula et al. 2007; Yazdanian et al. 1998). The efflux
rate was calculated as (Madgula et al. 2007):

Papp(B—A)

Rateoyf = ———=
© Pup(A-B)

(54)
where P,p,(B-A) and P,p,(A-B) [1’t7'] are the apparent
permeability coefficients from basolateral to apical and
from apical to basolateral side, respectively.

The permeability—surface area product

Another way to express the BBB permeability is the PS
product (i.e. product of permeability coefficient and surface
area), quantified as log PS. It is a direct quantitative
measure of permeability independent upon plasma and
tissue binding, which is the case for log BB (see “The
unidirectional influx constant from plasma to brain”).
Since brain uptake is also influenced by the capillary sur-
face area, it is a more relevant parameter to quantify the
rate of brain penetration behaviour of compound (Jeffrey
and Summerfield 2010; Liu et al. 2004; Smith 2003). In
contrast to the BB value (see “The unidirectional influx
constant from plasma to brain”), which is a function of the
total compound concentration, the PS product predicts the
level of free compound fraction in the brain (Nicolazzo
et al. 2006; Pardridge 2004).
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In vivo methods

The parameters obtained with the in vivo methods, as
described in “Responses: definitions and calculations”,
could be converted into a BBB PS product using the Kety—
Renkin—Crone equation (Renkin 1959), slightly adapted to
the specific study. Generally this equation takes into
account the cerebral blood flow and extraction of test
compound:

PS=—FIn(l —E). (55)

The regional flow rate F is determined by using the PS
value of diazepam, a highly permeable compound reported
in the literature as a regional flow rate marker in brain
perfusion studies (Liu et al. 2004).

1. Intravenous injection

For both, single and multiple time point analysis (see
“The half-life”), the single pass extraction is defined as:
E= KT, and thus the PS product is expressed as (Cecchelli
et al. 2007; Smith 2003):

K;

PS = —Fln(l - 7) (56)

where F is the cerebral flow rate and Kj, the unidirectional
influx transfer constant.

Deguchi et al. (2004) described the relationship between
the apparent brain-to-plasma concentration ratio and the PS
product:

(Kp«,app — Vi)cp
AUC
Analogously, Dash and Elmquist (2003) formulated the
following equation:
(VD - VO)Cp
AUC
where Vp [Nmfl] is the brain distribution volume of test
compound, Vo [N17?] is the plasma distribution volume of
the marker, C, [n173] is the terminal plasma concentration

and AUC [tnl_3] is the area under the concentration
curve.

PS = (57)

PS = (58)

2. In situ brain perfusion

After calculating the initial uptake clearance (Cl,y), the
PS product is calculated (Liu et al. 2004):

PS = —Fln(l - Cl“") (59)

F

Again Dash and Elmquist (2003; Pardridge 1995)
applied Eq. 56 also for perfusion.
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3. BUI method

The extraction values (see “The in vivo permeability”)
are converted into BBB PS product with the traditionally
known Renkin—Crone equation (Bickel 2005; Reichel and
Begley 1998).

However, it has been suggested that the conversion into
the PS product is not accurate due to the short capillary
transit time, making it difficult to calculate PS (Ham-
marlund-Udenaes 2000; Nicolazzo et al. 2006).

4. Microdialysis

The PS product could also be determined with the
microdialysis method (see “Recovery”), but then the
apparent brain volume of distribution needs to be measured
separately out of the total tissue concentration (Bickel 2005).

5. Indicator diffusion method

Analogous to the BUI method, the unidirectional
extraction E is directly used to determine the PS product
(Crone 1965; Dash and Elmquist 2003; Knudsen and
Paulson 1999) as described in Eq. 55.

6. Mouse brain uptake assay

From Eq. 17, PS product is easily converted to the
product of P,p, and the surface area A (Garberg et al. 2005;
Nicolazzo et al. 2006):
Cbr
Cpt’

PS =Py, A= (60)

7. External imaging detection methods

With these technique, the PS product is determined the
same way as in the intravenous injection technique, but
measuring brain activity on cryostat sections or real-time
with the imaging methods. To calculate the PS product,
regional blood flow should be measured with a separated
experiment (Bickel 2005; Dash and Elmquist 2003; Taheri
and Sood 2006).

In vitro BBB models

The endothelial permeability measured with an in vitro
BBB model (see “The in vitro permeability”) can simply
be correlated to the PS product when knowing the surface
area:

PS=P, xS (61)

where P, [ltflmfl] is the measured permeability with the

in vitro BBB model and S [1°] is the surface are of the
endothelial exchange surface in vitro.

The permeability—surface area product can also be
obtained from the slope of the clearance (Eq. 20) versus
time curve (Carrara et al. 2007; Feng et al. 2008; Franke
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et al. 2000; Hansen et al. 2002). However, when using co-
cultures, a correction for the filter insert containing the
endothelial cell monolayer is required (Cecchelli et al.
1999; Culot et al. 2008; Nakagawa et al. 2009):

1 1 1

- 62
PS. PS, PS; (62)

where PS, [13t_1m_1] is the PS product for the endothelial
cell monolayer, PS; [l3t_1m_1] is the PS product obtained
from the slope by plotting the average clearance volume
versus time and PS; [13t71m71] is determined from the
slope of the clearance curve with the control filter (Garberg
et al. 2005). Similarly, two Michaelis—Menten constants
were described as a function of the properties of two
individual membranes. Under steady-state conditions, the
determined Michaelis—Menten constants describe facili-
tated diffusion if the two membranes have similar transport
properties (Gjedde and Christensen 1984).

The brain uptake rate

From the data obtained with the BUI method (see “The in
vivo permeability”), another kinetic parameter, the brain

uptake rate (J [nt"'m™"]), could be calculated as (Pard-
ridge 1995; Suzuki et al. 2002):

J _ Etest

X F x Cjy (63)

where F is the cerebral blood flow [I°t"'m™'], C;, [n17] is
the concentration of the test compound in the carotid
injection solution.

CSF and plasma elimination

Next to the determination of the CSF concentration
obtained with the CSF sampling method (see “Brain-to-
plasma partition coefficient”), the elimination half-life
could be obtained from the elimination rate constant and
the AUC could be calculated. From the plasma samples,
the plasma concentration, AUC, the elimination half-life,
the distribution volume and total clearance are determined
(Okura et al. 2007).

Percentage injected dose

The brain delivery of the compound may be quantified by
measuring the percentage of the injected dose (%ID [%])
delivered per gram brain following systemic administra-
tion. It is defined as the pharmacokinetic rule (Dash and
Elmquist 2003; Pardridge 1995):

%ID = PS x AUC (64)

where PS [I’t"'m™'] is the BBB permeability—surface area
product and AUC [tnl %] is the plasma area under the
concentration curve at a given time after injection.

Theoretical conversion of parameters into each other

Because clearance and permeability are closely related,
they could be converted into each other as proposed by de
Boer and Breimer (1996). In addition, the PS product is
calculated from the slope of the clearance volume versus
time by using both, in vitro and in vivo experiments.
Moreover, not only the clearance or permeability coeffi-
cients are used to determine the PS product, extractions
derived from the BUI and indicator diffusion experiments,
the brain-to-plasma partition coefficient from microdialy-
sis, and the unidirectional influx rate constant determined
with intravenous injection and in situ brain perfusion are
also converted into a PS product.

Thus, when comparing PS data, one should be aware of
the experimental conditions, which vary between the dif-
ferent methods.

Discussion

It was demonstrated in numerous publications that peptides
are able to cross the BBB by transmembrane diffusion as
well as active transport mechanisms (Banks 2008; Banks
and Kastin 1985, 1990, 1996; Banks et al. 1984, 1989,
2002; Bickel et al. 2001; Bonate 1995; Brasnjevic et al.
2009; Chen et al. 2002; Deguchi et al. 2003, 2004;
Dogrukol-Ak et al. 2003; Egleton and Davis 1999; Egleton
et al. 2001; Ganapathy and Miyauchi 2005; Gray et al.
1994; Gulya et al. 1988; Hawkins et al. 1989; Kastin and
Akerstrom 2003; Kastin et al. 2002; Pan et al. 2006; Wil-
son et al. 1984). However, not all peptides show the same
degree of penetration through the BBB as this is influenced
by their structure, experimental setup and the method used
to determine their BBB transport. The different BBB
methods possess different limits of detection and thus the
sensitivity to assign significant influx to the tested com-
pound is different. Owing to these sensitivity differences,
different BBB conclusions may be obtained for a peptide
depending on the method used. However, at this moment, a
full quantitative head-to-head comparison of the different
BBB methods is lacking. Moreover, owing to the tempo-
rarily and spatially dynamic concept of the BBB, influx of
a peptide is influenced by different factors and the BBB
cannot be considered as a static system. In order to
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Fig. 3 Relationship between BBB techniques and responses

generalize the obtained data for easier comparison between
methods and research groups, we propose to always
include a negative as well as a positive control in the
evaluation. The experimental value obtained for a peptide
can in this way be more generally expressed, i.e. relatively
towards the negative and positive control. Although it is
widely accepted to include a negative control (e.g. radio-
labelled BSA) in some studies, positive controls are lack-
ing, nor any standardization. A possible positive control
could be PACAP-27, showing literature K;, values of
above 2 pl/(g min). Both controls, which should be stan-
dardized in the methods, could also serve as system suit-
ability tests, qualifying each time the experimental results.

@ Springer

In addition to differences between methods and experi-
mental setups, up until now, some transport parameters are
not clearly defined. For example, a certain parameter
obtained by different methods has been given the same
symbol, although the meaning is totally different (e.g. the
permeability coefficient P). This means that the results are
difficult to compare and evaluate. Ewing et al. (2003) defined
k; as being the blood-to-tissue transfer constant, whereas
Taheri et al. (Taheri and Sood 2007) determined the same
parameter, but defining it as permeability coefficient. When
looking to the dimension units, it is still confounding, while it
has the same units as the influx constant. Moreover, the
permeability could also be expressed as the PS product,
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which has the same units as the influx constant. Therefore,
we introduced new symbols by simply adding the method’s
name in subscript to the general parameter symbol used. A
same parameter could be given another symbol, which would
only be evident when looking in detail. This is the case for the
blood—brain equilibrium distribution (BB) and the brain-to-
plasma partition coefficient (K,,). The only difference is that
BB could also be calculated from the ratio between the AUC
of brain and plasma, next to the ratio of the total concen-
trations in brain and plasma.

Table 2 gives an overview of the different methods,
their mechanistic principles and the obtained responses
used in BBB investigations as a summary of “Responses:
definitions and calculations”. It should be noted that certain
parameters describe facets of permeability as well as of
distribution. For example, lipophilicity affects both brain
permeability (by its lipid membrane permeability) as well
as brain distribution (by its protein and nonspecific bind-
ing). Because some parameters could be defined with dif-
ferent methods, we clarified these parameters by adding
subscripts such as an abbreviation of the method to the
‘original’ symbol (i.e. as mentioned in the publications)
used. Quantitative autoradiography is not mentioned in this
table, as it is only indirectly used, in combination with
imaging techniques as MRI and (S)PET, to study the
permeability.

Links between BBB techniques and responses

As can be seen from the two previous sections, one tech-
nique could be used to obtain different responses and on
the other hand several techniques could be used to obtain
one same response.

In Figure 3, relationships between the BBB methods,
responses and equations, used to calculate the responses,
are visualized.
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