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Review Article

Methods to assess drug permeability across the 
blood–brain barrier 

Joseph A. Nicolazzo, Susan A. Charman and William N. Charman 

Abstract 

Much research has focussed on the development of novel therapeutic agents to target various cent-
ral nervous system disorders, however less attention has been given to determining the potential of
such agents to permeate the blood–brain barrier (BBB), a factor that will ultimately govern the
effectiveness of these agents in man. In order to assess the potential for novel compounds to per-
meate the BBB, various in-vitro, in-vivo and in-silico methods may be employed. Although in-vitro
models (such as primary cell culture and immortalized cell lines) are useful as a screening method
and can appropriately rank compounds in order of BBB permeability, they often correlate poorly to
in-vivo brain uptake due to down-regulation of some BBB-specific transporters. In-vivo models (such
as the internal carotid artery single injection or perfusion, intravenous bolus injection, brain efflux
index and intracerebral microdialysis) provide more accurate information regarding brain uptake,
and these can be complemented with novel imaging techniques (such as magnetic resonance imag-
ing and positron emission tomography), although such methods are not suited to high-throughput
permeability assessment. This paper reviews current methods used for assessing BBB permeability
and highlights the particular advantages and disadvantages associated with each method, with a
particular focus on methods suitable for moderate- to high-throughput screening. 

Introduction 

The blood–brain barrier (BBB), formed by the endothelial cells lining the cerebral micro-
vessels, has a pivotal role in protecting the brain parenchyma from blood-borne agents.
While this protective function is essential for normal physiological function within the
brain microenvironment, it results in a significant hindrance to the entry of drugs into the
central nervous system (CNS). Unlike vascular endothelial cells in other regions of the
body, the endothelial cells forming the BBB are characterized by tight intercellular junc-
tions, minimal pinocytotic activity and the absence of fenestrations (Reese & Karnovsky
1967; Brightman & Reese 1969), thus limiting drug penetration into the brain paren-
chyma. In addition, the BBB expresses various efflux transporters, such as P-glycoprotein
(P-gp) (Cordon-Cardo et al 1989), organic anion transporting polypeptide (Gao et al
1999), and breast cancer resistance protein (Eisenblätter & Galla 2002). These efflux pro-
teins actively pump compounds out of the endothelial cells back into the blood (de Lange
2004), resulting in reduced CNS exposure. An additional barrier to the transport of drugs
into the CNS is the presence of drug-metabolizing enzymes within the endothelial cells
forming the BBB (Ghersi-Egea et al 1995). 

Most of these barrier properties characteristic to brain capillary endothelial cells are
partly induced and maintained by the close association of astrocytic foot processes with
the endothelium (Bradbury 1985; Goldstein & Betz 1986; Bradbury 1993). These astro-
cytic foot processes invest close to 99% of the abluminal surface area of the capillary
endothelium (Pardridge 1998). A schematic representation of the brain capillary
endothelium and the close association with these astrocytic foot processes is shown in
Figure 1. 

Although most compounds must permeate the BBB in order to gain access to the brain, it
is possible for compounds to circumvent the BBB and still reach the brain parenchyma. One
such mechanism is the nose-to-brain route, where a compound may be directly transported
to the brain via an olfactory pathway following absorption across the nasal mucosa (Illum
2004). Alternatively, compounds may permeate from the blood into the cerebrospinal fluid
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(CSF), and subsequently permeate into the brain interstitial
fluid. However, transport into the CSF is controlled by the
choroid plexus (the epithelial barrier separating the blood
from the CSF), and the capillaries perfusing the choroid
plexus are quite porous, allowing normal access of com-
pounds into the CSF (Brightman 1977). Therefore, transport
across the choroid plexus is not an accurate measure of trans-
port across the BBB, as these barriers are anatomically differ-
ent. Even if a compound enters the CSF, its availability in the
brain interstitial fluid (ISF) should not be assumed, since a
functional barrier between these compartments exists, result-
ing from the difference between the bulk flow properties of
CSF through the CSF flow tracks and diffusional flow rates in
the brain parenchyma (Pardridge 1995). A schematic repre-
sentation of the CSF and brain ISF compartments is shown in
Figure 2. These alternative routes (nose-to-brain and CSF-to-
brain), though important, are not discussed in this review,

given that the focus of this review is on the BBB as a hin-
drance to effective CNS drug delivery. 

Over 98% of compounds intended for therapeutic use in
the CNS never reach the market because of their inherent ina-
bility to cross the BBB (Pardridge 2001, 2002). Within the
drug discovery and development process, it is commonplace
to design chemical entities that act on particular CNS targets
using in-vitro assays, without considering the physicochemi-
cal properties of such chemical entities and the consequent
effect this may have on BBB permeability. Therefore, it is
critically important to determine the BBB permeability of
CNS drug candidates early in drug discovery, so that poor
CNS candidates can be excluded or structurally modified, and
promising CNS candidates can be accelerated through the
development process. 

There are various models that are used to assess the per-
meability of drugs across the BBB, including in-vitro, in-vivo
and, more recently, in-silico methods. A summary of these
methods, together with their inherent advantages and disad-
vantages is presented in this review, with a particular focus
on methods that are suitable for moderate- to high-throughput
screening of potential CNS drug candidates. 

In-vitro models 

The advantages associated with any in-vitro BBB model
include lower compound requirement, the ability to assay com-
pound directly in physiological buffer, greater throughput rela-
tive to in-vivo models, ability to assess transport mechanisms,
the identification of early signs of cell toxicity, and, generally,
lower cost (Lundquist & Renftel 2002). However, in order to
appropriately mimic the BBB in-vivo there are some basic char-
acteristics that an in-vitro model must possess. These are sum-
marized in Table 1 (adapted from Reichel etal 2003). The in-
vitro model that is chosen should possess as many of these char-
acteristics as possible, while at the same time remaining prac-
tical and feasible for moderate- to high-throughput screening. 

Isolated brain capillaries 
It has been possible to isolate brain capillaries from various
animal sources, however these are not well suited for permea-
bility screening purposes. This is because of the inability to
access the luminal surface of the isolated microvessels and,
consequently, only drug loss from the abluminal (brain) com-
partment can be monitored. 

Primary or low passage brain capillary 
endothelial cell cultures 
Primary or low passage brain capillary endothelial cell cul-
tures provide the closest phenotypic resemblance to the in-
vivo BBB phenotype (Lundquist & Renftel 2002), although
some features, such as BBB transporters and enzymes, can be
down-regulated when the endothelial cells are removed from
the brain and grown in culture (Pardridge 2004a). These cap-
illary endothelial cells can be obtained from bovine, porcine,
rat or human sources, although most researchers use bovine
or porcine endothelial cells for the purposes of assessing drug
transport because of the availability of such cells. 

Figure 1 Schematic diagram of the blood–brain barrier, comprising
the brain endothelial cell ensheathed by astrocytic foot processes.
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Figure 2 Schematic representation of the separation between the brain
interstitial fluid (ISF) and cerebrospinal fluid (CSF). The endothelial barri-
ers separating the ISF from the blood and the CSF from the blood are the
blood–brain barrier and choroid plexus, respectively. Because of differ-
ences in the bulk flow properties of CSF and diffusional flow rates in brain
parenchyma, a functional barrier between the CSF and ISF exists.
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Bovine brain endothelial cell culture 
The original bovine brain endothelial cell (BBEC) culture
model was developed by Audus & Borchardt (1986), and
has been used and characterized extensively (Pardridge et al
1990; Audus et al 1996; Rochat et al 1999; Bachmeier et al
2005). To obtain BBECs, the grey matter of bovine brains is
isolated and treated either mechanically or enzymatically to
yield around 100 million viable cells (from the grey matter
of two bovine brains) (Gumbleton & Audus 2001). Once
isolated, the cells can be stored at −80°C for up to 2 months
(Audus et al 1996), thus avoiding the necessity to isolate
cells each time an experiment is to be performed. The
BBECs grow as primary cultures on standard plates or
inserts (Transwell), which must first be treated with rat tail
collagen to improve plating efficiency (Audus et al 1996).
Once cells have reached confluence, the permeability of
compounds can be assessed in both the apical-to-basolateral
and basolateral-to-apical directions, and general mecha-
nisms of transport can be elucidated. Due to the number of
cells available, such an approach is well suited to high-
throughput compound screening. 

In order for an in-vitro model to be considered representa-
tive of the in-vivo situation, results obtained from the in-vitro
model should be compared with those obtained in-vivo.
Pardridge et al (1990) found an acceptable in-vitro–in-vivo
correlation using BBECs (r2 = 0.7225); however, it was found
that the in-vitro permeability was about 150-fold greater than
in-vivo permeability. This was attributed to the loss of
expression of BBB-specific proteins and, consequently, the
absence of various efflux mechanisms. In the same study, it
was found that pre-treatment of the endothelial monolayers
with astrocyte-conditioned medium resulted in a 30% reduc-
tion in sucrose transport through the BBB as a result of the
increase in number and size of intercellular tight junctions
induced by the astrocyte-conditioned medium (Tao-Cheng
et al 1987; Pardridge et al 1990). Others have also shown an
improvement in the barrier properties of BBEC cultures with
the use of cAMP stimulants (Deli et al 1995), vasoactive

peptides (Guillot & Audus 1991), and adrenergic agonists
(Borges et al 1994). 

The most common approach to improve the barrier prop-
erties of BBEC cultures is to co-culture the endothelial cells
with primary astrocytes isolated from neonatal rats. This
approach has been shown to maintain the characteristics
of the BBB without the use of stimulants, in addition to
up-regulating P-gp function (Gaillard et al 2000) and signif-
icantly increasing transendothelial electrical resistance
(TEER) values (416 Ω cm2 for BBECs compared with 661 Ω
cm2 for BBECs co-cultured with astrocytes) (Dehouck et al
1990). Since astrocytic foot processes invest more than 99%
of the cerebral vasculature in-vivo and many features of the
BBB in-vivo are induced by astrocytes (Pardridge 1998), it is
not surprising that a more restrictive in-vitro BBB model
results from the co-culturing of BBECs with astrocytes. 

Once isolated from neonatal rat brains, astrocytes can
either be grown on the underside of the Transwell filter
(physical contact with BBECs) (Dehouck et al 1992) or on
the bottom of multi-well plates (no contact with BBECs)
(Dehouck et al 1995). This is schematically represented in
Figure 3. Some debate still exists as to which method is pref-
erable, as some researchers have shown a better correlation to
in-vivo results when astrocytes are grown on the bottom of
wells (no contact) (Dehouck et al 1995), whereas others have
found more restrictive barrier properties when astrocytes are
in contact with the BBECs (Gaillard et al 2001). 

The major limitation associated with this co-culturing tech-
nique is that in addition to maintaining the growth of BBECs,
there is the necessity to grow and culture rat astrocytes. Alter-
natively, C6 glioma cells may be co-cultured with BBECs,
which reduces the need to isolate and culture rat astrocytes, and
this approach has been shown to increase the TEER by 75%
and reduce sucrose permeability by 50% (Raub 1996). The
major disadvantage with the use of C6 glioma cells (or other
cancer cells) is that they may result in a tumour-like BBB
rather than a healthy BBB (de Boer et al 1999), which may lead
to a poor correlation to brain uptake in a healthy individual. 

Table 1 Basic characteristics and requirements of in-vitro blood–brain barrier (BBB) models (modified from Reichel et al 2003) 

aAlthough a transendothelial electrical resistance (TEER) of 2 kΩ cm2 is considered ideal, it has been repeatedly demonstrated that
a minimal TEER of more than 150–200 Ω cm2 is sufficient for assessing drug permeability through the BBB in-vitro (Reichel et al
2003). Psucrose, permeability coefficient of sucrose through the BBB; P-gp, P-glycoprotein; OATP, organic anion transporting
polypeptide; BCRP, breast cancer resistance protein.

Characteristic Specific requirements for an acceptable in-vitro BBB model 

Restricted paracellular pathway TEER ≥ 2 kΩ cm2a 
Low paracellular permeability (Psucrose ~3–12 × 10−8 cm s−1) 

Brain capillary endothelial cell 
characteristics 

Morphology, endothelial cell and BBB markers (gamma-glutamyl 
transpeptidase, alkaline phosphatase), enzyme expression 
(monoamine oxidase, angiotensin converting enzyme) 

Functional expression of BBB-specific 
transport mechanisms 

Nutrient transfer (glucose transporter, L-amino acid transporter), 
efflux pumps (P-gp, OATP, BCRP), receptors (transferrin, 
insulin), low leucocyte adherence 

In-vivo-like modulation Permeability altered by bradykinin, interleukins, glial factors, 
dexamethasone 

Practicality Availability, convenience, predictability and reproducibility
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Porcine brain endothelial cell culture 
Although most research has focussed on the development
and characterization of BBEC cultures as in-vitro models
for the BBB, recent studies have shown that porcine brain
endothelial cells may also serve as an appropriate model
(Franke et al 1999, 2000). Some researchers have also
co-cultured porcine brain endothelial cells with astrocytes
in order to improve the restrictiveness of the culture
system (Kido et al 2002), however further validation,
particularly with respect to in-vitro–in-vivo correlations,
may be required before this model becomes extensively
utilized for the purposes of high-throughput compound
screening. 

Immortalized brain endothelial cells 
Due to the problems associated with harvesting and maintain-
ing primary cell cultures, various immortalized cell lines have
been developed, most of which are derived from rats. All of
these cell lines have one major disadvantage in that although
they do form monolayers, they do not form complete tight
junctions, resulting in a ‘leaky’ barrier (Reichel et al 2003).
This has resulted in the generation of a number of immortal-
ized, transformed, transfected and transduced cell lines. Some
of the cell lines that have been generated by transfection of
primary rat endothelial cells include the RBE4 cell line (Beg-
ley et al 1996), RBEC1 cell line (Nagasawa et al 2005), and
TR-BBB13 cell line (Tetsuka et al 2003). However, the
resulting TEER values of these cell lines are still fairly low,
and are therefore not appropriate for BBB permeability
screening but more suited to assessing endothelial cell uptake
of compounds. 

Cells of non-cerebral origin 
Because of the insufficient barrier properties of immortal-
ized brain endothelial cell lines, some researchers have
focussed on using non-cerebral peripheral epithelial cell
lines. One such cell line is the Madin-Darby canine kidney
(MDCK) cell line, which is easy to grow and can be trans-
fected with the multidrug resistance gene (MDR1), resulting

in the polarized expression of P-gp (Pastan et al 1988). This
transfected cell line has been used to assess the effect of
P-gp on the permeability of various compounds through the
BBB (Dai et al 2003; Polli et al 2003), and a recent collabo-
rative study found that MDR1-transfected MDCK cells
were the most representative of in-vivo BBB permeability
compared with other in-vitro models, including BBEC/
astrocytes, human brain endothelial cells/astrocytes, and
Caco-2 cell lines (Garberg et al 2005). MDR1-transfected
MDCK cells have also shown high absorptive transport for
CNS-positive drugs and low absorptive transport for CNS-
negative drugs (Wang et al 2005), and so may be a suitable
model for BBB permeation. 

Although this cell line has sufficient restrictive paracellular
transport, the MDCK epithelial cells are morphologically dif-
ferent from brain endothelial cells, and would also differ with
respect to transport properties, metabolism, and growth. The
brain capillary endothelial cell is squamous with a large surface
area, and so there is a lower cell density per unit surface area of
endothelium (<1000 cells mm−2), whereas the kidney cell is
cuboidal in shape, resulting in a smaller surface area, and a
consequent greater cell density per unit area of membrane
(>10 000 cells mm−2) (Gumbleton & Audus 2001). Therefore,
MDCK cells produce a relatively higher transverse area of
intercellular junction than what is present between brain
endothelial cells and, consequently, paracellular transport
(which is non-existent in BBB permeability) will be overesti-
mated with this cell line. In addition, while P-gp is one of the
most important efflux transporters at the BBB, and transfection
of MDCK cells with the MDR1 gene compensates for this,
there are also other efflux proteins such as breast cancer resist-
ance protein (Eisenblätter & Galla 2002) and organic anion
transporting polypeptide (Gao et al 1999) present in brain capil-
lary endothelial cells, that may also play a role in overall
CNS penetration. If using the MDR1-transfected MDCK cell
line, one should be mindful not to disregard the potential
effects of these other efflux transporters present in the in-vivo
BBB. 

Caco-2 cells have also been used to estimate BBB permea-
bility; however, as with the MDCK cells, these are epithelial

Figure 3 Schematic representation of bovine brain endothelial cells co-cultured with astrocytes using the no-contact method where the astro-
cytes are grown on the bottom of the multi-well plate (A), and the contact method where the astrocytes are grown on the underside of the
Transwell filter (B).
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cells and have different morphological characteristics to brain
endothelial cells. A recent study comparing BBEC/astrocyte
co-culture and Caco-2 cells with in-vivo studies demonstrated
that Caco-2 cells were a poor model for BBB permeation stud-
ies (r2 of 0.4624 and 0.8649 for Caco-2 cells and BBEC/astro-
cytes, respectively) (Lundquist et al 2002). An alternative cell
line that has also been assessed as a model for the BBB is the
ECV304 cell line, which is a bladder carcinoma cell with epi-
thelial and endothelial properties. This cell line has also been
co-cultured with C6 glioma cells or in C6-conditioned media;
however, it was found to have low TEER values (indicative of
poor paracellular restrictive properties) and a lack of P-gp
expression (Hurst & Fritz 1996; Ramsohoye & Fritz 1998).
Consequently, such an in-vitro model has limited applicability
for assessing the permeability of compounds across the BBB. 

Immobilized artificial membranes 
Immobilized artificial membranes are a solid phase model of
fluid membranes that have been proposed as an alternative for
assessing drug permeability through cell membranes (Stewart &
Chan 1998). These membranes, which are used as a chromato-
graphic interface in high-performance liquid chromatography,
consist of phosphatidylcholine residues covalently bound to
silica propylamine and mimic a membrane lipid bilayer (Pidg-
eon et al 1995). There has been some work in attempting to cor-
relate immobilized artificial membrane retention to brain
penetration, however it is only useful for compounds that per-
meate the BBB via passive mechanisms. In one study, the brain
uptake of 26 drugs (basic, neutral and acidic) appeared to cor-
relate weakly to the immobilized artificial membrane retention
factors, although an improvement in regression was observed
when the effects of ionization and solute size were taken into
account (Salminen et al 1997). While this method may be use-
ful for predicting solute partitioning into membranes, it does
not mimic diffusion across a membrane, and can have poor
predictive power when brain uptake is affected by plasma pro-
tein binding, active transport, active efflux, or metabolism. 

In-vivo models 

While in-vitro models have many advantages and are useful
for moderate- to high-throughput screening, BBB research
should not only be performed using an in-vitro method.
Rather, it is necessary to correlate observations made using
an in-vitro BBB model to in-vivo studies (Pardridge 1999).
There are various in-vivo methods that have been used to
assess drug uptake into the brain, including the single carotid
injection technique, in-situ perfusion technique, intravenous
injection technique, brain efflux index, and intracerebral
microdialysis. Each of these techniques are useful for the cal-
culation of the BBB permeability–surface area (PS) product
or logBB, where BB is the brain to blood ratio at some
defined time. The best index of BBB permeability is the BBB
PS product, which has units of mL min−1 g−1 and is a measure
of unidirectional clearance from blood to brain across the
BBB (Pardridge 2004b). Although not suitable for high-
throughput compound screening, various imaging techniques
(such as quantitative autoradiography, magnetic resonance
imaging, positron emission tomography, and single photon

emission computed tomography) may be used to assess the
transport properties of the BBB, and are also more useful in
the diagnosis of various CNS diseases. 

Carotid artery single injection technique 
(brain uptake index) 
The carotid artery single injection technique or brain uptake
index (BUI) involves cannulation of the carotid artery, fol-
lowed by a single injection of compound in physiological
buffer (Oldendorf 1970). A small volume of buffered
Ringer’s solution containing the compound of interest and a
radiolabelled diffusible reference compound as an internal
standard (such as 3H-water) is rapidly injected (< 0.5 s) into
the common carotid artery. The purpose of including the
internal standard is to define the amount of injected material
that actually distributes to the brain (Bonate 1995). The bolus
passes through the brain within 2 s after the single injection,
the animal is decapitated 5–15 s after injection, and the brain
and injection solution are analysed to calculate the BUI
(Pardridge 1995). The assumptions of the BUI are that the
reference compound is freely diffusible across the BBB, that
the drug does not back-diffuse from brain to blood, and that
no metabolism occurs before decapitation (Bonate 1995). 

The advantages of the BUI technique are that it is fast and
many compounds can be evaluated in a short period of time,
which is ideal in the high-throughput setting. The major dis-
advantage is that the capillary transit time is very short (1 s),
and so brain extraction can only occur over a limited time,
making it difficult to measure BBB PS products less than
10 mL min−1 g−1 (Pardridge 1995). As the external arteries are
not ligated, the compound may also diffuse throughout the
whole body with only 10% of the compound reaching the
brain (Bonate 1995). 

In-situ perfusion technique 
The in-situ perfusion technique is an extension of the carotid
artery single injection technique, and was first developed by
Takasato et al (1984). This involves a longer experimental
period with carotid artery perfusion of the brain, followed by
sampling of drug levels within the brain. In this method, the
animal (usually a rat) is anaesthetized, and the perfusion cathe-
ter is placed in the external carotid artery just distal to the bifur-
cation of the common carotid artery, as shown schematically in
Figure 4. The ipsilateral pterygopalatine, superior thyroid, and
occipital arteries are ligated and cut, and the perfusion fluid is
infused retrograde down the external carotid artery and up the
internal carotid artery toward the brain (Smith 1996). Just prior
to commencement of the perfusion, the common carotid artery
is ligated to prevent mixing of the perfusion fluid with systemic
blood at the carotid bifurcation. Following the perfusion, the
animal is decapitated and the compound concentration is deter-
mined in order to calculate a BBB PS product. In addition to
the compound of interest, a reference compound should be
included for the measurement of brain plasma volume, such as
radiolabelled sucrose (Taogoshi et al 2005) or inulin (Smith &
Allen 2003; Garberg et al 2005). 

One of the issues relating to this technique (and all in-vivo
techniques for that matter) is that compound that is not within
the brain microvasculature may either be within the brain
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parenchyma (transcytosis), bound to the endothelial lining, or
present within the endothelial cells (endocytosis). To differ-
entiate endothelial binding/endothelial endocytosis from
actual transcytosis (uptake into brain parenchyma), a capil-
lary depletion technique has been developed, where a dextran
density centrifugation step is incorporated to deplete the brain
homogenate of vasculature (Triguero et al 1990). However,
this procedure can only be applied when the compound has
high affinity binding to the microvasculature, because if it is
non-specifically bound, it may become detached from the
vasculature during the homogenization procedure and appear
in the post-vascular compartment. Therefore, the capillary
depletion technique should not be used when the test com-
pound is not bound to the brain microvascular endothelium
via a high affinity process (Pardridge 1995). For such com-
pounds, it is preferred to use a post-perfusion wash to separ-
ate bound and transcytosed compound. This can be achieved
by perfusing the vasculature with physiological buffer for a
short period of time (10–30 s) at 4 mL min−1 (Samii et al
1994; Smith & Allen 2003). 

The particular advantage of the in-situ perfusion technique
is that there is no systemic exposure of the compound, and thus
metabolism is avoided, except for that which occurs within the
brain microcirculation (Pardridge 1995). The other major
advantage is that there is total control over the perfusate solute
concentration, and other constituents of the perfusion fluid can
be varied, allowing ready characterization of saturable trans-
port systems, plasma protein binding, and the effects of regula-
tory modifiers, hormones and neurotransmitters that can be
presented to the brain at defined concentrations (Smith 2003).
Also, the effect of pH, ionic content, and flow rate can be mon-
itored (Bonate 1995). Recently, the BBB PS products of drugs
were compared in rats and mice, and there was a good correla-
tion between the BBB PS values obtained between the two spe-
cies, indicating that this technique is amenable for use in mice
(Murakami et al 2000). Consequently, the transport of drugs
into the brain of genetically modified animals, such as P-gp
knockout mice, can be assessed using this in-situ perfusion
technique (Dagenais et al 2000; Cisternino et al 2001). The

major disadvantages associated with this technique are that a
complete kinetic analysis can involve a number of animals,
requiring significant analytical time, in addition to the level of
experimental difficulty (Smith 2003). This makes this tech-
nique unsuitable for high-throughput screening, however it can
be used to provide mechanistic data, and provide information
on factors that may be limiting brain uptake. Another disadvan-
tage of this technique is that prolonged perfusion times (greater
than 20 min) are impossible because of cerebral hypoxaemia
(Bickel et al 1993). 

Intravenous injection technique 
In a recent review on BBB transport techniques, the intravenous
injection technique was referred to as the ‘gold standard’ for
assessing BBB permeability (Smith 2003). With this technique, a
femoral vein of rats or mice is cannulated and the test compound is
injected, or, alternatively, a tail-vein injection may be used. At
various time points over the experiment, arterial blood is collected
either by cannulation of a femoral artery in rats or by humanely
killing the mice. In addition to the compound of interest, a plasma
volume marker must also be administered, to correct for the
amount of compound present in the brain microvasculature. Brain
levels can be determined at the pre-determined time points (if ani-
mals are humanely killed over time) or at the end of the experi-
ment (if arterial samples are being taken) (Pardridge 1995). To
separate bound and transcytosed compound, only the capillary
depletion technique can be used following intravenous dosing
(Banks etal 2004), since the capillary drug-free rinse used in the
in-situ perfusion technique is not possible. 

One of the main advantages of this technique is that
plasma and brain pharmacokinetics can be obtained, allowing
for direct pharmacokinetic parameters to be calculated. Addi-
tionally, there is increased sensitivity (due to greater exposure
to cerebral microvessels), and it is quite easy to measure BBB
PS products less than 0.5 mL min−1 g−1 (Pardridge 1995).
Other advantages of this technique are that the BBB is intact,
all transporters, junctional proteins and enzymes are present
at their physiological concentrations, the unique architecture
of the blood vessels and perivascular cells is present and
undisturbed, and cerebral metabolic pathways are not com-
promised (Smith 2003). Additionally, the degree of experi-
mental difficulty is lower than that of the brain uptake index
or in-situ perfusion technique (Bickel et al 1993). However,
the major disadvantage with the intravenous technique is that
there may be extensive metabolism by, and distribution into,
peripheral organs, resulting in an inaccurate calculation of the
BBB PS product, given the concentration within the brain
microvasculature will be unknown (Pardridge 1995). In addi-
tion, at later time points, there is the possibility of back-diffu-
sion from brain to plasma, which may confound BBB PS
product calculations (Bickel et al 1993). Nevertheless, this
technique provides a realistic evaluation of the brain levels
that might be expected in humans, given it most closely
resembles the human situation. 

The intravenous technique described above is similar to
the mouse brain uptake assay used by Raub (2004), where a
single intravenous dose of a solute is administered, followed
by blood and brain sampling at 5 min post-dose. The 5-min
brain and plasma concentrations are used to calculate a permea-
bility coefficient (Papp), with the presumption that metabolism,

Figure 4 Schematic representation of the in-situ brain perfusion tech-
nique (taken, with permission, from Takasato et al 1984). ACA, anterior
cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery.

>Systolic Blood Pressure

Perfusate
Pterygopeletine

A.

Right Left

Ext. Carotid

Corn. Carotid A.

Int
Carotid

A.

PCA

ACA

MCA

Vertebral A.

jpp58(3).book  Page 286  Wednesday, February 15, 2006  5:02 PM



Blood–brain barrier permeability 287

back-flux, and tissue accumulation are negligible at that time
point (Garberg et al 2005). However, the mouse brain uptake
assay tends to underestimate the permeability of compounds
with high Papp values, possibly due to back-flux and flow-
dependent uptake of compounds, and overestimates the per-
meability of compounds with low Papp values, due to the
problem of adequate vascular correction (using an impermea-
ble marker) (Garberg et al 2005). Nonetheless, it is a useful
screen for BBB penetration, and may be utilized in a high-
throughput setting, to distinguish between poor and promis-
ing CNS candidates. 

Brain efflux index 
The brain efflux index technique was developed to determine
mechanisms involved in brain-to-blood efflux, and involves
direct microinjection of the compound of interest and an
impermeable reference tracer into the brain (Kakee et al
1996). Following microinjection, the concentrations of test
compound and reference tracer in the brain are determined
over time. Although this technique does provide useful
information on the involvement of various efflux transporters
in the brain, such as P-gp (Kusuhara et al 1997), and the effect
of inhibitors on brain efflux (Kitazawa et al 1998), it is not
commonly used for permeability screening purposes. One of
the major issues associated with this technique is that damage
from needle tract injections may potentially alter the barrier
properties of the BBB (Smith 2003), and so extreme caution
must be taken when inserting the microinjections. 

Intracerebral microdialysis 
Intracerebral microdialysis involves direct sampling of brain
interstitial fluid by implantating a dialysis fibre into the brain.
The concentration of compound that has permeated into the
brain following oral, intravenous or subcutaneous administra-
tion can be monitored over time within the same animal. The
microdialysis probe consists of a semipermeable membrane
and is perfused with a physiological solution, whereby com-
pounds that are small enough to traverse the semipermeable
membrane diffuse from higher to lower concentration (de
Lange et al 1999). Therefore, any drug that enters the brain
interstitial fluid will permeate into the physiological solution
and may be subsequently assayed by an appropriate tech-
nique. Given the permeant is present in a physiological aque-
ous solution, quantification and separation from potential
metabolites can be easily performed using high-performance
liquid chromatography or capillary electrophoresis. The
methodologies associated with dialysate sample separation
and quantification have been recently reviewed (Dash &
Elmquist 2003). Intracerebral microdialysis is the method of
choice when interested in determining the local concentration
of free drug as a function of time in individual freely moving
animals (de Lange et al 1999). 

The major advantage of this technique is that it provides
pharmacokinetic profiles of compounds in the brain without
the need to kill many animals at different time points (as
would be necessary with all of the above-mentioned tech-
niques) (Dai & Elmquist 2003). In addition, since both
plasma and brain levels of compound can be determined over
time, it is possible to determine the kinetics of influx and efflux
from the brain (Dai & Elmquist 2003). More interestingly, the

probe can be placed in any region of the brain, which may be
useful when targeting a compound to a specific area of the
brain (such as in a brain tumour or the substantia nigra in Par-
kinson’s disease). However, if one is not interested in local-
ized concentrations, this raises the issue of where to place the
probe and whether multiple probes should be used in order to
get an appropriate representation of drug levels throughout
the brain (Bonate 1995). Another limitation of this technique
is that it greatly depends on, and is limited by, the sensitivity
of the assay method (de Lange et al 1999), since only low
concentrations may be present in the dialysate. The other
major disadvantage associated with intracerebral microdialy-
sis is that insertion of the probe can result in chronic BBB dis-
ruption, as has been demonstrated by the passage of the
normally impermeable inulin from blood to dialysate and
extensive extravasation of serum albumin (Westergren et al
1995). An additional limitation of intracerebral microdialysis
is that extraction across the fibre wall measured in-vitro is
generally greater than that occurring in-vivo (Terasaki et al
1992). Even though in-vitro calibration of the probes is con-
sidered sufficient, in-vivo recovery may still deviate from in-
vitro recovery and, consequently, complicated mathematical
models and more complicated methods have been required
(de Lange et al 1999). 

Histochemistry 
Although not appropriate for high-throughput screening pur-
poses, the permeability of the BBB may be assessed using
various histochemical techniques. The initial use of electron
microscopy to visualize the distribution of horseradish perox-
idase (Reese & Karnovsky 1967) has led others to use this
technique to assess the transport of compounds through the
BBB, in both healthy and pathological conditions, including
hypertension (Nag et al 1977), brain trauma (Nag 1996), and
seizures (Nitsch et al 1986). Although this technique has its
obvious advantages, in that permeants can be detected visu-
ally within the brain, it is labour-intensive, involving animal
studies, tissue collection and post-collection tissue staining,
which is not conducive to high-throughput settings. 

Imaging techniques 
More recently, there has been some focus on the use of vari-
ous imaging techniques to assess the permeability of com-
pounds across the BBB, including quantitative autoradiography,
magnetic resonance imaging, positron emission tomography,
and single photon emission computed tomography. Although
these techniques are not used in high-throughput drug discov-
ery, they are non-invasive techniques that may be useful for
assessing BBB permeability in pathological conditions. The
major disadvantages associated with these techniques are
their inherent costs, labour intensity, and inability to differen-
tiate between parent compound and metabolites (in the case
of labelled compounds). 

Quantitative autoradiography involves administration of a
radiolabelled compound into an animal, followed by blood
sampling and brain removal. The brain is subsequently sec-
tioned into 20-mm thick sections, placed in X-ray cassettes with
a sheet of X-ray film and, following sufficient exposure, films
are developed and analysed for the distribution-quantification
of radioactivity by an image analysis system (Fenstermacher &

jpp58(3).book  Page 287  Wednesday, February 15, 2006  5:02 PM



288 J. A. Nicolazzo et al

Wei 1998). Quantitative autoradiography has been a valuable
tool in visualizing the brain uptake and distribution of various
compounds (Hazai et al 1999; Coloma et al 2000; Plenevaux
et al 2000), in addition to demonstrating the role of P-gp on the
uptake of other compounds (Polli et al 1999). 

Magnetic resonance imaging (MRI) is a sensitive method
for the detection of CNS diseases and monitoring of their pro-
gression, and this technology has also been applied to qualita-
tively assess BBB permeability in both animals and humans.
MRI involves administration of the contrasting agent, gado-
linium-diethylenetriamine penta-acetic acid, whose appear-
ance in the brain is related to the degree of BBB damage.
Consequently, MRI cannot be used to assess drug permeability
across the BBB, however it does provide useful information
on the restrictive properties of the BBB and how such proper-
ties change in certain diseases, including stroke (Jiang et al
2005), multiple sclerosis (Wuerfel et al 2003), and encephalo-
myelitis (Floris et al 2004). 

While MRI may provide qualitative insight into damage
associated with the BBB, positron emission tomography
(PET) has been shown to be a non-invasive, quantitative
approach to measure the BBB PS product in humans under
normal and disease-state conditions (Brooks et al 1984;
Schlageter et al 1987). This technique involves the adminis-
tration of a positron-emitting radionuclide or a compound
labelled with an isotope that emits positrons. The subject is
then placed in a counter that detects positrons emitted by the
tracer and, with the use of computerized imaging techniques,
two-dimensional images of the brain can be determined in
real time, allowing for a kinetic evaluation of brain uptake
(Bonate 1995). The two tracers that are more commonly used
for PET are 82Rb and 68Ga-ethylenediaminetetra-acetic acid;
however, the BBB permeability of compounds labelled with
other positron-emitting labels, such as 11C (Gulyas et al 2002)
and 18F (Langen et al 2005), has also been assessed using this
technique. Most recently, PET has been used to measure the
kinetics of 11C verapamil and 11C carvedilol brain uptake,
and has been shown to be a sensitive tool for measuring in-
vivo P-gp function at the BBB in both rodents and humans
(Bart et al 2005; Luurtsema et al 2005; Sasongko et al 2005).
This technique may provide a benefit in screening the brain
uptake of other P-gp substrates using inhibition experiments
(Bickel 2005). 

Single photon emission computed tomography has also
been useful as a non-invasive measure of BBB permeabil-
ity. Following administration of a gamma-emitting com-
pound, gamma scintigraphic images can be acquired using
a gamma camera, and distribution of the compound through-
out the body can be examined. Of major significance to
BBB transport, it has been shown that 99 mTc-sestamibi
and other related compounds, such as 99 mTc-tetrofosmin
and a novel technetium (III) complex (99 mTc-Q58), have
higher brain uptake in P-gp knockout mice compared with
wild-type mice (Luker et al 1997; Chen et al 2000; Dyszlewski
et al 2002), indicating that such technetium-labelled
compounds may be used to assess P-gp transport activity
in-vivo. Although this technique may be useful in charac-
terizing efflux transporters and BBB permeability in dis-
ease states, it will have a limited role in screening of
compounds for potential brain uptake. 

In-silico models

As a result of the increasing need for high-throughput drug
discovery methods, in-silico models of BBB permeation are
becoming more popular. However, most in-silico models
have been based on in-vivo logBB values. As mentioned pre-
viously, BB is the brain to blood ratio at some defined time: it
is a volume of distribution determined largely by cytoplasmic
binding of drugs in the brain and much less by BBB permea-
bility (Pardridge 2004b). The BBB PS product is a better
index of BBB permeability as it predicts the level of free drug
in the brain, since the level of free drug is determined by the
total drug concentration in plasma, the PS product, and the
fraction of drug in plasma that is available for transport into
the brain (Pardridge 2004b). However, most in-silico models
are based on logBB value determinations (Ecker & Noe
2004), and the lack of logPS data has limited the development
and validation of models that predict BBB permeability (Liu
et al 2004). Table 2 is a summary of some of the in-silico
models developed on the basis of logBB data. From Table 2,
some general concepts can be noted. The BB ratio is nega-
tively correlated to molecular volume, molecular weight,
polar surface area (PSA) and the number of N and O atoms
(relating to H-bonding), but is positively correlated to
lipophilicity. This has lead to two rules of thumb by Norinder
& Haeberlein (2002): Rule 1: if N + O is five or less in a mol-
ecule, it has a high chance of entering the brain; Rule 2: if
logP – (N + O) > 0, then logBB is positive. 

The major disadvantage with these in-silico models is that
the experimental logBB values are measured using different
experimental procedures with large inter-animal variations,
and the comparability of results obtained with such different
experimental techniques has not been established (Bonate
1995). In addition, the experimental error in logBB measure-
ments can be around 0.3 log units (Clark 2003), which ques-
tions the quality of the experimental data on which these
models were based (Feher et al 2000). 

Because of the limitations associated with the use of
logBB when developing in-silico models of BBB permeation,
it would be more appropriate to develop a model based on
BBB PS data. One such model has been developed by Pfizer,
which compares the logPS (determined by in-situ brain per-
fusions) with various parameters using 23 passively permeat-
ing drug-like compounds, and drugs that are thought to
undergo active uptake and efflux (Liu et al 2004). This model
included a data set of compounds that were considered repre-
sentative of those that might be encountered in a drug dis-
covery programme. Based on the compounds that were
transported by passive diffusion alone, the following relation-
ship was found: 

logPS = −2.19 + 0.262.logD + 0.0583.VSAbase
− 0.00897.PSA 

(r2 = 0.74, n = 23) 

where logD is the logarithm of the partition coefficient
between octanol and water at pH 7.4, and VSAbase is the van
der Waals surface area of the basic atoms, a measure of the
basicity of a compound. When an outlier was removed from
their dataset, the r2 increased from 0.74 to 0.80. Although this
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Table 2 Some in-silico blood–brain barrier (BBB) models developed using logBB (brain to blood ratio at a defined time point) data 

Poctanol, experimentally determined partition coefficient between octanol and water; Pcyclohexane, experimentally determined partition coefficient
between cyclohexane and water; Vm, molar volume; PSA, polar surface area; MW, molecular weight; ClogP, calculated logarithm of the partition
coefficient between octanol and water; logP, logarithm of the experimentally determined partition coefficient between octanol and water.

Model r2 Additional information Reference 

LogBB = −0.485.ΔlogP + 0.889 
(ΔlogP = logPoctanol – logPcyclohexane) 

0.69 Using histamine H2 antagonists 
dataset (n = 20) 

Young et al (1988) 

  High brain concentrations achieved 
if H bonding is low 

 

  Disadvantage is that you need a physical 
sample to obtain logPoct and logPcyclohexane 

 

LogBB = −0.002 Vm – 0.024.PSA 0.72 Using the same dataset as above
When the authors tried to predict 

brain uptake of six new antihistamines, 
they were all overestimated 
by this model 

Calder & Ganellin (1994) 

LogBB = −0.0057.MW + 0.309.logPcyclohexane
+ 1.296 

0.845 Using the above dataset Kaliszan & Markuszewski 
(1996) 

LogBB = −0.0145.PSA + 0.152.ClogP + 0.139 0.787 Using 55 compounds (drug-like as well as gases)
This model is not appropriate for compounds 

lacking polar groups 

Clark (1999) 

LogBB = −0.218.(N + O) + 0.235.logP – 0.027 0.803 Can be easily computed Norinder & Haeberlein 
(2002) 

Table 3 Selected examples of the multi-model approach used to assess blood–brain barrier (BBB) transport by various researchers in the field 

BBEC, bovine brain endothelial cells; BUI, brain uptake index; ECV, bladder carcinoma cell line; MCT1, monocarboxylic acid transporter; MDCK,
Madin-Darby canine kidney; MDR1, multidrug resistance gene.

Experimental purpose Methods used Reference 

Effect of P-gp on cetirizine brain 
concentrations 

MDR1-MDCK cell line and 
intravenous bolus in wild-type 
and P-gp-deficient mice 

Polli et al (2003) 

Transport of various drugs to the 
brain 

Intravenous bolus (mice), intracerebral 
microdialysis (rats), BBECS and 
MDR1-MDCK cell line

Garberg et al (2005) 

Transport of basic fibroblast growth 
factor to the brain 

Binding to isolated rat capillaries, 
intravenous bolus, in-situ 
perfusion, and brain efflux index 
(in rats) 

Deguchi et al (2000) 

Efflux of GABA from the brain Brain efflux index (in rats) and 
immortalized mouse cell line 
(MBEC4) 

Kakee et al (2001) 

Monocarboxylic acid transport 
across the BBB 

Immortalized rat cell line (RBEC1), 
freshly cultured BBECs 
(transfected with MCT1) and 
BUI (in rats) 

Kido et al (2000) 

Role of transporters on adenosine 
transports across the BBB 

BBECs co-cultured with astrocytes 
and in-situ brain perfusion (in rats) 

Schaddelee et al (2003, 2005) 

Effect of P-gp on brain transport MDR1-MDCK cell line, oral/
intravenous dosing in wild-type 
and P-gp-deficient mice, 
MDR1-transfected porcine kidney 
epithelial cells, and BBECs 

Batrakova et al (2001); Dai et al 
(2003); Bachmeier et al (2005) 

Brain flavonoid uptake Immortalized rat cell line (RBE4), 
ECV/C6 glioma cell co-culture, 
and in-situ perfusion (in rats) 

Youdim et al 2004 
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model was predictive of passively permeating compounds, it
was found that logPS values of compounds that undergo act-
ive uptake were underpredicted and logPS values of efflux
substrates were overpredicted. Nonetheless, it was found that
the logPS was in the order of active uptake compounds > pas-
sive compounds > efflux compounds. This model was used to
test two literature datasets where logPS had been determined
experimentally, and the model predicted drug permeability
well, with r2 values of 0.77 and 0.94 for data sets of
Murakami et al (2000) and Gratton et al (1997), respectively. 

While this in-silico model appears to be the most appropri-
ate, there are some general rules that have been developed
(Clark 2003), which are an extension of Norinder and Haeber-
lein’s two rules of thumb. These general rules are: (i) the sum
of N + O should be 5 or less; (ii) ClogP – (N + O) should be
greater than 0 (where ClogP is the calculated logarithm of the par-
tition coefficient between octanol and water); (iii) PSA should be
less than 60–90 Å2; (iv) molecular weight should be less than 450
Da; and (v) logD in the range of 1–3 is recommended. 

Conclusions

Various in-vitro, in-vivo and in-silico models are available that
can be used to assess drug penetration across the BBB. Each
model has its disadvantages and there needs to be a comprom-
ise between throughput potential and the limitations associated
with the chosen model. However, in order to fully assess the
brain uptake of new chemical entities and to completely under-
stand the mechanisms involved in allowing or hindering BBB
transport, one should employ both in-vitro and in-vivo tech-
niques, and not rely solely on one method of screening. Some
examples where researchers have used such a multi-model
approach are shown in Table 3. In addition, in-silico models
can be useful in reducing a large dataset of compounds into a
smaller set of ‘hit’ compounds. The use of such a combined
screening process involving in-vitro, in-vivo and in-silico mod-
els may confer greater reliability in predicting the potential
CNS uptake of new chemical entities in humans. 

Audus, K. L., Borchardt, R. T. (1986) Characterization of an in vitro
blood-brain barrier model system for studying drug transport and
metabolism. Pharm. Res. 3: 81–87 

Audus, K. L., Ng, L., Wang, W., Borchardt, R. T. (1996) Brain
microvessel endothelial cell culture systems. In: Borchardt, R. T.,
Smith, P. L., Wilson, G. (eds) Models for assessing drug absorp-
tion and metabolism. Plenum Press, New York, pp 239–258 

Bachmeier, C. J., Spitzenberger, T. J., Elmquist, W. F., Miller, D. W.
(2005) Quantitative assessment of HIV-1 protease inhibitor inter-
actions with drug efflux transporters in the blood-brain barrier.
Pharm. Res. 22: 1259–1268 

Banks, W. A., Jumbe, N. L., Farrell, C. L., Niehoff, M. L., Heather-
ington, A. C. (2004) Passage of erythropoietic agents across the
blood-brain barrier: a comparison of human and murine erythro-
poietin and the analog darbepoetin alfa. Eur. J. Pharmacol. 505:
93–101 

Bart, J., Dijkers, E. C., Wegman, T. D., de Vries, E. G., van der
Graaf, W. T., Groen, H. J., Vaalburg, W., Willemsen, A. T., Hen-
drikse, N. H. (2005) New positron emission tomography tracer

[11C]carvedilol reveals P-glycoprotein modulation kinetics. Br. J.
Pharmacol. 145: 1045–1051 

Batrakova, E. V., Miller, D. W., Li, S., Alakhov, V. Y., Kabanov, A. V.,
Elmquist, W. F. (2001) Pluronic P85 enhances the delivery of dig-
oxin to the brain: in vitro and in vivo studies. J. Pharmacol. Exp.
Ther. 296: 551–557 

Begley, D. J., Lechardeur, D., Chen, Z. D., Rollinson, C., Bardoul, M.,
Roux, F., Scherman, D., Abbott, N. J. (1996) Functional expres-
sion of P-glycoprotein in an immortalised cell line of rat brain
endothelial cells, RBE4. J. Neurochem. 67: 988–995 

Bickel, U. (2005) How to measure drug transport across the blood-
brain barrier. NeuroRx 2: 15–26 

Bickel, U., Yoshikawa, T., Pardridge, W. M. (1993) Delivery of pep-
tides and proteins through the blood-brain barrier. Adv. Drug.
Deliv. Rev. 10: 205–245 

Bonate, P. L. (1995) Animal models for studying transport across the
blood-brain barrier. J. Neurosci. Methods 56: 1–15 

Borges, N., Shi, F., Azevedo, I., Audus, K. L. (1994) Changes in
brain microvessel endothelial cell monolayer permeability
induced by adrenergic drugs. Eur. J. Pharmacol. 269: 243–248 

Bradbury, M. W. (1985) The blood-brain barrier. Transport across
the cerebral endothelium. Circ. Res. 57: 213–222 

Bradbury, M. W. (1993) The blood-brain barrier. Exp. Physiol. 78:
453–472 

Brightman, M. W. (1977) Morphology of blood-brain interfaces.
Exp. Eye Res. 25 (Suppl.): 1–25 

Brightman, M. W., Reese, T. S. (1969) Junctions between intimately
apposed cell membranes in the vertebrate brain. J. Cell Biol. 40:
648–677 

Brooks, D. J., Beaney, R. P., Lammertsma, A. A., Leenders, K. L.,
Horlock, P. L., Kensett, M. J., Marshall, J., Thomas, D. G., Jones, T.
(1984) Quantitative measurement of blood-brain barrier permea-
bility using rubidium-82 and positron emission tomography. J.
Cereb. Blood Flow Metab. 4: 535–545 

Calder, J. A. D., Ganellin, C. R. (1994) Predicting the brain-penetrat-
ing capability of histaminergic compounds. Drug Des. Discov. 11:
259–268 

Chen, W. S., Luker, K. E., Dahlheimer, J. L., Pica, C. M., Luker, G. D.,
Piwnica-Worms, D. (2000) Effects of MDR1 and MDR3 P-glyco-
proteins, MRP1, and BCRP/MXR/ABCP on the transport of
99 mTc-tetrofosmin. Biochem. Pharmacol. 60: 413–426 

Cisternino, S., Rousselle, C., Dagenais, C., Scherrmann, J. M.
(2001) Screening of multidrug-resistance sensitive drugs by in
situ brain perfusion in P-glycoprotein-deficient mice. Pharm.
Res. 18: 183–190 

Clark, D. E. (1999) Rapid calculation of polar molecular surface area
and its application to the prediction of transport phenomena. 2.
Prediction of blood-brain barrier penetration. J. Pharm. Sci. 88:
815–821 

Clark, D. E. (2003) In silico prediction of blood-brain barrier perme-
ation. Drug Discov. Today 8: 927–933 

Coloma, M. J., Lee, H. J., Kurihara, A., Landaw, E. M., Boado, R. J.,
Morrison, S. L., Pardridge, W. M. (2000) Transport across the pri-
mate blood-brain barrier of a genetically engineered chimeric
monoclonal antibody to the human insulin receptor. Pharm. Res.
17: 266–274 

Cordon-Cardo, C., O’Brien, J. P., Casals, D., Rittman-Grauer, L., Bie-
dler, J. L., Melamed, M. R., Bertino, J. R. (1989) Multidrug-resist-
ance gene (P-glycoprotein) is expressed by endothelial cells at
blood-brain barrier sites. Proc. Natl Acad. Sci. USA 86: 695–698 

Dagenais, C., Rousselle, C., Pollack, G. M., Scherrmann, J. M.
(2000) Development of an in situ mouse brain perfusion model
and its application to mdr1a P-glycoprotein-deficient mice. J.
Cereb. Blood Flow Metab. 20: 381–386 

Dai, H., Elmquist, W. F. (2003) Drug transport studies using quanti-
tative microdialysis. In: Nag, S. (ed.) The blood-brain barrier:

References

jpp58(3).book  Page 290  Wednesday, February 15, 2006  5:02 PM



Blood–brain barrier permeability 291

biology and research protocols. Humana Press Inc., Totowa, pp
249–264 

Dai, H., Marbach, P., Lemaire, M., Hayes, M., Elmquist, W. F. (2003)
Distribution of STI-571 to the brain is limited by P-glycoprotein-
mediated efflux. J. Pharmacol. Exp. Ther. 304: 1085–1092 

Dash, A. K., Elmquist, W. F. (2003) Separation methods that are
capable of revealing blood-brain barrier permeability. J. Chroma-
togr. B. 797: 241–254 

de Boer, A. G., Gaillard, P. J., Breimer, D. D. (1999) The transfer-
ence of results between blood-brain cell culture systems. Eur. J.
Pharm. Sci. 8: 1–4 

de Lange, E. C. M. (2004) Potential role of ABC transporters as a
detoxification system at the blood-CSF barrier. Adv. Drug Deliv.
Rev. 56: 1793–1809 

de Lange, E. C. M., de Boer, A. G., Breimer, D. D. (1999) Microdial-
ysis for pharmacokinetic analysis of drug transport to the brain.
Adv. Drug Deliv. Rev. 36: 211–227 

Deguchi, Y., Naito, Y., Yuge, T., Furukawa, A., Yamada, S., Pardridge,
W. M., Kimura, R. (2000) Blood-brain barrier transport of 125I-
labeled basic fibroblast growth factor. Pharm. Res. 17: 63–69 

Dehouck, M. P., Méresse, S., Delorme, P., Fruchart, J., Cecchelli, R.
(1990) An easier, reproducible, and mass-production method to
study the blood-brain barrier in vitro. J. Neurochem. 54: 1798–1801 

Dehouck, M. P., Jolliet-Riant, P., Brée, F., Fruchart, J. C., Cecchelli,
R., Tillement, J. P. (1992) Drug transfer across the blood-brain
barrier: correlation between in vitro and in vivo models. J. Neuro-
chem. 58: 1790–1797 

Dehouck, M. P., Dehouck, B., Schluep, C., Lemaire, M., Cecchelli,
R. (1995) Drug transport to the brain: comparison between in vitro
and in vivo models of the blood-brain barrier. Eur. J. Pharm. Sci.
3: 357–365 

Deli, M. A., Dehouck, M. P., Abraham, C. S., Cecchelli, R., Joo, F.
(1995) Penetration of small molecular weight substances through
cultured bovine brain capillary endothelial cell monolayers: the
early effects of cyclic adenosine 3′,5′-monophosphate. Exp. Phys-
iol. 80: 675–678 

Dyszlewski, M., Blake, H. M., Dahlheimer, J., Pica, C. M., Piwnica-
Worms, D. (2002) Characterization of a novel 99 mTc-carbonyl
complex as a functional probe of MDR1 P-glycoprotein transport
activity. Mol. Imaging 1: 24–35 

Ecker, G. F., Noe, C. R. (2004) In silico prediction models for blood-
brain barrier permeation. Curr. Med. Chem. 11: 1617–1628 

Eisenblätter, T., Galla, H. J. (2002) A new multidrug resistance pro-
tein at the blood-brain barrier. Biochem. Biophys. Res. Commun.
293: 1273–1278 

Feher, M., Sourial, E., Schmidt, J. M. (2000) A simple model for the
prediction of blood-brain partitioning. Int. J. Pharm. 201: 239–
247 

Fenstermacher, J. D., Wei, L. (1998) Measuring local cerebral capil-
lary permeability-surface area products by quantitative autoradiog-
raphy. In: Pardridge, W. M. (ed.) Introduction to the blood-brain
barrier: methodology, biology and pathology. Cambridge Univer-
sity Press, Cambridge, pp 122–132 

Floris, S., Blezer, E. L., Schreibelt, G., Dopp, E., van der Pol, S. M.,
Schadee-Eestermans, I. L., Nicolay, K., Dijkstra, C. D., de Vries,
H. E. (2004) Blood-brain barrier permeability and monocyte infil-
tration in experimental allergic encephalomyelitis: a quantitative
MRI study. Brain 127: 616–627 

Franke, H., Galla, H. J., Beuckmann, C. T. (1999) An improved low-
permeability in vitro-model of the blood-brain barrier: transport
studies on retinoids, sucrose, haloperidol, caffeine and mannitol.
Brain Res. 818: 65–71 

Franke, H., Galla, H. J., Beuckmann, C. T. (2000) Primary cultures
of brain microvessel endothelial cells: a valid and flexible model
to study drug transport through the blood-brain barrier in vitro.
Brain Res. Brain Res. Protoc. 5: 248–256 

Gaillard, P. J., van der Sandt, I. C. J., Voorwinden, L. H., Vu, D.,
Nielsen, J. L., de Boer, A. G., Breimer, D. D. (2000) Astrocytes
increase the functional expression of P-glycoprotein in an in vitro
model of the blood-brain barrier. Pharm. Res. 17: 1198–1205 

Gaillard, P. J., Voorwinden, L. H., Nielsen, J. L., Ivanov, A.,
Atsumi, R., Engman, H., Ringbom, C., de Boer, A. G., Breimer,
D. D. (2001) Establishment and functional characterization of an
in vitro model of the blood-brain barrier, comprising a co-culture
of brain capillary endothelial cells and astrocytes. Eur. J. Pharm.
Sci. 12: 215–222 

Gao, B., Stieger, B., Noé, B., Fritschy, J. M., Meier, P. J. (1999)
Localization of the organic anion transporting polypeptide 2
(Oatp2) in capillary endothelium and choroid plexus epithelium of
rat brain. J. Histochem. Cytochem. 47: 1255–1263 

Garberg, P., Ball, M., Borg, N., Cecchelli, R., Fenart, L., Hurst, R. D.,
Lindmark, T., Mabondzo, A., Nilsson, J. E., Raub, T. J., Stanimirovic,
D., Terasaki, T., Öberg, J. O., Österberg, T. (2005) In vitro models
for the blood-brain barrier. Toxicol. In Vitro 19: 299–334 

Ghersi-Egea, J. F., Leininger-Muller, B., Cecchelli, R., Fensterma-
cher, J. D. (1995) Blood-brain interfaces: relevance to cerebral
drug metabolism. Toxicol. Lett. 82–83: 654–653 

Goldstein, G. W., Betz, A. L. (1986) The blood-brain barrier. Sci.
Am. 255: 74–83 

Gratton, J. A., Abraham, M. H., Bradbury, M. W., Chadha, H. S.
(1997) Molecular factors influencing drug transfer across the
blood-brain barrier. J. Pharm. Pharmacol. 49: 1211–1216 

Guillot, F. L., Audus, K. L. (1991) Angiotensin peptide regulation of
bovine brain microvessel endothelial cell monolayer permeability.
J. Cardiovasc. Pharmacol. 18: 212–218 

Gulyas, B., Halldin, C., Sandell, J., Karlsson, P., Sóvágó, J., Kárpáti, E.,
Kiss, B., Vas, A., Cselényi, Z., Farde, L. (2002) PET studies on
the brain uptake and regional distribution of [11C]vinpocetine in
human subjects. Acta Neurol. Scand. 106: 325–332 

Gumbleton, M., Audus, K. L. (2001) Progress and limitations in the
use of in vitro cell cultures to serve as a permeability screen for the
blood-brain barrier. J. Pharm. Sci. 90: 1681–1698 

Hazai, I., Pátfalusi, M., Klebovich, I., Ürmös, I. (1999) Whole-body
autoradiography and quantitative organ-level distribution study of
deramciclane in rats. J. Pharm. Pharmacol. 51: 165–174 

Hurst, R. D., Fritz, I. B. (1996) Properties of an immortalized vascu-
lar endothelial/glioma cell co-culture model of the blood-brain
barrier. J. Cell Physiol. 167: 81–88 

Illum, L. (2004) Is nose-to-brain transport of drugs in man a reality?
J. Pharm. Pharmacol. 56: 3–17 

Jiang, Q., Ewing, J. R., Ding, G. L., Zhang, L., Zhang, Z. G., Li,
L., Whitton, P., Lu, M., Hu, J., Li, Q. J., Knight, R. A., Chopp,
M. (2005) Quantitative evaluation of BBB permeability after
embolic stroke in rat using MRI. J. Cereb. Blood Flow Metab.
25: 583–592 

Kakee, A., Terasaki, T., Sugiyama, Y. (1996) Brain efflux index as a
novel method of analyzing efflux transport at the blood-brain bar-
rier. J. Pharmacol. Exp. Ther. 277: 1550–1559 

Kakee, A., Takanaga, H., Terasaki, T., Naito, T., Tsuruo, T.,
Sugiyama, Y. (2001) Efflux of a suppressive neurotransmitter,
GABA, across the blood-brain barrier. J. Neurochem. 79: 110–118 

Kaliszan, R., Markuszewski, M. (1996) Brain/blood distribution
described by a combination of partition coefficient and molecular
mass. Int. J. Pharm. 145: 9–16 

Kido, Y., Tamai, I., Okamoto, M., Suzuki, F., Tsuji, A. (2000) Func-
tional clarification of MCT1-mediated transport of monocarboxy-
lic acids at the blood-brain barrier using in vitro cultured cells and
in vivo BUI studies. Pharm. Res. 17: 55–62 

Kido, Y., Tamai, I., Nakanishi, T., Kagami, T., Hirosawa, I., Sai, Y.,
Tsuji, A. (2002) Evaluation of blood-brain barrier transporters by
co-culture of brain capillary endothelial cells with astrocytes.
Drug Metab. Pharmacokinet. 17: 34–41 

jpp58(3).book  Page 291  Wednesday, February 15, 2006  5:02 PM



292 J. A. Nicolazzo et al

Kitazawa, T., Terasaki, T., Suzuki, H., Kakee, A., Sugiyama, Y.
(1998) Efflux of taurocholic acid across the blood-brain barrier:
interaction with cyclic peptides. J. Pharmacol. Exp. Ther. 286:
890–895 

Kusuhara, H., Suzuki, H., Terasaki, T., Kakee, A., Lemaire, M., Sug-
iyama, Y. (1997) P-glycoprotein mediates the efflux of quinidine
across the blood-brain barrier. J. Pharmacol. Exp. Ther. 283: 574–
580 

Langen, K. J., Hamacker, K., Bauer, D., Broer, S., Pauleit, D., Her-
zog, H., Floeth, F., Zilles, K., Coenen, H. H. (2005) Preferred ster-
eoselective transport of the D-isomer of cis-4-[18F]fluoro-proline
at the blood-brain barrier. J. Cereb. Blood Flow Metab. 25: 607–
616 

Liu, X., Tu, M., Kelly, R. S., Chen, C., Smith, B. J. (2004) Develop-
ment of a computational approach to predict blood-brain barrier
permeability. Drug Metab. Dispos. 32: 132–139 

Luker, G. D., Rao, V. V., Crankshaw, C. L., Dahlheimer, J., Piwn-
ica-Worms, D. (1997) Characterization of phosphine complexes
of technetium(III) as transport substrates of the multidrug resist-
ance P-glycoprotein and functional markers of P-glycoprotein at
the blood-brain barrier. Biochemistry 36: 14 218–14 227 

Lundquist, S., Renftel, M. (2002) The use of in vitro cell culture
models for mechanistic studies and as permeability screens for the
blood-brain barrier in the pharmaceutical industry – background
and current status in the drug discovery process. Vascul. Pharma-
col. 38: 355–364 

Lundquist, S., Renftel, M., Brillault, J., Fenart, L., Cecchelli, R.,
Dehouck, M. P. (2002) Prediction of drug transport through the
blood-brain barrier in vivo: a comparison between two in vitro cell
models. Pharm. Res. 19: 976–981 

Luurtsema, G., Molthoff, C. F., Schuit, R. C., Windhorst, A. D.,
Lammertsma, A. A., Franssen, E. J. (2005) Evaluation of (R)-
[11C]verapamil as PET tracer of P-glycoprotein function in the
blood-brain barrier: kinetics and metabolism in the rat. Nucl. Med.
Biol. 32: 87–93 

Murakami, H., Takanaga, H., Matsuo, H., Ohtani, H., Sawada, Y.
(2000) Comparison of blood-brain barrier permeability in mice
and rats using in situ brain perfusion technique. Am. J. Physiol.
279: H1022–H1028 

Nag, S. (1996) Cold-injury of the cerebral cortex: immunolocaliza-
tion of cellular proteins and blood-brain barrier permeability stud-
ies. J. Neuropathol. Exp. Neurol. 55: 880–888 

Nag, S., Robertson, D. M., Dinsdale, H. B. (1977) Cerebral cortical
changes in acute experimental hypertension: an ultrastructural
study. Lab. Invest. 36: 150–161 

Nagasawa, K., Ito, S., Kakuda, T., Nagai, K., Tamai, I., Tsuji, A.,
Fujimoto, S. (2005) Transport mechanism for aluminium citrate at
the blood-brain barrier: kinetic evidence implies involvement of
system Xc− in immortalized rat brain endothelial cells. Toxicol.
Lett. 155: 289–296 

Nitsch, C., Goping, G., Laursen, H., Klatzo, I. (1986) The blood-
brain barrier to horseradish peroxidase at the onset of bicucul-
line-induced seizures in hypothalamus, pallidum, hippocam-
pus, and other selected regions of the rabbit. Acta Neuropathol.
69: 1–16 

Norinder, U., Haeberlein, M. (2002) Computational approaches to
the prediction of the blood-brain distribution. Adv. Drug. Deliv.
Rev. 54: 291–313 

Oldendorf, W. H. (1970) Measurement of brain uptake of radiola-
beled substances using a tritiated water internal standard. Brain
Res. 24: 372–376 

Pardridge, W. M. (1995) Transport of small molecules through the
blood-brain barrier: biology and methodology. Adv. Drug. Deliv.
Rev. 15: 5–36 

Pardridge, W. M. (1998) CNS drug design based on principles of
blood-brain barrier transport. J. Neurochem. 70: 1781–1792 

Pardridge, W. M. (1999) Blood-brain barrier biology and methodol-
ogy. J. Neurovirol. 5: 556–569 

Pardridge, W. M. (2001) Crossing the blood-brain barrier: are we
getting it right? Drug Discov. Today 6: 1–2 

Pardridge, W. M. (2002) William Pardridge discusses the lack of
BBB research. Interview by Rebecca N. Lawrence. Drug Discov.
Today 7: 223–226 

Pardridge, W. M. (2004a) Holy grails and in vitro blood-brain barrier
models. Drug Discov. Today 9: 258 

Pardridge, W. M. (2004b) Log(BB), PS products and in silico mod-
els of drug brain penetration. Drug Discov. Today 9: 392–393 

Pardridge, W. M., Triguero, D., Yang, J., Cancilla, P. A. (1990)
Comparison of in vitro and in vivo models of drug transcytosis
through the blood-brain barrier. J. Pharmacol. Exp. Ther. 253:
884–891 

Pastan, I., Gottesman, M. M., Ueda, K., Lovelace, E., Rutherford, A. V.,
Willingham, M. C. (1988) A retrovirus carrying an MDR1 cDNA
confers multidrug resistance and polarized expression of P-glycopro-
tein in MDCK cells. Proc. Natl Acad. Sci. USA 85: 4486–4490 

Pidgeon, C., Ong, S., Liu, H., Qiu, X., Pidgeon, M., Dantzig, A. H.,
Munroe, J., Hornback, W. J., Kasher, J. S., Glunz, L., Czereba, T. J.
(1995) IAM chromatography: an in vitro screen for predicting
drug membrane permeability. J. Med. Chem. 38: 590–594 

Plenevaux, A., Weissmann, D., Aerts, J., Lemaire, C., Brihaye, C.,
Degueldre, C., Le Bars, D., Comar, D., Pujol, J., Luxen, A. (2000)
Tissue distribution, autoradiography, and metabolism of 4-(2′-
methoxyphenyl)-1-[2′-[N-2″-pyridinyl)-p-[18F]fluorobenzamido]
ethyl]piperazine (p-[18F]MPPF), a new serotonin 5-HT1A antago-
nist for positron emission tomography: an in vivo study in rats. J.
Neurochem. 75: 803–811 

Polli, J. W., Jarrett, J. L., Studenberg, S. D., Humphreys, J. E., Den-
nis, S. W., Brouwer, K. R., Woolley, J. L. (1999) Role of P-glyco-
protein on the CNS disposition of amprenavir (141W94), an HIV
protease inhibitor. Pharm. Res. 16: 1206–1212 

Polli, J. W., Baughman, T. M., Humphreys, J. E., Jordan, K. H.,
Mote, A. L., Salisbury, J. A., Tippin, T. K., Serabjit-Singh, C. J.
(2003) P-glycoprotein influences the brain concentrations of ceti-
rizine (Zyrtec®), a second-generation non-sedating antihistamine.
J. Pharm. Sci. 92: 2082–2089 

Ramsohoye, P. V., Fritz, I. B. (1998) Preliminary characterization of
glial-secreted factors responsible for the induction of high electri-
cal resistances across endothelial monolayers in a blood-brain bar-
rier model. Neurochem. Res. 23: 1545–1551 

Raub, T. J. (1996) Signal transduction and glial cell modulation of
cultured brain microvessel endothelial cell tight junctions. Am. J.
Physiol. 271: C495–C503 

Raub, T. J. (2004) Strategies for optimizing blood-brain barrier pen-
etration. AAPS Workshop on Optimization of Drug-like Proper-
ties During Lead Optimization. Parsippany, NJ, USA 

Reese, T. S., Karnovsky, M. J. (1967) Fine structural localization of
a blood-brain barrier to exogenous peroxidase. J. Cell Biol. 34:
207–217 

Reichel, A., Begley, D. J., Abbott, N. J. (2003) An overview of in
vitro techniques for blood-brain barrier studies. In: Nag, S. (ed.)
The blood-brain barrier: biology and research protocols. Humana
Press Inc., Totowa, pp 307–324 

Rochat, B., Baumann, P., Audus, K. L. (1999) Transport mecha-
nisms for the antidepressant citalopram in brain microvessel
endothelium. Brain Res. 831: 229–236 

Salminen, T., Pulli, A., Taskinen, J. (1997) Relationship between
immobilised artificial membrane chromatographic retention and
the brain penetration of structurally diverse drugs. J. Pharm.
Biomed. Anal. 15: 469–477 

Samii, A., Bickel, U., Stroth, U., Pardridge, W. M. (1994) Blood-brain
barrier transport of neuropeptides: analysis with a metabolically stable
dermorphin analogue. Am. J. Physiol. 267: E124–E131 

jpp58(3).book  Page 292  Wednesday, February 15, 2006  5:02 PM



Blood–brain barrier permeability 293

Sasongko, L., Link, J. M., Muzi, M., Mankoff, D. A., Yang, X.,
Collier, A. C., Shoner, S. C., Unadkat, J. D. (2005) Imaging P-
glycoprotein transport activity at the human blood-brain barrier
with positron emission tomography. Clin. Pharmacol. Ther. 77:
503–514 

Schaddelee, M. P., Voorwinden, L. H., Groenendaal, D., Hersey, A.,
Ijzerman, A. P., Danhof, M., de Boer, A. G. (2003) Blood-brain
barrier transport of synthetic adenosine A1 receptor agonists in
vitro: structure transport relationships. Eur. J. Pharm. Sci. 20:
347–356 

Schaddelee, M. P., Read, K. D., Cleypool, C. G., Ijzerman, A. P.,
Danhof, M., de Boer, A. G. (2005) Brain penetration of synthetic
adenosine A1 receptor agonists in situ: role of the rENT1 nucleo-
side transporter and binding to blood constituents. Eur. J. Pharm.
Sci. 24: 59–66 

Schlageter, N. L., Carson, R. E., Rapoport, S. I. (1987) Examination
of blood-brain barrier permeability in dementia of the Alzheimer
type with [68Ga]EDTA and positron emission tomography. J.
Cereb. Blood Flow Metab. 7: 1–8 

Smith, Q. R. (1996) Brain perfusion systems for studies of drug uptake
and metabolism in the central nervous system. In: Borchardt, R. T.,
Smith, P. L., Wilson, G. (eds) Models for assessing drug absorption
and metabolism. Plenum Press, New York, pp 285–307 

Smith, Q. R. (2003) A review of blood-brain barrier transport
techniques. In: Nag, S. (ed.) The blood-brain barrier: biol-
ogy and research protocols. Humana Press Inc., Totowa,
pp 193–208 

Smith, Q. R., Allen, D. D. (2003) In situ brain perfusion technique.
In: Nag, S. (ed.) The blood-brain barrier: biology and research
protocols. Humana Press Inc., Totowa, pp 209–218 

Stewart, B. H., Chan, O. H. (1998) Use of immobilized artificial
membrane chromatography for drug transport applications. J.
Pharm. Sci. 87: 1471–1478 

Takasato, Y., Rapoport, S. I., Smith, Q. R. (1984) An in situ brain
perfusion technique to study cerebrovascular transport in the rat.
Am. J. Physiol. 247: H484–H493 

Tao-Cheng, J. H., Nagy, Z., Brightman, M. W. (1987) Tight junc-
tions of brain endothelium in vitro are enhanced by astroglia. J.
Neurosci. 7: 3293–3299 

Taogoshi, T., Nomura, A., Murakami, T., Nagai, J., Takano, M.
(2005) Transport of prostaglandin E1 across the blood–brain bar-
rier in rats. J. Pharm. Pharmacol. 57: 61–66 

Terasaki, T., Deguchi, Y., Kasama, Y., Pardridge, W. M., Tsuji, A.
(1992) Determination of in vivo steady-state unbound drug con-
centration in the brain interstitial fluid by microdialysis. Int. J.
Pharm. 81: 143–152 

Tetsuka, K., Takanaga, H., Ohtsuki, S., Hosoya, K., Terasaki, T.
(2003) The L-isomer-selective transport of aspartic acid is
mediated by ASCT2 at the blood-brain barrier. J. Neurochem.
87: 891–901 

Triguero, D., Buciak, J., Pardridge, W. M. (1990) Capillary depletion
method for quantification of blood-brain barrier transport of circu-
lating peptides and plasma proteins. J. Neurochem. 54: 1882–1888 

Wang, Q., Rager, J. D., Weinstein, K., Kardos, P. S., Dobson, G. L.,
Li, J., Hidalgo, I. J. (2005) Evaluation of the MDR-MDCK cell
line as a permeability screen for the blood-brain barrier. Int. J.
Pharm. 288: 349–359 

Westergren, I., Nyström, B., Hamberger, A., Johansson, B. B. (1995)
Intracerebral dialysis and the blood-brain barrier. J. Neurochem.
64: 229–234 

Wuerfel, J., Bellman-Strobl, J., Brunecker, P., Aktas, O., McFarland, H.,
Villringer, A., Zipp, F. (2003) Changes in cerebral perfusion pre-
cede plaque formation in multiple sclerosis: a longitudinal per-
fusion MRI study. Brain 127: 111–119 

Youdim, K. A., Qaiser, M. Z., Begley, D. J., Rice-Evans, C. A.,
Abbott, N. J. (2004) Flavonoid permeability across an in situ model
of the blood-brain barrier. Free Radic. Biol. Med. 36: 592–604 

Young, R. C., Mitchell, R. C., Brown, T. H., Ganellin, C. R., Griffiths,
R., Jones, M., Rana, K. K., Saunders, D., Smith, I. R., Sore, N. E.,
Wilks, T. J. (1988) Development of a new physicochemical model for
brain penetration and its application to the design of centrally acting
H2 receptor histamine antagonists. J. Med. Chem. 31: 656–671

jpp58(3).book  Page 293  Wednesday, February 15, 2006  5:02 PM


