Open Access

N

Pharmacology

Abstract

Introduction

The existence of the blood-brain bar-
rier in the human body leads to the
insufficiency in delivering therapeu-
tic compounds into the brain for the
effective treatment of various neuro-
logical disorders. In order to deter-
mine the possibility of such agents to
penetrate through the blood-brain
barrier, different in silico, in vitro and
in vivo methods may be implement-
ed. Some of them are often provided
with unreliable results while others
are not feasible in high-throughput
screening environment. The goal of
this review was to characterise the
latest state-of-the-art methods that
have been developed and used in
the pharmaceutical research in the
last few decades to assess the per-
meation of novel therapeutic entities
across the blood-brain barrier.

We carried out a literature re-
search and study selection by search-
ing for published biomedical articles
in the PubMed archive.

Conclusion

Overall, the combination of in silico, in
vitro and in vivo methods in the blood-
brain barrier research may lead to the
discovery of promising drug com-
pounds and more accurate informa-
tion of brain uptake mechanisms.

Introduction
In the drug discovery process, drug
permeation across the blood-brain
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barrier (BBB) is fundamental for
neuropharmaceuticals to reach their
site of action within the central nerv-
ous system (CNS). This BBB consists
of highly specialised microvascular
endothelial cells together with peri-
cytes, astrocytes, microglia, neurons
and basement membrane!. The cap-
illary endothelial cells are connect-
ed by proteins (occludin, claudins
and junctional adhesion molecules)
forming tight junctions (T]s), which
seal the intercellular space, thereby
restricting the permeability for the
CNS-active substances??. In addition,
these cells contain numerous active
membrane transporters to regulate
transcellular transport of drug-like
molecules and their metabolites be-
tween the blood-brain interface.
Over 98% of all known therapeu-
tics are unable to penetrate the BBB
due to their molecular properties and
physicochemical factors, including
hydrophilicity, hydrophobicity, po-
lar surface area, molecular size and
charge (Figure 1). On the contrary,
the permeation of the CNS-inactive
compounds would generate various
undesired side effects. Receptor-
mediated and non-specific adsorp-
tion-mediated transcytosis can also
contribute to the translocation of
peptides, antibodies and lipoproteins
across the BBB*. To minimise this
risk, the healthy BBB itself imposes
a highly efficient impediment for
most of the clinically administered
neuropharmaceuticals. On the other
hand, the BBB dysfunction is highly
implicated in auto-immune, neuro-
pathological processes (Alzheimer
and Parkinson’s diseases), neuroin-
fections (meningitis and encepha-
litis), haemorrhagic and ischemic
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stroke and traumatic brain injury®>~’.
In this regard, the assessment of the
BBB permeation for drug candidates
at physiological and pathological
conditions would be a primary con-
cern for rational drug design and de-
velopment through various in silico,
in vitro and in vivo methods.

The goal of this review is to de-
scribe the state-of-the-art techniques
and methods that have been used so
far in pharmaceutical research to
evaluate the BBB function and assess
the ability of drug-like molecules to
permeate the BBB.

We performed a literature search
and study selection by seeking pub-
lished biomedical research papers in
PubMed. The criteria for search were
as follows:

e article type: review, research arti-
cle

e publication date: various

e species: mammals

¢ language: English

e key words: blood-brain barrier,
in silico, in vitro, in vivo methods,
drug-like compounds, rational drug
design

We also used monographs dedi-
cated to the BBB research and drug
design strategies to bring readers the
state-of the-art information in regard
to describing issues.

Discussion

The authors have referenced some
of their own studies in this review.
These referenced studies have been
conducted in accordance with the
Declaration of Helsinki (1964) and
the protocols of these studies have
been approved by the relevant ethics
committees related to the institution
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Figure 1: Schematic depiction of the blood-brain barrier permeability for

different drug-like chemical substances.

in which they were performed. All
human subjects, in these referenced
studies, gave informed consent to
participate in these studies.

In silico methods

The in silico prediction methods have
acquired popularity in the last few
decades in the BBB research because
of their speed, flexibility, low cost
and less time-consuming efforts in
comparison to in vitro and in vivo ap-
proaches. Therefore, a new strategy
has evolved based on the computa-
tional simulation and prediction of
compound interaction with the BBB
interface to expedite and improve ra-
tional drug design and discovery at
its early stage.

To screen the virtual libraries that
encompass up to hundreds of thou-
sands and even millions of drug-like
molecules, numerous procedures
were devised based on their molecu-
lar descriptors and fingerprints. A
standard high-throughput screening

(HTS) is a method of choice to filter
and determine the CNS-active drug/
hit/lead-like compounds either by
the descriptor- or by the molecular
docking-based strategy (Figure 2).

As for the descriptor-based HTS,
the great assessment in this di-
rection was done by Lipinski and
co-authors, characterised in a litera-
ture as the Rule of Five®. Despite the
fact that the Rule of Five was widely
adopted by both pharmaceutical in-
dustry and academia for its robust-
ness (few false-negatives) and fast
calculation speed, there were dis-
advantages of the method. Among
those were lots of false-positive
outcomes due to simple summation
of molecular properties (molecular
weight, sum of nitrogen and oxygen
atoms, etc.) without considering the
BBB transport mechanisms, such
as multidrug P-glycoprotein (P-gp)
transporter efflux and strong reli-
ance on experimentally determined
datasets.
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Aside from the Lipinski’s rule of
thumb, the other methods were also
elaborated to predict the ability of
substances to permeate the BBB suc-
cessfully and exert their pharmaco-
logical potential. Among them are
various quantitative structure-activ-
ity relationship (QSAR) regression
models based on the BBB partition-
ing values, such as logBB, taken from
experimental data for various drug-
like molecules’. The logBB parameter
is defined as the logarithm value of
steady-state brain to blood (plasma)
concentration ratio for a drug of inter-
est according to following equation:

lOgBB = log (cbrain/cblood)

In  molecular descriptor-based
analysis, the predicted logBB param-
eter was mainly derived from the
notion of molecular polar surface
area descriptor and octanol-water
partition coefficient (logP) to assess
compound hydrophobicity and H-
bonding capacity (desolvation rate).
These two last descriptors were
vigorously discussed throughout
the literature!®!!, For instance, they
were implemented continuously in
the QSAR regression models through
many mathematical formulas, such
as Clark and Rishton equations'?'3:

logBB = 0.152logP — 0.0148PSA
+0.139

logBB = 0.155logP — 0.01PSA
+0.164

On the other hand, the molecular
docking-based methods have been
successfully used to determine the
P-glycoprotein substrates or inhibi-
tors dealing with the phenomenon of
active multidrug efflux by P-gp in the
brain'#>, Despite its relative preci-
sion, this approach depends on the ac-
curate crystallographic three-dimen-
sional models of the protein structure
and implements laborious ligand-
receptor preparations and computa-
tionally slow genetic algorithms'®'’.
Therefore, this approach is particular-
ly valuable when used in combination
with previously described methods
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Figure 2: Schematic depiction of in silico methods to predict the BBB
permeability of drug-like chemical compounds. The HTS methodology filters
the virtual compound library through a descriptor- and/or molecular docking-
based ‘funnel’ to generate the best results in accordance with Lipinski’s Rule of
Five, predicted logBB values and drug-P-gp interaction.

to exclude the role of active transport are very important. Systems that

as a result of drug-P-gp interaction
upon the BBB permeation of drug-like
chemical compounds.

In vitro methods
In CNS research, BBB permeability
properties of drug-like candidates

can be used for HTS are favoured.
Moreover, methods that allow for
direct access to the brain endothe-
lium with no interference from other
brain structures are preferred. In
vitro models allow for this which are
the more common choice for such
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purpose. The translation of in vivo
BBB permeability research to an in
vitro setting calls for efficient in vitro
methods of assessment.

A good in vitro BBB model should
possess characteristics that mimic
the BBB in vivo. A valid in vitro BBB
model expresses T] proteins among
adherent endothelial cells and pos-
sesses negligible permeation to
sucrose or electric current’®. In ad-
dition, it is selectively permeable to
molecules! and displays functional
mechanisms of active extrusion?® or
active transport?'2,

Cells of both cerebral and non-
cerebral origin are used as in vitro
models of the BBB. Isolation of brain
capillaries and culture of brain cap-
illary endothelial cells (BCECs) are
both employed. However, due to the
limitations of currently available im-
mortalised BCEC lines since some
of them have insufficient barrier
properties, the cells of non-cerebral
origin might be also used to build a
barrier.

Isolated brain capillaries are used
for BBB transport studies®-?°. Fresh-
ly isolated capillaries directly reflect
the situation at the luminal side of
brain capillaries. In fact, they reflect
the in vivo situation very well. How-
ever, they are not well suited for the
BBB permeation studies since the lu-
minal surface of the microvessels is
difficult to access.

Primary BCECs also mimic the
in vivo situation that makes them
favourable in an in vitro model for
BBB research. They provide a close
phenotypic resemblance to in vivo
BBB cells. However, it takes time to
isolate, seed and incubate BCECs.
Moreover, it is difficult to reproduce
the same phenotypic and permeabil-
ity properties for every experiment
when using this cell type. Primary or
low-passage porcine BCECs were the
‘pioneer’ cells used as an in vitro per-
meability model?®.

In order to overcome the prob-
lems concerning reproducibil-
ity of primary BCECs, immortalised
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BCECs are established for in vitro
BBB permeation studies. For in-
stance, the murine cerebrovascular
endothelial cell line (cEND) was
generated and its barrier properties
were enhanced by glucocorticoid
treatment?’-2°,

Improvement of barrier proper-
ties has also been reported in por-
cine cerebral capillary endothelial
cells?®, rat BCECs®*° and human der-
mal microvascular endothelial cell
line (hDMEC/D3)*. Meanwhile,
BCECs can also be co-cultured with
astrocytes?®?, C6 glioma cells®® or peri-
cytes®* to improve barrier properties.
These cells can be grown either with
or without contact with BCECs in a
Transwell culture system. Transwell
models have been developed to study
BBB permeation. Most permeability
experiments employ this method. It
can be a monodimensional system,
wherein which only BCECs are grown
on a microporous membrane or a
two-dimensional system wherein
the BCECs are co-cultured with other
cells (Figure 3A-C).

However, all these systems lack
the experimental replication of in-
traluminal blood cells together
with bloodstream flow that imparts
shear stress as it is occurring in vivo.

A

Apical
chamber

Basolateral
chamber

Endothelial ||

%/
(Astrocytes

The first in vitro BBB filter model
was introduced in the 1980s using
bovine brain endothelial cells®*®. The
insert was composed of nylon mesh
and polycarbonate tubing. A variety
of chambers and inserts from differ-
ent materials and pore sizes later be-
came commercially available.

To compensate for the afore-
mentioned lack in shear stress as
affecting endothelial barrier func-
tion, dynamic BBB models were es-
tablished?¢. In these models, hollow
fibres that mimic capillaries and
allow co-culture of other cell types
were used (Figure 4). Bovine aortic
endothelial cells co-cultured with
glial cells were the first BBB model to
adopt this method®”. More recently,
immortalised porcine brain endothe-
lial cells co-cultured with glial cells®®
were used. The human cerebral
microvascular endothelial cell line
(hCMEC/D3) co-cultured with astro-
cytes grown in the lumen of hollow
microporous fibres and exposed to a
physiological pulsatile flow was also
recently developed as a dynamic BBB
model*. This method demonstrated
that hCMEC/D3 cells cultured un-
der pulsatile flow conditions have
maintained in vitro physiological
permeability barrier properties of

Figure 3: Schematic drawing of static in vitro Transwell models to study
BBB permeation. ‘A’ represents the traditional endothelial monolayer as
monodimensional system while ‘B’ and ‘C’ show the two-dimensional
experimental setup with no or close contact cellular arrangements,

respectively.
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the BBB in situ even in the absence of
abluminal astrocytes. However, due
to some technical demands of this
approach, it may not be utilised as a
high-throughput in vitro permeabil-
ity screening system.

There are several in vitro models
to choose for conducting BBB perme-
ability studies, but there is no univer-
sal in vitro model that encompasses
all the properties presented in vivo.
Thus, it is advantageous if a combi-
nation of existing methods is used
to come up with better experimental
systems.

In vivo methods

While in silico and in vitro methods
have many significant advantages
to perform substantial screening of
drug-like chemical compounds, the
BBB permeation analysis should not
rely solely on them. Therefore, in vivo
techniques made it possible to cor-
relate the data produced by previous
methods, determine and confirm the
final results and clarify the BBB mo-
lecular mechanisms considering the
complexity of living organisms*’.

There are various in vivo meth-
ods (some of which are not in the
scope of this review) that have been
utilised to evaluate the BBB permea-
tion mechanism, including the high-
performance liquid chromatography
(HPLC) analysis of brain homogen-
ates, in situ brain perfusion and in-
tracerebral microdialysis (Figure 5).
Each of these invasive techniques is
suitable to experimentally determine
the logBB and/or logPS (logarithm of
permeability-surface area product)
values under appropriate physiologi-
cal and pathological conditions.

The HPLC analysis of mouse or rat
brain homogenates is a crude meth-
od of choice; it starts with a homoge-
nate preparation by ultrasonication
in Dulbecco’s phosphate-buffered
saline (PBS) or other matrices follow-
ing high-speed centrifugation to pro-
duce a clear supernatant for further
determination of drug concentration
by HPLC. The major disadvantage
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Figure 4: Schematic representation of a conventional dynamic in vitro BBB
device (‘bioreactor’). Endothelial cells are seeded intraluminaly in collagen
4 or fibronectin-coated hollow-fibre cylinder while astrocytes are seeded

extraluminally.

of this approach is that the residual
capillary blood in the brain might
influence the results and, therefore,
should be eliminated via brain reper-
fusion with PBS before surgery or in
situ brain perfusion*!. The other hur-
dles and difficulties in HPLC meas-
urements include a high lipid and
protein composition presented in the
brain, which bind to a chemical entity
(protein/lipid-bound drug fraction)
and sediment along with it.

The in situ perfusion technique was
first developed by Takasato et al.*%. In
this method, the right cerebral hemi-
sphere of the rat is perfused in situ
(in place), with the reference and test
compounds retrograde via the exter-
nal into the internal carotid artery in
anaesthetised rats.

After perfusion, the animals are
decapitated and the brain is analysed
for reference and test compounds to
quantify the logPS coefficient, which
is a calculation method based on the
rate of brain penetration for analysed
chemical entity. The logPS parameter
is calculated as follows:

V-V
logPS=log|: Dt °:|

where t is the duration of the perfu-
sion period (min) and V, or V is the
brain volume of distribution for the
test and reference compound respec-
tively and calculated as the brain/
perfusate concentration at time t*.
In situ brain perfusion does not al-
ter the BBB integrity and can be used
to accurately determine permeability
coefficients for solutes ranging from
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1078 to 10™* cmxs™ *2 The most fre-
quently used animal for brain perfu-
sions is the rat, although this method
has also been successfully applied in
dog, guinea pig and mice studies**-*°.
Although this method takes longer to
perform compared to carotid artery
single injection, it is more sensitive
due to the prolonged duration. It also
allows the estimation of PS product
for those compounds that penetrate
easily or very poorly. In the course of
in situ brain perfusion, the compound
being tested is not systemically ex-
posed; therefore it avoids metabo-
lism in the liver. In addition, many
factors of the perfusate such as con-
centration and constituents can be
controlled and varied*’. A serious dis-
advantage of this method, however, is
the large number of animals needed
for complete kinetic analysis. In addi-
tion, radiolabelled or reference com-
pounds are required for analysis.
Intracerebral microdialysis is a
valuable tool in pharmaceutical re-
search that is used to perform a di-
rect sampling of cerebral interstitial
fluid via establishing a dialysis cath-
eter with semipermeable membrane
into the brain*®. Therefore, the mol-
ecule of interest from the brain will

HPLC of brain homogenates

In situ brain perfusion

3= |ogBBllogP$

Intracerebral microdialysis

Invasive in vivo methods

f)mg injection

Figure 5: Schematic diagram of different invasive in vivo methods. Intravenous
drug injection is followed by further analysis of drug concentration in the brain

and blood (see text for details).
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traverse this membrane according
to its concentration gradient (from
high to low) that makes it possible
to analyse within the collected fluid
(microdialysate)***. This technique
allows the possibility to monitor the
drug concentration in the brain over
time within the same animal and
probe different brain areas as pre-
sumable drug targets. The potential
drawbacks may include chronic BBB
inflammation and disruption caused
by this invasive procedure followed
by increased BBB leakage and plas-
ma protein extravasation®. Despite
these shortcomings, this method of
choice is still the only technique that
provides information about the local
concentration of unbound fraction
of drug-like substances at any given
time in freely moving animals.

Conclusion

Diverse in silico, in vitro and in vivo
methods for the estimation of drug-
like molecules transferred across
the BBB have been devised for phar-
maceutical research by industry and
academia in the last few decades.
Presently, all these methods have their
intrinsic advantages and limitations
emphasised in this current review.
The more reliable in vivo methodolo-
gies are still not applicable for HTS of
huge molecular databases generated
by combinatorial chemistry manipu-
lations. For that reason, additional
in silico and in vitro techniques were
widely adopted by bioscientists to ex-
pedite a compound selection process,
fully assess the brain uptake for chem-
ical entities and better understand
the complex mechanisms underlying
BBB transport. Therefore, the use of a
combined screening process, includ-
ing in silico, in vitro and in vivo meth-
ods, may achieve greater reliabilities
in predicting and measuring the BBB
permeation potential of promising
drug candidates in humans.

Acknowledgements
Special thanks are extended to Anna
Poon from the City College of New

York for her assistance in the paper’s
writing. The authors are grateful to
the BMBF (Bundesministerium fiir
Bildung und Forschung) for the sup-
port of this work by providing the
grants (13NM803) to Carola Forster.

Abbreviations list

BBB, blood-brain barrier; BCEC,
brain capillary endothelial cell; cEND,
cerebrovascular endothelial cell line;
CNS, central nervous system; HPLC,
high-performance liquid chromatog-
raphy; HTS, high-throughput screen-
ing; PBS, phosphate-buffered saline;
QSAR, quantitative structure-activity
relationship; TJ, tight junction.

References

1. Neuwelt E, Abbott NJ, Abrey L, Banks
WA, Blakley B, Davis T, et al. Strategies
to advance translational research into
brain barriers. Lancet Neurol. 2008 Jan;
7(1):84-96.

2. Wolburg H, Lippoldt A. Tight junctions
of the blood-brain barrier: development,
composition and regulation. Vascul Phar-
macol. 2002 Jun;38(6):323-37.

3. Forster C. Tight junctions and the mod-
ulation of barrier function in disease.
Histochem Cell Biol. 2008 Jul;130(1):
55-70.

4. Scherrmann JM. Drug delivery to brain
via the blood-brain barrier. Vascul Phar-
macol. 2002 Jun;38(6):349-54.

5. Cecchelli R, Berezowski V, Lundquist
S, Culot M, Renftel M, Dehouck MP, et al.
Modelling of the blood-brain barrier in
drug discovery and development. Nat
Rev Drug Discov. 2007 Aug;6(8):650-61.
6. Kleinschnitz C, Blecharz K, Kahles T,
Schwarz T, Kraft P, Gobel K, et al. Glu-
cocorticoid insensitivity at the hypoxic
blood-brain barrier can be reversed by
inhibition of the proteasome. Stroke.
2011 Apr;42(4):1081-9.

7. Thal SC, Schaible EV, Neuhaus W,
Scheffer D, Brandstetter M, Engelhard
K, et al. Inhibition of proteasomal gluco-
corticoid receptor degradation restores
dexamethasone-mediated stabilisation
of the blood-brain barrier after trau-
matic brain injury. Crit Care Med. 2013
May;41(5):1305-15.

8. Lipinski CA. Chris Lipinski discusses
life and chemistry after the Rule of Five.
Drug Discov Today. 2003 Jan;8(1):12-6.

Page 6 of 7

Critical review

9. Clark DE. In silico prediction of blood-
brain barrier permeation. Drug Discov
Today. 2003 Oct;8(20):927-33.

10. Shityakov S, Broscheit ], Forster C.
a-Cyclodextrin dimer complexes of dopa-
mine and levodopa derivatives to assess
drug delivery to the central nervous sys-
tem: ADME and molecular docking stud-
ies. Int ] Nanomedicine. 2012;7:3211-9.
11. Shityakov S, Neuhaus W, Dandekar T,
Forster C. Analysing molecular polar sur-
face descriptors to predict blood-brain
barrier permeation. Int ] Comput Biol
Drug Des. 2013;6(1-2):146-56.

12. Clark DE. Rapid calculation of polar
molecular surface area and its applica-
tion to the prediction of transport phe-
nomena. 2. Prediction of blood-brain
barrier penetration. ] Pharm Sci. 1999
Aug;88(8):815-21.

13. Rishton GM, LaBonte K, Williams AJ,
Kassam K, Kolovanov E. Computational
approaches to the prediction of blood-
brain barrier permeability: A compara-
tive analysis of central nervous system
drugs versus secretase inhibitors for Alz-
heimer’s disease. Curr Opin Drug Discov
Devel. 2006 May;9(3):303-13.

14. Shityakov S, Forster C. Multidrug re-
sistance protein P-gp interaction with
nanoparticles (fullerenes and carbon
nanotube) to assess their drug delivery
potential: a theoretical molecular dock-
ing study. Int ] Comput Biol Drug Des.
2013;6(4):343-57.

15. Bikadi Z, Hazai I, Malik D, Jemnitz K,
Veres Z, Hari P, et al. Predicting P-glyco-
protein-mediated drug transport based
on support vector machine and three-
dimensional crystal structure of P-glyco-
protein. PLoS One. 2011;6(10):e25815.
16. Goodsell DS, Morris GM, Olson A]J.
Automated docking of flexible ligands:
applications of AutoDock. ] Mol Recognit.
1996 Jan-Feb;9(1):1-5.

17. Shityakov S, Dandekar T. Lead expan-
sion and virtual screening of Indinavir
derivate HIV-1 protease inhibitors using
pharmacophoric - shape similarity scor-
ing function. Bioinformation. 2010 Jan;
204(7):295-9.

18. Rubin LL, Staddon JM. The cell biol-
ogy of the blood-brain barrier. Annu Rev
Neurosci. 1999;22:11-28.

19. Abbott NJ, Romero IA. Transport-
ing therapeutics across the significantly
decrease inter-experimental variability
and blood-brain barrier. Mol Neurobiol.
1994;2:106-13.

Licensee OA Publishing London 2013. Creative Commons Attribution License (CC-BY)

FOR CITATION PURPOSES: Shityakov S, Salvador E, Férster C. In silico, in vitro, and in vivo methods to analyse drug permeation
across the blood-brain barrier: A critical review. OA Anaesthetics 2013 Jul 01;1(2):13.

Competing interests: none declared. Conflict of interests: none declared.

All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.

All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.



OA Anaesthetics

Open Access

N

20. Schinkel AH. P-Glycoprotein, a gate-
keeper in the blood-brain barrier. Adv
Drug Deliv Rev. 1999 Apr;36(2-3):179-94.
21. Tsukamoto H, Hamada Y, Wu D, Boado
R], Pardridge WM. GLUT1 glucose trans-
porter: differential gene transcription
and mRNA binding to cytosolic and poly-
some proteins in brain and peripheral
tissues. Brain Res Mol Brain Res. 1998 Jul
15;58(1-2):170-7.

22. McAllister MS, Krizanac-Bengez L,
Macchia F, Naftalin R], Pedley KC, May-
berg MR, et al. Mechanisms of glucose
transport at the blood-brain barrier:
an in vitro study. Brain Res. 2001 Jun
15;904(1):20-30.

23. Thole M, Nobmann S, Huwyler ], Bar-
tmann A, Fricker G. Uptake of cationised
albumin-coupled liposomes by cultured
porcine brain microvessel endothelial
cells and intact brain capillaries. ] Drug
Target. 2002 Jun;10(4):337-44.

24. Erdlenbruch B, Alipour M, Fricker G,
Miller DS, Kugler W, Eibl H, et al. Alkylg-
lycerol opening of the blood-brain barrier
to small and large fluorescence markers
innormal and C6 glioma-bearing rats and
isolated rat brain capillaries. Br ] Phar-
macol. 2003 Dec;140(7):1201-10.

25. Hartz AM, Bauer B, Fricker G, Miller
DS. Rapid regulation of P-glycoprotein at
the blood-brain barrier by endothelin-1.
Mol Pharmacol. 2004 Sep;66(3):387-94.
26. Hoheisel D, Nitz T, Franke H, Wegener
], Hakvoort A, Tilling T, et al. Hydrocorti-
sone reinforces the blood brain barrier
properties in a serum-free cell-culture
system. Biochem Biophys Res Commun.
1998 Mar;244(1):312-6.

27. Forster C, Silwedel C, Golenhofen N,
Burek M, Kietz S, Mankertz ], et al. Occludin
as direct target for glucocorticoid-induced
improvement of blood-brain barrier prop-
erties in a murine in vitro system. ] Physi-
ol. 2005 Jun 1;565(Pt 2):475-86.

28. Forster C, Waschke ], Burek M, Leeres
], Drenckhahn D. Glucocorticoid effects
on mouse microvascular endothelial
barrier permeability are brain specific. ]
Physiol. 2006 Jun;573(Pt 2):413-25.

29. Burek M, Salvador E, Forster CY. Gen-
eration of an immortalised murine brain
microvascular endothelial cell line as an
in vitro blood brain barrier model. ] Vis
Exp. 2012 Aug 29;66:e4022.

30. Romero IA, Radewicz K, Jubin E,
Michel CC, Greenwood ], Couraud PO, et
al. Changes in cytoskeletal and tight junc-
tional proteins correlate with decreased
permeability induced by dexamethasone
in cultured rat brain endothelial cells.
Neurosci Lett. 2003 Jun 26;344(2):112-6.
31.Forster C, Burek M, Romero IA, Weksler
B, Couraud PO, Drenckhahn D. Differential
effects of hydrocortisone and TNF alpha
on tight junction proteins in an in vitro
model of the human blood brain barrier. |
Physiol. 2008 Apr 1;586(7):1937-49.

32. Dehouck MP, Méresse S, Delorme P,
Fruchart ]JC, Cecchelli R. An easier, repro-
ducible and mass-production method to
study the blood-brain barrier in vitro. ]
Neurochem. 1990 May;54(5):1798-801.
33. Raub TJ. Signal transduction and glial
cell modulation of cultured brain mi-
crovessel endothelial cell tight junctions.
Am ] Physiol. 1996 Aug;271(2 Pt 1):
C495-503.

34. Hayashi K, Nakao S, Nakaoke R, Naka-
gawa S, Kitagawa N, Niwa M. Effects of hy-
poxia on endothelial /pericytic co-culture
model of the blood-brain barrier. Regul
Pept. 2004 Dec 15;123(1-3):77-83.

35. Bowman PD, Ennis SR, Rarey KE, Betz
AL, Goldstein GW. Brain microvessel en-
dothelial cells in tissue culture: a model
for study of blood-brain barrier per-
meability. Ann Neurol. 1983 Oct;14(4):
396-402.

36. Tarbell JM. Shear stress and the en-
dothelial transport barrier. Cardiovasc
Res. 2010 Jul;87(2):320-30.

37. Stanness KA, Westrum LE, Fornaciari
E, Mascagni P, Nelson JA, Stenglein SG, et
al. Morphological and functional charac-
terisation of an in vitro blood-brain barri-
er model. Brain Res. 1997;771(2):329-42.
38. Neuhaus W, Lauer R, Oelzant §,
Fringeli UP, Ecker GF, Noe CR. A novel
flow based hollow-fiber blood-brain bar-
rier in vitro model with immortalised
cell line PBMEC/C1-2. ] Biotechnol. 2006
Aug;125(1):127-41.

39. Cucullo L, Couraud PO, Weksler B,
Romero IA, Hossain M, Rapp E, et al. Im-
mortalised human brain endothelial cells
and flow-based vascular modeling: a
marriage of convenience for rational neu-
rovascular studies. ] Cereb Blood Flow
Metab. 2008 Feb;28(2):312-28.

Page 7 of 7

Critical review

40. Pardridge WM. Blood-brain barrier
biology and methodology. ] Neurovirol.
1999 Dec;5(6):556-69.

41. Longhi R, Corbioli S, Fontana S, Vinco
F, Braggio S, Helmdach L, et al. Brain tis-
sue binding of drugs: evaluation and vali-
dation of solid supported porcine brain
membrane vesicles (TRANSIL) as a novel
high-throughput method. Drug Metab
Dispos. 2011 Feb;39(2):312-21.

42. Takasato Y, Rapoport SI, Smith QR.
An in situ brain perfusion technique to
study cerebrovascular transport in the
rat. Am ] Physiol. 1984 Sep;247(3 Pt 2):
H484-93.

43. Brownlees ], Williams CH. Peptidases,
peptides and the mammalian blood-
brain barrier. ] Neurochem. 1993 Mar;
60(3):793-803.

44. Betz AL, Gilboe DD. Effect of pento-
barbital on amino acid and urea flux in
the isolated dog brain. Am ] Physiol. 1973
Mar;224(3):580-7.

45. Zlokovic BV, Begley D], Djuricic BM,
Mitrovic DM. Measurement of solute
transport across the blood-brain barrier
in the perfused guinea pig brain: method
and application to N-methyl-alpha-ami-
noisobutyricacid.JNeurochem.1986 May;
46(5):1444-51.

46. Shayo M, McLay RN, Kastin A], Banks
WA. The putative blood-brain barrier
transporter for the beta-amyloid bind-
ing protein apolipoprotein j is saturated
at physiological concentrations. Life Sci.
1997;60(7):L115-8.

47. Smith QR, Allen DD. In situ brain
perfusion technique. Methods Mol Med.
2003;89:209-18.

48. Nicolazzo JA, Charman SA, Charman
WN. Methods to assess drug permeabili-
ty across the blood-brain barrier. ] Pharm
Pharmacol. 2006 Mar;58(3):281-93.

49. de Lange EC, de Boer BA, Breimer
DD. Microdialysis for pharmacokinetic
analysis of drug transport to the brain.
Adv Drug Deliv Rev. 1999 Apr;36(2-3):
211-27.

50. Tisdall MM, Smith M. Cerebral micro-
dialysis: research technique or clinical
tool. Br ] Anaesth. 2006 Jul;97(1):18-25.
51. Westergren I, Nystrom B, Hamberger
A, Johansson BB, et al. Intracerebral di-
alysis and the blood-brain barrier. ] Neu-
rochem. 1995 Jan;64(1): 229-34.

Licensee OA Publishing London 2013. Creative Commons Attribution License (CC-BY)

FOR CITATION PURPOSES: Shityakov S, Salvador E, Férster C. In silico, in vitro, and in vivo methods to analyse drug permeation
across the blood-brain barrier: A critical review. OA Anaesthetics 2013 Jul 01;1(2):13.

Competing interests: none declared. Conflict of interests: none declared.

All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.

All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.



