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The blood–brain barrier (BBB) is a microvascular unit which selectively regulates the 
permeability of drugs to the brain. With the rise in CNS drug targets and diseases, 
there is a need to be able to accurately predict a priori which compounds in a company 
database should be pursued for favorable properties. In this review, we will explore 
the different computational tools available today, as well as underpin these to the 
experimental methods used to determine BBB permeability. These include in vitro 
models and the in vivo models that yield the dataset we use to generate predictive 
models. Understanding of how these models were experimentally derived determines 
our accurate and predicted use for determining a balance between activity and BBB 
distribution.

Keywords: high-throughput • in silico • logPS • nutrient transporters • virtual screening 

Drug delivery to the CNS, in particular the 
brain, is of increasing importance. As our pop-
ulation is growing older, several CNS diseases 
have seen a steady increase in presentation [1]. 
Several of these include schizophrenia, depres-
sion, anxiety, insomnia, Alzheimer’s and Par-
kinson’s disease. In the case of Alzheimer’s 
disease, the estimated number of patients may 
double in the next 40 years, from 4.7 million 
patients in 2010 to 13.8  million patients in 
2050  [2]. With the considerable high cost of 
developing a new drug, as well as the relatively 
large failure rate, efforts have been made to 
create tools that could increase the probability 
of identifying compounds that can penetrate 
into the CNS. Recent studies are now showing 
that the physicochemical properties that influ-
ence pharmacokinetics are equally important 
to pharmacodynamics, and both should be 
optimized for the successful development 
of compounds that reach the market  [3–5]. A 
major obstacle in drug delivery to the brain/
CNS is the presence of a specialized microvas-
cular unit, the blood–brain barrier (BBB), that 
essentially separates drug movement between 
the peripheral and CNS compartments  [6–8]. 
The BBB has several properties that have been 

evolutionarily developed to protect the brain 
from dangerous xenobiotics, but it is a major 
bottleneck in drug development.

It is estimated that more than 98% of small 
organic compounds (drugs) do not cross the 
BBB [9]. Several industry-inspired papers have 
been published in the last few years indicating 
that novel methods are desperately needed to 
increase the number of compounds which will 
reach the CNS and have efficacy in clinical tri-
als. This is surprising, since the BBB has been 
extensively looked at with the increasing avail-
ability of larger datasets that are now available 
to researchers. This is especially true for statis-
tical modeling of the BBB, or otherwise gener-
ally referred to as quantitative structure–prop-
erty relationships (QSPR). Novel methods are 
being explored for drug delivery to the brain, 
moving away from modifying the compound 
via medicinal chemistry to nanoparticles  [10], 
and genetically engineered proteins  [11]. In 
this review, we reflect on the current status 
of determining a priori whether a compound 
is able to reach the CNS drug target. A short 
overview of the BBB physiology as well as an 
overview of the general methods used to deter-
mine compound concentration in brain will 
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be given. Lastly, we will look at different computational 
models and what correlations exist as it relates to the 
ideal structure of a CNS permeable drug.

BBB physiology
The BBB was first characterized in 1885, when Paul 
Ehrlich injected vital dyes into animals and observed 
that the brain was not stained blue as the rest of the 
body [12]. The BBB (see Figure 1) is widely described as 
consisting of a microvasular unit, in other words, the 
brain capillary endothelium, as well as closely associ-
ated pericytes [13], an astrocyte end foot and neuronal 
endings  [14,15] (Figure 2). Together, the components of 
the BBB play a role in both the protection of the brain 
from exogenous as well as endogenous toxins as well as 
playing a role in ensuring optimal nutrient supply to 
the brain  [16]. Additionally, the BBB is metabolically 
active, in that there are active efflux transporters 
and enzymatic processes which play a large contribut-
ing role in final drug distribution. Several efflux trans-
porters, such as PGP, BCRP and multidrug resistance 
proteins (MRP) have profound clinical relevance to 
several CNS diseases such as cancers and HIV, with 
therapeutic failure a possible end result [17–20].

A closer inspection of the BBB anatomy reveals the 
presence of tight junctions (TJ) also known as ‘zonu-
lae occludens’ [16] and adherens junctions (AJ), which 
essentially prevent any paracellular transport of com-
pounds across the vasculature and impart the selective 
permeability of the BBB to drugs. The AJ give struc-
tural support to the vascular endothelial cells. These 
TJs are in contrast to the peripheral vasculature, 
where the lack of TJs allows for free paracellular trans-
port via gaps or fenestrations ‘fenestrae’ among endo-
thelial cells  [21]. The TJs of the BBB can be opened 
under specific conditions, allowing for the temporary 
introduction of compounds into the brain  [22–24] as 
well as under pathological conditions, for example, 
after cerebral ischemic stroke [25]. Several proteins are 
associated with the TJs between the vascular endothe-
lial cells, including occludin and claudin, as well as 
junctional adhesion molecules (JAM). The TJs found 
as part of the BBB imparts a characteristically high 
electrical resistance to the vasculature (1500–2000 Ω.
cm2) [11].

Due to the restrictive paracelllular transport/perme-
ability of compounds across the brain endothelial vascu-

lature, most compounds gain access to the brain either 
via transcellular diffusion or via transporter mediated 
uptake. Several solute transporter have been identified 
over the past few years (e.g.,  GLUT1; organic anion 
transporter [OAT])  [9,16,26], which are necessary for 
transport of nutrients to the brain, and several of these 
transporters can be exploited as possible drug delivery 
vectors for drugs such as the BBB choline transporter 
(CTL1)  [27,28]. There are differences between the BBB 
of different species [29], but the study of Murakami et al. 
suggested that there is a strong correlation between rat 
and mouse BBB permeability [30].

Determining drug disposition into the brain
As mentioned in a recent review, the most important 
relationship between a drug and its effect in the brain is 
the free drug hypothesis. This states that the effect of a 
drug is related to the receptor occupancy (RO), which is 
the interaction between drug and the receptors. Essen-
tially, a free fraction of drug is needed to distribute to 
the receptor, so that the target can be occupied [31]. For 
datasets of BBB permeability to make sense, a short 
overview of the experimental procedures are in order, 
excluding in silico modeling. For deeper insight the 
reader is referred to a recent review [32], as here we only 
cover major techniques. Broadly categorized, BBB per-
meability of compounds can be determined via in vitro 
and in vivo techniques, where the different models are 
influence by need for high-throughput, cost as well as 
technical skill sets needed in obtaining data [29]. For sev-
eral years, the bottle neck in developing predictive BBB 
models, as well as understanding how BBB permeable 
compounds should look like, was lacking in large data-
sets [6,7]. Currently, several datasets are now available as 
compilations from several publications. One caveat that 
should be pointed out regarding many datasets, are that 
they were collated from different publications, and in 
many cases different labs. Small changes in experimen-
tal technique (e.g., timing from injection to analysis) as 
well as a lack of standardization should be kept in mind 
when combining datasets.

PAMPA assays
PAMPA (parallel artificial membrane permeability 
analysis) assays have gained attention due to their ame-
nability for high-throughput screening  [33–35]. Several 
variations exist, but essentially this method employs 
the use of artificially created membranes on a high-
porosity filter which mimic biological lipid bilayers. A 
favorite variation on the PAMPA assays is the use of a 
5% hexadecane in hexane solution, referred to as the 
hexadecane method (HDM-PAMPA) due to its sim-
plicity. These assays can easily be done in 96-well plate 
format, coupled with either an LC-MS/MS or with 

Key terms

Efflux transporters: Transporters present on the cell 
surface that restrict the drug from crossing the biological 
barriers such as BBB.

In silico: A Latin phrase which translates to ‘performed on 
a computer or via computer simulation’.
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Figure 1. The blood–brain barrier is a specialized micro-vascular unit comprised of several cell types. A major 
characteristic of the BBB is the presence of tight junctions between the endothelial cells, which restricts the 
movement of drugs via the paracellular route and forces compounds to use the transcellular routes.
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UV/colorimeteric plate reader. The calculated value 
for permeability is the logP

e
 (see Equation 1).

(1)

where

In Equation 1, for a Millipore Multiscreen Perme-
ability filter plate for instance, Vd is defined as the vol-
ume of the donor compartment (150 μl is 0.15 cm3), 
Va is defined as the volume of the donor compartment 
(300 μl is 0.3 cm3), the area of the filter is 0.048 cm2, 
time of the assay is given in seconds and [drug]

acceptor
 

is the concentration given in the acceptor well and 
[drug]

equilibrium
 is given as theoretical equilibrium 

concentration.

In vitro cell culture
Cell culture lends itself nicely to HTS screening meth-
ods [36–39]. Several BBB cell models can be used since 
they have been immortalized, and can easily be prop-
agated in the lab (e.g.,  bEnd3 and RBE4 cell lines). 
Alternatively, freshly isolated brain microvessel endo-
thelial cells can be cultured, although time consum-
ing in preparation (∼12  h). The brain microvascular 
endothelial cell line (hCMEC/D3) represents another 
in vitro model for BBB. hCMEC/D3 cells are easy to 
grow and the advantage of these cells over other cell 
lines is they retain and express most of the transporters 

and receptors present in vivo at the human BBB and 
hence they can be used in cellular and molecular stud-
ies in pathological and dug transport mechanistic stud-
ies with close relevance to the human CNS  [40]. The 
typical set-up is to culture these cells in transwell cell 
culture inserts, where the drug is added to the donor 
compartment, and the drug concentration is measured 
in the acceptor compartment at a certain time point [32].

A novel high-throughput (HTS) method was 
recently developed to predict the unbound drug frac-
tion in the brain. The unbound drug fraction (fu,

brain
) 

was determined using a method of comparing the 
intracellular concentration of a drug when added 
to homogenized cells which were grown in a flask 
(e.g., T-75) versus comparing the steady-state drug in 
a cell culture dish. Combining cassed dosing and cou-
pled to MS analysis, it was found that the method was 
able to estimate the brain unbound drug distribution 
(fu,

brain
) with an average error of 1.9 on prediction of 

permeability of compounds [41,42].
The search for HTS methods, which can be 

used easily and cheaply, have led to the evaluation 
of several nontraditional species. For instance, the 
use of insect cells from the grasshopper (Locusta 
migratoria) has several key aspects that are close 
enough in function for the easy development of 
in vitro cell cultures which can be used to screen 
compounds for BBB permeability  [29,43,44]. Addi-
tionally, the zebrafish (Danio rerio) has also been 
used successfully as surrogate model for the BBB 
permeability studies of compounds [45,46].

log e C * 1nP [drug] equilibrium

[drug] acceptor
– –= c k

*

*
C

Vd Va area time

Vd Va=
+^a h k
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In vivo BBB permeability
Several models can be used to measure drug concen-
tration levels in the brain. One of the widely accepted 
models to determine the drug concentration in the 
brain is in situ brain perfusion technique as 
described by Takasato  et  al. [47], which is predictive 
of both passive and carrier mediated transport across 
the blood–brain barrier. Here we will discuss the two 
major parameters used for developing computational 
models. The first is logBB (see Equation 2), which is 
defined as the concentration in the brain as ratio to 
the concentration to the blood. It is assumed that this 
value was measured at the steady state, in other words, 
where influx and efflux are equal.

(2)

It should be noted that with the logBB param-
eter, several processes are inherently included in the 
measurement, for example, protein albumin binding, 
interaction with efflux transporters and BBB endothe-
lial metabolism. Additionally, it should be noted in 
species in whom the measure was made, either rat or 
mouse. The most important factor that may influence 
the quality and comparability of the logBB parameter 
is when the brain samples were taken, in other words, 
if lab A uses 30 min and lab B uses 60 min, variability 
may exist between the datasets, and may negatively 
influence the resultant statistical modeling [32].

An alternative measure for BBB permeability is the 
permeability surface area products (PS) which is tra-
ditionally expressed as logPS. This measure of drug 
permeability is thought to have more meaning in cap-
turing the properties which allow for BBB permeabil-
ity, due to the compounds directly injected into the 
internal carotid artery, therefore excluding whole body 
circulation, and reflecting a steady-state situation [47–49].

Predicting CNS distribution & BBB 
permeability
Accurate prediction of CNS distribution and there-
fore BBB permeability has profound implications in 
the development of CNS drugs. Many have regarded 
the effective prediction of BBB permeability a bottle-
neck in transitioning from bench to clinic  [6]. With 
regard to evaluation of datasets for BBB permeability 
modeling in silico, two main outcomes are of impor-
tance. First, is the virtual screening of a database 
of compounds to filter out any which may not reach 
the CNS, and second, evaluating the compound 
itself by a medicinal chemist who can optimize 
it for BBB permeability. The latter part is impor-
tant to point out, since several parameters using to 
describe compounds in silico, have little real-world 

applicability. Therefore, it had become simpler for 
medicinal chemists to relate to parameters that are 
easily translatable into chemical modifications, for 
example, lipophilicity, weight and number of hydro-
gen bond donors/acceptors. Therefore, there are two 
main applications in understanding BBB permeabil-
ity, in other words, development of virtual screening 
‘sorting’ filters giving a yes-no answer, and design a 
chemical compound based on knowing what is nec-
essary for BBB permeability, including the need to 
predict its BBB permeability accurately. General 
‘rules of thumb’ has been developed over the several 
past years that can easily be applied by medicinal 
chemist in synthetic routes, which generally does not 
require any advanced computational tools [50].

Over the past years, several studies have been pub-
lished focusing on identifying key parameters which 
are important for BBB permeability. Overall, these 
studies largely use QSPR calculations to develop pre-
dictive models, whereby secondarily, the important 
physicochemical properties are identified which favors 
BBB permeability. Hitchcock summarized it very elo-
quently when he stated that from all the publications, 
only a small set of parameters characterizes the physio-
chemical elements needed for BBB permeability. This 
small set of parameters have been consistently iden-
tifiable  [7] as needed for developing compounds with 
BBB permeability. These include polar surface area 
(PSA), molecular weight, lipophylicity (as calculated 
from logP, see Figure 3) and hydrogen bond donors [7]. 
These physiochemical properties make sense, consid-
ering the anatomy of the BBB. The TJs in the BBB 
vasculature, largely prevents paracellular diffusion into 
the brain spaces, leaving only the transcellular path-
ways by which a compound could enter or distribute 
into the brain. Thus, a compound has to have the abil-
ity to move over a lipid cellular bilayer, into the cell, 
and then out again to reach the neurons. Considering 
the differences in apical and basolateral phospholipids, 
subtle changes in a compounds adherence to the four 
major parameters mentioned, would likely lead to large 
‘activity cliffs’ for uptake into the brain, that is, small 
changes may lead to dramatic changes in the uptake 
difference seen when comparing compounds [51,52].

log [ ]
[ ]

BB drug blood

drug brain
=

Key terms

In situ brain perfusion: A technique to study drug 
transport across the BBB.

LogPS: A permeability surface area product (PS) 
traditionally expressed as LogPS, which is a measure for 
BBB permeability.

Virtual screening: A drug discovery computational 
technique to identify small molecule structures which are 
likely to bind to drug target.
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Figure 3. Relationship between the uptake of 
compounds in brain (PS) versus lipophilicity. The 
predicted permeation of compounds into brain via 
passive diffusion as a function of the octanol/water 
partition coefficient and is illustrated by the dashed 
line. The actual blood–brain barrier (BBB) PS for a 
given compound may fall along, above or below 
the line of predicted PS. Compounds with measured 
BBB PS values close to this line gain access to brain 
by passive diffusion (open circles). Compounds 
exhibiting greater observed PS values in relation to 
its predicted value gain access to brain through active 
uptake processes (light shaded region); compounds 
with a lower observed PS value relative to its 
predicted PS value are actively restricted from brain 
through efflux mechanisms (darkest shaded region).  
PS: Permeability surface area product.
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Chemical compounds that have the characteris-
tics to reach the CNS theoretically should display an 
optimum range of certain physiochemical properties. 
This last theorem underscores in essence the quest 
for medicinal chemists and cheminformaticists, in 
that filtering a database of compounds should lead 
to compounds that naturally tend to reach the CNS. 
Compounds which fall within these ranges can then 
be optimized if needed for optimal PK properties or 
activity. Evaluation of the literature has shown that 
there are a few molecular properties that typically 
stand out as important parameters for CNS permea-
bility. As mentioned, these are easily interpretable by a 
medicinal chemist, and can be readily changed. These 
have included molecular weight (MW), lipophilicity 
(calculated logP), distribution coefficient (calculated 
logD) topological polar surface area (TPSA), hydro-
gen bond donors (HBD) and ionization of compound 
(pK

a
)  [53]. Ghose et al. pointed out that many of the 

studies published on BBB permeability have certain 
caveats, such as including investigational drugs and 
excluding drugs that do not reach the CNS [1]. Using 
317 CNS and 626 non-CNS drugs, they evaluated the 
structural profile for favorable CNS permeability. This 
study described guidelines for sorting compounds 

into CNS and non-CNS categories using a recursive 
partitioning model coupled with cross-validation, as 
well as giving ranges for physico-chemical proper-
ties for compounds. Similar in nature to others ‘rules 
of thumb’, this paper was able to include ranges for 
physicochemical properties. Some interesting observa-
tions included that a TPSA yielded better differentia-
tion between CNS and non-CNS drugs, than using 
a 3D PSA. We expect that this might relate to the 
conformational flexibility of compounds, which in 
itself has complications in determining optimum con-
formations in silico [54] for solvated (present in serum) 
versus desolvated (lipid bilayer diffusion). Related to 
this issue, is that Ghose  et  al.  [1] Also indicated that 
a degree of flexibility in the molecular structure is 
preferable and could potentially increase BBB perme-
ability, up to a certain point, at which permeability is 
expected to decrease. The work done by Loryan et al. 
also found that to improve brain exposure of drugs, 
that a decrease in polarity as well as a decrease in 
hydrogen bond capacity is favored [55].

Another novel concept of filtering databases for 
CNS optimized compounds was recently presented 
from the group of Wager et al. [53]. To avoid hard cut-
off filter methods usually associated with virtual screen 
filters, they were interested in a flexible design model 
that could capture a larger percentage of compounds, 
which would reach the CNS and additionally give 
medicinal chemists concreted parameters which can 
easily be changed at the bench  [53,56]. A CNS multi-
parameter optimization (CNS MPO) algorithm was 
designed, which utilized a six parameter system includ-
ing clogP, clogD, MW, TPSA, HDB and pK

a
. Results 

from their study indicated that CNS drugs on the mar-
ket had a high (>4) score for the CNS MPO algorithm.

Predicting BBB permeability via statistical modeling 
has evolved over the past few years, from simple linear 
regressions to machine learning techniques. There are 
several biological values which can be used to describe 
how much drug is able to distribute to the brain, as 
described in previous paragraphs. The most popular by 
far, is the logBB descriptor, which is the ratio of brain 
concentration of drug to concentration of drug in blood. 
Generally it has been accepted that logBB >3 is optimal 
for BBB permeability. Mostly the history of BBB mod-
eling with logBB started with the use of simple linear 
regression models, which have now expanded into more 
complex methods, including multiple linear regression 
and several machine leaning methods such as support 
vector machines. Several models have been developed 
to predict BBB permeability, as well as characterize the 
physicochemical space of compounds. One of the first 
papers related the permeability of H

2
 antagonists to logP, 

which yielded linear correlation. Additional work by 
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Figure 4. Major descriptors used to calculate blood–brain barrier permeability. This pie chart was developed by 
randomly looking at the major descriptors used in publications [53,59,61–77]. 
TPSA: Topological polar surface area.

logP

logD

TPSA

Other
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Abraham found additionally that MW, hydrogen bond 
acidity and hydrogen bond basicity, as well as refraction 
and polarazibility of compounds are important features 
that influence the BBB permeability. Another milestone 
in BBB permeability came when both the groups of 
Clark and Kelder showed that the surface area of com-
pounds contributed by the polar (N and O) atoms, the 
PSA play a central role in BBB permeability. Both logP 
(and its derivative logD7.4) and PSA have surfaced in 
multiple models suggesting that they play an important 
role in determining BBB permeability. In essence, they 
encompass the ‘rules of thumb’ [6,50], which have been 
developed over the years by medicinal chemists.

As pointed out before, the logBB descriptor suffers 
from several shortcomings, in that the time from injec-
tion to analysis may vary between research groups, as well 
active efflux and serum protein binding greatly affects the 
quality of the data. For instance, a compound may have 
a low logBB simply due to high serum albumin binding, 
and not due to the actual permeability across the BBB 
vasculature. This led to the development of the BBB PS, 
usually reported in literature as logPS [57]. The strength 
from logPS measurements is that the in situ brain perfu-
sion technique determines the liner uptake component 
of the drug into the brain  [47], therefore the end result 
is direct measure of transfer or permeability of a drug 
from vascular space to the brain compartment. Few stud-
ies have been done using logPS values to develop QSPR 
model for predicting brain uptake, as well as give insight 
into the molecular nature of compounds. Therefore only 
small datasets are available, as compared with the logBB 
datasets. Development of models which can predict 
BBB permeability with logPS as permeability measure 
have been described in a few publications  [30,48,58–60]. 
Figure 4 shows the compilation of these models which 
were derived, by randomly evaluating several publica-
tions which use QSPR models. Both logBB and logPS 
are often observed to be lower than the predictive values 
if the compounds are good substrates for efflux transport-

ers, for example an anticancer agent vincristine, which is 
a good substrate for efflux transport system is about six 
orders lower than observed PS relative to its predicted PS 
value (Figure 3). Murukami et al. showed that there was 
a strong correlation between logPS and (octanol/water 
partition coefficient)/MW-0.5 (Figure 3). Using mul-
tiple linear regression modeling, the study of Liu et al. 
indicated that it was evident that lipophylicity and polar 
groups greatly impacts BBB permeability for passively 
diffusion compounds. The descriptors which were iden-
tified to influence permeability were logD, TPSA and 
van der Waals surface area of basic atoms (vsa_base) [59]. 
These data underscore the importance of the lipophylic 
nature of drugs which can cross the BBB.

Nutrient transporters
Nutrient transporters expressed on the BBB vasculature 
play an important role in the movement of nutrients 
from the blood to the brain. Several of the nutrients 
needed for normal brain function are excluded from 
passive diffusion through the vasculature of the BBB, 
and therefore needs facilitated carrier transport to move 
nutrients from the blood to brain side. BBB nutrient 
transporters have been exploited for drug delivery to the 
brain [78]. For instance, the large amino acid transporter 
(LAT1) have been used to deliver dopamine [79] and val-
proic acid [80] prodrugs to the brain, and recently it was 
found that the anti-epileptic drugs, such as gabapen-
tin and pregabalin use the LAT1 as transporter to the 
brain [81]. Utilizing these transporters for CNS delivery 
may be a useful approach in specific programs.

Our group has specifically focused on the BBB 
choline transporters that are localized both on api-
cal and basolateral side  [82,83]. Generally choline 
transporters are classified as low affinity which is 
independent of sodium cotransport and high affin-
ity choline transporters that are sodium dependent. 
Choline transporters (CHTs) located at the BBB, 
compared to peripheral CHTs, exhibit characteristics 
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of both high-affinity CHTs and low-affinity CHTs, 
such as the ability to function independent of sodium 
co-transport. The specific transport characteristics of 
the BBB CHT lend itself to facilitate the use in drug 
delivery. Since the BBB CHT at physiological levels 
are far from being saturated, using this transporter 
for drug delivery should not interfere with the nor-
mal delivery of choline to the CNS [83]. Additionally, 
the BBB CHT is promiscuous to different cationic 
compounds, with a larger substrate pocket than other 
transporters [78]. The use of the BBB CHT naturally 
lends itself to compounds where a cationic nitrogen is 
a pharmacophoric element. Nicotine antagonists tend 
to have cationic nitrogens in the structure, and there-
fore are excluded from diffusion in BBB even though 
they have great pharmacological characteristics as 
smoking cessation agents. By use of the BBB CHT, 
these compounds can be designed to use facilitated 
transport and achieve therapeutics concentrations in 
the brain  [84–89]. Predictive models to study nutrient 
transport are 3D quantitative structure–activity rela-
tionship method, comparative molecular field analysis 
and comparative molecular similarity index analysis, 
which aid in gaining insight of the structural features 
of transporters, which is important to elucidate the 
distribution of nutrient transporter substrate.

Future perspective
One area which has not been heavily exploited in the 
market place is the development of routine formula-
tions using nanoparticles and other types of delivery 
systems to the CNS. Some challenges remain in mov-
ing these to the market place such as the long-term 
effect of use from these delivery systems on the brain. 
The need for CNS drugs in our aging population 
will likely drive both medicinal chemistry based drug 

development as well as spark formulations expansion 
into cost-effective and efficient delivery systems for 
CNS-targeted drugs.

Conclusion
The BBB remains a challenge when designing CNS 
therapeutics, balancing pharmacodynamics with 
pharmacokinetics, with a ‘magic formula’ still to be 
identified. Recently it was suggested that we have 
learned all we could from modeling BBB permeabil-
ity  [90]. Future CNS drug approval for clinical use, 
as well as industrial publications with large single lab 
datasets will be able to shed light onto our understand-
ing of what it takes for a molecular to reach the BBB 
for a therapeutic effect. Large caveat from mining the 
literature and the top selling CNS drugs, is that much 
data are missing from the picture as a whole. Basing 
studies on only the ones which are on the market has 
certain shortcomings. Several drug discovery projects 
may die before clinical trials simply due to market-
ing aspects not favorable, for example, compound 
performs as well but not better than compound on 
market, and therefore that information is lost. Few 
BBB permeability papers stemming from companies 
have addressed this issue and should be encouraged as 
matter of interest.
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Executive summary

Structure and function of blood–brain barrier
•	 The blood–brain barrier (BBB) is selectively permeable to drugs and plays an important role in determining 

brain distribution of CNS drugs.
•	 The unique structural characteristic of the BBB with tight junction protein complexes, pericytes, astrocytes 

and efflux transporters limit the entry of most of the drugs from blood to brain.
•	 CNS drugs can be modified to increase CNS distribution or incorporated into drug delivery systems such as 

nanoparticles for increased delivery to the brain.
Determining drug disposition into brain
•	 Parallel artificial membrane permeability analysis assays have gained lot of significance in studying drug 

disposition into brain due to its simplicity. Here, an artificial lipid membrane is used to mimic BBB.
•	 In vitro cell cultures models with immortalized cell lines such as bEnd3 and RBE4 cell lines are used to study 

drug distribution into the brain. Recently, human brain microvascular endothelial cell line (hCMEC/D3) is also 
used.

•	 In situ brain perfusion is widely used to study the drug distribution into the brain in vivo.
•	 Predictive in silico filters have been developed for BBB permeability, which includes physicochemical 

characterization of properties that will likely enhance uptake into CNS, such as decrease in polarity as well as a 
decrease in hydrogen bond capacity.
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