
CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 111 NUMBER 4 | April 2022758

Understanding the Blood- Brain Barrier and 
Beyond: Challenges and Opportunities for 
Novel CNS Therapeutics
Elizabeth C. M. de Lange1,* and Margareta Hammarlund Udenaes2

This review addresses questions on how to accomplish successful central nervous system (CNS) drug delivery 
(i.e., having the right concentration at the right CNS site, at the right time), by understanding the rate and extent 
of blood- brain barrier (BBB) transport and intra- CNS distribution in relation to CNS target site(s) exposure. To this 
end, we need to obtain and integrate quantitative and connected data on BBB using the Combinatory Mapping 
Approach that includes in vivo and ex vivo animal measurements, and the physiologically based comprehensive 
LEICNSPK3.0 mathematical model that can translate from animals to humans. For small molecules, slow diffusional 
BBB transport and active influx and efflux BBB transport determine the differences between plasma and CNS 
pharmacokinetics. Obviously, active efflux is important for limiting CNS drug delivery. Furthermore, liposomal 
formulations of small molecules may to a certain extent circumvent active influx and efflux at the BBB. Interestingly, 
for CNS pathologies, despite all reported disease associated BBB and CNS functional changes in animals and 
humans, integrative studies typically show a lack of changes on CNS drug delivery for the small molecules. In 
contrast, the understanding of the complex vesicle- based BBB transport modes that are important for CNS delivery 
of large molecules is in progress, and their BBB transport seems to be significantly affected by CNS diseases. In 
conclusion, today, CNS drug delivery of small drugs can be well assessed and understood by integrative approaches, 
although there is still quite a long way to go to understand CNS drug delivery of large molecules.

RELEVANT QUESTIONS FOR SUCCESSFUL CENTRAL 
NERVOUS SYSTEM (TARGET SITE) DELIVERY
With the aim to have the right concentration at the right central 
nervous system (CNS) site, a number of questions are important:

How much drug is entering the CNS and how fast?
In relation to the necessary concentrations for appropriate drug ef-
fect at the CNS target site, be it extra-  or intracellular in the brain, 
or in the spinal cord. Here, the focus should be on the unbound 
concentrations that are available for blood- brain barrier (BBB) 
transport, intra- brain distribution, and interaction with the CNS 
target site.

How can we address the interconnection of CNS target site 
delivery processes?
Drug distribution into and within the CNS is governed by several 
concentration and time- dependent processes that are connected 
and at the same time independent of each other. Following (un-
bound) drug exposure in plasma we need to consider passive and 
active transport across the BBB, brain extracellular fluid (ECF) 
bulk flow, passive and active extracellular- intracellular exchange, 
and cerebrospinal fluid (CSF) turnover. Different types of 

information on the above- mentioned processes can be obtained by 
in silico, in vitro, ex vivo, and in vivo studies and should be further 
integrated, for which physiologically based approaches are best 
suitable.

What is available for target interaction?
This requires understanding of the relationship between the pro-
cesses that govern CNS target site pharmacokinetics (PKs), as 
indicated above. The CNS target site interaction will depend on 
target site PK and binding kinetics. Integrative approaches lead to 
understanding how a specific drug should be administered and 
what dose is needed to achieve the plasma PK profile for optimal 
CNS target site distribution.

How to influence CNS drug delivery?
For drug properties, instead of what was earlier believed, more li-
pophilic drugs will tend to have more brain binding but will not 
improve CNS drug delivery in terms of unbound concentrations 
available for the target, while also increasing the risk of interac-
tion with the most important efflux transporter at the BBB,  
P- glycoprotein (P- gp). Apart from the above- mentioned change 
in CNS target site exposure by adapting plasma PK, changes in 
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CNS target site exposure can be achieved by the use of nano for-
mulations. For avoidance of CNS side effects, the drug should be a 
strong substrate for efflux transport at the BBB.

How to address the impact of diseases?
Measurement of CNS drug delivery in a diseased human brain 
can only be made with noninvasive imaging techniques, lacking 
information of the unbound drug, or via CSF lumbar puncture 
for which the relationship to brain target site concentrations is 
context depended. The second- best option is to measure in and 
learn from animal models of disease.

All these questions are addressed in more detail below.

HOW MUCH DRUG IS ENTERING THE CNS AND HOW FAST?
The BBB and its properties
The BBB consists of the endothelial cells of the brain capillaries, 
separating blood from the brain parenchymal tissue. It is a part 
of the integrative neurovascular unit, where also astrocytes, peri-
cytes, and the basement membrane, microglia, as well as the glyco-
calyx covering the blood side of the endothelial cells, are important 
players to support the crucial properties of the BBB.1,2 The BBB 
is present throughout the brain parenchyma and therefore is the 
most efficient interface for CNS drug delivery.3 However, many 
small and even more so larger drugs are hindered in their entry 
into the CNS. This may be caused by restricted passive BBB trans-
port, and/or active efflux transporters that effectively limit the 
BBB transport. On the other hand, active influx transporters may 
be an opportunity to enhance the delivery.4,5

Potential new therapeutics for many CNS diseases are large 
molecules/ biologics, including recombinant lysosomal enzymes, 
neurotrophins, decoy receptors, and therapeutic antibodies. These 
large molecules in general cross the BBB to an extremely low ex-
tent. The restrictive properties of the BBB include lower levels 
of vesicular trafficking than other vessels, that limit transcellular 
transport or transcytosis.6,7 Thus, BBB targeting vectors have to be 
used. Receptor- specific monoclonal antibodies cross the BBB via 
receptor- mediated transport. Although a lot has been learned on 
the mechanisms that regulate transcytosis at the BBB, it is still to a 
large extent a black box, and the basic cell biology of transcytosis at 
the BBB is still elusive.7– 9

Three fundamental CNS drug delivery properties
CNS drug delivery can be described with three fundamental 
properties. The first is the rate of transport across the BBB (with 
associated parameters like clearance in, clearance out, permeability, 
PS product, etc.), that has been studied for many years both in vivo 
and in vitro. It is important not to confound this measure with 
the extent of delivery to the CNS, as these are two independent 
properties of the delivery. The extent of brain delivery describes 
the partitioning of drug across the BBB at steady- state. When ex-
pressed as the ratio of the unbound drug in the brain over the un-
bound drug in plasma, it is called Kp,uu,brain, where Kp,uu values < 1 
indicate net active efflux, Kp,uu values ~ 1 indicate dominatingly 
passive transport, and Kp,uu values > 1 indicate net transport into 
the brain. The third aspect is the nonspecific and specific binding 
of the drug to brain parenchymal tissue. Total brain concentrations 

as such are not informative, as only the unbound concentration is 
available for target interaction. Brain tissue binding can therefore 
be expressed with Vu,brain, the unbound volume of distribution of 
a drug in the brain (further described below). The larger the brain 
tissue binding (larger Vu,brain) the longer the time it takes to reach 
equilibrium between plasma and the brain.

The need to distinguish among rate, extent, and brain binding 
in understanding CNS drug delivery can be exemplified by results 
on opioids (Table 1).10

These results clearly show that a drug can have a fast rate of 
BBB transport (permeability clearance) but have a low extent of 
BBB transport (Kp,uu,brain; e.g., due to being a strong P- gp (and/
or BCRP) substrate), whereas also the opposite is possible, with a 
slow rate of BBB transport but a higher CNS delivery. This clearly 
illustrates that rate, extent, and binding are three independent 
properties.4,10,11 More generally speaking, Kp,uu,brain can differ 430- 
fold, as shown in Table 1. This clinically relevant range is smaller 
than what has been obtained for total brain concentrations (as log 
BB or Kp), which has been shown to differ by up to at least 2,000- 
fold, or for BBB permeability, which span an even larger range of 
up to at least 20,000- fold, the 2 latter promising more than what 
can be accomplished clinically.10 The extent of delivery of un-
bound drug is considered to be the most important measure, unless 
a fast rate (in and out) is essential (e.g., in achieving and recover 
from anesthesia).

ASSESSMENT OF BBB TRANSPORT AND INTRA- BRAIN 
DISTRIBUTION
Different methods are used to assess the rate and/or the extent of 
BBB transport. These range from in silico, in vitro, to in vivo meth-
ods and from old to very recently developed methods. The choice 
of how to assess BBB transport should be based on the question to 
be answered.

In vitro methods

Cell models (rate and extent). BBB cell models can be used to 
investigate mechanisms of BBB function in disease as well as rate 
and extent of drug transport. For transport studies, epithelial cell 
lines, such as MDCK cells from kidney origin, or Caco- 2 cells 

Table 1 Opioid rate and extent of BBB transport and brain 
binding to illustrate the independence of these parameters

Drug

Extent
Kp,uu,brain

Rate
Permeability 

clearance 
(µl*min- 

1*brain- 1)

Brain 
binding
Vu,brain  
(ml*g 

brain- 1) Reference

Oxycodone 3.0 1910 2.2 4

Codeine 1.06 - 3.6 102

Morphine 0.29 14 1.7 103,104

M6G 0.29 0.35 0.19 105

M3G 0.08 0.11 0.25 106

Loperamide 0.007 99 370 107,108

BBB, blood- brain barrier.
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transfected with P- gp, and/or BCRP, are often used instead of 
BBB cell models. Whereas valuable to test potential transporter 
substrates, they lack BBB- specific properties.12,13 Permeability is 
most often measured as permeability surface area product. The 
efflux ratio, measuring apical to basolateral and the opposite, is 
sometimes used as an in vitro correlate to the extent parameter 
Kp,uu,brain. Quite good results have been reported to map Kp,uu,brain 
in vitro.14 However, more efforts are needed to further develop the 
cell models for comparisons with and ultimate prediction of in 
vivo drug transport.

The cell culture field sometimes still compare rate with extent 
(e.g., by correlating permeability to total partitioning (Kp)).15– 18 As 
both total concentration and permeability are connected to lipo-
philicity, a good correlation in these models is not of real clinical 
value.

Much progress has been made with the ability to produce BBB 
cells from human pluripotent stem cells and induced pluripotent 
stem cells.19,20 These cells produce much tighter junctions than, for 
example, the very much used immortalized human hCMEC/D3 
cells,21 and the stem cell- derived cells are today state- of- the- art.19,22

The latest promising progress in the field is using spheroids of 
the BBB and neurovascular unit,23,24 but these methods are not yet 
validated regarding their ability to quantify drug transport. Other 
developments in the area are the dynamic and microfluidic mod-
els. These models are rather complicated and time- consuming and 
are likely less suitable for high- throughput studies.25 In addition, 
in vitro membranes or other chemical methods are used to study 
(passive) permeability, like the PAMPA- BBB method, that is ex-
tensively used.26

Although all the above- mentioned techniques have been applied 
to small molecules, understanding of BBB transport and intra- 
brain distribution of large molecules is currently a challenge, and 
huge efforts are being made to further understand the BBB trans-
port mechanisms associated with large molecules’ mainly receptor 
mediated transport.6

In situ/ex vivo methods

The brain homogenate method. The brain homogenate method can 
be used for assessment of the extent of brain tissue binding and is 
needed as a complement to obtain unbound concentrations in the 
brain. It gives the nonspecific binding to brain tissue components, 
as the fraction of unbound drug in brain homogenate ( fu,brain). 
Brains can be obtained following drug administration at the end 
of an animal experiment, or can be obtained from naïve animals, 
with drug being administered to the brain homogenate. Diluted 
homogenate is used and recalculated back to nondiluted values.27

In situ brain perfusion. The in situ brain perfusion technique can 
be used to measure the kinetics of the rate of BBB transport as 
brain uptake, from which transport or permeability constants 
can be calculated. It is based on direct perfusion of the internal 
carotid artery containing the drug, together with two calibrator 
compounds, one with negligible and the other with flow limited 
brain uptake. The brains of rats or mice can be harvested at 
different timepoints after the start of the perfusion, and the 

amount of compounds in the brain and the flow rate of the 
perfusion are used for calculations.28– 30

Brain slice. The brain slice technique can be used for assessment 
of the extent of brain distribution and binding. It measures 
the average uptake into brain cells, measured as the volume of 
distribution of unbound drug, Vu,brain (mL/g brain). It measures 
the ratio of total drug concentration in the slice in relation to the 
concentration in the surrounding buffer, the latter representing 
unbound drug concentration.31,32 As the slices are functional, 
the distribution describes binding, possible active uptake, and 
pH partitioning into subcellular structures, and is therefore more 
physiologically relevant than the brain homogenate method.

Quantitative proteomics. Quantitative proteomics can be used 
to quantitatively investigate transport systems at the BBB. It 
provides a means to relate transporter protein expression levels 
between animals and humans (as well as between in vitro and in 
vivo). Uchida and colleagues demonstrated, for example, that P- gp 
functionality in in vivo BBB can be accurately predicted from data 
obtained from an in vitro system, in mice, monkeys, and humans 
(also in pathological conditions).33– 35

In vivo methods

CSF sampling. CSF sampling can be used to assess both rate 
and extent of drug distribution to the CNS. It is often used as 
an alternative to brainECF concentrations, and compared with 
plasma concentrations to have an indication of BBB transport. 
In animals, terminal CSF sampling is often used in rats. A time- 
course of concentrations in CSF can be obtained through serial 
CSF sampling via a permanent cannula in the cisterna magna. 
However, serial CSF sampling withdraws fluid that can have 
a significant influence on the CSF volume in animals, and may 
therefore influence physiology, a concern that must be taken 
into account. Rat (cisterna magna) and human (lumbar) CSF 
concentration have also been questioned as good biomarkers for 
brain unbound target site concentrations.36 Typically in humans, 
lumbar CSF is collected by a single lumbar puncture (at presumed 
steady- state conditions). Reviewing this relationship, CSF drug 
concentrations provided a rather good indication,37 but not 
a reliable measure for predicting brainECF concentrations.36 
Although CSF may not equal or closely resemble CNS target site 
concentrations, it does provide information on the extent of drug 
distribution between plasma and lumbar CSF, which may be useful 
to bridge preclinical and clinical CSF (Kp,uu,CSF).37 However, it 
leaves out information on the time- dependency (rate).36 Moreover, 
the relation between brainECF and lumbar CSF concentrations 
depends on the relative contribution of CNS processes, especially 
the CSF turnover rate and possible differences in the quantitative 
presence of transporters.38

Microdialysis. Microdialysis is a technique that allows location- 
dependent measurement of unbound drug concentrations as a 
function of time, and thereby provides information on both the 
rate and extent of BBB transport, while also giving information 
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on unbound plasma PK (that also can be determined by 
microdialysis). To date, microdialysis is the only technique that 
provides such quantitative and time resolution information of the 
unbound drug in brainECF at the location of the semipermeable 
part of the tiny microdialysis probe. To that end, drug molecules 
need to be small enough to traverse the semipermeable membrane 
and go into the dialysate upon constant perfusion of the 
microdialysis probe. The dialysate is collected in fractions, and is 
subsequently analyzed. The dialysate concentrations need to be 
corrected for in vivo recovery of the drug molecules, as there will 
be a difference between dialysate and brainECF concentrations.39 
As microdialysis is a water- based technique, it has limitations 
for very lipophilic compounds that tend to stick to tubing and 
probes. With these limitations in mind, it is an invaluable method 
for detailed investigation of CNS drug distribution. Although 
minimally invasive to the brain of rats, the technique is not widely 
accepted to be used in the human brain, where it may only be used 
under very special conditions.40,41

Open flow microperfusion/large pore microdialysis. Cerebral open 
flow microperfusion42 and large pore microdialysis43,44 can be used 
to assess BBB transport of large molecules including nanobodies. 
These techniques resemble the classical microdialysis as described 
above, but with the absence of a semipermeable membrane or with 
large pores in the membrane. Therefore, a push- pull system is 
needed to balance the fluid that goes in and what goes out from 
the brain tissue. By continuously sampling brainECF, it provides 
information on rate and extent of BBB transport for (larger) 
molecules. In addition, here, in vivo recovery should be determined.

Positron emission tomography. Positron emission tomography 
(PET) is a powerful method to obtain information on the rate 
and extent of CNS drug delivery and the influence of transporter 
functionality.45 This imaging technique is based on the injection 
of a PET ligand that carries a positron- emitting radionuclide 
(tracer), where the emitted positron annihilates with an electron 
to produce gamma rays that are detected by gamma cameras to 
form a 3D image, as a function of time. The time span is limited 
by the decay of the radiotracer, and is 60 minutes for 11C (3 half- 
lives). While giving spatial information in addition, which is a plus 
on its own, this technique does not distinguish between bound 
and unbound molecules, nor between extra and intracellular 
concentrations. In addition, radioactive metabolites that enter 
the brain are included in the measurements. The BBB transport 
information can thus not be obtained separated from intra- 
brain distribution processes. To bridge PET data to unbound 
concentrations, PET and microdialysis has been combined in an 
investigative study.46 Results are promising, but more studies are 
needed to see if PET can be used as a translational tool in humans, 
something that would be very valuable. PET is also useful for 
large molecules, as shown by measurements on brain distribution 
of a bispecific antibody- based PET radioligand for imaging of 
amyloid- β.47 As PET is noninvasive and can be used in humans, 
and it was used to evaluate prediction of human Kp,uu,brain via 
a proteomics- informed relative expressive factor approach.48 
Using in vitro data on active P- gp transporter functionality 

based on efflux ratios in a human P- gp- transfected MDCKII cell 
based Transwell assay, the Kp,uu,brain of verapamil, N- desmethyl 
loperamide, and metoclopramide could be adequately predicted 
within two- fold of observed data.

In silico models
Many in silico studies has modeled the rate (permeability) and/
or extent of BBB transport based on the total ratio of drug con-
centration in brain vs. plasma (logBB or Kp,brain). In these studies, 
lipophilicity was found to be the main driver.49– 51

When studying the extent of BBB transport of the unbound 
drug, it was found that among many different physicochemical 
properties, Kp,uu,brain was mainly dependent on the number of 
hydrogen bond acceptors, and not on lipophilicity. Hydrogen 
bonding acceptor properties could explain ~ 40% of the correla-
tion between prediction and in vivo data.37,52– 54 These models 
are therefore mainly suitable for qualitative classification and are 
not yet capable of predicting the Kp,uu,brain of CNS discovery com-
pounds.55 This is because incorporation of active transport at the 
BBB needs additional attention. Recent mathematical model ef-
forts include incorporation of P- gp efflux ratio56,57 and BCRP.58 
The Brain Exposure Efficiency Score is another model approach 
for including influx and efflux active transporters.59

CNS physiologically- based PK (PBPK) models are more complex 
by taking into account many PK processes. The basis for these mod-
els is that the PK of a drug in CNS compartments is the result of 
the combination of CNS physiology and drug properties. Therefore, 
these models allow translation between CNS systems having their 
own individual CNS physiology (e.g., between species, between 
health and a particular disease, etc.). A number of CNS PBPK 
models have been developed for small molecules,38,60– 66 and a first 
model has been developed also for anti- transferrin receptor antibody 
affinity variants in rats determined using microdialysis.43,44 The 
LEICNSPK3.0 model is the most comprehensive and generic small 
molecule CNS PBPK model. It explicitly includes extracellular and 
intracellular brain compartments, the brain target sites, and will be 
discussed below in the section on integrative approaches.38,66

INTEGRATIVE APPROACHES TO UNDERSTAND 
INTERDEPENDENCIES OF PROCESSES IN CNS TARGET SITE 
DELIVERY
Mastermind research approach
Transport of drugs into, within, and out of the CNS is governed by 
the BBB, the anatomy of the brain parenchyma and fluid spaces, 
and physiological processes, as well as drug- specific properties. In 
combination, they determine the drug concentration- time profiles 
in specific CNS compartments. The interest in CNS target site 
delivery has put much focus on BBB transport. However, we also 
need to look beyond the BBB and include intra- brain distribution 
processes. When data are obtained at multiple locations and as 
a function of time from individual study subjects, mathematical 
modeling of these data can reveal the rate and extent of the under-
lying processes as well as their mutual interdependencies at best, 
because the data obtained from that subject are interconnected 
(smart data). This approach is called the “Mastermind Research 
Approach,” in allegory to the mastermind board game.39 In this 
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game, you have to study the position and color of all pins, as oth-
erwise you will not be able to crack the code of the multiple pins 
with their colors and positions. In other words, the Mastermind 
Research Approach indicates to measure as many parameters as 
possible from a particular setting, and to relate all these parame-
ters for understanding of their inter- relationships. It is very pow-
erful in (also) CNS drug research, to reveal the contributions and 
variability of individual processes on the causal path between drug 
dosing and CNS effect in animals. This can be converted to the 
human situation by replacement of the animal physiological pa-
rameters by those of humans.

Combinatory mapping approach
The Combinatory Mapping Approach (CMA) integrates the 
Kp,uu,brain with intra- brain distribution of drugs in steady- state 
conditions (Figure 1).67 With the CMA, the steady- state relation-
ship between plasma PK and CNS PK in different brain compart-
ments can be obtained in a more high- throughput mode, which 
makes it very useful in drug discovery. Combining all informa-
tion, it provides early CNS development information on plasma 
and target site concentrations, to be linked to pharmacodynam-
ics, with a possibility to give preclinical information on the dose 
needed to obtain central effects. Based on the target site concen-
trations needed for effect, corresponding plasma concentrations 
and dose requirements can be calculated.

Kp,uu,cell represents cellular uptake in relation to brainECF con-
centrations. The Kp,uu,cell value includes subcellular distribution 
and is influenced by the degree of lysosomal uptake and/or active 
uptake or efflux at the cellular barrier. Subcellular drug distribu-
tion can be estimated based on the pH partitioning theory. Thus, 
the cytosolic partitioning Kp,uu,cyto (cytosolic to brainECF con-
centration ratio), and Kp,uu,lyso (partitioning into acidic subcellular 

compartments in relation to cytosolic concentrations), can be pre-
dicted using pH and pKa values. The cellular partitioning Kp,uu,cell, 
can also be predicted in the same way or be measured. In com-
parative studies, it was found that measured vs. predicted cellular 
partitioning with Kp,uu,cell in some cases deviated quite extensively, 
promoting the use of the measured parameter with using Vu,brain 
obtained by the brain slice technique, as this technique leaves in-
tact the cellular compartments.67,68

The PBPK LeiCNSPK3.0 model
The most comprehensive CNS PBPK model is the LeiCNSPK3.0 
model that has been developed by the Mastermind Research 
Approach.39 Smart data was generated by in- house experiments in 
rats, measuring CNS drug distribution by microdialysis at multiple 
locations in individual rats for multiple drugs, with and without 
active transport blockers, and by using literature data on rat CNS 
physiology. By this approach, in one microdialysis experiment in 
each single freely moving animal, serial multilevel time course data 
are obtained that are per definition linked. Advanced mathematical 
modeling of such data can reveal the inter- relationships of PK pro-
cesses. This is a highly efficient approach for developing predictive 
PBPK models, while also contributing to refinement, reduction, and 
replacement of animal experiments.62– 65 The LEICNSPK3.0 model 
structure includes peripheral, plasma, and multiple CNS compart-
ments, fluid flow, pH, and pKa dependent neutral and charged drug 
molecules, and brain membrane nonspecific binding (Figure  2a). 
The predictions are shown for examples for rats (Figure 2b) as well 
as humans (Figure 2c), with predictions being within twofold error 
of actually observed data in humans from other studies.38

This model has been used as an “in silico” screening method for 
“what- if ” scenarios, in which physiological parameters reported 
to be changed in different CNS conditions were used to observe 

Figure 1 The Combinatory Mapping Approach. The combinatory Mapping Approach, providing partition coefficients of unbound drug (Kp,uu 
values) between multiple CNS compartments: brain interstitial/extracellular fluid (brainECF = brainISF), brain intracellular fluid (brainICF), 
brain cell lysosomes, via measurements and/or calculations, also including compartment pH and pKa dependent neutral and charged drug 
molecules. The extent of transport between plasma and CSF is described by the blood- cerebrospinal fluid barrier (BCSFB). BBB, blood- brain 
barrier; CNS, central nervous system; CSF, cerebrospinal fluid.

Kp,uu,brain

Extent of BBB transport 
Ratio of brain ISF (ECF) 
to plasma unbound drug 
concentrations   

Kp,uu,cell
Extent of intracellular 
transport 
Ratio of brain ICF to ISF (ECF) 
unbound drug concentrations

Kp,uu,CSF
Extent of BCSFB transport
Ratio of CSF to plasma 
unbound drug concentration

Kp,uu,lyso
Extent of 
lysosomal
transport
Ratio of 
lysosomal to 
ICF unbound 
concentration 
(calculated)
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possible impact of such changes on the PK in different CNS com-
partments.38 The model can as well be used to explore CNS dis-
tribution of new investigational drugs (preferable with input from 
Kp,uu values as obtained via the CMA), and be used further during 
later stages of CNS drug development. It can also explore optimal 
plasma PK profiles for the intended CNS target site exposure.

Chang et al. developed a PBPK model to characterize brain 
disposition of mAbs in the mouse, rat, monkey, and in humans.69 
In addition to the LeiCNSPK3.0 model backbone, this model 
added FcRn mediated transport of mAbs. It was used to be the first 
model- based characterization of published and in- house PK data 
on the disposition of mAbs in the rat brain, including the data on 
PK of mAb in different regions of brain determined using microdi-
alysis studies performed in- house.

HOW TO CHANGE CNS DRUG DELIVERY?
Today, there is a much higher awareness of relevant methods and 
measurements to select the best compounds to maximize CNS ef-
fects, or the opposite— to select the ones that minimize side effects 
from the CNS. From drug synthesis and formulation perspectives, 
there are factors that can be thought of in order to reduce or en-
hance CNS exposure.

How to reduce?
To reduce CNS side effects the BBB can be used as an opportu-
nity, where the most efficient method of reducing CNS drug de-
livery is that the drug is a strong P- gp substrate (and/or BCRP 

substrate). This is obvious, for example, the second generation an-
tihistamines with their low transport to the brain and thereby less 
sedation as a side effect. Loperamide is another excellent exam-
ple of a drug with intended peripheral effects, being a very strong 
P- gp substrate that hinders CNS effects. However, both antihis-
tamines and loperamide were developed by serendipity and not by 
a planned strategy. Today, with the increased knowledge on BBB 
transport this knowledge can be used as a strategy. The PET study 
on species differences in BBB transport of the three PET ligands 
[11C]- verapamil, [11C]- GR205171, and [18F]- altanserin exempli-
fies the impact of P- gp on brain exposure in these species.70

To be noted is that a study on regional differences in brain drug 
delivery in rats showed that antipsychotics exhibited quite large re-
gional differences in their distribution across the BBB. Risperidone, 
being a strong P- gp substrate exhibited the highest difference, with 
5.4- fold higher distribution into frontal cortex than to cerebellum 
(Kp,uu,brain 0.28 vs. 0.05).71 Thus, this can also influence possible 
effect vs. side effect relationships. The binding differed maximally 
twofold between regions.

How to enhance?
Drugs with moderate to high passive permeability and no signifi-
cant interaction with active transporters (Kp,uu,brain close to unity) 
are likely the least influenced by other delivery strategies than to 
enhance the dose.

For drugs with other properties, multiple approaches are available 
or in development. Here, we discuss only the noninvasive approaches.

Figure 2 The LEICNSPK3.0 model. (a) The LEICNSPK3.0 model structure, including peripheral, plasma, and multiple CNS compartments 
(brainECF, brainICF, brain cell lysosomes, and CSF in LV = lateral ventricle, TFV = third and fourth ventricle, CM = cisterna magna; and 
SAS = subarachnoid space), (brainECF bulk flow and CSF flow), pH and pKa dependent neural and charged drug molecules, and brain 
membrane (nonspecific) binding. (b) Model predictions overlayed actual data observed in rats. (c) Model prediction and actual data observed 
in humans.38CNS, central nervous system; CSF, cerebrospinal fluid; ECF, extracellular fluid.
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Active influx transporters. Active influx transporters have been 
found at the BBB for a number of drugs to be active for morphine,72 
oxycodone,4 diphenhydramine,5,73 and naloxone.74 Other drugs 

like L- Dopa, melphalan, gabapentin, and ketoprofen75 utilize the L- 
amino acid transporter 1 (LAT1) to cross the BBB. Recent advances 
in LAT1- mediated targeted CNS drug delivery have been reviewed.76

Figure 2  (Continued)
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Nanodelivery. Nanodelivery can be seen as a promising noninvasive 
technology with which to improve uptake across the BBB.77 From 
a clinical perspective, biocompatibility and avoidance of adverse 
effects from the dosage form are of utmost importance. In this 

regard, liposomal formulations are the most well- tested and safe 
alternatives, that are also in clinical use for other purposes. It 
should, however, be noted that liposomal administration adds 
another level of complexity in terms of additional PK processes, 

Figure 2  (Continued)
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as the distribution and elimination of the liposome itself and 
release of the drug in the body and brain should be considered 
(Figure 3). For understanding and further prediction to humans, 
mechanism- based in vivo (microdialysis) experiments are the only 
ones that can separate the liposomal encapsulated drug from the 
released drug, something needed to decipher the processes.

Many studies have been performed in experimental animals on 
liposomal brain delivery. Whereas providing interesting data, such 
studies have room for improvement to provide sufficient mecha-
nistic insight.78 A number of animal studies using microdialysis 
for time- course information on unbound drug in plasma and brain 
provide such mechanistic information.78– 84

Overall, these studies show that brain distribution of a drug 
administered as liposomal formulation depends on both drug 
properties and liposomal formulation characteristics (Table 2). It 
may indeed enhance BBB drug delivery for drugs that have lim-
ited BBB transport, such as methotrexate and DAMGO, but may 
also counteract active uptake, as is the case for diphenhydramine 
(Table 2) and quetiapine, where the latter used lipid core nanocap-
sules.79 In general, the rather sparse quantitative data gathered so 
far seems to indicate that active transporters at the BBB, be it both 
influx and efflux transporters, can under certain conditions be cir-
cumvented by liposomal delivery. In other situations, no change is 
observed, which complicated the picture quite significantly. More 
quantitative studies are needed to provide an improved basis, in-
cluding its prediction to humans from animal data.78,84– 86

HOW DOES DISEASE INFLUENCE CNS DRUG DELIVERY?
The general paradigm is that BBB functionality may change in 
disease conditions and therefore will affect CNS drug distri-
bution and CNS target site concentrations that drive the CNS 
effects. Many qualitatively obtained changes in BBB properties 

have been reported for neurodegenerative CNS diseases that all 
imply that CNS drug distribution would change as a result.87– 90 
However, the number of studies that have quantitatively mea-
sured BBB transport and intra- brain distribution of drugs in the 
context of neurodegenerative CNS diseases are surprisingly low.

What happens with small molecules?

Parkinson’s disease. No changes in BBB transport of L- DOPA 
was found using microdialysis in the unilateral rotenone rat model 
of Parkinson’s disease, despite Parkinson’s disease- like pathology, 
indicated by a huge reduction of tyrosine hydroxylase as well as 
by substantially reduced levels and higher elimination rates of 
DOPAC and HVA.91 Likewise, in α- synuclein transgenic mice, no 
changes were found in the extent of CNS distribution (Kp,uu,brain) 
of digoxin, levofloxacin, paliperidone, oxycodone, and diazepam, 
compared with wild- type mice.92

Epilepsy. P- gp expression is often taken as a biomarker of 
transporter functionality and changes in P- gp expression due to 
epilepsy have been interpreted as a reason for pharmacoresistance 
(transporter hypothesis), without assessing (long term) changes in 
BBB P- gp functionality. In a kainate rat model of epilepsy, where 
status epilepticus was induced, brain capillary protein expression 
of P- gp as well as BBB P- gp functionality was assessed in 
individual rats. Although substantial changes in P- gp expression 
were found that turned back to baseline after 30 days following 
status epilepticus, no changes were observed in BBB transport of 
the strong P- gp substrate quinidine.93

Alzheimer’s disease. In aged AβPP- transgenic mice and wild 
type mice, Kp,uu,brain was assessed for digoxin, levofloxacin, 

Figure 2  (Continued)
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paliperidone, oxycodone, and diazepam. Despite Aβ pathology, 
no differences in Kp,uu,brain were found.92 In an in vitro study, 
the effect of Alzheimer’s disease and inflammatory insult on the 
function of LAT1 at the mouse BBB (for [14C]- L- leucine) as well 
as LAT function and expression in mouse primary astrocytes was 
studied and the results showed that the presence of APP/PS1 
mutations did not change.94

Lipopolysaccaride induces inflammation. In the in vitro 
study above, also the effect of an inflammatory insult using 
lipopolysaccharide on LAT1 function at the mouse BBB and 
expression in mouse primary astrocytes was assessed.94 In 
addition, here, no changes in LAT1 function at the BBB, and 

LAT1 function and expression in mouse primary astrocytes were 
found.

Pericyte deficiency. Research implicates that pericytes are key 
components of the neurovascular unit, which induce BBB 
properties by regulating transcytosis in the BBB.95 Using the brain 
uptake technique in pericyte- deficient (Pdgfbret/ret) mice, CNS 
distribution of diazepam, oxycodone, and paliperidone was studied. 
No changes in the unidirectional transfer coefficients (Kin) were 
found between the pericyte- deficient and wild type littermates.96 
The combined use of in vivo and in vitro data on diazepam, digoxin, 
levofloxacin, oxycodone, and paliperidone neither show differences 
in BBB transport (Kp,uu,brain) in pericyte- deficiency.97

Figure 3 Schematic processes involved in the fate of the drug, using liposomal formulation for targeted brain drug delivery. Liposomal release 
of the drug in plasma, liposomal transport across the BBB, and liposomal release of the drug into brainECF should be considered as well 
as plasma PK, BBB transport, brain delivery, and intra- brain distribution of the unbound drug itself. The drug can reach the target site via a 
liposome as a carrier (black dashed line) or as the released unbound drug (black full line). After intravenous administration of the liposome 
containing the drug, the following can happen: [1] The drug can be released from the liposome in the blood and reversibly bind to plasma 
proteins. It is only the unbound drug that can cross the BBB or BCSFB to reach the brainECF: [2] The liposome can fuse with the BBB cell 
membrane and release the drug into the cytosol of the BBB endothelial / BCSFB epithelial cells; [3] The liposome may undergo endocytosis in 
the BBB / BCSFB and release the drug into the intracellular fluid of the BBB endothelial / BCSFB epithelial cells; [4] The liposome can cross 
the BBB / BCSFB via transcytosis to reach the brainECF, followed by drug release into the brainECF / CSF. The unbound drug can exchange 
between brainECF and CSF, and between brainECF and brainICF; [5] The liposome may enter brainICF and can release the drug in the brainICF. 
Only the unbound drugs that reach the brainECF and/or brainICF (red dashed circles) are available for target site binding in these physiological 
compartments to induce their pharmacological effect.78 BBB, blood- brain barrier; BCSFB, blood- cerebrospinal fluid barrier; CSF, cerebrospinal 
fluid; ECF, extracellular fluid; PK, pharmacokinetic.
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Traumatic brain injury. Patients with human traumatic brain 
injury were studied regarding morphine brain delivery, by 
comparing the brain injury site and the “better” brain site 
using microdialysis.40 Kp,uu,brain was 0.64 in the “better” human 
brain tissue indicating active BBB efflux of morphine, and was 
substantially changed to 1.0 at the injury site, indicating lack 
of efflux function due to the traumatic injury. In addition, a 
corresponding increased brain exposure of morphine was found 
in experimental meningitis with lipopolysaccharide injections in 
pigs, studied with microdialysis.98

What happens with large molecules?
Large molecules cross the BBB to an extremely low extent and BBB 
targeting vectors have to be used for transport systems that rely on 
vesicular trafficking. For example, receptor- specific monoclonal 
antibodies cross the BBB via receptor- mediated transport.7– 9 Of 
interest is that pericyte deficiency increases the permeability of 
the BBB to tracers related to endothelial transcytosis.99 In addi-
tion, many studies reporting dysfunctional CNS barriers due to 
increased transcytosis have implicated caveolae as the main con-
tributors of barrier leakage.100 Although much has been learned 
on the mechanisms that regulate transcytosis at the BBB, it is still 
to a large extent a black box, and the basic cell biology of transcyto-
sis at the BBB is still elusive. An overview of specific contributions 
of potentially multiple pathways to overall transcytosis at the BBB 
in physiological and pathophysiological states would deserve a re-
view on its own.7– 9 We can conclude that further studies provid-
ing quantitative (and generic) information on BBB transport and 
intra- brain distribution of large molecules are strongly needed.

DISCUSSION AND CONCLUSIONS
The anatomy and physiology of the CNS is complex and transport 
of drugs into, within, and out of the CNS is driven by the BBB, the 
brain parenchyma and fluid spaces, and drug- specific properties. 
In combination, they determine the drug concentration- time pro-
files in specific CNS compartments.

Three fundamental PK properties underlying CNS drug deliv-
ery are rate, extent, and binding. Different methodologies can be 
used to measure these properties for individual drugs, also making 
use of the pH partition theory. To this end, the brain can be looked 
upon “as a whole” or further subdivided into physiological com-
partments (brain regions, cells, lysosomes, and/or CSF compart-
ments). The focus of such quantitative CNS drug delivery studies 
so far has been on small molecule drugs.

As indicated, the CNS PK processes are interdependent, which 
creates a need for integrative approaches to generate smart data to 
understand rate and extent of BBB transport and intra- brain and 
CNS target site distribution, something that can be accomplished 
with the Mastermind Research Approach. With the CMA, steady- 
state relationship between plasma PK and CNS PK in different ani-
mal brain compartments can be obtained in a more high- throughput 
mode, which makes it very useful in drug discovery. Then, the rat 
and human validated physiologically based LEICNSPK3.0 mod-
els can be used to predict CNS drug concentration- time profiles 
in multiple brain and CSF compartments in animals and humans 
in health and disease, based on drug properties and CNS (patho)

physiology for which quantitative data are available, but also as 
“what- if ” scenarios. This can be used in any stage of CNS drug de-
velopment as well as in the clinical setting.

With regard to CNS diseases, such as Alzheimer’s and 
Parkinson’s disease, many studies have indicated a “leaky” bar-
rier and changes in active transporter expressions on the basis 
of morphologic techniques molecular biological and/or marker 
compound /tracer investigations. However, quantitative animal 
studies on BBB transport and intra- brain distribution of small 
molecules indicate that their CNS distribution remains un-
changed. All together, these studies indicate that for small mol-
ecules, the concept of a leaky barrier within neurodegenerative 
conditions has to be interpreted with caution when estimating 
CNS drug distribution. Thus, it seems that the capability of the 
highly dynamic BBB to regulate brain drug exposure still seems 
to be intact despite the presence of pathology, whereas also 
changes in BBB expression of active transporters do not neces-
sarily reflect changes in BBB functionality of these transporters. 
Predictions with the LEICNSPK3.0 model indicate the same 
situation in humans. There is, however, an exception where the 
BBB transport of morphine is affected by traumatic brain injury 
conditions.

For large molecules that have a high potential to treat CNS 
diseases, a lot has been learned on the mechanisms that regulate 
transcytosis at the BBB, but it is still to a large extent a black box, 
and the basic cell biology of transcytosis at the BBB is still elusive. 
Large efforts are still needed to provide more knowledge on BBB 
transport of the very important new biologics, to increase their use 
in CNS diseases.

Here, quantitative integrative data on BBB transport and intra- 
brain distribution for large molecules are needed in healthy as well 
as CNS disease conditions. Fast, real- time dynamics of transcyto-
sis has been demonstrated in the lungs using intravital microscopy. 
This technique has not yet been used for brain transcytosis, but 
would be very helpful for investigating rate, direction, and extent 
of vesicular BBB trafficking.101 Knowledge gathered so far indicates 
that vector- guided BBB transcytosis may be far more sensitive to 
disease conditions, which is another level of complexity in devel-
oping large molecule drug treatment of CNS diseases. Overall, it 
seems that small drug molecules have the advantage of less complex 
BBB transport and intra- brain distribution processes, whereas also 
their CNS delivery is less influenced by changes induced by CNS 
diseases.
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