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Chapter 7
Pharmacokinetic Concepts in Brain Drug 
Delivery

Margareta Hammarlund-Udenaes

Abstract This chapter presents the pharmacokinetic principles of blood-brain bar-
rier (BBB) transport and the intra-brain distribution of small molecular drugs, in 
order to provide a basis for understanding drug delivery to the brain from a clini-
cally relevant perspective. The most important concentrations to measure when 
determining drug distribution are those of the unbound drug, because it is the 
unbound drug that causes the pharmacological effect by interacting with the target. 
Therefore, this chapter also discusses the pharmacokinetic basis, the kind of infor-
mation provided, and the in vivo relevance of the methods used to obtain reliable, 
therapeutically useful estimates of brain drug delivery. The main factors governing 
drug distribution to the brain are the permeability of the BBB to the drug (influx 
clearance), the extent of nonspecific binding to brain tissue, and the efflux clearance 
of the drug. The ratio of the influx and efflux clearances provides an estimation of 
the extent of drug equilibration across the BBB, described by the partition coeffi-
cient of unbound drug, Kp,uu,brain. This parameter is important, as active uptake and/
or efflux transporters influence the brain concentrations of unbound drug in relation 
to those in plasma. The advantage of using Kp,uu,brain during the drug discovery pro-
cess lies in its ability to predict the potential success of drugs intended for action 
within the brain or, conversely, of those with few or no side effects in the brain.
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Abbreviations

[plasma],u/[brain],u Ratio of plasma to brain unbound drug concentrations
Abrain Amount of drug per g brain tissue excluding blood
Aslice Amount of drug per g of brain slice
Atot.brain_inc_blood Amount of drug per g brain tissue including blood
AUCtot,brain Area under the total brain concentration-time curve
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AUCtot,plasma Area under the total plasma concentration-time curve
AUCu,brainISF Area under the unbound brain ISF concentration-time curve
AUCu,plasma Area under the unbound plasma concentration-time curve
BBB Blood-brain barrier
BBMEC cells Bovine brain microvessel endothelial cells
BCSFB Blood-cerebrospinal fluid barrier
Caco-2 Human epithelial colorectal adenocarcinoma cells
Cbuffer Concentration of drug in the buffer (brain slice method)
Ci Apparent concentration of drug in a peripheral brain com-

partment i
CLact_efflux Active efflux clearance from brain to blood at the BBB (μl/

min/g_brain)
CLact_uptake Active uptake clearance from blood to brain at the BBB (μl/

min/g_brain)
CLbulk_flow Clearance by bulk flow from brain ISF to CSF (μl/

min/g_brain)
CLi Intercompartmental clearance between brain ISF and the 

peripheral brain compartment i
CLin Net influx clearance of drug to the brain (μl/min/g_brain), 

also called permeability clearance
CLmetabolism Metabolic clearance of drug in the brain or at the BBB (μl/

min/g_brain)
CLout Net efflux clearance of drug from the brain (μl/min/g_brain)
CLpassive Passive diffusional clearance of drug at the BBB
CNS Central nervous system
CSF Cerebrospinal fluid
Ctot,blood Total concentration of drug in blood
Ctot.plasma Total concentration of drug in plasma
Cu,brainISF Concentration of drug in the brain ISF (by definition unbound)
Cu,cell Average concentration of unbound drug in brain cells
Cu,plasma Unbound concentration in plasma
Cu,ss,brainISF Unbound steady-state concentration in brain ISF
Cu,ss,plasma Unbound steady-state concentration in plasma
ECF Extracellular fluid in the brain (also called ISF, intersti-

tial fluid)
fu,brain Fraction of unbound drug in brain homogenate
fu,brain,corrected Fraction of unbound drug in brain homogenate after correc-

tion for pH partitioning based on the pKa(s) of the drug
fu,D Fraction of unbound drug in diluted brain homogenate
fu,plasma Fraction of unbound drug in plasma
GI Gastrointestinal
ICF Intracellular fluid in the brain
ISF Interstitial fluid in the brain (also called ECF, extracellu-

lar fluid)
Ki Inhibition constant
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Kin In situ brain perfusion unidirectional transfer constant (a 
clearance estimate equal to PS or CLin) (μl/min/g_brain)

Kp,brain Partition coefficient (ratio) of total brain to total plasma drug 
concentrations

Kp,u,brain Ratio of total brain drug concentration to plasma unbound 
drug concentration

Kp,uu,brain Ratio of brain ISF to plasma unbound drug concentrations
Kp,uu,cell Ratio of brain ICF to ISF unbound drug concentrations
Kp,uu,CSF Ratio of CSF to plasma unbound drug concentrations
logBB Logarithm of the ratio of total brain to total plasma drug con-

centrations (equal to Kp)
MDCK cells Madin-Darby canine kidney cells
Mdr1 Gene encoding for P-glycoprotein
Papp Unidirectional apparent permeability coefficient measured in 

the apical-to-basolateral direction (cm/s)
PBS Phosphate-buffered saline
PET Positron emission tomography
P-gp P-glycoprotein
PS Permeability surface area product (in this context equal to net 

influx clearance to the brain) (μl/min/g_brain)
Vblood Volume of blood in brain tissue
Vf Volume of buffer film remaining around the sampled 

brain slice
Vi Apparent volume of distribution of a peripheral brain com-

partment i
VISF Physiological (and apparent) volume of ISF
Vu,brain Volume of distribution of unbound drug in brain 

(ml/g_brain)

7.1  Introduction

The delivery of drugs from blood to brain takes place across the brain capillary 
endothelial cells comprising the blood-brain barrier (BBB). This is depicted in 
Fig. 7.1 in a classical electron micrograph of a capillary, the extremely thin endothe-
lial cell layer and the brain parenchymal cells. Despite its thinness, the BBB is a 
very important organ that controls the brain environment in relation to blood, pick-
ing up nutrients, discarding waste products, and hindering influx of potentially 
harmful substances, including many drugs. The large surface area of the BBB and 
the high rate of blood flow to the brain ensure fast delivery of drugs to the brain (see 
Chap. 1 and Appendix for anatomical and physiological details of the BBB), but do 
not always ensure adequate drug concentrations within the brain.

This fact, together with earlier often inadequate methods used for measuring 
brain drug delivery, has caused problems in central nervous system (CNS) drug 
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discovery and development, due to measuring mainly total drug concentrations in 
the brain. The methods used in the industry are developing rapidly; these methods 
are discussed further in other chapters. This chapter focuses on the pharmacokinetic 
principles of small molecular drug delivery to the brain, on the rate and extent of 
drug transport as two separate factors governing drug delivery to the brain and on 
the pharmacokinetic parameters needed to describe this.

Figure 7.2 provides a more schematic drawing of how drugs are distributed 
across the BBB and into the brain. As depicted, it is only the unbound drug mole-
cules, i.e., those that are not bound to plasma proteins that are able to transverse 
membranes, in this case the BBB. The rate at which the drug enters the brain inter-
stitial fluid (ISF, also called extracellular fluid (ECF)) depends on the permeability 
of the BBB to the particular molecule. Together with the passive and active uptake 
and efflux processes at the BBB, this will determine how much drug enters the brain 
ISF. The drug molecules will then be further distributed to and equilibrated within 
the brain cells, specific and nonspecific binding sites, and organelles, depending on 
the physicochemical interactions between the drug and the tissue.

Drug transport between blood and cerebrospinal fluid (CSF) takes place at the 
blood-CSF barrier (BCSFB). There is also some exchange between CSF and brain 
ISF. Transport from CSF to ISF involves passive diffusion, while transport from ISF 
to CSF involves both passive diffusion and bulk flow of ISF, including possible 
influence of the “glymphatic” flow (Cserr et al. 1977; Nicholson and Sykova 1998; 
Abbott et al. 2018; Iliff et al. 2012). See also Chap. 1. The pH of blood is 7.4, while 

Fig. 7.1 An electron micrograph of a brain capillary with three erythrocytes, endothelial cell walls 
comprising the BBB, and brain parenchymal cells. The black color indicates intravenously admin-
istered peroxidase that does not pass the endothelial cells. The micrograph shows the two mem-
branes of the BBB, the luminal membrane facing the blood and the abluminal membrane facing the 
brain parenchyma (x20 000). From Reese and Karnovsky with permission from the publisher 
(Reese and Karnovsky 1967)
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that of brain ISF is around 7.3, of the cell cytosol is 7, and in lysosomes is around 
5.2. These pH differences influence drug equilibration, with basic drugs accumulat-
ing more in low-pH organelles, especially in the lysosomes. By definition, the con-
centrations in brain ISF are unbound, as are the concentrations in the intracellular 
fluid (ICF). The extent of nonspecific binding is generally quantitatively much 
greater than that of specific binding to receptors or other target sites.

It is only the unbound drug that is in contact with receptor or other target sites, 
and experimental data show that these concentrations are best correlated with clini-
cal effects or side effects in the brain (Hammarlund-Udenaes 2010; Watson et al. 
2009; Kalvass et al. 2007b; Large et al. 2009). The site of action of the particular 
drug will determine whether brain ISF or brain ICF concentration is the more 
important in relation to the pharmacodynamic measurement. It has been clearly 
shown for dopamine agonists and other drugs that the unbound drug brain concen-
trations are much more closely related to receptor occupancy than the total brain 
concentrations or the concentrations of unbound drug in the blood (Watson et al. 
2009; Stevens et  al. 2012). This is clearly shown in Fig.  7.3, which depicts the 
receptor occupancy of several dopamine antagonists in relation to their plasma, total 
brain, and unbound drug brain concentrations.

The amount of drug to be delivered to the brain to achieve the desired effect is of 
course always an issue when deciding on the dose to be administered. However, a 
trade-off between side effects and the desired effects also needs to be taken into 
consideration. For drugs that are very efficiently effluxed at the BBB, there will be 
much lower unbound concentrations in brain ISF than in plasma. This is advanta-
geous if peripheral effects and avoidance of CNS side effects are desired, but is less 
suitable if CNS effects are desired and peripheral side effects are to be avoided.

Brain 
ISF

B
B
B

B
B
B Blood

unbound un-
bound

unbound

bound bound

CSF
BCSFB

unbound

LysosomesBrain ICF
pH 7.35 pH ~ 7.3 pH ~ 7.0 pH ~ 5 

Fig. 7.2 Schematic illustration of drug distribution and equilibration across the BBB and other 
membranes within the brain parenchyma and unbound drug and drug bound to tissue components. 
The physiological volumes of the intra-brain compartments are brain interstitial fluid (ISF) 
0.2 ml/g_brain and brain intracellular fluid (ICF) 0.8 ml/g_brain, of which the lysosomal compart-
ment is 0.01 ml/g_brain. The figure is adapted from Hammarlund-Udenaes et al. (Hammarlund- 
Udenaes et al. 2008) with permission from the publisher
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For measurements based on pharmacokinetic principles, drug delivery can be 
described by three distinctly different parameters. Two of these are important com-
ponents of the transport of the drug across the BBB, and the third describes the 
intra-brain distribution of the drug. The first parameter describes the rate of drug 
delivery to the brain based on the permeability surface area product (PS), which in 
pharmacokinetic literature is often called the net influx clearance (CLin,  μl/min/g_
brain). This describes the unidirectional net drug transport from blood to brain. The 
second parameter is the extent of delivery, which can be described either by the 
total drug concentrations in the brain and plasma or by unbound drug concentra-
tions at steady state. The total drug concentration ratio between the brain and plasma 
is termed Kp,brain. Another way of describing the same parameter is logBB, which is 
also used for computational approaches (Abraham et  al. 1995; Norinder and 
Haeberlein 2002; Young et al. 1988; Norinder et al. 1998; Mensch et al. 2010a; Sun 
2004; Shityakov et al. 2013; Muehlbacher et al. 2011; Fan et al. 2010). The unbound 
drug concentration ratio between brain ISF and plasma is termed Kp,uu,brain (Gupta 
et al. 2006). The relationship between the unbound and total drug concentrations in 
plasma is described by the fraction of drug that is not bound to plasma proteins, 
fu,plasma. There are two alternative measurements in brain parenchymal tissue that can 
be used to describe intra-brain distribution, the third parameter. This parameter 
correlates unbound to total drug concentrations in the brain. fu,brain is the fraction of 
unbound drug in the brain based on brain homogenate measurements (Kalvass and 
Maurer 2002), and Vu,brain is the unbound volume of distribution within the brain in 
ml/g_brain tissue based on brain slice measurements (; Friden et al. 2007, 2009a; 
Kakee et al. 1996; Loryan et al. 2013). It should be noted that this volume term is 
not the same as those determined from in situ brain perfusion or PET studies. In the 
coming sections, these three parameters will be described in more detail. In vitro 
and in vivo methods used for determining brain drug delivery are further described 
in other chapters.

Fig. 7.3 Relationships between receptor occupancy and concentrations of neuroleptics normal-
ized for their in vitro affinity for rat striatal D2 receptors. a) Total plasma concentrations, b) total 
brain concentrations, and c) unbound brain concentrations, illustrating the clear advantage of 
unbound brain concentrations when comparing drugs. Reprinted from Watson et al. 2009 () with 
permission from the publisher
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7.2  Historical Aspects on Studying Brain Drug Delivery

Several expressions have been used to describe drug delivery to the brain in the lit-
erature: permeation (Tamai and Tsuji 2000; Abbott et al. 2008), brain penetration 
(Schinkel et al. 1996), extent of brain penetration (Liu et al. 2008), CNS penetration 
(Summerfield et  al. 2006), BBB penetration (Gunn et  al. 2012), brain delivery 
(Pardridge et al. 1992), and CNS distribution (Dai et al. 2005; Kalvass et al. 2007a). 
The expressions used for the total brain to total plasma concentration ratio also 
vary: [brain]/[plasma] (Kalvass and Maurer 2002), Kp (a classical expression in 
pharmacokinetics for the partition coefficient between tissue and plasma (Rowland 
and Tozer 2011)), Kp,brain (Gupta et  al. 2006), and B/P (Maurer et  al. 2005). 
Expressions for the brain to blood (or vice versa) unbound drug concentration ratios 
have been described as Kp,uu (Gupta et  al. 2006), Kp,free (Liu et  al. 2005), and 
[plasma],u/[brain],u (Kalvass et al. 2007a).

Kalvass and Maurer made a seminal contribution in 2002 by initiating investiga-
tion into how to find out whether drugs are actively effluxed at the BBB (Kalvass 
and Maurer 2002), after P-gp had been found in the BBB (Tsuji et al. 1992; Cordon- 
Cardo et  al. 1989; Thiebaut et  al. 1989) and after the development of the P-gp 
knockout mouse model (Schinkel et al. 1996). They introduced the in vitro brain 
homogenate binding method in this context and simplified the estimation of extent 
of drug binding from diluted brain homogenate samples. The ratio of the fraction of 
unbound drug in plasma to that in the brain (fu,plasma/fu,brain) was compared with the 
ratio of total brain to plasma concentrations (Kp,brain). Kalvass and Maurer concluded 
that, if the two ratios are the same, the drug will be transported across the BBB 
mainly by passive means. Efflux was indicated by differences between the ratios, 
i.e., this was an indirect way of describing BBB transport properties. We know 
today that the ratio of fu,plasma/fu,brain itself as an indication of partitioning between 
brain and blood is misrepresentative, as the main cause of deviations in Kp,brain from 
this ratio is active transport at the BBB. The authors also compared CSF concentra-
tions to brain and plasma concentrations and found that CSF concentrations over-
predicted brain exposure for P-gp substrates.

Maurer et al. continued the work with a comparison of plasma and brain concen-
trations for 33 compounds (Maurer et al. 2005). Differences in fu,plasma/fu,brain within 
a threefold range were allowed, to cope with experimental errors and differences 
considered of little consequence for pharmacology or pharmacokinetics. The 
authors stated that “Because the brain to plasma ratio (Kp) is determined largely by 
nonspecific binding, efforts to optimize this parameter may actually lead to an 
unproductive or counterproductive design of drugs that are unnecessarily basic, 
lipophilic, and simply have a greater degree of nonspecific partitioning into brain 
tissue” (Maurer et al. 2005). This has proven to be a very relevant statement, which 
partly explains the poor success rate in developing new drugs for CNS diseases 
(Kaitin 2008; Kola and Landis 2004). They also surmised that the underprediction 
of tissue distribution of bases, but not of neutral compounds and acids, based on 

7 Pharmacokinetic Concepts in Brain Drug Delivery



180

fu,brain values could be the result of disruption of the subcellular acidic organelles 
such as lysosomes during homogenization.

Data from the literature were used by Kalvass and coauthors to compare more 
drugs, using the correlations developed earlier by Kalvass and Maurer (Kalvass 
et al. 2007a; Kalvass and Maurer 2002). They commented that Kp,brain was still (in 
2007) used to optimize brain delivery (values of ≥1 were arbitrarily given an inter-
pretation of good brain delivery and values << 1 of poor brain delivery) and issued 
another warning that this classification could be misleading, as Kp,brain is also influ-
enced by the relative extent of binding to plasma proteins and brain tissue (Kalvass 
et al. 2007a). A ratio based on plasma to brain concentrations of unbound drug was 
proposed ([plasma],u/[brain],u), and a log-log graph which plotted the in vivo P-gp 
efflux ratio vs [plasma],u/[brain],u was developed. Their conclusions on the BBB 
transport of the studied drugs were based on the quadrant into which the drug fell. 
This way of estimating BBB transport is further discussed by Avdeef in his book 
(Avdeef 2012). Kalvass et al. found indications of active uptake at the BBB and also 
found that efflux transport mediated by transporters other than P-gp was not able to 
be accurately predicted by the P-gp efflux ratios in Mdr1a(+/+) and Mdr1a(−/−) 
mice. For ten of the 34 drugs studied, the extent of efflux in vivo was greater than 
could be explained by P-gp, and active uptake into the brain was indicated for three 
drugs. Thus, the in vivo P-gp efflux ratio for knockout and wild-type mice was not 
sufficient to predict brain delivery, and the [plasma],u/[brain],u ratio was better pre-
dictive than the P-gp efflux ratio alone (Kalvass et al. 2007a). Despite this, most 
drug companies continue to trust P-gp efflux ratios in vivo or in vitro as the param-
eter of choice.

Concepts around the BBB transport of drugs were developed further by our 
group, with the proposal of the term Kp,uu by Gupta et al. to succinctly describe the 
brain ISF to blood concentration ratio for unbound drug (Gupta et al. 2006). Before 
the publication of this expression in 2006, the efficiency of net active efflux or 
uptake for individual drugs had been described as the “ratio of unbound brain to 
unbound blood concentrations” (Bouw et al. 2000, 2001; Xie et al. 2000; ; Tunblad 
et al. 2003; 2004a, b, 2005 Bostrom et al. 2005). The approach thus separated BBB 
transport properties from protein binding in plasma and binding to brain constitu-
ents, treating the three parameters as independent, individual properties of the drugs. 
It was indicated that the permeability of the brain to the drug (PS, CLin) and the 
extent of equilibration across the BBB (Kp,uu,brain) were not correlated (Hammarlund- 
Udenaes 2000; Hammarlund-Udenaes et  al. 2008; Hammarlund-Udenaes et  al. 
1997). The brain slice technique was also developed for studies of nonspecific bind-
ing to brain tissue in a high-throughput model and was compared with the brain 
homogenate method (Friden et al. 2007, 2009a, 2011 Loryan et al. 2013).

Doran et al. concluded that most CNS drugs have some degree of P-gp-mediated 
transport and that this does not hamper their clinical use (Doran et al. 2005). They 
studied the total brain to plasma, CSF to plasma, and CSF to brain concentration 
ratios in Mdr1a(+/+) and Mdr1a(−/−) mice without taking into account differences 
between the drugs in nonspecific binding in the brain. They found that despite being 
a good P-gp substrate, risperidone has sufficient clinical effect in the CNS because 
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of its high potency; the question of the correct dose in relation to peripheral side 
effects is also pertinent here.

At around the same time, Liu and coworkers published on properties that govern 
the equilibration of drug concentrations between brain and blood (Liu et al. 2005). 
They concluded that rapid permeation alone does not guarantee rapid equilibration. 
What is required for rapid equilibration is a combination of rapid permeation and 
low brain tissue binding. The authors used permeability as a surrogate for efflux 
clearance, although they are not strictly interchangeable. Nonetheless, the combina-
tion of efflux clearance from the brain and the extent of brain binding determines 
the equilibration time across the BBB (Hammarlund-Udenaes et al. 1997; Liu et al. 
2005; Syvanen et al. 2006).

Liu et al. proposed a direct extrapolation of fu,plasma to describe fu,brain as they (Liu 
et al. 2005) and others (Kalvass and Maurer 2002; Maurer et al. 2005) found a good 
correlation between the two (r2 = 0.69 (Liu et al. 2005)). Although the use of fu,plasma 
for fu,brain has not been evaluated any further, its use can be questioned today if a 
good estimation of Kp,uu,brain is the goal. Even a twofold difference between the two 
will result in a twofold difference in the value of Kp,uu,brain and could skew informa-
tion on the parameter needed for selection of the best drug candidates (see further 
Sect. 7.3.2.2).

Liu and Chen also discussed the extent and rate of brain penetration by looking 
at ways to increase the Kp,uu,brain by reducing the efflux clearance or increasing the 
influx clearance (Liu and Chen 2005). In this paper, Kp,brain was considered unsuit-
able for evaluation of the potential success of a candidate as a CNS drug. Liu et al. 
later proposed strategies for studying transporters at the BBB, including: “1) Drug 
discovery screens should be used to eliminate good P-gp substrates for CNS targets. 
Special consideration could be given to moderate P-gp substrates as potential CNS 
drugs based on a high unmet medical need and the presence of a large safety margin. 
2) Selection of P-gp substrates as drug candidates for non-CNS targets can reduce 
their CNS-mediated side effects” (Liu et al. 2008).

Several articles in the area have also been published by Summerfield and cowork-
ers. In one study, they used Mdr1a/b(+(+) and Mdr1a/b(−/−) mice to investigate 
total brain to blood ratios (Kp,brain) in vitro, covering a wide range of physicochemi-
cal properties (Summerfield et al. 2006). They also compared fu,brain and fu,blood. They 
concluded that the in vitro estimation of fu,brain/fu,blood overpredicted the Kp observed 
in vivo because the in vitro ratio assumes that the concentrations in brain and blood 
are equal, while in reality they are not, because of active transport in the BBB. In 
their next study, they investigated 50 marketed drugs and compared in situ brain 
perfusion permeability with in vitro permeability and then correlated these param-
eters with physicochemical information (Summerfield et  al. 2007). In their 2008 
publication they studied species differences in plasma and brain binding and found 
a good correlation in brain binding between rat, pig, and humans, thereby improv-
ing the prediction of drug distribution to the brain in humans; they also published a 
table defining PET and pharmacokinetic expressions (Summerfield et al. 2008). The 
use of PET and in vitro equilibrium dialysis to assess BBB transport of candidate 
drugs in CNS drug development was advocated in a later publication (Gunn et al. 

7 Pharmacokinetic Concepts in Brain Drug Delivery



182

2012). An integrated approach involving permeability, active efflux, and brain dis-
tribution, and focusing on unbound drug, was proposed by Jeffrey and Summerfield 
(Jeffrey and Summerfield 2010). In a later paper, they state that “Assessing the 
equilibration of the unbound drug concentrations across the blood-brain barrier 
(Kp,uu) has progressively replaced the partition coefficient based on the ratio of the 
total concentration in brain tissue to blood (Kp)” (Summerfield et al. 2016).

Hakkarainen et al. compared the in vitro apparent permeability coefficient (Papp) 
from three cell culture systems with in vivo microdialysis measuring Kp,uu,brain for 
nine drugs (Hakkarainen et al. 2010). Unfortunately, the use of an in vitro microdi-
alysis probe recovery method in this otherwise thorough paper potentially affected 
the accurate measurement of the ISF concentrations and thus the Kp,uu,brain values. 
When the results for two P-gp substrates were omitted, the authors found an 
extremely good correlation between the permeability of BBMEC cells and the 
microdialysis results (r = 0.99) and noted that the lower the permeability, the lower 
the Kp,uu,brain. When the drugs known to be P-gp substrates were included, the rela-
tionship became nonsignificant, as would be expected since lower Kp,uu,brain values 
indicate more active efflux and are not correlated with permeability per se, as dis-
cussed above and below.

7.3  Parameters Describing Drug Delivery to the Brain

7.3.1  Rate of Brain Drug Delivery

7.3.1.1  What and Why

Permeability as a measurement of drug delivery to the brain has historically been 
the most common way of optimizing drug delivery to this area. Permeability mea-
surements give an estimate of the unidirectional rate of transport of a drug across the 
BBB in situ or in a cell model in vitro. Rather than telling us how much drug has 
equilibrated across the BBB at steady state, these measurements tell us how fast the 
drug is transported across the BBB into the brain.

Permeability measurements are based on the tradition of studying gastrointesti-
nal (GI) absorption. Physiological differences between the GI tract and the BBB, 
however, make this concept less translatable. Many articles have compared perme-
ability values from in silico predictions, in vitro cell models, in situ methods, and 
in vivo methods (Summerfield et al. 2007; Abbott et al. 2008; Bickel 2005; Friden 
et al. 2009b; Hammarlund-Udenaes et al. 2009; Chen et al. 2011; Avdeef and Sun 
2011; Avdeef 2011; Di et al. 2009; 2012; Broccatelli et al. 2012; Fan et al. 2010; Liu 
et al. 2004; Lanevskij et al. 2013; Mensch et al. 2010a, b; Levin 1980; Garberg et al. 
2005; Abbott 2004b). Quite commonly, methods measuring the rate of permeation 
are compared with those measuring the extent of permeation (Pardridge 2004; 
Hakkarainen et al. 2010).
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7.3.1.2  Methods and Relationships

Permeability is described by the rate of permeation in cm/s, obtained by dividing the 
PS value estimated from in situ brain perfusion (called Kin) by the luminal surface 
area of the vascular space, estimated to be 150  cm2/g_brain in  vivo in rats 
(Fenstermacher et al. 1988), or by dividing by the surface area of the cell culture 
in vitro. The in vitro measurement is called Papp, the apparent permeability coeffi-
cient. In vitro methods include BBB-specific cell models from different origins, as 
well as Caco-2 or MDCK cells (please see other chapters in this book).

The in situ brain perfusion method is a very elegant way of rapidly determining 
permeability in an animal model (Takasato et al. 1984; Smith and Allen 2003; Banks 
et al. 1997). It can also be performed in genetically modified mice to study the influ-
ence of active transporters (Dagenais et al. 2000). Examples of CLin (Kin) values 
from in situ brain perfusion and microdialysis studies are given in Table 7.1. It can 
clearly be seen, when Mdr1a(+/+) and Mdra1a(−/−) mice are compared, that CLin 
is decreased in the presence of P-glycoprotein (P-gp). CLin therefore describes the 
net influx clearance across the BBB. In general, the permeability of the BBB to a 
drug appears to be less critical to drug delivery than the influence of active efflux 
transporters. More about the pharmacokinetic aspects and relationships of the trans-
port processes at the BBB can be found in Sect. 7.3.5.

7.3.2  Extent of Brain Drug Delivery

7.3.2.1  What and Why

The extent of drug delivery to the brain is based on steady-state measurements of 
the ratios of total concentrations in brain and plasma (the partition coefficient Kp,brain 
or logBB), total concentrations in brain and unbound concentrations in plasma 
(Kp,u,brain), or unbound concentrations in brain ISF and plasma (Kp,uu,brain). In com-
parison to absorption from the GI tract, the amount of drug delivered to the brain 
can be compared with the bioavailability of drug in the brain, although the deter-
mining forces are somewhat different.

The most important advantage of using Kp,uu,brain instead of Kp,brain lies in its ability 
to, during the drug discovery process, predict the success of drugs intended for 
action within the brain or, conversely, for the avoidance of side effects in the brain. 
Kp,uu,brain is the parameter that most closely relates to the drug’s pharmacodynamic 
profile, if the receptors are situated facing the brain ISF. If the relevant receptors are 
intracellular, further investigations are required (see Sect. 7.3.4 and, in more detail, 
Chap. 13). The Kp,uu,brain value is not influenced by plasma protein binding and brain 
parenchymal binding that would otherwise confound its interpretation. It gives a 
concrete value to the net result of passive and active transport across the BBB.
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When Kp,uu,brain is combined with the target binding properties of the drug, it is 
possible to estimate the required plasma concentrations, and thus the doses, for 
pharmacological success. There is no clear cutoff point below which a drug is not 
suitable for action within the brain, but the lower the Kp,uu,brain value, the higher is the 
dose required to obtain pharmacologically relevant concentrations in the brain given 
similar potency. The trade-off is more between a dose that can be administered in 
relation to clinical effect vs side effects and a dose that is economically defendable.

Table 7.1 Examples of in situ/in vivo CLin values obtained by in situ brain perfusion or 
microdialysis

Drug

CLin (μl/
min/g
_brain)

CLin in Mdr1a 
(−/−) mice
(μl/min/
g_brain) Species References

Alfentanil 1940 2290 Mouse Zhao et al. (2009)
Antipyrine 492 – Rat Avdeef and Sun (2011)
Atenolol 1.8 – Rat Avdeef and Sun (2011)
Cimetidine 7 11 Mouse Zhao et al. (2009)
Colchicine 9 19 Mouse Zhao et al. (2009)
Diazepam 2500 2500 Mouse Zhao et al. (2009)
DPDPE 0.547 6.36 Mouse Dagenais et al. (2004)
Fentanyl 1840 2280 Mouse Dagenais et al. (2004)
Fexofenadine 3 13 Mouse Zhao et al. (2009)
Imipramine 1860 – Rat Avdeef and Sun (2011)
Loperamide 100 1030 Mouse Dagenais et al. (2004)
Methadone 420 1090 Mouse Dagenais et al. (2004)
Morphine 10.4 12.9 Mouse Dagenais et al. (2004)
Morphine 11.4 – Rat Bouw et al. (2000) and Tunblad 

et al. (2004b)
Morphine-3- 
glucuronide

0.11 – Rat Xie et al. (2000)

Morphine-6- 
glucuronide

1.66 – Rat Bouw et al. (2001) and Tunblad 
et al. (2005)

Oxycodone 1910 – Rat Bostrom et al. (2006)
Phenytoin 334 347 Mouse Zhao et al. (2009)
Quinidine 34 541 Mouse Zhao et al. (2009)
Ritonavir 23 80 Mouse Zhao et al. (2009)
Sufentanil 340 295 Mouse Zhao et al. (2009)
Terfenadine 1740 2020 Mouse Zhao et al. (2009)
Valproate 243 181 Mouse Zhao et al. (2009)
Verapamil 315 1370 Mouse Zhao et al. (2009)
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7.3.2.2  Methods and Relationships

The Kp,brain ratio can be determined by measuring steady-state drug concentrations 
or the area under the concentration-time curves in brain tissue, excluding capillary 
blood concentrations (AUCtot,brain), and plasma (AUCtot,plasma) after a single dose:

   

K
AUC

AUCp brain
tot brain

tot plasma
,

,

,

=
 

(7.1)

Measuring the AUC after a single dose is comparable to taking samples of brain 
and blood at one time point during steady state. The AUCs can then be substituted 
by the steady-state drug concentrations.

Kp,uu,brain can be determined directly from microdialysis samples from brain and 
plasma sites or by measuring total brain and plasma concentrations at steady state 
combined with plasma protein binding (giving the fraction of unbound drug in 
plasma, fu,plasma) and brain slice or brain homogenate measurements of nonspecific 
binding to brain parenchyma (Friden et al. 2007, 2009a, 2010; Loryan et al. 2016):
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Here, AUCu,brainISF describes the concentrations of unbound drug in brain ISF, and 
AUCu,plasma describes the concentrations of unbound drug in plasma. Vu,brain measured 
with the brain slice method may be replaced by 1/fu,brain after correction for pH par-
titioning if a brain homogenate is used to determine the nonspecific brain binding, 
as described in Eq. 7.2b.
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(7.2b)

Thus, Vu,brain is similar but not equal to 1/fu,brain, which can result in different 
results if pH partitioning is not compensated for (Friden et al. 2011). More about the 
similarities and differences between these parameters is given in Sect. 7.3.3 and in 
Chap. 13. As the combined method involves measuring three individual parameters, 
the experimental error in each of them will affect the Kp,uu,brain estimate (Kalvass 
et al. 2007a). Here, the uncertainty propagation method can be used (Loryan et al. 
2017; Yusof et al. 2019).

The concentration of drug in brain ISF is determined by diffusion, transport, 
metabolism, and binding processes, as described in Fig. 7.1. The differential equa-
tions describing the equilibration across the BBB between unbound drug in plasma 
and the brain ISF compartment are:

 

V dC

dt
CL C CL CL CISF u brainISF

in u plasma out i u brainISF

�
�� � �� ��,

, , �� �CL Ci i

 
(7.3)
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(7.4)

VISF describes both the physiological volume of the ISF and the apparent volume 
of distribution in the ISF, as it is assumed that there is no binding in this compart-
ment. CLin and CLout describe the net influx and efflux clearance across the 
BBB. CLin is equivalent to PS. Vi and Ci are the apparent volume of and drug con-
centration in a possible deeper brain compartment i, and CLi is the intercompart-
mental clearance between this compartment and the ISF. The plasma unbound drug 
concentration (Cu,plasma) is the driving force for the brain concentrations. Further 
equations necessary to describe the plasma concentration-time profile are beyond 
the scope of this chapter.

At steady state, there is no change in concentration in brain ISF, dCu,brainISF/dt = 0, 
and the drug concentrations in plasma (Cu,ss,plasma) and brain (Cu,ss,brainISF) are in equi-
librium. If Cu,brainISF = Ci, which can be assumed since Ci describes a hypothetical 
compartment, the relationship in Eq. 7.3 becomes:

 
CL C CL Cin u ss plasma out u ss brainISF

� ��, , , ,  
(7.5)

As Kp,uu,brain is a steady-state parameter, it is not influenced by the further parti-
tioning of the drug into brain cells:
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It can be seen in Eq. 7.6 that Kp,uu,brain is determined by the relative size of the net 
influx and efflux clearances. This means that influx and efflux clearances can both 
be small and large and still result in the same Kp,uu,brain. This explains why the perme-
ability per se is not the most important parameter for estimating the extent of drug 
delivery to the brain. While rapid delivery to and elimination from the brain is clini-
cally important for, for example, anesthetic drugs, the steady-state concentration in 
the brain is more important than the rate of delivery to the brain when a drug is to 
be administered repeatedly over time. The range of CLin values within which brain 
delivery is still sufficient can, therefore, be quite wide. This is exemplified in 
Table 7.1 by the good clinical effects of morphine despite its low permeability clear-
ance vs the lack of clinical effect of loperamide despite its higher permeability 
clearance. This phenomenon is also illustrated in Fig. 7.4.

Equation 7.6 can be further developed to include the different processes govern-
ing the uptake and elimination of drug from brain ISF:

K
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CL

CL CL CL

Cp uu brain
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_ _� �
� �

LL CL CL CL CLpassive act uptake act efflux bulk flow metaboli� � � �_ _ _ ssm  

(7.7)
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CLpassive is the passive diffusional clearance across the BBB, which is assumed to 
be equal in both directions. CLact_efflux describes the active efflux transport back 
across the BBB to the plasma (Syvanen et al. 2006). CLact_uptake describes the active 
uptake transport across the BBB into the brain. Both active transport parameters can 
include one or several transporter functions and can, if of interest, be further divided 
into the individual processes. CLbulk_flow is the bulk flow of ISF from brain to CSF, 
reported to be 0.1–0.3 μl/min/g_brain (Cserr et  al. 1977; Rosenberg et  al. 1980; 
Abbott 2004a). CLmetabolism describes the elimination of a drug through metabolism 
within the brain.

Equation 7.7 assumes that CLpassive is the same, independent of direction of trans-
port across the BBB. In reality, this may not be correct for the two membranes of the 
BBB (luminal vs abluminal), as a result of different fluid flow rates and diffusion 
properties. The equation suggests that active efflux of a drug will reduce CLin and 
that active uptake will reduce CLout. An experimental illustration of this is provided 
by the distinct effect of P-gp on CLin that was found by Dagenais et al. (Dagenais 

Fig. 7.4 Illustration of the absolute values of CLin and CLout and their relationships with the result-
ing brain concentration-time profile of unbound drug with time on the x-axis and concentration on 
the y-axis. The blue line, similar in all parts of the figure, describes the unbound drug concentration 
in blood after a short intravenous infusion of a fictive drug. The other lines describe the brain 
unbound drug concentrations. The relative values of CLin and CLout are in a) CLin = 1, CLout = 5 
giving a Kp,uu,brain of 0.2; b) CLin = 5 and CLout = 5, giving a Kp,uu,brain of 1.0; c) CLin = 10 and 
CLout = 50 giving a Kp,uu,brain of 0.2; and d) CLin = 50 and CLout = 50, giving a Kp,uu,brain of 1.0. In a) 
and b), CLout values together with the size of Vu,brain (the same in all simulations) result in a longer 
half-life for the drug in the brain than in blood. In c) and d), the half-life in the brain follows that 
in blood because of the more rapid processes in the brain than in blood. A comparison of (a) and 
(c), (b) and (d), respectively, shows that the Kp,uu,brain is the same, independent of a tenfold differ-
ence in CLin and independent of differences in half-lives in the brain
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et  al. 2004). They used in situ brain perfusion methodology in Mdr1a(+/+) and 
Mdr1a (−/−) mice. The PS of loperamide increased tenfold from 100 μl/min/g_
brain in Mdr1a(+/+) mice to 1030 μl/min/g_brain in Mdr1a (−/−) mice (Table 7.1). 
It should also be borne in mind that CLin and CLout are the net clearances across both 
the luminal and abluminal membranes of the brain endothelial cells when, in reality, 
transporters are usually situated in either the apical or basolateral membrane and are 
rarely situated in both membranes.

If the only method of transport is passive, or if the influx and elimination pro-
cesses are of the same magnitude, the unbound concentrations in the brain will 
equal those in plasma when equilibrium is reached between the two sites. Kp,uu,brain 
will be smaller than unity if efflux dominates the transport process (Gupta et al. 
2006; Hammarlund-Udenaes et  al. 2008) and greater than unity if active uptake 
dominates (Bostrom et  al. 2006; Hammarlund-Udenaes et  al. 2008; Sadiq et  al. 
2011; Kurosawa et al. 2017). The relationships and their interpretation are further 
described in Table 7.2.

Most drugs seem to be effluxed at the BBB. This can be seen in Fig. 7.5, which 
provides the Kp,uu,brain values for a selection of drugs that are acids, bases, neutrals, 
and zwitterions (Friden et al. 2009b).

7.3.3  Intra-Brain Distribution

7.3.3.1  What and Why

Estimation of the extent of nonspecific binding of a drug to brain tissue is necessary 
in order to relate the total brain concentrations, which are easily measured, to the 
unbound drug concentrations, which are more difficult to measure but more valu-
able for optimizing drug treatment. This is an intra-brain measurement and is not 
related to BBB function.

7.3.3.2  Methods and Relationships

The three methods by which intra-brain distribution can be estimated include micro-
dialysis in the brain in conjunction with a brain sample to provide total brain con-
centrations at steady state (Wang and Welty 1996; Hammarlund-Udenaes 2013), the 
brain homogenate method (Kalvass and Maurer 2002; Mano et al. 2002), and the 
brain slice method (Kakee et al. 1996; Friden et al. 2009a, 2010; Loryan et al. 2013). 
The microdialysis and brain slice methods result in an estimate of Vu,brain in ml/g_
brain tissue, while the brain homogenate method results in an estimate of fu,brain.
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Microdialysis

Microdialysis can be used to determine both Kp,uu,brain and Vu,brain. In order to calcu-
late Vu,brain, it is necessary to measure total brain concentrations at steady state at the 
same time as obtaining the concentration of unbound drug in brain ISF by 
microdialysis.

Table 7.2 Relationship between the rate and the extent of equilibration across the BBB. More 
than one transporter may be acting on the drug and transport can be in either direction. Further 
examples from a combination of iv infusion, brain slice, and plasma protein binding measurements 
can be found in Fridén et al. (Friden et al. 2009b)

Parameter 
value Relationship Interpretation In vivo examples

Kp,uu ≈ 1 CLin ≈ CLout Net influx and efflux clearances are 
similar either because the drug is only 
passively transported across the BBB or 
because the active influx and efflux 
rates are similar. Note that the absolute 
sizes of the clearances are not 
important, only the relationship between 
the two.

Codeine (Xie and 
Hammarlund-Udenaes 
1998)
Diazepam (Dubey et al. 
1989)
Olanzapine, haloperidol 
(Loryan et al. 2016)

Kp,uu < 1 CLin < CLout Elimination processes from the brain 
are more efficient than influx processes. 
This may be because of more active 
efflux transport at the BBB, metabolism 
within the brain parenchyma, or bulk 
flow (the latter requires clearances to be 
quite low, as bulk flow is 0.1–0.3 μl/
min/g_brain).

Morphine (Bouw et al. 
2000; Tunblad et al. 2003; 
Bostrom et al. 2008)
Risperidone and 
paliperidone
(Doran et al. 2012; Liu 
et al. 2009; Loryan et al. 
2016)
Ofloxacin, perfloxacin 
(Ooie et al. 1997)
6-Mercaptopurine, 
probenecid (Deguchi et al. 
2000)
Atenolol, methotrexate, 
paclitaxel (Friden et al. 
2009b; Hu et al. 2017; 
Chen et al. 2017; 
Westerhout et al. 2014)
Quinidine, indinavir, 
dexamethasone (Uchida 
et al. 2011a)
Quinidine (Westerhout 
et al. 2013)

Kp,uu > 1 CLin > CLout Influx processes across the BBB are 
quantitatively more efficient than efflux/
metabolism/bulk flow processes. This 
can only be accomplished if the drug is 
actively transported from blood to brain.

Oxycodone (Bostrom et al. 
2006)
Diphenhydramine (Sadiq 
et al. 2011)
Nicotine (Tega et al. 2013)
Varenicline (Kurosawa 
et al. 2017)
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The expression Vu,brain was introduced by Wang and Welty in their microdialysis 
study of gabapentin influx and efflux across the BBB (Wang and Welty 1996). The 
paper was seminal for improving understanding of how the BBB transport of drugs 
can be evaluated (Hammarlund-Udenaes et al. 2008). Vu,brain can be described by 
Eq. 7.8:
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where Atot,brain_incl_blood is the amount of drug present per g brain, obtained from 
chemical analysis of the brain tissue sample. It is then necessary to subtract the 
amount of drug in the brain capillaries in order to obtain the amount present in the 
brain tissue itself. Vblood is the physiological volume of blood present in the brain 
tissue sample, and Ctot,blood is the total concentration of the drug in the blood. The 
volume used here is critical for correct estimation of Vu,brain (Friden et al. 2010).

Brain Homogenate

The brain homogenate method results in an estimate of fu,brain. In short, this method 
uses fresh or frozen brain homogenate that is diluted with phosphate-buffered saline 
(PBS) and equilibrated across a dialysis membrane. The method is described in 

Fig. 7.5 Kp,uu,brain values from a combined study of Kp,brain, fu,plasma, and Vu,brain in rats. Kp,uu,brain, to the 
extent that it can be extrapolated to humans, indicates the clinical usefulness of the drug for action 
in the brain. The brain ISF concentrations are similar (Kp,uu,brain ≈1), lower (Kp,uu,brain < 1) or higher 
(Kp,uu,brain  >  1) than the unbound concentrations in plasma. Data from Fridén et  al. (Friden 
et al. 2009b)
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detail in Chap. 13. Samples of buffer and homogenate are analyzed, and the fraction 
of unbound drug in the original sample is calculated using Eq. 7.9 to compensate for 
the dilution:
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D is the dilution factor for the brain tissue sample, and fu,D is the fraction of 
unbound drug in the diluted brain homogenate sample.

There are several advantages associated with the brain homogenate method: It is 
easy to carry out, using the same equipment as that used for plasma protein binding, 
high-throughput methodology can be used, and the process can be based on frozen 
tissue. However, it should be borne in mind that homogenizing the sample can 
expose sites that normally do not bind the drug in  vivo (Liu and Chen 2005). 
Furthermore, membrane structures are destroyed by homogenization. This excludes 
the measurement of the influence of possible transport processes and pH differences 
between the brain parenchymal cells and organelles.

The brain homogenate method was used by Di et al. to compare fu,brain values 
between species, with subsequent important potential for using animal brain homog-
enates to estimate the nonspecific binding of drugs in human brain (Di et al. 2011). 
Summerfield had earlier studied species differences between rat, pig, and humans 
regarding binding to brain tissue (Summerfield et al. 2008). Human brain regional 
differences in binding including the influence of disease, in comparison to binding 
in the rat, were studied by Gustafsson et al. highlighting the need of case-by-case 
evaluation of regional brain binding in translational CNS research (Gustafsson 
et al. 2019).

Brain Slice

The brain slice method results in an estimate of Vu,brain in ml/g_brain tissue. This 
method, which provides information that is relevant for issues such as nonspecific 
binding of drug to tissues, lysosomal trapping, and active uptake of drug into cells, 
is described in detail in Chap. 13. The brain slice method has been optimized for 
high-throughput of drugs, using cassettes of five to ten drugs that can be studied 
simultaneously, although it is important that the total combined concentration of 
drugs in buffer in the cassette does not exceed 1 μM (Friden et  al. 2007, 2009a 
Loryan et al. 2013).

Vu,brain is obtained by dividing the total brain concentration found in the slices by 
the buffer concentration, which is assumed to describe the ISF unbound concentra-
tion. Equation 7.10 is adapted from Eq. 7.8 to the in vitro situation:
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Aslice is the amount of drug per gram of slice and Cbuffer is the concentration of 
drug in the buffer. Vf is the volume of buffer film that remains around the sampled 
slice due to incomplete absorption of buffer by the filter paper. Fridén et al. con-
firmed the value of Vf as 0.094 ml/g_slice (Friden et al. 2009a), in agreement with 
the original observation by Kakee et al. (Kakee et al. 1996).

7.3.3.3  Interpretations and Caveats

Relevant physiological volumes in brain tissue include the volume of brain ISF at 
0.2 ml/g_brain (Nicholson and Phillips 1981; Nicholson and Sykova 1998) and the 
volume of total brain water at 0.8 ml/g_brain (Reinoso et al. 1997). Thus, drugs with 
values of Vu,brain lower than 0.8 ml/g_brain are predominantly distributed outside the 
brain cells, with minimal binding to proteins or membranes (e.g., moxalactam, 
which has a Vu,brain of 0.46 ml/g_brain (Friden et al. 2010)). As the values for Vu,brain 
increase further above 0.8 ml/g_brain, intracellular distribution and binding to pro-
teins or membranes also increase (e.g., loperamide, which has a Vu,brain of 370 ml/g_
brain (Friden et al. 2010)). Vu,brain varies between 0.2 and 3000 ml/g_brain for the 
drugs studied to date. Table 7.3 provides examples of known Vu,brain values and the 
interpretations that can be made based on this information; currently, the highest 
value is for thioridazine (Friden et al. 2009b).

When using Vu,brain to determine Kp,uu,brain (Eq. 7.2a), Fridén et al. indicated that 
the value of Vblood from the literature (Eq. 7.8) may be too high (Friden et al. 2010). 
This appeared especially true for drugs with low Kp,brain values. A low Kp,brain can be 
the result of either very efficient efflux at the BBB or a level of plasma protein bind-
ing that greatly exceeds the nonspecific binding of the drug in the brain. The latter 
situation causes a problem when the value for Vblood used in Eq. 7.8 is too high. An 
improved method was developed for this estimation (Friden et al. 2010). It should 
be noted that the remaining brain vascular space can vary with the method used to 
sacrifice the animal.

7.3.4  Intracellular Drug Distribution

The intracellular concentrations of drugs cannot be measured directly. However, 
information on the intracellular distribution of the drug can be obtained by combin-
ing brain slice and homogenate data (Friden et al. 2007, 2009a, 2011; Loryan et al. 
2014). Kp,uu,cell describes the steady-state ratio of intracellular to brain ISF concen-
trations of unbound drug, assuming an average concentration ratio for all cell types 
within the brain. In the drug discovery process, this will extend the available 
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information about the distribution of new chemical entities and will help in select-
ing optimal drug candidates. It is important to measure Kp,uu,cell and subsequently 
estimate the average concentration of unbound drug in brain cells (Cu,cell), in relation 
to the pharmacodynamic measurements when the drug has an intracellular site of 
action or when information about possible active transport processes at the ISF- 
cellular interface is required. This is also relevant, going even one step further into 
lysosomal distribution, when predicting and understanding possible side effects due 
to lysosomal accumulation (Loryan et al. 2017).

Kp,uu,cell is calculated as:
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Vu,brain is determined from brain slice experiments and fu,brain is determined from 
equilibrium dialysis of brain homogenates. The details of how to estimate Kp,uu,cell 
and the further division of this parameter into cytosolic and lysosomal components 
are further described in Chap. 13. Maurer et al. have mentioned lysosomal accumu-
lation as a possible reason for differences in the distribution of acidic, neutral, and 
basic drugs between homogenates and in vivo measurements in tissues other than 
the brain (Maurer et al. 2005). This appears also to be important in brain tissue when 

Table 7.3 Interpretation of Vu,brain information. For practical purposes, the value of 0.8 ml/g_brain 
can be approximated to 1 ml/g_brain. The values were obtained using the brain slice method in 
rats; for further descriptions, see Friden et  al. (Friden et  al. 2009b) and Loryan et  al. (Loryan 
et al. 2013)

Parameter value Interpretation Examples (ml/g_brain)

Vu,brain < 0.8 ml/g_
brain

Restricted distribution of the drug to the 
interstitial fluid. Probably very low entrance 
into cells and very little binding to proteins or 
membranes.

Morphine-3- glucuronide 
(0.7)
Moxalactam (0.6)

Vu,brain ≈ 
0.8 ml/g_brain

Free distribution of the drug in ISF and 
intracellular fluid and/or slight binding to 
proteins or membranes.

Salicylic acid (1.0)
Zidovudine (1.1)

Vu,brain > 0.8 ml/g_
brain

Binding to proteins or membranes or 
distribution to subcellular organelles such as 
lysosomes. The higher the value, the more 
drug is bound or distributed.

Amitriptyline (310)
Atenolol (2.5)
Diazepam (20, 17.8)
Digoxin (33.1)
Gabapentin (4.6)
Indomethacin (14)
Levofloxacin (1.7)
Loperamide (370)
Nelfinavir (860)
Oxycodone (4.2)
Paclitaxel (769)
Paroxetine (714)
Thioridazine (3333, 2650)
Verapamil (54, 47)
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comparing brain slice data with data from brain homogenates (Friden et al. 2011; 
Loryan et al. 2014).

7.3.5  Combining Rate, Extent, and Intra-Brain Drug 
Distribution in Brain Pharmacokinetics

It will be obvious by now that the three main properties of brain drug delivery, CLin, 
Kp,uu,brain, and Vu,brain, describe three individual properties of a drug. Figure 7.6 pro-
vides the Vu,brain and Kp,uu,brain values for 41 drugs (Friden et al. 2009b).

It can be seen from the figure that these two properties are not correlated. Two 
examples in the figure highlight this: loperamide and diazepam. The very low 
Kp,uu,brain of loperamide (0.007) indicates that only 0.7% of the concentration of 
unbound loperamide in plasma will be present in brain ISF and thus that the efflux 
of loperamide at the BBB is very efficient. At the same time, loperamide has a high 
affinity to brain tissue, with a Vu,brain of 370 ml/g_brain. The transport of diazepam 
at the BBB, on the other hand, is mainly passive, with a Kp,uu,brain close to 1 and a 
lower affinity, with a Vu,brain of 12 ml/g_brain. Similarly, the permeability clearance 
has little in common with the size of Kp,uu,brain. As discussed earlier (Eq. 7.6), the 

Fig. 7.6 Connections between nonspecific binding in the brain, as shown by Vu,brain values (ml/g_
brain) and Kp,uu,brain ratios for 41 drugs. The scale on the logarithmic y-axis shows the experimen-
tally obtained values for Kp,uu,brain and Vu,brain. The drugs are sorted according to their Kp,uu,brain value 
from smallest to largest. The individual Vu,brain values are plotted alongside the Kp,uu,brain values and 
show that there is very little correlation between the two parameters. Data are from Fridén et al. 
(Friden et al. 2009b)
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influx and efflux clearances can both be small and large but can still result in the 
same Kp,uu,brain.

The time for drug concentrations to reach equilibrium between brain and blood, 
on the other hand, is determined by the efflux clearance and the extent of intra-brain 
binding (Vu,brain), giving rise to an intrinsic half-life in the brain, which can be shorter 
or longer than that in plasma. If the plasma half-life is longer than the intrinsic half- 
life, it will also determine the half-life in brain, which will be equal to that in plasma, 
and the intrinsic half-life will not be possible to observe. Thus, the unbound drug 
concentration in plasma is the driving force for the half-life in the brain, and the 
pharmacokinetic profile in plasma is therefore an important determinant of the 
concentration- time profile in the brain. Only when elimination of the drug is slower 
from the brain than from plasma will the intrinsic half-life in the brain be observ-
able. Thus, the plasma concentration-time profile is important for the resulting phar-
macodynamics in the brain, be it effects or side effects.

The determinants of the concentration-time profile of a drug in the brain are 
comparable to the parameters determining the pharmacokinetics in plasma: The 
plasma concentration-time profile is similarly determined by the absorption and 
elimination rates and the extent of binding to tissues. The relative unbound concen-
trations in brain and plasma are determined by the transport process that dominates 
the movement of the drug at the BBB. This may either be active efflux, active influx, 
or passive transport as discussed earlier. CLin therefore only influences the brain 
concentrations (cf bioavailability) in relation to the efflux clearance, but will not 
influence the concentration-time profile, including the time to reach equilibrium, a 
fact that may be hard to grasp.

Active efflux of a drug will not only decrease CLin but will also increase CLout, as 
described in Eq. 7.7, thus increasing the rate of the equilibration processes across 
the BBB, although this depends on how the efflux transporter functions. If it only 
hinders influx (the so-called vacuum cleaner model), the efflux from the brain 
parenchyma will not be influenced, and the active process will not influence the 
brain elimination half-life (Syvanen et al. 2006). It is, however, more likely that the 
transporter will both hinder influx and increase efflux (e.g., P-gp). In this case, the 
part that increases efflux will subsequently affect the elimination process and there-
fore the time to reach equilibrium across the BBB, while the part that hinders influx 
will not affect the elimination process and therefore neither the time to equilibrium.

Equilibrium across the BBB is thus reached more quickly for strong P-gp sub-
strates than for drugs that are weaker substrates or that are only passively trans-
ported, but otherwise have similar properties. Active efflux also has an important 
influence on the time aspects of equilibration across the BBB in the studies compar-
ing drug uptake into the brains of Mdr1a/b(−/−) and Mdr1a/b(+/+) mice. 
Equilibration is expected to take longer in Mdr1a/b (−/−) mice. When sampling at 
a specific time after a single dose, this can influence the difference between the two 
groups of mice. Possible differences in equilibration time therefore need to be taken 
into consideration.

Padowski and Pollack have discussed the theoretical effects of P-gp on the time 
to equilibrium across the BBB (Padowski and Pollack 2011), and the theoretical 
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consequences of active uptake and efflux have also been discussed by several 
authors (Golden and Pollack 1998; Hammarlund-Udenaes et  al. 1997; Syvanen 
et al. 2006). Liu and Chen have suggested that the parameters determining the half- 
life of equilibration are the permeability of the BBB to the respective drug and the 
extent of binding in the brain (Liu and Chen 2005). As explained in this chapter, 
they are more clearly described as the efflux permeability and the extent of binding 
in the brain. The slower of the two half-lives in the plasma and brain will determine 
the observed half-life in the brain.

Cooperation between P-gp and breast cancer resistance protein (BCRP) in 
increasing the efficiency of the efflux process at the BBB has been clearly described 
by Kusuhara and Sugiyama (Kusuhara and Sugiyama 2009). The presence and con-
tributions of other, including as yet unknown, transporters should also be included 
in speculations about the fate of drugs at the BBB (Hammarlund-Udenaes et  al. 
2008; Kalvass et al. 2007a; Agarwal et al. 2012).

As stated earlier, measurement of unbound drug concentrations in plasma is not 
enough to determine the unbound concentrations in the brain. Binding to brain 
parenchymal tissue is too different from binding to plasma proteins to allow predic-
tion of one from the other. The presence of active transport at the BBB does not 
allow the ratio of the fraction of unbound drug in plasma to that in brain (fu,plasma/
fu,brain) to be used to predict brain penetration, as discussed in Sect. 7.2.

7.4  CSF Pharmacokinetics vs Brain ISF Pharmacokinetics

The CSF  is an accessible sampling site for measuring human brain concentrations 
of unbound drug, given that CSF concentrations follow brain concentrations. 
However, the role of the CSF as an alternative site for measuring unbound brain 
concentrations is still under discussion and has not been well established. De Lange 
and Danhof proposed that the CSF may be of limited value in the prediction of 
unbound brain concentrations (de Lange and Danhof 2002). There are both similari-
ties and differences in drug concentrations between brain ISF and CSF. The BCSFB, 
situated between the epithelial cells of the choroid plexus, is different from the BBB 
as a transport site for drugs, and the cells have different origins (epithelial vs endo-
thelial), which could influence transporter expression (Fig. 7.2). The relevant ques-
tion for drug discovery is whether the transporter functions in the BBB are similar 
enough to those in the BCSFB to allow the extrapolation of CSF data to obtain data 
on the exposure of the brain to unbound drug.

While CSF sampling could be useful in the selection of drug candidates for entry 
into development programs, Lin cautions that CSF concentrations could differ from 
brain unbound drug concentrations (Lin 2008). Fridén et al. demonstrated the cor-
relations between rat CSF and rat brain ISF concentrations for 41 compounds 
(Friden et al. 2009b). In this study, 33 of the Kp,uu,brain values were within a ± three-
fold range of the Kp,uu,CSF values, which is considered quite good (r2 = 0.80). However, 
Fig. 7.7a shows that the regression line deviates from the line of identity for these 
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compounds. CSF concentrations were lower than the unbound brain concentrations 
at high Kp,uu,brain values and higher at low Kp,uu,brain values. This confirms earlier work 
by Kalvass and Maurer, who found that unbound brain concentrations were over-
predicted by CSF concentrations for drugs with low Kp,uu,brain values (Kalvass and 
Maurer 2002). While the results from Fridén et al. support the use of Kp,uu,CSF for 
comparisons of brain exposure between drugs (Friden et al. 2009b), it should be 
borne in mind that other drugs could behave differently and that individual drug 
concentrations could deviate from the predicted value quite extensively.

Differences in the location and expression of P-gp between the BBB and the 
BCSFB could explain the concentration differences at low Kp,uu,brain values. P-gp and 
BCRP are located in the luminal membranes of the endothelial cells in the 
BBB. According to an early report, P-gp was thought to be located in the apical 
membrane of the epithelial cells of the choroid plexus, which would result in sub-
strates being transported toward the CSF (Rao et al. 1999). This has, however, been 
questioned (Sun et al. 2003). It seems unlikely that P-gp would transport substrates 
into the CSF in the epithelial cells of the BCSFB and in the opposite direction, into 
the blood, at the BBB. If this was the case, the CSF would be an even less suitable 
site of measurement for estimating brain ISF concentrations. Although studies have 
shown less efficient P-gp functioning at the BCSFB than at the BBB, the findings do 
not actually support the transport of drugs toward the CSF . The reason for the dif-
ferences in P-gp function may have been found by Gazzin et al. who measured the 
relative content of P-gp and Mrp1 protein in rat and human brain capillaries and 
choroid plexus (Gazzin et al. 2008). They showed that the P-gp content in rat cho-
roid plexus homogenates was only 0.5% of that in brain endothelial cells, while the 
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Fig. 7.7 (a) Correlations between rat Kp,uu,brain and Kp,uu,CSF for 41 drugs. The middle diagonal line 
is the line of identity. The two parallel lines show a threefold difference in range from the line of 
identity. (b) Correlations between Kp,uu,CSF in humans (x-axis, data from Shen et al. (Shen et al. 
2004)) and Kp,uu,CSF in rats (y-axis). Although there is a good correlation between the species, there 
is a threefold deviation from the line of identity. Reprinted with permission from Fridén et  al. 
(Friden et al. 2009b). Copyright 2009 American Chemical Society
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opposite trend was seen with Mrp1 – the microvessel content was only 4% of that 
in the choroid plexus. Human data showed a similar picture. Thus, although it is 
present at the BCSFB, P-gp seems to have a significantly smaller role than at the 
BBB because of its lower expression.

The correlation between human and rat Kp,uu,CSF is unexpectedly good; however, 
the threefold deviation from the line of identity, with higher CSF to plasma concen-
tration ratios in humans than in rats (Fig. 7.7b), is an issue not yet explained (Friden 
et al. 2009b; Shen et al. 2004).

Issues on differences in time between dosage and sampling, and the sites of sam-
pling, in humans vs rodents should also be taken into consideration when studying 
the use of CSF sampling to estimate drug distribution to the brain. The timing 
aspects of CSF concentration-time profiles vs brain ISF profiles have been studied 
by Westerhout et  al. using a multiple microdialysis probe approach in rats 
(Westerhout et al. 2012). It takes only slightly longer to reach similar concentrations 
of acetaminophen in rat CSF from the cisterna magna and 3rd/fourth ventricles than 
in brain ISF, although the difference is extended for CSF from the subarachnoid 
space furthest away from the brain ISF, which is of relevance when sampling CSF 
in humans. Westerhout et al. developed a physiological pharmacokinetic model for 
multiple brain compartments, based on these rat data. After translation of the model 
by changing the physiological parameters to those in humans, they were able to suc-
cessfully predict lumbar CSF data on acetaminophen comparable to those available 
from humans. The model also predicted human ISF concentration-time profiles 
(Westerhout et  al. 2012), further developed into a generic model for nine drugs 
(Yamamoto et al. 2017).

In summary, it appears that CSF is an adequate sampling site for obtaining a 
preliminary understanding of unbound brain concentrations, provided to be at 
steady state, with the caveat of taking into account deviations at low and high 
Kp,uu,brain values. The results support the use of Kp,uu,CSF for reasonable comparisons 
of brain exposure to drugs. However, it should be borne in mind that individual 
drugs could deviate quite extensively from the general correlation.

7.5  Drug Interactions at the BBB

Because transporters play such an important role at the BBB in controlling the traf-
fic of drug molecules into and out of the brain, they may also be targets of clinically 
significant drug interactions, however rather unlikely (Kalvass et  al. 2013). 
Unfortunately, interaction studies at the BBB in humans are few (Bauer et al. 2012, 
2015; Matsuda et al. 2017). Cyclosporin is the most potent P-gp inhibitor on the 
market, doubling the brain concentrations of verapamil and loperamide (Sasongko 
et al. 2005; Hsiao and Unadkat 2012). Quinidine also inhibits P-gp in humans, caus-
ing a 20% reduction in the response to CO2 (opiate-induced respiratory depression) 
when administered with loperamide (Sadeque et al. 2000).
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The Kp,uu,brain value of a drug can give information on its interaction potential at 
the BBB (Hammarlund-Udenaes et al. 2008). For a Kp,uu,brain close to unity, the inter-
action potential is likely to be very low, given that the drug is mainly passively 
transported. The lower the Kp,uu,brain, the higher the theoretical possibility of an inter-
action with other drugs, depending on whether the low Kp,uu,brain was caused by efflux 
via a single transporter or if there are several transporters acting on one drug. 
Inhibition of the main efflux transporter would thus result in increased brain con-
centrations, while an interaction at an uptake transporter would decrease brain con-
centrations. In practice, it appears that interactions at the BBB are very rare, 
irrespective of the direction of active transport (Sadiq et al. 2011; Sasongko et al. 
2005; Liu et al. 2008). This low incidence of interaction is possibly the result of 
relatively low concentrations of both victim drug and perpetrator in plasma. For 
example, the inhibition constant Ki for an interaction between diphenhydramine and 
oxycodone at the uptake transporter in cell cultures was much higher than the maxi-
mum possible clinical concentration (Sadiq et al. 2011). This is quite different from 
the situation in the gastrointestinal tract and the liver after oral administration, 
where much higher concentrations are present and the likelihood of an interaction is 
subsequently much greater.

7.6  Species Comparisons

Species differences in the extent of drug transport at the BBB are the result of dif-
ferences in transporter expression and the capacity/specificity of substrates. It is 
well known that the expression of P-gp and BCRP proteins in humans is different 
from that in other species; for example, BCRP content is higher than P-gp content 
in humans, and P-gp content is higher than BCRP content in rats/mice (Ito et al. 
2011; Uchida et al. 2011b, 2020). This could explain the differences in the results 
obtained when studying three PET tracers that are P-gp substrates in several species 
(Syvanen and Hammarlund-Udenaes 2010).

While the behavior of morphine at the BBB is very similar in rats, pigs, and 
humans (Kp,uu,brain values are about 0.3–0.6), the Kp,uu,brain in sheep deviates from this 
somewhat (1.2–1.9, depending on age) (Bengtsson et al. 2009; Ederoth et al. 2004; 
Tunblad et al. 2003, 2004a; Bouw et al. 2000; ). This could be because of differ-
ences in transporter expression between sheep and the other species, i.e., possibly a 
lack of an efflux transporter.

There is a clear need for further translational studies between experimental ani-
mals and humans to learn more about species differences in transporter function at 
the BBB.
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7.7  Current Status and Future Challenges

The understanding of the pharmacokinetics of drug delivery to the brain has devel-
oped rapidly, although there is still some confusion on rate vs extent measurements 
and methods and what they describe. There are today ways of measuring unbound 
concentrations in the brain using high-throughput methodology. In vivo studies 
have shown that there are still transport proteins acting as efflux or uptake transport-
ers at the BBB that have not yet been identified. The presence and actions of trans-
porters other than P-gp therefore need to be included in the thinking on brain 
penetration.

The scientific community and the drug industry are continuously striving to find 
correlations that will simplify measurements and enable prediction of successful 
new CNS drugs. There is, however, a difference between finding a correlation coef-
ficient that is good enough versus predicting the fate of an individual compound 
based on this correlation or based on measuring a substitute parameter. The use of 
log-log comparisons and correlation coefficients could actually hide important 
information. Considering what we now know about individual BBB transport prop-
erties, it is actually easier to select new compounds that have high and low Kp,uu 
values and assign them to potential clinical use depending on whether the desired 
effect is therapeutic efficacy or the avoidance of side effects in the CNS. Other 
aspects, such as peripheral side effects and affinity to target, are also included in the 
decision-making process. It is recommended to put as much effort into the decision 
on the kind of measurements to be made, as to put the efforts into finding correla-
tions between measures that may or may not be clinically relevant. The area of BBB 
transport of drugs illustrates the time lag between new scientific findings and adop-
tion of these findings in the drug industry. Shortening this time lag would signifi-
cantly improve the success rate in drug discovery/development.

More research is needed before we can extrapolate information from animal 
studies to prediction of clinically relevant brain drug delivery. Some progress has 
recently been made in demonstrating the expression of transporters at the BBB for 
different species, but in vivo examples are needed to confirm these findings and 
more experimental studies are required. When we have identified most of the trans-
porters, there is a real chance that predictive science will be able to help in the selec-
tion of good compounds for use in the CNS. There is also a need for better predictive 
disease models, understanding of disease mechanisms, and understanding of how 
disease states can influence drug transport into the brain, although these are beyond 
the scope of this chapter.

In an era of increased use of peptides and proteins, there is hope that some of 
these compounds will be available to the brain. The task before us, of understanding 
and improving their uptake into the brain from a quantitative and mechanistic per-
spective, is vast. A greater understanding and quantitative investigation of the role 
of nanocarrier delivery of drugs to the brain is also required. The achievement of 
successful delivery by these means in humans will require biocompatible carriers, 
and these should be a particular focus.
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7.8  Conclusions

The rate and extent of drug delivery to the brain are two individual properties that 
are not numerically related. Data on intra-brain distribution are required to obtain 
the full brain delivery picture in relation to total (unbound plus bound) drug concen-
trations. The pharmacokinetic relationship between the permeability of the BBB 
(influx clearance) and the extent of drug delivery to the brain explains why the 
permeability per se is of lesser importance for brain drug delivery. Recent findings 
have confirmed the great value of focusing measurements on the extent of delivery 
of unbound drug to the brain. This is governed by the net flux of drug across the 
BBB and ultimately determines the clinical success rate when receptor occupancy 
is taken into account.

7.9  Points for Discussion

• What are the reasons for extent of delivery being more clinically relevant than 
rate of delivery for estimating the delivery of drugs into the brain?

• What are the essential processes governing the net influx and efflux clearances at 
the BBB, CLin, and CLout?

• For which purposes can Vu,brain measurements be used?
• In what way could estimation of CNS exposure of drugs by the use of ratio of 

total brain to total plasma drug concentrations be flawed?
• How does the exchange of drugs between blood and CSF differ from the exchange 

between blood and brain ISF?
• How is the CSF concentration of the drug related to the brain interstitial fluid 

concentration? Discuss the rationale of using a surrogate approach for approxi-
mation of brain interstitial fluid concentration in preclinical and clinical studies 
(i.e., using other measurements than the direct ones).

• How may the understanding of intracellular distribution of drug contribute to 
establishment of a link between PK and PD?

• What are the clinically relevant sites of drug-drug interaction regarding brain 
drug delivery?

• What are the key components of interspecies differences in brain drug delivery?

References

Abbott NJ (2004a) Evidence for bulk flow of brain interstitial fluid: significance for physiology 
and pathology. Neurochem Int 45:545–552

Abbott NJ (2004b) Prediction of blood–brain barrier permeation in drug discovery from in vivo, 
in vitro and in silico models. Drug Discov Today Technol 1:407–416

Abbott NJ, Dolman DE, Patabendige AK (2008) Assays to predict drug permeation across the 
blood-brain barrier, and distribution to brain. Curr Drug Metab 9:901–910

7 Pharmacokinetic Concepts in Brain Drug Delivery



202

Abbott NJ, Pizzo ME, Preston JE, Janigro D, Thorne RG (2018) The role of brain barriers in fluid 
movement in the CNS: is there a 'glymphatic' system? Acta Neuropathol 135:387–407

Abraham MH, Chadha HS, Mitchell RC (1995) Hydrogen-bonding. Part 36. Determination of 
blood brain distribution using octanol-water partition coefficients. Drug Des Discov 13:123–131

Agarwal S, Uchida Y, Mittapalli RK, Sane R, Terasaki T, Elmquist WF (2012) Quantitative pro-
teomics of transporter expression in brain capillary endothelial cells isolated from P-gp, BCRP, 
and P-gp/BCRP knockout mice. Drug Metab Dispos

Avdeef A (2011) How well can in vitro brain microcapillary endothelial cell models predict rodent 
in vivo blood-brain barrier permeability? Eur J Pharm Sci 43:109–124

Avdeef A (2012) Absorption and drug development. Solubility, permeability and charge 
state. Wiley

Avdeef A, Sun N (2011) A new in situ brain perfusion flow correction method for lipophilic drugs 
based on the pH-dependent crone-Renkin equation. Pharm Res 28:517–530

Banks WA, Jaspan JB, Kastin AJ (1997) Effect of diabetes mellitus on the permeability of the 
blood-brain barrier to insulin. Peptides 18:1577–1584

Bauer M, Zeitlinger M, Karch R, Matzneller P, Stanek J, Jager W, Bohmdorfer M, Wadsak W, 
Mitterhauser M, Bankstahl JP, Loscher W, Koepp M, Kuntner C, Muller M, Langer O (2012) 
Pgp-mediated interaction between (R)-[11C]verapamil and tariquidar at the human blood- 
brain barrier: a comparison with rat data. Clin Pharmacol Ther 91:227–233

Bauer M, Karch R, Zeitlinger M, Philippe C, Romermann K, Stanek J, Maier-Salamon A, Wadsak 
W, Jager W, Hacker M, Muller M, Langer O (2015) Approaching complete inhibition of 
P-glycoprotein at the human blood-brain barrier: an (R)-[11C]verapamil PET study. J Cereb 
Blood Flow Metab 35:743–746

Bengtsson J, Ederoth P, Ley D, Hansson S, Amer-Wahlin I, Hellstrom-Westas L, Marsal K, 
Nordstrom CH, Hammarlund-Udenaes M (2009) The influence of age on the distribution of 
morphine and morphine-3-glucuronide across the blood-brain barrier in sheep. Br J Pharmacol 
157:1085–1096

Bickel U (2005) How to measure drug transport across the blood-brain barrier. NeuroRx 2:15–26
Bostrom E, Simonsson US, Hammarlund-Udenaes M (2005) Oxycodone pharmacokinetics and 

pharmacodynamics in the rat in the presence of the P-glycoprotein inhibitor PSC833. J Pharm 
Sci 94:1060–1066

Bostrom E, Simonsson US, Hammarlund-Udenaes M (2006) In vivo blood-brain barrier transport 
of oxycodone in the rat: indications for active influx and implications for pharmacokinetics/
pharmacodynamics. Drug Metab Dispos 34:1624–1631

Bostrom E, Hammarlund-Udenaes M, Simonsson US (2008) Blood-brain barrier transport helps 
to explain discrepancies in in vivo potency between oxycodone and morphine. Anesthesiology 
108:495–505

Bouw MR, Gardmark M, Hammarlund-Udenaes M (2000) Pharmacokinetic-pharmacodynamic 
modelling of morphine transport across the blood-brain barrier as a cause of the antinociceptive 
effect delay in rats--a microdialysis study. Pharm Res 17:1220–1227

Bouw MR, Xie R, Tunblad K, Hammarlund-Udenaes M (2001) Blood-brain barrier transport and 
brain distribution of morphine-6-glucuronide in relation to the antinociceptive effect in rats-
-pharmacokinetic/pharmacodynamic modelling. Br J Pharmacol 134:1796–1804

Broccatelli F, Larregieu CA, Cruciani G, Oprea TI, Benet LZ (2012) Improving the prediction 
of the brain disposition for orally administered drugs using BDDCS.  Adv Drug Deliv Rev 
64:95–109

Chen H, Winiwarter S, Friden M, Antonsson M, Engkvist O (2011) In silico prediction of unbound 
brain-to-plasma concentration ratio using machine learning algorithms. J Mol Graph Model 
29:985–995

Chen X, Slattengren T, de Lange ECM, Smith DE, Hammarlund-Udenaes M (2017) Revisiting 
atenolol as a low passive permeability marker. Fluids Barriers CNS 14:30

M. Hammarlund-Udenaes



203

Cordon-cardo C, O’Brien JP, Casals D, Rittman-Grauer L, Biedler JL, Melamed MR, Bertino JR 
(1989) Multidrug-resistance gene (P-glycoprotein) is expressed by endothelial cells at blood- 
brain barrier sites. Proc Natl Acad Sci U S A 86:695–698

Cserr HF, Cooper DN, Milhorat TH (1977) Flow of cerebral interstitial fluid as indicated by the 
removal of extracellular markers from rat caudate nucleus. Exp Eye Res 25(Suppl):461–473

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

Dagenais C, Graff CL, Pollack GM (2004) Variable modulation of opioid brain uptake by 
P-glycoprotein in mice. Biochem Pharmacol 67:269–276

Dai H, Chen Y, Elmquist WF, Yang H, Wang Q, Elmquist WF (2005) Distribution of the novel 
antifolate pemetrexed to the brain. J Pharmacol Exp Ther 315:222–229

de Lange EC, Danhof M (2002) Considerations in the use of cerebrospinal fluid pharmacokinetics 
to predict brain target concentrations in the clinical setting: implications of the barriers between 
blood and brain. Clin Pharmacokinet 41:691–703

Deguchi Y, Yokoyama Y, Sakamoto T, Hayashi H, Naito T, Yamada S, Kimura R (2000) Brain 
distribution of 6-mercaptopurine is regulated by the efflux transport system in the blood-brain 
barrier. Life Sci 66:649–662

Di L, Kerns EH, Bezar IF, Petusky SL, Huang Y (2009) Comparison of blood-brain barrier per-
meability assays: in situ brain perfusion, MDR1-MDCKII and PAMPA-BBB.  J Pharm Sci 
98:1980–1991

Di L, Umland JP, Chang G, Huang Y, Lin Z, Scott DO, Troutman MD, Liston TE (2011) 
Species independence in brain tissue binding using brain homogenates. Drug Metab Dispos 
39:1270–1277

Di L, Artursson P, Avdeef A, Ecker GF, Faller B, Fischer H, Houston JB, Kansy M, Kerns EH, 
Kramer SD, Lennernas H, Sugano K (2012) Evidence-based approach to assess passive diffu-
sion and carrier-mediated drug transport. Drug Discov Today 17:905–912

Doran A, Obach RS, Smith BJ, Hosea NA, Becker S, Callegari E, Chen C, Chen X, Choo E, 
Cianfrogna J, Cox LM, Gibbs JP, Gibbs MA, Hatch H, Hop CE, Kasman IN, Laperle J, Liu 
J, Liu X, Logman M, Maclin D, Nedza FM, Nelson F, Olson E, Rahematpura S, Raunig D, 
Rogers S, Schmidt K, Spracklin DK, Szewc M, Troutman M, Tseng E, Tu M, van Deusen JW, 
Venkatakrishnan K, Walens G, Wang EQ, Wong D, Yasgar AS, Zhang C (2005) The impact of 
P-glycoprotein on the disposition of drugs targeted for indications of the central nervous sys-
tem: evaluation using the MDR1A/1B knockout mouse model. Drug Metab Dispos 33:165–174

Doran AC, Osgood SM, Mancuso JY, Shaffer CL (2012) An evaluation of using rat-derived single- 
dose neuropharmacokinetic parameters to project accurately large animal unbound brain drug 
concentrations. Drug Metab Dispos 40:2162–2173

Dubey RK, Mcallister CB, Inoue M, Wilkinson GR (1989) Plasma binding and transport of diaz-
epam across the blood-brain barrier. No evidence for in vivo enhanced dissociation. J Clin 
Invest 84:1155–1159

Ederoth P, Tunblad K, Bouw R, Lundberg CJ, Ungerstedt U, Nordstrom CH, Hammarlund- 
Udenaes M (2004) Blood-brain barrier transport of morphine in patients with severe brain 
trauma. Br J Clin Pharmacol 57:427–435

Fan Y, Unwalla R, Denny RA, Di L, Kerns EH, Diller DJ, Humblet C (2010) Insights for pre-
dicting blood-brain barrier penetration of CNS targeted molecules using QSPR approaches. J 
Chem Inf Model 50:1123–1133

Fenstermacher J, Gross P, Sposito N, Acuff V, Pettersen S, Gruber K (1988) Structural and func-
tional variations in capillary systems within the brain. Ann N Y Acad Sci 529:21–30

Friden M, Gupta A, Antonsson M, Bredberg U, Hammarlund-Udenaes M (2007) In vitro methods 
for estimating unbound drug concentrations in the brain interstitial and intracellular fluids. 
Drug Metab Dispos 35:1711–1719

7 Pharmacokinetic Concepts in Brain Drug Delivery



204

Friden M, Ducrozet F, Middleton B, Antonsson M, Bredberg U, Hammarlund-Udenaes M (2009a) 
Development of a high-throughput brain slice method for studying drug distribution in the 
central nervous system. Drug Metab Dispos 37:1226–1233

Friden M, Winiwarter S, Jerndal G, Bengtsson O, Wan H, Bredberg U, Hammarlund-Udenaes M, 
Antonsson M (2009b) Structure-brain exposure relationships in rat and human using a novel 
data set of unbound drug concentrations in brain interstitial and cerebrospinal fluids. J Med 
Chem 52:6233–6243

Friden M, Ljungqvist H, Middleton B, Bredberg U, Hammarlund-Udenaes M (2010) Improved 
measurement of drug exposure in the brain using drug-specific correction for residual blood. J 
Cereb Blood Flow Metab 30:150–161

Friden M, Bergstrom F, Wan H, Rehngren M, Ahlin G, Hammarlund-Udenaes M, Bredberg U 
(2011) Measurement of unbound drug exposure in brain: modeling of pH partitioning explains 
diverging results between the brain slice and brain homogenate methods. Drug Metab Dispos 
39:353–362

Garberg P, Ball M, Borg N, Cecchelli R, Fenart L, Hurst RD, Lindmark T, Mabondzo A, Nilsson 
JE, Raub TJ, Stanimirovic D, Terasaki T, Oberg JO, Osterberg T (2005) In vitro models for the 
blood-brain barrier. Toxicol In Vitro 19:299–334

Gazzin S, Strazielle N, Schmitt C, Fevre-Montange M, Ostrow JD, Tiribelli C, Ghersi-Egea JF 
(2008) Differential expression of the multidrug resistance-related proteins ABCb1 and ABCc1 
between blood-brain interfaces. J Comp Neurol 510:497–507

Golden PL, Pollack GM (1998) Rationale for influx enhancement versus efflux blockade to 
increase drug exposure to the brain. Biopharm Drug Dispos 19:263–272

Gunn RN, Summerfield SG, Salinas CA, Read KD, Guo Q, Searle GE, Parker CA, Jeffrey P, 
Laruelle M (2012) Combining PET biodistribution and equilibrium dialysis assays to assess 
the free brain concentration and BBB transport of CNS drugs. J Cereb Blood Flow Metab 
32:874–883

Gupta A, Chatelain P, Massingham R, Jonsson EN, Hammarlund-Udenaes M (2006) Brain distri-
bution of cetirizine enantiomers: comparison of three different tissue-to-plasma partition coef-
ficients: K(p), K(p,u), and K(p,uu). Drug Metab Dispos 34:318–323

Gustafsson S, Sehlin D, Lampa E, Hammarlund-Udenaes M, Loryan I (2019) Heterogeneous drug 
tissue binding in brain regions of rats, Alzheimer's patients and controls: impact on transla-
tional drug development. Sci Rep 9:5308

Hakkarainen JJ, Jalkanen AJ, Kaariainen TM, Keski-Rahkonen P, Venalainen T, Hokkanen J, 
Monkkonen J, Suhonen M, Forsberg MM (2010) Comparison of in vitro cell models in pre-
dicting in vivo brain entry of drugs. Int J Pharm 402:27–36

Hammarlund-Udenaes M (2000) The use of microdialysis in CNS drug delivery studies. 
Pharmacokinetic perspectives and results with analgesics and antiepileptics. Adv Drug Deliv 
Rev 45:283–294

Hammarlund-Udenaes M (2010) Active-site concentrations of chemicals  - are they a better 
predictor of effect than plasma/organ/tissue concentrations? Basic Clin Pharmacol Toxicol 
106:215–220

Hammarlund-Udenaes M (2013) Microdialysis in CNS PKPD research: unraveling unbound con-
centrations. In: Müller M (ed) Microdialysis in drug development. Springer, New York

Hammarlund-Udenaes M, Paalzow LK, de Lange EC (1997) Drug equilibration across the blood- 
brain barrier--pharmacokinetic considerations based on the microdialysis method. Pharm Res 
14:128–134

Hammarlund-Udenaes M, Friden M, Syvanen S, Gupta A (2008) On the rate and extent of drug 
delivery to the brain. Pharm Res 25:1737–1750

Hammarlund-Udenaes M, Bredberg U, FRIDEN, M. (2009) Methodologies to assess brain drug 
delivery in lead optimization. Curr Top Med Chem 9:148–162

Hsiao P, Unadkat JD (2012) P-glycoprotein-based loperamide-cyclosporine drug interaction at 
the rat blood-brain barrier: prediction from in vitro studies and extrapolation to humans. Mol 
Pharm 9:629–633

M. Hammarlund-Udenaes



205

Hu Y, Rip J, Gaillard PJ, de Lange ECM, Hammarlund-Udenaes M (2017) The impact of liposo-
mal formulations on the release and brain delivery of methotrexate: an in vivo microdialysis 
study. J Pharm Sci 106:2606–2613

Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, Benveniste H, Vates GE, Deane R, 
Goldman SA, Nagelhus EA, Nedergaard M (2012) A paravascular pathway facilitates CSF 
flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid 
beta. Sci Transl Med 4:147ra111

Ito K, Uchida Y, Ohtsuki S, Aizawa S, Kawakami H, Katsukura Y, Kamiie J, Terasaki T (2011) 
Quantitative membrane protein expression at the blood-brain barrier of adult and younger 
cynomolgus monkeys. J Pharm Sci 100:3939–3950

Jeffrey P, Summerfield S (2010) Assessment of the blood-brain barrier in CNS drug discovery. 
Neurobiol Dis 37:33–37

Kaitin KI (2008) Obstacles and opportunities in new drug development. Clin Pharmacol Ther 
83:210–212

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

Kalvass JC, Maurer TS (2002) Influence of nonspecific brain and plasma binding on CNS expo-
sure: implications for rational drug discovery. Biopharm Drug Dispos 23:327–338

Kalvass JC, Maurer TS, Pollack GM (2007a) Use of plasma and brain unbound fractions to assess 
the extent of brain distribution of 34 drugs: comparison of unbound concentration ratios to 
in vivo p-glycoprotein efflux ratios. Drug Metab Dispos 35:660–666

Kalvass JC, Olson ER, Cassidy MP, Selley DE, Pollack GM (2007b) Pharmacokinetics and phar-
macodynamics of seven opioids in P-glycoprotein-competent mice: assessment of unbound 
brain EC50,u and correlation of in vitro, preclinical, and clinical data. J Pharmacol Exp Ther 
323:346–355

Kalvass JC, Polli JW, Bourdet DL, Feng B, Huang SM, Liu X, Smith QR, Zhang LK, Zamek- 
Gliszczynski MJ, International Transporter, C (2013) Why clinical modulation of efflux 
transport at the human blood-brain barrier is unlikely: the ITC evidence-based position. Clin 
Pharmacol Ther 94:80–94

Kola I, Landis J (2004) Can the pharmaceutical industry reduce attrition rates? Nat Rev Drug 
Discov 3:711–715

Kurosawa T, Higuchi K, Okura T, Kobayashi K, Kusuhara H, Deguchi Y (2017) Involvement of 
proton-coupled organic cation antiporter in Varenicline transport at blood-brain barrier of rats 
and in human brain capillary endothelial cells. J Pharm Sci 106:2576–2582

Kusuhara H, Sugiyama Y (2009) In vitro-in vivo extrapolation of transporter-mediated clearance 
in the liver and kidney. Drug Metab Pharmacokinet 24:37–52

Lanevskij K, Japertas P, Didziapetris R (2013) Improving the prediction of drug disposition in the 
brain. Expert Opin Drug Metab Toxicol

Large CH, Kalinichev M, Lucas A, Carignani C, Bradford A, Garbati N, Sartori I, Austin NE, 
Ruffo A, Jones DN, Alvaro G, Read KD (2009) The relationship between sodium channel 
inhibition and anticonvulsant activity in a model of generalised seizure in the rat. Epilepsy Res 
85:96–106

Levin VA (1980) Relationship of octanol/water partition coefficient and molecular weight to rat 
brain capillary permeability. J Med Chem 23:682–684

Lin JH (2008) CSF as a surrogate for assessing CNS exposure: an industrial perspective. Curr Drug 
Metab 9:46–59

Liu X, Chen C (2005) Strategies to optimize brain penetration in drug discovery. Curr Opin Drug 
Discov Devel 8:505–512

Liu X, Tu M, Kelly RS, Chen C, Smith BJ (2004) Development of a computational approach to 
predict blood-brain barrier permeability. Drug Metab Dispos 32:132–139

Liu X, Smith BJ, Chen C, Callegari E, Becker SL, Chen X, Cianfrogna J, Doran AC, Doran SD, 
Gibbs JP, Hosea N, Liu J, Nelson FR, Szewc MA, van Deusen J (2005) Use of a physiologically 
based pharmacokinetic model to study the time to reach brain equilibrium: an experimental 

7 Pharmacokinetic Concepts in Brain Drug Delivery



206

analysis of the role of blood-brain barrier permeability, plasma protein binding, and brain tissue 
binding. J Pharmacol Exp Ther 313:1254–1262

Liu X, Chen C, Smith BJ (2008) Progress in brain penetration evaluation in drug discovery and 
development. J Pharmacol Exp Ther 325:349–356

Liu X, van Natta K, Yeo H, Vilenski O, Weller PE, Worboys PD, Monshouwer M (2009) Unbound 
drug concentration in brain homogenate and cerebral spinal fluid at steady state as a surrogate 
for unbound concentration in brain interstitial fluid. Drug Metab Dispos 37:787–793

Loryan I, Friden M, Hammarlund-Udenaes M (2013) The brain slice method for studying drug 
distribution in the CNS. Fluids Barriers CNS 10:6

Loryan I, Sinha V, Mackie C, van Peer A, Drinkenburg W, Vermeulen A, Morrison D, Monshouwer 
M, Heald D, Hammarlund-Udenaes M (2014) Mechanistic understanding of brain drug dispo-
sition to optimize the selection of potential neurotherapeutics in drug discovery. Pharm Res 
31:2203–2219

Loryan I, Melander E, Svensson M, Payan M, Konig F, Jansson B, Hammarlund-Udenaes M 
(2016) In-depth neuropharmacokinetic analysis of antipsychotics based on a novel approach to 
estimate unbound target-site concentration in CNS regions: link to spatial receptor occupancy. 
Mol Psychiatry

Loryan I, Hoppe E, Hansen K, Held F, Kless A, Linz K, Marossek V, Nolte B, Ratcliffe P, Saunders 
D, Terlinden R, Wegert A, Welbers A, Will O, Hammarlund-Udenaes M (2017) Quantitative 
assessment of drug delivery to tissues and association with Phospholipidosis: A case study with 
two structurally related diamines in development. Mol Pharm 14:4362–4373

Mano Y, Higuchi S, Kamimura H (2002) Investigation of the high partition of YM992, a novel 
antidepressant, in rat brain - in vitro and in vivo evidence for the high binding in brain and the 
high permeability at the BBB. Biopharm Drug Dispos 23:351–360

Matsuda A, Karch R, Bauer M, Traxl A, Zeitlinger M, Langer O (2017) A prediction method for 
P-glycoprotein-mediated drug-drug interactions at the human blood-brain barrier from blood 
concentration-time profiles, validated with PET data. J Pharm Sci 106:2780–2786

Maurer TS, Debartolo DB, Tess DA, Scott DO (2005) Relationship between exposure and non-
specific binding of thirty-three central nervous system drugs in mice. Drug Metab Dispos 
33:175–181

Mensch J, Jaroskova L, Sanderson W, Melis A, Mackie C, Verreck G, Brewster ME, Augustijns 
P (2010a) Application of PAMPA-models to predict BBB permeability including efflux ratio, 
plasma protein binding and physicochemical parameters. Int J Pharm 395:182–197

Mensch J, Melis A, Mackie C, Verreck G, Brewster ME, Augustijns P (2010b) Evaluation of vari-
ous PAMPA models to identify the most discriminating method for the prediction of BBB 
permeability. Eur J Pharm Biopharm 74:495–502

Muehlbacher M, Spitzer GM, Liedl KR, Kornhuber J (2011) Qualitative prediction of blood-brain 
barrier permeability on a large and refined dataset. J Comput Aided Mol Des 25:1095–1106

Nicholson C, Phillips JM (1981) Ion diffusion modified by tortuosity and volume fraction in the 
extracellular microenvironment of the rat cerebellum. J Physiol 321:225–257

Nicholson C, Sykova E (1998) Extracellular space structure revealed by diffusion analysis. Trends 
Neurosci 21:207–215

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

Norinder U, Sjoberg P, Osterberg T (1998) Theoretical calculation and prediction of brain-blood 
partitioning of organic solutes using MolSurf parametrization and PLS statistics. J Pharm Sci 
87:952–959

Ooie T, Terasaki T, Suzuki H, Sugiyama Y (1997) Kinetic evidence for active efflux transport across 
the blood-brain barrier of quinolone antibiotics. J Pharmacol Exp Therapeutics 283:293–304

Padowski JM, Pollack GM (2011) Influence of time to achieve substrate distribution equilibrium 
between brain tissue and blood on quantitation of the blood-brain barrier P-glycoprotein effect. 
Brain Res 1426:1–17

M. Hammarlund-Udenaes



207

Pardridge WM (2004) Log(BB), PS products and in silico models of drug brain penetration.[com-
ment]. Drug Discov Today 9:392–393

Pardridge WM, Boado RJ, Black KL, Cancilla PA (1992) Blood-brain barrier and new approaches 
to brain drug delivery. West J Med 156:281–286

Rao VV, Dahlheimer JL, Bardgett ME, Snyder AZ, Finch RA, Sartorelli AC, Piwnica-Worms D 
(1999) Choroid plexus epithelial expression of MDR1 P glycoprotein and multidrug resistance- 
associated protein contribute to the blood-cerebrospinal-fluid drug-permeability barrier. Proc 
Natl Acad Sci U S A 96:3900–3905

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

Reinoso RF, Telfer BA, Rowland M (1997) Tissue water content in rats measured by desiccation. 
J Pharmacol Toxicol Methods 38:87–92

Rosenberg GA, Kyner WT, Estrada E (1980) Bulk flow of brain interstitial fluid under normal and 
hyperosmolar conditions. Am J Physiol 238:F42–F49

Rowland M, Tozer T (2011) Clinical pharmacokinetics and pharmacodynamics. Concepts and 
applications., Baltimore and Philadephia, Lippincott, Williams & Wilkins

Sadeque AJ, Wandel C, He H, Shah S, wood, A. J. (2000) Increased drug delivery to the brain by 
P-glycoprotein inhibition. Clin Pharmacol Ther 68:231–237

Sadiq MW, Borgs A, Okura T, Shimomura K, Kato S, Deguchi Y, Jansson B, Bjorkman S, Terasaki 
T, Hammarlund-Udenaes M (2011) Diphenhydramine active uptake at the blood-brain barrier 
and its interaction with oxycodone in vitro and in vivo. J Pharm Sci 100:3912–3923

Sasongko L, Link JM, Muzi M, Mankoff DA, Yang X, Collier AC, Shoner SC, Unadkat JD (2005) 
Imaging P-glycoprotein transport activity at the human blood-brain barrier with positron emis-
sion tomography. Clin Pharmacol Ther 77:503–514

Schinkel AH, Wagenaar E, Mol CA, Van Deemter L (1996) P-glycoprotein in the blood-brain 
barrier of mice influences the brain penetration and pharmacological activity of many drugs. J 
Clin Invest 97:2517–2524

Shen DD, Artru AA, Adkison KK (2004) Principles and applicability of CSF sampling for the 
assessment of CNS drug delivery and pharmacodynamics. Adv Drug Deliv Rev 56:1825–1857

Shityakov S, Neuhaus W, Dandekar T, Forster C (2013) Analysing molecular polar surface descrip-
tors to predict blood-brain barrier permeation. Int J Comput Biol Drug Des 6:146–156

Smith QR, Allen DD (2003) In situ brain perfusion technique. Methods Mol Med 89:209–218
Stevens J, Ploeger BA, Hammarlund-Udenaes M, Osswald G, van der Graaf PH, Danhof M, de 

Lange EC (2012) Mechanism-based PK-PD model for the prolactin biological system response 
following an acute dopamine inhibition challenge: quantitative extrapolation to humans. J 
Pharmacokinet Pharmacodyn

Summerfield SG, Stevens AJ, Cutler L, del Carmen Osuna M, Hammond B, Tang SP, Hersey 
A, Spalding DJ, Jeffrey P (2006) Improving the in vitro prediction of in vivo central nervous 
system penetration: integrating permeability, P-glycoprotein efflux, and free fractions in blood 
and brain. J Pharmacol Exp Ther 316:1282–1290

Summerfield SG, Read K, Begley DJ, Obradovic T, Hidalgo IJ, Coggon S, Lewis AV, Porter RA, 
Jeffrey P (2007) Central nervous system drug disposition: the relationship between in situ brain 
permeability and brain free fraction. J Pharmacol Exp Ther 322:205–213

Summerfield SG, Lucas AJ, Porter RA, Jeffrey P, Gunn RN, Read KR, Stevens AJ, Metcalf AC, 
Osuna MC, Kilford PJ, Passchier J, Ruffo AD (2008) Toward an improved prediction of human 
in vivo brain penetration. Xenobiotica 38:1518–1535

Summerfield SG, Zhang Y, Liu H (2016) Examining the uptake of central nervous system drugs 
and candidates across the blood-brain barrier. J Pharmacol Exp Ther 358:294–305

Sun H (2004) A universal molecular descriptor system for prediction of logP, logS, logBB, and 
absorption. J Chem Inf Comput Sci 44:748–757

Sun H, Dai H, Shaik N, Elmquist WF, BUNGAY, P. M. (2003) Drug efflux transporters in the 
CNS. Adv Drug Deliv Rev 55:83–105

7 Pharmacokinetic Concepts in Brain Drug Delivery



208

Syvanen S, Hammarlund-Udenaes M (2010) Using PET studies of P-gp function to elucidate 
mechanisms underlying the disposition of drugs. Curr Top Med Chem

Syvanen S, Xie R, Sahin S, Hammarlund-Udenaes M (2006) Pharmacokinetic consequences of 
active drug efflux at the blood-brain barrier. Pharm Res 23:705–717

Takasato Y, Rapoport SI, Smith QR (1984) An in situ brain perfusion technique to study cerebro-
vascular transport in the rat. Am J Physiol 247:H484–H493

Tamai I, Tsuji A (2000) Transporter-mediated permeation of drugs across the blood-brain barrier. 
J Pharm Sci 89:1371–1388

Tega Y, Akanuma S, Kubo Y, Terasaki T, Hosoya K (2013) Blood-to-brain influx transport of nico-
tine at the rat blood-brain barrier: involvement of a pyrilamine-sensitive organic cation trans-
port process. Neurochem Int 62:173–181

Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I, Willingham MC (1989) 
Immunohistochemical localization in normal tissues of different epitopes in the multidrug 
transport protein P170: evidence for localization in brain capillaries and crossreactivity of one 
antibody with a muscle protein. J Histochem Cytochem 37:159–164

Tsuji A, Terasaki T, Takabatake Y, Tenda Y, Tamai I, Yamashima T, Moritani S, Tsuruo T, Yamashita 
J (1992) P-glycoprotein as the drug efflux pump in primary cultured bovine brain capillary 
endothelial cells. Life Sci 51:1427–1437

Tunblad K, Jonsson EN, Hammarlund-Udenaes M (2003) Morphine blood-brain barrier transport 
is influenced by probenecid co-administration. Pharm Res 20:618–623

Tunblad K, Ederoth P, Gardenfors A, Hammarlund-Udenaes M, Nordstrom CH (2004a) Altered 
brain exposure of morphine in experimental meningitis studied with microdialysis. Acta 
Anaesthesiol Scand 48:294–301

Tunblad K, Hammarlund-Udenaes M, Jonsson EN (2004b) An integrated model for the analysis of 
pharmacokinetic data from microdialysis experiments. Pharm Res 21:1698–1707

Tunblad K, Hammarlund-Udenaes M, Jonsson EN (2005) Influence of probenecid on the delivery 
of morphine-6-glucuronide to the brain. Eur J Pharm Sci 24:49–57

Uchida Y, Ohtsuki S, Kamiie J, Terasaki T (2011a) Blood-brain barrier (BBB) pharmacopro-
teomics: reconstruction of in vivo brain distribution of 11 P-glycoprotein substrates based on 
the BBB transporter protein concentration, in vitro intrinsic transport activity, and unbound 
fraction in plasma and brain in mice. J Pharmacol Exp Ther 339:579–588

Uchida Y, Ohtsuki S, Katsukura Y, Ikeda C, Suzuki T, Kamiie J, Terasaki T (2011b) Quantitative 
targeted absolute proteomics of human blood-brain barrier transporters and receptors. J 
Neurochem 117:333–345

Uchida Y, Yagi Y, Takao M, Tano M, Umetsu M, Hirano S, Usui T, Tachikawa M, Terasaki T 
(2020) Comparison of absolute protein abundances of transporters and receptors among blood-
brain barriers at different cerebral regions and the blood-spinal cord barrier in humans and rats. 
Mol Pharm 17:2006–2020

Wang Y, Welty DF (1996) The simultaneous estimation of the influx and efflux blood-brain bar-
rier permeabilities of gabapentin using a microdialysis-pharmacokinetic approach. Pharm Res 
13:398–403

Watson J, Wright S, Lucas A, Clarke KL, Viggers J, Cheetham S, Jeffrey P, Porter R, Read KD 
(2009) Receptor occupancy and brain free fraction. Drug Metab Dispos 37:753–760

Westerhout J, Ploeger B, Smeets J, Danhof M, de Lange EC (2012) Physiologically based phar-
macokinetic modeling to investigate regional brain distribution kinetics in rats. AAPS J 
14:543–553

Westerhout J, Smeets J, Danhof M, Lange DE, E. C. (2013) The impact of P-gp functionality 
on non-steady state relationships between CSF and brain extracellular fluid. J Pharmacokinet 
Pharmacodyn 40:327–342

Westerhout J, van Den Berg DJ, Hartman R, Danhof M, de Lange EC (2014) Prediction of metho-
trexate CNS distribution in different species - influence of disease conditions. Eur J Pharm Sci 
57:11–24

M. Hammarlund-Udenaes



209

Xie R, Hammarlund-Udenaes M (1998) Blood-brain barrier equilibration of codeine in rats stud-
ied with microdialysis. Pharm Res 15:570–575

Xie R, Bouw MR, Hammarlund-Udenaes M (2000) Modelling of the blood-brain barrier transport 
of morphine-3-glucuronide studied using microdialysis in the rat: involvement of probenecid- 
sensitive transport. Br J Pharmacol 131:1784–1792

Yamamoto Y, Valitalo PA, van den Berg DJ, Hartman R, van den Brink W, Wong YC, Huntjens 
DR, Proost JH, Vermeulen A, Krauwinkel W, Bakshi S, Aranzana-Climent V, Marchand S, 
Dahyot-Fizelier C, Couet W, Danhof M, van Hasselt JG, de Lange EC (2017) A generic 
 multi- compartmental CNS distribution model structure for 9 drugs allows prediction of human 
brain target site concentrations. Pharm Res 34:333–351

Young RC, Mitchell RC, Brown TH, Ganellin CR, Griffiths R, Jones M, Rana KK, Saunders D, 
Smith IR, Sore NE et al (1988) Development of a new physicochemical model for brain pen-
etration and its application to the design of centrally acting H2 receptor histamine antagonists. 
J Med Chem 31:656–671

Yusof SR, Mohd Uzid M, Teh EH, Hanapi NA, Mohideen M, Mohamad Arshad AS, Mordi 
MN, Loryan I, Hammarlund-Udenaes M (2019) Rate and extent of mitragynine and 
7- hydroxymitragynine blood-brain barrier transport and their intra-brain distribution: the miss-
ing link in pharmacodynamic studies. Addict Biol 24:935–945

Zhao R, Kalvass JC, Pollack GM (2009) Assessment of blood-brain barrier permeability using the 
in situ mouse brain perfusion technique. Pharm Res 26:1657–1664

7 Pharmacokinetic Concepts in Brain Drug Delivery


	Chapter 7: Pharmacokinetic Concepts in Brain Drug Delivery
	7.1 Introduction
	7.2 Historical Aspects on Studying Brain Drug Delivery
	7.3 Parameters Describing Drug Delivery to the Brain
	7.3.1 Rate of Brain Drug Delivery
	7.3.1.1 What and Why
	7.3.1.2 Methods and Relationships

	7.3.2 Extent of Brain Drug Delivery
	7.3.2.1 What and Why
	7.3.2.2 Methods and Relationships

	7.3.3 Intra-Brain Distribution
	7.3.3.1 What and Why
	7.3.3.2 Methods and Relationships
	Microdialysis
	Brain Homogenate
	Brain Slice

	7.3.3.3 Interpretations and Caveats

	7.3.4 Intracellular Drug Distribution
	7.3.5 Combining Rate, Extent, and Intra-Brain Drug Distribution in Brain Pharmacokinetics

	7.4 CSF Pharmacokinetics vs Brain ISF Pharmacokinetics
	7.5 Drug Interactions at the BBB
	7.6 Species Comparisons
	7.7 Current Status and Future Challenges
	7.8 Conclusions
	7.9 Points for Discussion
	References


