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Abstract
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The blood-brain barrier (BBB) controls the movement of substances into and out of the brain.
The tight junctions between endothelial cells and energy dependent transporters in the BBB
influence rate and extent of drug distribution to the brain.

The aim of this thesis was to study different methodological and pharmacokinetic aspects of
drug transport at the BBB by characterizing possible active uptake and drug-drug interactions.
Therefore, advanced tools for data acquisition and analysis were applied. The role of BBB
transport in early drug development, with particular emphasis on in vitro-in vivo comparisons
and species differences, was also investigated.

Microdialysis in rats was used to study the BBB pharmacokinetics of oxymorphone,
diphenhydramine (DPHM), oxycodone and morphine. Oxymorphone, DPHM and verapamil
were all found to be actively taken up at the BBB, with brain to blood unbound drug ratios of
2, 5 and 2, respectively. The effect profile for oxycodone was successfully described using the
modified M3 method for censored observations. In vitro experiments indicated a competitive
interaction between DPHM and oxycodone on active uptake transport to the brain. No such
interaction was observed in vivo due to much lower unbound concentrations achieved, compared
with the in vitro Ki values. Active uptake of morphine at the BBB was not demonstrated even
at very low concentrations as it was not possible to separate the active uptake transport process
from active efflux by decreasing the morphine concentration. Mice carrying the human P-gp
gene (hMDR1) were used to evaluate possible species differences in P-gp function. Differences
were evident between the hMDR1 and normal mice in BBB penetration of various P-gp
substrates and in the effect of blockers on P-gp function. Quantitative measurements of P-gp
expression levels at the BBB and a comparison with human data are crucial for the future use
of the hMDR1 model.

In conclusion, this thesis reports active uptake of oxymorphone, DPHM and verapamil at the
BBB. In vivo interaction of DPHM and oxycodone at the BBB was found not to be significant
at therapeutic drug concentrations. Furthermore species differences were found between human
and mouse P-gp function at the BBB.
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ATP Adenosine triphosphate 
ANOVA Analysis of variance  
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AUCu Area under the unbound concentration time curve 
BBB Blood-brain barrier 
BCRP Breast cancer resistance protein 
Cin Calibrator concentration in microdialysis perfusate 
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DPHM Diphenhydramine 
ECF Extracellular fluid 
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GLUT1 Glucose transporter 
i.p. Intraperitoneally  
ISF Interstitial fluid 
kDa Kilo Dalton 
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Kp,uu Unbound brain-to-plasma drug concentration ratio 
LAT1 L-amino acid transporter 
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LDH Lactate dehydrogenase 
LOQ Limit of quantification 
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MRP Multidrug resistance protein 
NONMEM Non-linear mixed effect modeling 
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SLC Solute carrier 
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TJ Tight junction 
Veff Effective vascular plasma space of a drug 
VPC Visual predictive check 
Vprotein Apparent vascular space of plasma proteins 
Vu,brain Unbound intra-brain volume of distribution 
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Introduction 

The brain is protected from the xenobiotics present in blood by a very 
efficient barrier, the blood-brain barrier (BBB). The presence of this barrier 
is of crucial importance for maintaining the microenvironment inside brain 
tissue. It not only prevents the entry of foreign and indigenous harmful 
substances into the brain but also preferentially transports substances (e.g. 
nutrients) required for the adequate functioning of the brain. As the BBB 
protects the brain from the harmful effects of drugs used for other organs, it 
also represents a major hindrance in the treatment of neurological diseases. 

Many therapeutic drugs intended for central nervous system (CNS) 
diseases have failed because of the difficulty of getting sufficient amounts of 
unbound drug across the BBB to the target proteins as a result of efflux 
being the dominating phenomenon at the BBB. While there are currently 
very few drugs which are actively transported into the brain through the 
BBB, this active uptake transport mechanism could be utilized for drugs 
intended to be active in the CNS. It is thus of real importance to understand 
the different processes and mechanisms governing the transport of drugs 
across the BBB to be able to rationalize drug development and use. In this 
thesis, the brain pharmacokinetics (PK) of different drugs and the 
contribution of active uptake and efflux processes on their brain distribution 
were studied using various methods. 

The blood-brain barrier 
The BBB is composed of endothelial cells which form the lining of blood 
capillaries throughout the brain parenchyma. These endothelial cells are 
connected to each other with tight junctions (TJs) (Figure 1), which are 
formed by the transmembrane proteins occludins, claudins and junction 
adhesion molecules [2, 3]. The TJs are reinforced by the intracellular 
proteins zonula occludins and cingulin, which are connected to the actin 
cytoskeleton, providing extra strength [4, 5]. Astrocytes and pericytes 
interact with the endothelial cells (Figure 1), playing a role in the 
maintenance and strengthening of the TJs and the functioning of the BBB [6, 
7]. The TJs limit the paracellular transport of substances across the BBB and 
directly restrict the diffusional transport of hydrophilic substances and the 
entry of immune cells [8]. The BBB lacks fenestrations and has very few 
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pinocytotic vesicles which further limits the transport of drugs into the brain 
[9]. Because the paracellular pathway is so restricted, nearly all drug 
molecules have to cross the endothelial cells by the transcellular pathway to 
access the brain. Each endothelial cell has a luminal membrane facing the 
blood and an abluminal membrane facing the brain interstitial fluid (ISF). To 
traverse the BBB, a drug molecule has to cross both of these membranes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
The BBB is not merely a physical barrier. The numerous transporters that are 
expressed on both luminal and abluminal sides of the BBB control the 
uptake and efflux of various endogenous and exogenous substances to 
maintain the microenvironment of the brain (discussed in next section). In 
addition, the endothelial cells are equipped with an increased number of 
mitochondria indicating the metabolic potential of this barrier [10].  

Important functions of the BBB include supplying nutrients to the brain 
tissue, maintaining the optimum ion balance within the brain for synaptic 
signaling, and preventing damage to the brain by controlling the movement 
of neurotoxic substances, large molecules and immune cells.  

Drug transport across the BBB 
There are several modes of transport available to drug molecules for crossing 
the BBB; the mode used depends on the physicochemical nature of the 
molecule. 

Figure 1: The cell associations at the blood-brain barrier showing tight junctions
between endothelial cells (from Ref [1] with permission). 
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Passive diffusion 
Passive diffusion is a process by which drug molecules are distributed from 
higher to lower concentrations through biological membranes. The only 
driving force is the concentration gradient and there is no expenditure of 
energy. Provided with enough time, the concentrations on both sides of the 
membrane will reach equilibrium. The ability of a molecule to passively 
diffuse depends on characteristics such as lipophilicity, size of the molecule 
and charged/uncharged state. Small, lipid-soluble, uncharged substances will 
diffuse more rapidly through the BBB. 

Carrier-mediated transport 
Passive diffusion alone is not efficient enough to achieve the required BBB 
transport rates for all substances needed to maintain brain homeostasis. The 
brain has a very high energy metabolic rate for which it requires a 
continuous supply of nutrients such as glucose. In addition to passive 
movement, the numerous transporters in the BBB contribute to carrier-
mediated transport of substances in both directions over the BBB. This 
transport process requires the interaction of a substrate and a carrier protein 
to form a complex which undergoes conformational changes to deliver the 
substrate on the other side. If the direction of transport is from blood to 
brain, the transporters are called influx (or uptake) transporters and, if from 
brain to blood, they are called efflux transporters. Carrier-mediated transport 
is further divided into two classes: facilitated transport and active transport, 
based on the involvement of energy expenditure.  

Facilitated transport 
In facilitated transport, a transporter promotes the permeation of its substrate 
across the BBB without using any energy. This process is selective and is 
also dependent on the concentration gradient across the membrane, i.e. 
molecules move from higher to lower concentrations. It has been suggested 
that morphine-6-glucuronide is transported into the brain via this route by 
the glucose transporter (GLUT1) expressed at the BBB [11]. Similarly, 
gabapentin and melphalan are transported into the brain by the L-amino acid 
transporter (LAT1) system [12, 13].  

Active transport 
Active transport involves consumption of energy in the form of adenosine 
triphosphate (ATP) to transport a substance against the concentration 
gradient. This is the most efficient and important of the transport processes. 
The many active influx and efflux transporters, which are expressed on both 
sides (luminal and abluminal) of the BBB, maintain the asymmetric 
distribution of various molecules between the blood and the brain. The 
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transcellular transport of a substance at the BBB is either restricted or 
facilitated by this system, according to the affinity of the substrate for the 
efflux or uptake transporters. 
 
Efflux transporters at the BBB 
Active efflux transporters have been studied in much more detail than active 
uptake transporters while investigating drug distribution across the BBB. 
Among the efflux transporters, the ATP-binding cassette (ABC) transporter 
family and the solute carrier (SLC) family are the most important. P-
glycoprotein (P-gp) is the most important individual transport protein at the 
BBB [14], functioning as an efflux pump and limiting the brain uptake of 
many substances. It was the first efflux transporter to be discovered and is 
the most extensively studied member of the ABC multidrug transporter 
family [15, 16]. P-gp was discovered in cancer cells, where it was found to 
be responsible for causing multiple drug resistance (MDR) [15]. It is located 
on the luminal side of the BBB [17]. One of the unique characteristics of this 
transport protein is its very broad specificity in terms of transport substrates. 
These substrates include anticancer drugs such as vinca alkaloids, 
anthracycline, and taxanes, and also a large number of other clinically 
important drugs such as HIV-1 protease inhibitors [18], the 
immunosuppressive agent cyclosporine A, and the cardiac glycoside digoxin 
[19]. P-gp decreases the brain concentrations of its substrates and, 
importantly, protects against possibly toxic substances. Although protective 
of the brain, drug efflux by P-gp has been a challenge in the development of 
pharmaceuticals for the treatment of neurological diseases [20].  

Other important efflux transporters from the ABC family which are 
present at the BBB include the breast cancer resistance protein (BCRP) and 
the multidrug resistance proteins (MRPs). Like P-gp, BCRP is located in the 
luminal membrane of the BBB [21]. P-gp and BCRP work together 
synergistically to keep overlapping substrates out of the brain; they also 
compensate for each other’s absence in knock-out mice [22, 23]. It was 
recently reported that this compensation is due to an increase in function of 
P-gp or BCRP rather than an increase in the actual expression levels [24]. In 
humans, BCRP is more important than P-gp in terms of quantitative 
expression levels at the BBB [25].   

The isoforms of MRP present at the BBB include MRP 1, MRP 2, MRP 4 
and MRP 5. The MRP 1, MRP 2 and MRP 5 are expressed on the luminal 
side, while MRP 4 is expressed on both the luminal and abluminal 
membranes [26, 27].  

In the SLC family, organic anion transporter 3 (OAT3) is present on the 
abluminal membrane of the BBB. OAT3 is involved in the efflux of 
exogenous compounds as well as endogenous metabolites [28, 29].  
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 Active uptake transporters at the BBB  
The active uptake of nutrients and amino acids has been recognized for quite 
some time but the existence of an uptake transport process which selectively 
concentrates unbound drugs in the brain has only recently been investigated. 
OATP1A2 and OATP2B1 are members of the SLC family that are expressed 
on the luminal side of the BBB [30], where in vitro studies suggest they are 
involved in the active uptake of various drugs [31, 32].  
Recently, a few studies have indicated the presence of a proton-coupled 
transport system that transports cationic compounds over the BBB. 
Oxycodone and clonidine are transported by this H+ antiporter. The 
functional properties of this type of transporter are different from those of 
previously known organic cation transporters [33, 34]. The exact 
biochemical nature of this amine/H+ transporter has not yet been identified. 
This system is also responsible for the active uptake transport of pyrilamine 
at the BBB. The uptake of pyrilamine was inhibited by diphenhydramine 
(DPHM) [35-37].  

 This presence of active uptake transport at the BBB suggests that drug 
development programs may use the BBB as facilitating factor rather than an 
obstacle for selective delivery of drugs to the brain.    

Descriptors of drug transport and distribution to the 
brain 
The PK of a drug across the BBB can be defined by three descriptors: 
permeability clearance (CLin), describing the rate of transport as the 
permeability surface area product or influx clearance; extent of transport 
(Kp,uu), describing the equilibrium across the BBB at steady state; and 
unbound-drug volume of distribution (Vu,brain), describing the proportional 
binding/distribution of total drug vs unbound drug in the brain ISF [38]. The 
concentration of the unbound proportion of a centrally acting drug in the 
brain drives the effect. This concentration is in turn driven by the extent of 
BBB transport, which is the net result of the active influx and efflux 
processes at the BBB. 

Rate of transport            
The rate of transport is derived from the sum of all the passive and active 
processes that transport drugs from the blood to the brain across the BBB. It 
is measured in µl.min-1.g brain-1. The efflux transporters on the luminal side 
influence CLin by restricting influx in addition to carrying out efflux [39].  
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Extent of transport  
The extent of transport of a drug can be described as the concentration of 
that drug present in the brain at steady state in relation to the concentration 
in the blood [38]. It is an important parameter which describes the net effect 
of all the influx and efflux processes present at the BBB to give an estimate 
of the extent of drug delivery to the brain. This parameter is traditionally 
described as Kp, the ratio between the total brain concentration and the total 
blood concentration of the drug.    

,,                                                                                              (1) 
Kp can also be calculated by comparing the area under the brain 
concentration-time curve to the area under the plasma concentration-time 
curve 

,,                                                                               (2) 

where AUCtot,brain is the area under the concentration-time curve for total 
concentrations of drug in the brain (including both bound and unbound 
moieties) and AUCtot,blood represents the area under the concentration-time 
curve for total concentrations of drug in the blood. Although this parameter 
is widely used for screening compounds in drug discovery, it is affected by 
protein binding in the plasma and also binding to tissue. At the receptor site, 
only unbound drug is available to interact with the receptor and to initiate a 
pharmacological response. Thus, it is more logical to use the unbound drug 
partition coefficient (Kp,uu) for estimation of the extent of drug distribution to 
the brain. Kp,uu is the ratio of the unbound drug concentration in the brain ISF 
to the unbound drug concentration in the blood (Eq. 3). 

 , ,  ,                                                                (3) 

Eq. 3 gives a quantitative measure of how the BBB handles a drug, 
providing the net result of all the active and passive processes. Kp,uu is 
determined by the net CLin and the net clearance out of the brain (CLout).  

,                                                                                   (4) 

 
where CLout is the sum of all the active and passive transport processes by 
which a drug is effluxed from the brain. It also includes the metabolism of 
the drug inside the brain and the elimination of the drug by the ISF bulk 
flow. 
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Passive transport is the dominant transport process for a drug if it has a 
Kp,uu of 1 (for example, codeine [40]). A Kp,uu lower than unity means that 
active efflux is a more efficient and dominating process at the BBB for that 
drug. Similarly, a Kp,uu greater than unity means that active uptake is the 
dominating transport process. There may be both active uptake and efflux 
transport for a drug at the BBB at the same time, but the Kp,uu provides the 
resultant effect of all the active and passive processes.  

Intra-brain distribution 
Distribution of a drug within different compartments of the brain can be 
described by Vu,brain, which is the ratio of the total amount of drug present in 
the brain tissue apart from the blood (Abrain), to the amount of unbound drug 
in the brain ISF (Cu,brainISF). 

, ,                                                                        (5) 

This parameter describes how much of a drug enters into cells in the brain 
or binds to different components. Drugs with higher Vu,brain values are more 
likely to enter the cells and bind to the cellular components. The smallest 
possible value for Vu,brain is 0.2 mL.g brain-1, which is the volume of the brain 
ISF. 

Drug interactions at the BBB 
Drug interactions can affect the exposure of an organ to a drug with or 
without interfering with the plasma drug concentrations. Drug molecules can 
act as substrates as well as inhibitors (or both) for transporters with which 
they come in contact at the BBB. When two or more drugs are administered 
at the same time, they can affect each other's transport across the BBB, 
depending on the extent of their affinity for the transporters. The interaction 
potential for a drug at the BBB can be measured quantitatively by measuring 
the change in the extent of transport (Kp,uu) for that drug in the presence of an 
interacting drug. Drugs with a higher extent of active transport at the BBB 
are potentially more affected by the interacting drugs. Also, if there is only 
one transporter involved in the disposition of a drug at the BBB, the drug 
will be at greater risk of an interaction [38]. An interaction between a drug 
and another compound which competes for the same active uptake 
transporter will decrease brain exposure to the drug, while an interaction 
with a compound competing for the same efflux transporter will increase 
brain exposure to the drug.  
    Many studies have investigated the effects of an interaction between a 
drug and an inhibitor or another substrate on efflux transporters at the BBB 
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[39, 41].  Some P-gp inhibitors have been given to rodents in combination 
with a therapeutic agent to decrease the efflux of the drug, resulting in 
increased drug exposure to the brain. For example, elacridar, which is an 
inhibitor of P-gp and BCRP, increased the brain uptake of paclitaxel 5-fold 
in mice [42]. Cyclosporine A had a similar effect in rats; its administration 
as an inhibitor during the infusion of verapamil resulted in an up to 8.6-fold 
increase in brain exposure to verapamil [43]. Further, the Kp,uu values of 
topotecan lactone were increased 1.7- and 1.6-fold with the administration of 
gefitinib and elacridar, respectively [22, 44]. Due to its narrow therapeutic 
window digoxin should be considered for its interaction potential with new 
molecular entities that are inhibitors of P-gp [30]. There is no clinical 
evidence that provides consistent examples of adverse effects due to P-gp 
inhibition [45, 46]. It is therefore difficult to extrapolate data from knock-out 
mice studies to identify potential clinical drug interactions.  

There are very few studies reporting interactions with drugs carried by 
active uptake transporters at the BBB. However, the active uptake of 
pyrilamine and oxycodone was inhibited by amitryptaline, fluvoxamine and 
other antidepressants in conditionally immortalized rat brain capillary 
endothelial cells [47]. The transport of pyrilamine was also inhibited by 
DPHM in in vitro studies [36]. However, these interactions may not be of 
clinical importance, as the concentrations of drug that can be achieved 
clinically are far below those used in these in vitro experiments.    

Species differences in BBB transport 
An understanding of the different expression levels and functional 
dissimilarities of the various transporters is important for correctly 
correlating animal experiments with clinical reality. As P-gp is one of the 
main efflux transporters at the BBB and has also been extensively studied, it 
is an excellent candidate for studying species differences. The early clinical 
testing of drugs is based on preclinical experiments performed in animals. 
Pharmaceuticals with good therapeutic prospective could potentially be 
rejected as a result of erroneous interpretations of animal data. There is not 
much known about the significance of these species differences [48]. More 
studies are needed to explore the existence of species differences in the P-gp 
transport of pharmaceuticals so that the correlation of preclinical studies to 
clinical research can be better understood. Most of our knowledge about the 
effects of P-gp on the brain PK of drugs has been obtained from experiments 
on rodents. But rodents are different from humans and there are many ethical 
and practical issues to consider when conducting such studies in humans. In 
humans there is only one P-gp transporter encoded by the gene MDR1, while 
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mice have two variants encoded by Mdr1a and Mdr1b, with combined 
equivalent functional efficacy [49, 50]. Genetically modified mice lacking 
the Mdr1a gene, called knock-out mice, have contributed greatly in 
improving our understanding of the role of P-gp in vivo [51]. The Mdr1a(-/-) 
mice were 100-fold more sensitive to the neurotoxic pesticide ivermectin 
and 3-fold more sensitive to vinblastine, when compared to Mdr1a(+/+) 
mice, indicating the important role of P-gp in the efflux of these drugs at the 
BBB [51]. Experimental proof of the functionality of MDR1 at the human 
BBB has been found quite recently using imaging technology [52].  Cutler et 
al. found that a higher blood concentration of the P-gp inhibitor elacridar 
(GF120918) was needed in guinea pigs to obtain the same inhibition as in 
rats and mice, indicating species differences between rodents [20]. In 
another study, the brain penetration of [18F]altanserine and [11C]GR205171 
in humans was 4.5 and 8.6 times higher than in rodents [53]. These results 
suggest different P-gp expression levels or functioning at the BBB in mice 
compared to humans. The structure of mouse P-gp has 87% sequence 
identity to human P-gp in a drug binding competent state, meaning that P-gp 
in mice and humans is not identical [54]. Also, quantitative protein 
expression levels for P-gp at the BBB in mice and humans were found 
different by Uchida et al. [25]. They reported that the level of P-gp 
expression in humans was 2.3-fold lower than that of Mdr1a expression in 
mice at the BBB. These studies collectively suggest that there are species 
differences in P-gp functioning and expression levels and that these 
differences should be quantified to translate preclinical research into more 
reliable results for humans. 

Methods of studying BBB transport 

Microdialysis 
Microdialysis is the only method which can directly measure the Kp,uu of 
drugs in vivo in awake animals. Microdialysis is an elegant method allowing 
measurement of the unbound drug concentration directly in any tissue.  In 
early microdialysis studies, a hollow fiber was used for sampling the 
neurotransmitters [55]. The method developed with time and now 
microdialysis probes are used for many preclinical and clinical applications. 
Each probe has a semipermeable membrane at the tip which is the active 
area for the exchange of solutes. The type of semi-permeable membrane in 
the probe can be selected from low to high molecular cut-off, depending on 
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the size of the molecules to be studied. After implanting the probe in the 
tissue (e.g. brain), it is perfused constantly by a perfusion solution of 
physiological pH and osmolarity (artificial brain ISF). The perfusion rate is 
typically between 1 to 5 µl/min, but can be as low as 0.3 µl/min in some 
clinical applications. There is exchange of solutes in both directions, i.e. 
from the brain ISF to the perfusate and vice versa, when the perfusion 
solution passes along the semipermeable membrane. As the perfusion 
solution is in continuous flow, there is no direct equilibrium in the transfer of 
solutes between the perfusate and the brain ISF. This means that the amount 
of drug which is recovered from the probe is a fraction of what is present in 
the brain ISF. This fraction is called the recovery or extraction fraction and 
its correct estimation is essential for any quantitative measurement of drug 
concentrations in the tissue of interest. The recovery of the drug can be 
altered by changing the flow rate of the perfusion solution, the length of the 
semipermeable area of the probe and the type of membrane used in the 
probe. There are many ways of estimating drug recovery both in vivo and in 
vitro. One of these methods involves retrodialysis, in which the perfusate is 
spiked with a known concentration of a calibrator. This calibrator is either 
the drug itself or a substance with very similar physicochemical properties. 
The concentration of the calibrator is measured in the dialysate (which is the 
perfusate after it has passed through the probe) and the loss of calibrator is 
estimated. Importantly, it is assumed that the loss of calibrator is equal to the 
gain of drug. 
For measuring the extent of transport across the BBB, one probe is 
implanted in the brain and the other in the blood, and the concentration of 
unbound drug is then measured on both sides of the BBB. After correcting 
the drug concentrations for the respective recoveries, Kp,uu is calculated by 
comparing Cu,brain with Cu,plasma. 
Microdialysis has many good qualities as it provides a very rich PK profile 
with a large number of samples from the blood and brain using a minimal 
number of animals. It also provides the possibility of calculating CLin and 
CLout. Another added benefit is that samples from microdialysis do not 
require further treatment and can be analyzed directly. 

The main drawbacks of this method are the injury to the animal brain 
tissue due to the invasive nature of the method, and the necessity for well-
trained individuals to perform the surgical procedure. Also, not all 
compounds can be studied with microdialysis because lipophilic compounds 
tend to stick to the tubings used during the experiment. However, the 
damage to the BBB is reversible within 24 hours of surgery [56] and, despite 
the other drawbacks, the importance of microdialysis is evident from its 
increased use in preclinical and clinical studies. The first clinical study using 
microdialysis was published in the 1990s and, in several countries, the 
procedure has become routine for monitoring brain tissue improvement after 
acute brain trauma.               
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Brain tissue sampling 
In vivo brain tissue sampling is the most common method of studying the 
extent of brain distribution of a drug in early drug development. In this 
method, after the administration of the drug, the blood and brain are sampled 
at a specific time point. The partition coefficient for the concentration of 
drug in the brain in relation to its concentration in the blood (Kp) is then 
calculated. This method, however, has drawbacks as it involves the 
concentrations of both bound and unbound drug in the brain and blood. 
However, depending on the question being studied, this method could still be 
the method of choice (e.g. in order to establish the importance of a specific 
transporter for a drug, by comparing the brain distribution difference 
between genetically modified animals and the wild type). Measuring the 
differences in Kp is a quick method of establishing the importance of a 
specific transporter for a drug. It is quite robust and easier to perform than 
other methods, such as microdialysis. The sampling time is an important 
issue when this method is used in non-steady-state experiments and the 
selection of incorrect sampling times (i.e. when equilibration has not been 
established) could lead to a wrong conclusion for drugs with slow 
equilibration between brain and blood. 

Brain slice method 
The brain slice method is used to estimate Vu,brain, and Kp,uu  can then be 
calculated by combining this information with brain tissue sampling and 
plasma protein binding results [57]. 

,   ,, ,                                                               (6) 

where fu,p is the unbound fraction of the drug in plasma, measured using 
equilibrium dialysis. In the brain slice method, uptake of the drug is 
measured in brain slices after incubation with a known amount of drug for a 
stipulated time. The method is described in the materials and methods 
section. 

Conditionally immortalized TR-BBB 13 cell lines 
These cell lines were established from the endothelial cells of transgenic rats 
(TR) [58]. These endothelial cells express many transporters in the same 
fashion as the BBB in vivo and are make a suitable in vitro model for 
studying the BBB [59]. The TR-BBB cells harbor temperature sensitive 
simian virus (SV) 40 large T-antigen. Cells in culture can be immortalized 
by decreasing the temperature to 33 ºC, which activates the SV 40 large T-
antigen. The activated large T-antigens induce cell proliferation by 
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interacting with retinoblastoma gene products and p53, which normally 
regulate cell proliferation, and inactivating the growth suppressive function 
of these proteins [60].  

Population Modeling  
Complex processes and mechanisms can be studied by building 
mathematical models of them. Models can be used to study the drug 
concentration profile over time and its distribution to the different tissues. 
Population modeling utilizes information from all the individuals in one 
study at the same time to produce more reliable conclusions. It involves non-
linear mixed effects models which are a combination of fixed and random 
effects. The fixed effects constitute the structural model and describe a 
typical response for the whole population. A typical individual parameter 
(Vi) can be described as  

   .                                                                                (7) 
 
where the subscript i represents an ith individual, θv is the typical value of 
the parameter V for the whole population, and ηi represents the difference 
from the typical value for the ith individual for parameter V (between-subject 
variability). The fixed effects describe part of the variability; the rest is 
explained by the random effect in building the statistical model, e.g. 
between-subject variability residual error and within-subject variability. The 
residual error is the difference between an observation and the value 
predicted by the model for that observation. 
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Aims of the thesis 

The general aim of this thesis was to study different methodological and PK 
aspects of drug transport and interactions at the BBB. 

 
The specific aims were 

 
 

• To identify and characterize possible active uptake and drug-drug 
interactions at the BBB 

 
• To develop the application of advanced tools for data acquisition and 

analysis in the field of BBB PK and pharmacodynamics (PD)  
 

• To investigate aspects of BBB transport in early drug development, with 
particular emphasis on in vitro-in vivo comparisons and species 
differences 
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Materials and methods 

Animals 
For studies in Papers I and III, male Sprague-Dawley rats were obtained 
from Scanbur BK, Sollentuna, Sweden. For Paper II, rats were divided into 
three groups. Male Sprague-Dawley rats (Scanbur B&K, Sollentuna, 
Sweden) were used in the DPHM uptake study in Group 1. For Groups 2 & 
3, male Sprague-Dawley rats were purchased from Taconic, Denmark. All 
rats weighed 240 - 310 g on the day of surgery. In Paper IV, male mice FVB 
Mdr1a/1b(+/+) (referred to as FVB WT), FVB Mdr1a/1b(-/-) (referred to as 
Mdr1a/1b(-/-)), C57BL/6 Mdr1a/1b(+/+) (referred to as C57BL/6 WT) and 
C57BL/6 humanized MDR1 (referred to as hMDR1),  aged 10-11 weeks, 
were provided by Taconic Artemis (Cologne, Germany and Ejby, Denmark). 
The mice were housed two or three together, with free access to food and 
water. Occurrence of discord resulted in separation. During the experiment, 
the mice were kept individually. All animals were acclimatized for one week 
prior to the experiment and were group-housed at 22ºC in a 12 h day-night 
cycle with free access to food and water. 

The study protocols were approved by the Ethics Committee for Animal 
Research, Tierp District Court, Tierp, Sweden (Ref # C 176/04, C 177/04, C 
2/08, C 3/08 and C 21/098).  

Surgical procedures 
Surgery was performed on the animals used in Papers I-III. The rats were 
anesthetized with 2.5 % isoflurane balanced with oxygen (2 L/min) and 
nitrous oxide (1.5 L/min), administered with a mask. To maintain body 
temperature at 38 ºC during the surgery, the rats were placed on a heating 
pad (CMA/150 temperature controller, CMA, Stockholm, Sweden). A PE-50 
cannula (CMA, Solna, Sweden) fused with a short piece of PE-10 tubing 
connected to a piece of silicon tubing was inserted into the left femoral vein, 
and one was also inserted into the left jugular vein for rats in Paper II 
(Groups 2 and 3) for drug administration. A PE-50 cannula fused with PE-10 
tubing was inserted into the femoral artery for blood sampling. The cannulas 
were filled with heparin to avoid clotting (0.4 ml of 5000 IE/ml heparin to 20 
ml saline).  
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For microdialysis studies flexible CMA 20 Elite PAES 
(polyarylethersulphone) probes with membrane length of 10 mm and 20 000 
Daltons cut-off (CMA, Stockholm, Sweden) were implanted into the right 
jugular vein and fixed with two stitches to the pectoral muscle. The rats were 
placed in a stereotactic instrument (David Kopf instruments, Tujunga, CA) 
and the skull was exposed by making a midline incision. A hole was drilled 
2.7 mm lateral and 0.8 mm anterior to the bregma, and 3.8 mm ventral to the 
surface of the brain. A CMA/12 guide cannula was inserted into the striatum 
and fixed to the skull by a screw and dental cement (Dentalon® Plus, 
Heraeus, Hanau, Germany). A CMA/12 probe with a membrane length of 3 
mm and 20 000 Daltons cut-off was inserted after fixing the guide cannula. 
Both probes were perfused with Ringer solution before insertion. The inlet 
and outlet were then sealed to prevent air entering the probes. In order to 
allow the perfusion solution to adjust to body temperature before entering 
the brain probe, a 15 cm PE-50 tube was looped subcutaneously on the back 
of the rat to the surface of the neck. The catheters were passed 
subcutaneously to the posterior surface of the neck and placed in a plastic 
cup sutured to the skin out of reach of the rat. The rats were placed in a 
CMA/120 system for freely moving animals after surgery, with free access 
to water and food, and were given 24 h to recover. 

Experimental procedure 
Study design 
In Paper I, oxymorphone PK at the BBB and its relationship with PD was 
studied in two groups of rats. In Group 1 (n = 8), the microdialysis 
experiment was combined with tail-flick latency measurement. Group 1 was 
given 0.3 mg.kg-1 oxymorphone by a 60 min constant-rate infusion. 
Microdialysis samples were collected via both blood and brain probes 
throughout the study in Group 1. Due to the high dose required for analysis 
of the microdialysis samples, some of the tail flick latency measurements 
were above the cut-off limit of 15 sec. In Group 2 (n = 9) animals were given 
a dose 10 times lower than that used in Group 1 to be able to measure the 
whole PD profile. No microdialysis sampling was done in Group 2. Results 
from both groups were combined and analysed with nonlinear mixed effects 
modeling using a PKPD model. A third group, Group 3 (n = 21), was also 
given 0.3 mg.kg-1 of oxymorphone over 60 min as a constant-rate infusion 
with the purpose of establishing the total brain concentration profile of 
oxymorphone, and subsequently the volume of distribution of unbound 
oxymorphone, in the brain. Vu,brain was then calculated using Equation 8. 
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In Paper II, the in vitro interaction between DPHM and oxycodone was 
studied in TR-BBB 13 cells. Both the effect of oxycodone on the uptake of 
DPHM and the effect of DPHM on the uptake of oxycodone were studied. In 
vivo studies were carried out on three groups of rats. In Group 1 (n = 8), the 
active uptake of DPHM itself was studied using microdialysis. A 5 min 
bolus infusion of 234 µg.min-1.kg-1 DPHM in saline solution was injected 
followed by a constant-rate infusion of 30 µg.min-1.kg-1 for 2 h. Dialysate 
fractions from blood and brain ISF were collected every 10 min (10 µl) from 
after the stabilization period to 1 h after the end of the infusion, and then 
every 20 min for two more hours. Interaction studies were performed in 
Groups 2 and 3 (n = 6 in each group). The effect of oxycodone on the active 
uptake of DPHM at the BBB was studied in Group 2 and the effect of 
DPHM on the active uptake of oxycodone was studied in Group 3 (Figure 
2).  

  
Figure 2. Study design for in vivo interaction. For Group 2, drug A was DPHM and 
drug B was oxycodone and, for Group 3, drug A was oxycodone and drug B was 
DPHM. 

Both Groups 2 & 3 received infusions over three periods. All infusions 
started with a 10 min bolus infusion followed by an 80 min constant-rate 
infusion. During the first infusion period, drug A was administered at a low 
infusion rate. In the second period, drug B was started at a high infusion rate 
along with drug A. In the final period, the infusion rate of drug A was 
changed from low to high while the infusion rate of drug B was continued at 
a high rate (Figure 2). 

In Paper III, the microdialysis experiment started with a 2 h stabilization 
period. Samples were collected from the blood and brain probes at 20 min 
intervals throughout the experiment. Morphine was infused after the 
stabilization period using a syringe pump (Harvard apparatus, 
Massachusetts, USA). The infusion solutions contained 0.0326, 0.163 and 
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0.813 mg.ml-1 total morphine in saline while the concentration of 14C-
morphine was the same in all the infusion solutions (0.326 µg.ml-1). All 
infusions were given as a 10 min bolus and 110 min constant-rate infusion. 
Bolus doses and infusion rates were selected to attain total steady-state 
plasma concentrations of 10 ng.ml-1, 50 ng.ml-1 and 250 ng.ml-1(Figure 3). 
An additional rat received bolus and infusion doses to achieve ultra-low (0.4 
ng.ml-1), very low (2 ng.ml-1) and low (10 ng.ml-1) total steady-state 
concentrations. Medium concentrations were used to compare the analysis 
methods. 

 
Figure 3. Study design for the microdialysis experiments, with a five-fold difference 
between each of the three morphine steady-state concentrations. Rapid attainment of 
the morphine steady-state levels was achieved by a combination of an initial 10 min 
bolus infusion followed by a 110 min constant-rate infusion. 

 
In Paper IV, the P-gp substrates digoxin, verapamil and docetaxel were 
administered to different mice groups to study possible functional 
differences between human and mouse P-gp. Oxycodone was administered 
as a non-P-gp substrate. The Kp of the administered substances was 
measured for each animal. The volume of distribution of unbound drug in 
the brain (Vu,brain) was measured with the brain slice method [61] and the 
fraction of unbound drug in plasma (fu,p) was measured with high throughput 
equilibrium dialysis [62]. The substances were administered subcutaneously 
(s.c.), except for docetaxel, which was given intravenously in the tail vein as 
a slow injection over 5 min, due to its tissue irritating character. The dose (1 
mg.kg-1) was the same for digoxin, verapamil and oxycodone. The dose of 
docetaxel was 10 mg.kg-1. The volume administered to the mice was 0.01 
ml.g-1 body weight for all substances. Blood and brain samples were 
collected after 1 h of drug administration except for digoxin (after 2 hrs). 
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Verapamil and docetaxel were also studied in the presence of the P-gp 
inhibitor cyclosporine A in all four groups of mice. Cyclosporine A was 
administered intraperitoneally (i.p.) 1 h before the drugs at a dose of 100 
mg.kg-1. The transport of digoxin and oxycodone across the BBB was also 
studied in C57BL/6 WT and hMDR1 mice in the presence of different 
inhibitors. For the digoxin experiment, the mice were divided into 5 groups, 
each containing 5 humanized and 5 wild-type mice. Digoxin was 
administered s.c. at a dose of 1 mg.kg-1 as in the previous experiment. Blood 
and brain were sampled after 2 hrs as described above. The P-gp inhibitors 
used for digoxin were  i.p. cyclosporine A 100 mg.kg-1, i.p. quinidine 50 
mg.kg-1, s.c. verapamil 3 mg.kg-1 and s.c. elacridar 3 mg.kg-1, given one hour 
before digoxin administration. The volumes administered were 0.01 ml.g-1 
body weight for cyclosporine A, quinidine and verapamil, and 0.005 ml.g-1 
for elacridar. The inhibitors used for oxycodone were cyclosporine A, 
verapamil and elacridar. 

Recovery estimation for the microdialysis probes 
Microdialysis was used in Papers I-III for the measurement of unbound drug 
concentrations in blood and brain ISF. Recovery from the blood and brain 
probes was estimated with the retrodialysis method using deuterated 
calibrators. Ringer solution spiked with the calibrator was perfused through 
the probes at a rate of 1 µl/min throughout the experiments. The recovery of 
the drug was monitored throughout the experiment in each fraction of the 
microdialysate. The recovery was calculated as                                                                 (9) 

where Cin is the concentration of the calibrator in the perfusate entering the 
probe and Cout is the concentration of the calibrator in the microdialysate 
leaving the probe. The average of all recovery measurements for a probe was 
used to back-calculate the concentration of drug in samples taken from that 
probe.       

Plasma protein binding 
In Paper IV, equilibrium dialysis was used to assess possible differences in 
plasma protein binding between hMDR1 and C57BL/6 WT mice. The high 
throughput, 96-well equilibrium dialysis apparatus (Model HTD96b, 
HTDialysis, Connecticut, USA) [62] and dialysis membrane strips with a 
molecular weight cut-off of 12-14 kDa were used. The dialysis time were 6 
hours for oxycodone and verapamil and 24 hours for digoxin and docetaxel 
at 37 ºC, shaking at 115 rpm. Triplicates of each compound were measured.  
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Nonspecific binding to brain tissue 
In Paper IV, the high-throughput brain slice method was used to measure the 
Vu,brain in vitro [63]; the main difference from published method was that 
brain slices from four C57BL/6 WT mice were studied rather than slices 
from rat brain. Ten consecutive 300 µm brain slices were cut on a coronal 
plane starting approximately 1.7 mm anterior to the bregma (rostral striatum) 
up to approximately 0.1 mm anterior to the bregma (caudal striatum). The 
cut slices were kept in plain ice-cold oxygenated extra cellular fluid (ECF) 
before being transferred into a glass beaker containing 10 ml of buffer with 
the drugs digoxin, verapamil, docetaxel and oxycodone in a cassette. The 
concentration of each compound in the buffer was 200 nM. Immediately 
after transferring the brain slices into the beaker, 200 µl buffer was sampled 
as a reference for the brain slice viability test. The beaker was filled with 
100% oxygen over the buffer, lightly covered with a glass lid and placed in a 
continuously oxygenated box inside a MaxQ4450 incubated shaker (Thermo 
Fisher Scientific, NinoLab, Sweden) at 37°C, with a rotation speed of 45 
rpm. After 5 hours of incubation, the pH at 37oC was measured. Before 
sampling the buffer, the beaker was rested for 5 minutes to allow 
sedimentation of the minor debris from the brain tissue. Two hundred μl of 
the buffer was thereafter placed in an Eppendorf tube containing 200 μl of 
blank brain homogenate prepared with 4 volumes of buffer. The brain slices 
were dried on filter paper, weighed, and homogenized in 9 volumes (w/v) of 
ECF with an ultrasonic processor (VCX-130; Sonics, Chemical Instruments 
AB, Sweden). One brain slice was used for the detection of the maximum 
releasable lactate dehydrogenase (LDH) activity from the brain slice to give 
an indication of the viability of the cells [64, 65]. Samples were analyzed 
with liquid chromatography tandem mass spectrometry (LC-MS/MS).    

Chemical Analysis 
For all the samples in Papers I, II and IV, quantitative analysis was carried 
out on an LC-MS/MS system. The liquid chromatography system consisted 
of an LC-10AD pump (Shimadzu, Kyoto, Japan) and a SIL-HTc 
autosampler (Shimadzu, Kyoto, Japan). The detector was a triple quadruple 
mass spectrometer Quattro Ultima (Micromass, Manchester, UK). The 
spectra were processed using MassLynx software, version 4.0 (Micromass 
Manchester, UK). Different columns were used for separation of metabolites 
and impurities in Papers I-IV. The column type, LC conditions and mass 
transitions are described for each compound in detail in the respective 
publication (Papers I-IV).   
In Paper III, in addition to the LC-MS/MS system, accelerator mass 
spectrometry (AMS) was used to analyze samples with very low 
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concentrations of morphine. The Uppsala 5 MV Pelletron Tandem 
Accelerator (NEC, Middleton, WI, USA) was used to measure the 14C: 12C 
isotopic ratio and thus the concentration of morphine. 

Sample treatment 
The samples were treated according to the requirements of each specific 
compound and the sampling method. In short, microdialysis samples were 
injected either directly or after dilution into the LC-MS/MS system based on 
the concentration of the drugs in the samples. Samples to be analyzed with 
AMS were also purified from the metabolites using LC before analysis.  

All plasma samples from Papers I-IV were first precipitated with 
acetonitrile and then vortexed and centrifuged at 7.2 g for 3 min. The 
supernatant was used for analysis. The brain tissue was first homogenized 
with 5-fold W/V saline and then precipitated with acetonitrile to eliminate all 
tissue proteins and residues before injection of the sample into the LC-
MS/MS system. Detailed sample treatment is described for each study in the 
respective papers (Papers I-IV). 

Drug quantification 
Drug concentration levels were quantified using calibration curves 
containing at least 5 different standard levels for each compound. Standards 
were prepared by serial dilution in the same matrix as the samples. Three 
concentration levels of quality control samples were also prepared for each 
analysis to measure the accuracy of the analysis. These concentrations, 
which corresponded to low, medium and high concentrations on the 
calibration curves, were made by different serial dilutions from those used 
for the standards but using the same matrix. Standards and quality controls 
were analyzed in the same run as the samples and were randomly mixed with 
the samples.  

Data analysis 
In Paper I, non-linear mixed effects modeling was used to analyze the PK 
and PD data simultaneously, using NONMEM version VII (ICON 
Development Solutions, Ellicott City, USA) and Pirana [66] as the modeling 
environment. The inter- and intra-animal variability in the modeled 
parameters was quantified with mixed effects analysis. The first-order 
conditional estimation (FOCE) method was used to model the PK data, 
while the Laplacian method was used for the final PKPD model, both with 
interaction. The estimation method was changed because the PD data were 
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categorical. The models were implemented using ordinary differential 
equations and the ADVAN6 subroutine. 

In Paper II, Student’s t-test was used to compare the results from the in 
vitro uptake studies. The paired t-test was used for in vivo results to compare 
the Kp,uu of DPHM in Group 3 and oxycodone in Group 2. One-way analysis 
of variance (ANOVA) was used to compare the Kp,uu values between 
experimental periods of DPHM in Group 2 and of oxycodone in Group 3.  

In Paper III, Student’s t-test was applied to compare the Kp,uu,  Cu,brain and 
Cu,blood values from LC-MS/MS and AMS. One-way ANOVA was applied to 
compare the Kp,uu values for the rat with very low concentrations.   

In Paper IV, the brain concentration was corrected for residual blood 
using Equations 10 and 11, with the values of apparent vascular space of 
plasma proteins (Vprotein) and apparent vascular space of plasma water (Vwater) 
as reported by Friden et al. [57] . 

 

= ,                                 (10) 

 ,     1 ,                         (11) 

 
where Abrain is the amount of the drug in brain tissue, Veff is the effective 
plasma space in the brain for a given drug, Cbrain,h is the brain homogenate 
concentration and Cplasma  is the total plasma concentration of the drug. The 
fu,p measured with equilibrium dialysis was used in the calculations. The 
unpaired, two-tailed Student’s t-test was performed to capture any 
differences in brain distribution of drugs between the different groups. The 
significance level was set to 5 % (α=0.05).  

 
 



 32 

Results and discussion 

Active uptake transport of drugs at the BBB 
In Paper I, the PK of oxymorphone in the brain was studied using 
microdialysis and the PD was studied concurrently by measuring the tail 
flick latency. All the information (PKPD data) obtained from these 
experiments was analyzed using population PKPD modeling. This study 
revealed for the first time that oxymorphone has a net active uptake at the 
BBB. This is evident from its brain-to-blood unbound drug concentration 
ratio (Kp,uu = 1.9) (Figure 4). Oxymorphone is one of the metabolites of 
oxycodone and is produced by the activity of the CYP2D6 enzyme in the 
liver [67]. It is also a clinically useful analgesic, producing analgesia 
equivalent to that of oxycodone at half the oral dose [68]. 

 
Figure 4. Concentration profiles over time for total oxymorphone in rat plasma (Cp; 
diamonds), unbound oxymorphone in rat brain (Cu brain; squares) and unbound 
oxymorphone in rat blood (Cu blood; triangles). 

Active uptake transport at the BBB has not been studied for many drugs. 
Oxycodone was the first opioid reported to be actively taken up at the BBB 
in vivo, with a Kp,uu of 3 [69]. The transporter responsible for the active 
uptake of oxycodone is also active for pyrilamine [35] and clonidine at the 
BBB [70]. This transporter is a proton-coupled putative organic cation 
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transporter [34]. Since oxycodone and oxymorphone have very similar 
properties, it can be expected that the same transport system would be 
involved in the uptake of oxymorphone. Both oxycodone and oxymorphone 
have Kp,uu values higher than other opioids such as morphine (0.29) [71, 72] 
and codeine (1.0) [40]. A Kp,uu lower than unity does not rule out the 
possibility of active uptake transport of a compound at the BBB. It rather 
shows that the efflux transport processes are more efficient than the influx 
transport processes.  
There are reports in the literature that suggest that morphine is actively taken 
up at the BBB at lower concentrations [73, 74]. This indicates the presence 
of a saturable, low-capacity, active uptake transport system for morphine. 
Active uptake of morphine was hypothesized in a model of the BBB PK of 
morphine, where inclusion of this low capacity active uptake improved the 
overall performance of the model [74]. Morphine also undergoes dominant 
active uptake at the BBB in premature lambs (Kp,uu 1.9) and adult sheep 
(Kp,uu 1.2) [75].  

 
Figure 5. Average ± SD Kp,uu values for individual rats plotted against average 
steady-state morphine concentrations in plasma. Empty symbols represent Kp,uu 
analyzed by LC-MS/MS; filled symbols represent Kp,uu analyzed by AMS. 

As the biochemical nature of this active transport system is not known, it 
cannot be studied using specific blockers. Totally blocking the efflux 
transport would be another option, but achieving that in vivo is not possible 
because efflux transporters other than P-gp have also not been fully 
characterized, and because of the toxic effects of possible blockers. Based on 
indications from previous studies that this active uptake transport system 
could be separated from the net efflux at lower concentrations, morphine 
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was studied in rats using microdialysis at very low concentrations in Paper 
III. The problem of analyzing samples containing very low concentrations of 
morphine was solved by using AMS. It was found that efflux remains the net 
dominating process for morphine over the 625-fold concentration range 
studied between 0.4 and 250 ng.ml-1. The brain concentrations of unbound 
morphine remained lower than the blood concentrations throughout the 
study. There were no changes in the Kp,uu of morphine within the plasma 
concentration range studied (Figure 5). Thus, it was not possible to separate 
active uptake from active efflux at the BBB, even at very low concentrations 
of morphine.  

In Paper II, the concentrations of unbound DPHM were 5-fold higher in 
the brain than in blood (Figure 6). DPHM is a basic drug that is able to form 
cations as it has a tertiary amine moiety. These properties, which are similar 
to those of oxycodone and oxymorphone, means that DPHM will be good 
substrates for this active uptake transporter at the BBB.  DPHM also inhibits 
the transport of other organic cations, like methylenedioxy-
methamphetamine and pyrilamine [35-37, 76]. This indicates that the 
putative organic cation transporter could also transport DPHM into the brain. 

 
Figure 6. The concentration–time profile for unbound DPHM in brain ISF (filled 
circles) and blood (open circles) after 5 min bolus infusion followed by a 120 min 
constant-rate infusion of DPHM in rats (0-120 min: n=8, 0-240 min: n=4, 0-300 
min: n=3). 

In Paper IV, verapamil was unexpectedly also found to undergo active 
uptake transport at the BBB, with a Kp,uu of 2 in C57BL/6 hMDR1 mice 
(Table 1). Verapamil is a lipophilic drug that sticks to the tubings used in 
microdialysis, hindering the use of this method for studying verapamil BBB 
transport. Instead, in vivo measurement of Kp was combined with in vitro 
measurements of fu,p and Vu,brain, followed by calculation of the Kp,uu 
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according to Equation 6. This study reported the presence of active uptake 
transport for verapamil at the BBB for the first time. Oxycodone was also 
studied in mice in Paper IV. Its Kp,uu values, calculated using the same 
method as that used for verapamil, were 1.9 and 3.0 in the C57BL/6 WT and 
C57BL/6 hMDR1 mice, respectively. These values are in very good 
agreement with the results in rats from Paper II and from previous studies 
[69], indicating that this uptake transporter functions similarly in mice and 
rats. 

Table 1. Kp,uu values for the C57BL/6 WT mice (WT) and hMDR1 mice calculated 
using in vivo Kp in combination with Vu,brain and fu,p measured with the brain slice 
method and equilibrium dialysis, respectively. 

  
 
Drug 
 

Mice type Kp Vu,brain fu,p Kp,uu 

Digoxin WT 0.05 44.8 0.594 0.002 

 hMDR1 0.11  0.607 0.004 

Verapamil 
WT 0.6 

48.2 
0.115 0.11 

hMDR1 9 0.117 1.60 

Docetaxel 
WT 0.09 

789 
0.053 0.002 

hMDR1 0.13 0.052 0.003 

Oxycodone 
WT 4.8 

3.75 
0.681 1.88 

hMDR1 7.7 0.681 3.02 

Drug interactions at the BBB in vivo and in vitro 
In Paper II, a possible interaction between DPHM and oxycodone was 
studied both in vitro and in vivo. As DPHM and oxycodone are both actively 
transported into the brain at the BBB it is likely that they are carried by the 
same transporter, and thus could interact with each other if prescribed 
concomitantly. Mutual inhibitory kinetic studies were performed in vitro to 
test the hypothesis of the same active uptake transporter, using conditionally 
the immortalized rat BBB endothelial cell line TR-BBB13. It was observed 
in the Lineweaver-Burk plot analyses that oxycodone competitively 
inhibited DPHM uptake, with a Ki value of 106 µM (Figure 7A). The same 
was seen in the other direction where DPHM competitively inhibited 
oxycodone uptake, with a Ki value of 34.7 µM (Figure 7B). This provides 
substantial evidence that DPHM and oxycodone are transported by the same 
uptake transporter. The in vitro results also suggested that the active uptake 
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transporter for DPHM is dependent on energy and that it uses an oppositely 
directed proton gradient. 

 
Figure 7. Lineweaver-Burk plot of mutual inhibitory effects on the uptake of DPHM 
(A) and oxycodone (B) into TR-BBB13 cells. (A) The uptake of DPHM was 
measured at 37°C for 15 sec in the presence (●) and absence (○) of 500 µM 
oxycodone. (B) The ptake of oxycodone was measured at 37°C for 15 sec in the 
presence (●) and absence (○) of 50 µM DPHM. Each point represents the mean ± 
S.E. of four determinations. 

The effects of oxycodone on DPHM and vice versa were also studied in vivo 
in rats. Oxycodone had no significant effects on DPHM transport across the 
BBB (Figure 8A). Similarly, DPHM had no significant effect on oxycodone 
Kp,uu (Figure 8B). The highest plasma DPHM and oxycodone concentrations 
achieved in vivo were 21.5 and 2.3 µM, respectively.  

It is very important to relate the in vitro interactions of drugs to their 
potential importance in vivo. The Ki values with which oxycodone and 
DPHM inhibit each other’s uptake transport were 147 and 27 times higher, 
respectively, than the concentrations achieved in vivo in rats. There was, 
however, a trend in all animals in the oxycodone group suggesting a slight 
inhibition of oxycodone transport by DPHM (Figure 8B). It was not possible 
to administer higher doses than those used because of the side effects of the 
drugs. Similar results have been reported in studies of oxycodone and 
adjuvant analgesics, where relatively higher concentrations were required for 
interaction, making the interactions clinically irrelevant [47]. 

In Paper IV, digoxin and oxycodone were studied regarding their brain 
distribution in hMDR1 and C57BL/6 WT mice. The effects of different 
interacting substances on their brain distribution were also studied. Because 
digoxin is a P-gp substrate, it is very efficiently effluxed at the BBB. Co-
administration of cyclosporine A increased digoxin Kp significantly in both 
strains studied (Figure 9).  
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Figure 8. (A) Individual Kp,uu values for DPHM (empty markers) at a low infusion 
rate administered alone, after co-administration of oxycodone at a higher rate (H), 
and at the higher infusion rate for both DPHM and oxycodone. The Kp,uu values for 
oxycodone (filled markers) indicated that the higher infusion rate of DPHM had no 
effect on oxycodone transport. (B) Individual Kp,uu values for oxycodone (filled 
markers) at the low infusion rate admininstered alone,  after co-administration of 
DPHM at a higher rate, and at the higher infusion rate for both oxycodone and 
DPHM. The Kp,uu values for DPHM (empty markers) indicated that the higher 
infusion rate of oxycodone had no effect on DPHM transport. 

 
Figure 9. Kp values for digoxin in C57BL/6 WT (grey bars) and C57BL/6 hMDR1 
(black bars) mice in the presence of various blockers (* p < 0.05). 
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The Kp for oxycodone was significantly increased after co-administration 
with cyclosporine A and verapamil in C57BL/6 WT mice (Figure 10). 
However, elacridar (GF120918), a relatively specific P-pg blocker, had no 
effect on the brain distribution of oxycodone, indicating that P-gp and BCRP 
play no significant role in the efflux of oxycodone from the brain (Figure 
10) [41]. 

 
Figure 10. Effects of various P-gp blockers on oxycodone Kp in C57BL/6 WT mice 
(* p < 0.05, ** p < 0.01). 

Species differences in P-gp function at the BBB  
In Paper IV, the new mouse model containing human MDR1 was evaluated 
regarding species differences in the function of mouse and human P-gp. 
Comparisons were also made with Mdr1a/1b (-/-) mice. Digoxin, verapamil, 
and docetaxel had Kp values 20, 30 and 4 times higher, respectively, in the 
Mdr1a/1b (-/-) mice than in the FVB WT controls, which again shows the 
important role of P-gp for the BBB transport of these drugs (Figure 11 
A,B,C). The Kp values for digoxin, verapamil and docetaxel were 2, 16 and 2 
times higher, respectively, in the hMDR1 mice than in the C57BL/6 WT 
mice (Figure 11 A,B,C). The Kp values for digoxin and verapamil were 
different in the FVB WT mice from those in C57BL/6 WT mice, indicating 
the different brain distribution of these drugs even between strains of mice. 
The Vu,brain values were calculated using the brain slice method. The values 
were 45, 48, 789 and 3.8 ml.g_brain-1 for digoxin, verapamil, docetaxel and 
oxycodone, respectively (Table 1). The Kp,uu values were calculated by 
combining the Kp and Vu,brain values together with the fu,p. The Kp,uu values in 
hMDR1 mice were higher than those in C57BL/6 WT mice for all the 
compounds, indicating differences again in function or expression levels of 
P-gp for all four compounds (Table 1). A decision on whether these 
differences were due to the different expression levels or to a functional 
difference between human and mouse P-gp could not be made based on the 
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results of this study. There could be many contributing factors to these 
differences. For example, human and mouse P-gp could have different 
specificities for different substrate compounds. 

 

 

 
Figure 11. Comparison of Kp between the Mdr1a/1b(-/-) mice with FVB WT 
controls and the hMDR1 mice with C57BL/6 WT controls for digoxin (A) verapamil 
(B) and docetaxel (C) (* p < 0.05, ** p < 0.01). 
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The location of the hMDR1 in the mice and the interaction of different 
activators and modulators of murine P-gp with a transporter of foreign origin 
(hMDR1) might also partly explain these differences. It has been reported 
that human and mouse P-gp differ significantly in their sequence identity 
[54]. Measurement of the quantitative protein levels of P-gp in the two 
groups of mice is necessary to further explain these results.  

AMS for analysis of microdialysis samples 
In Paper III, AMS was used to analyze the microdialysis samples in order to 
study the BBB PK of morphine at very low concentrations. The combination 
of AMS with advanced sampling techniques like microdialysis for PK 
studies is a very useful approach. This method offers the possibility of using 
microdialysis more often by eliminating the drawbacks of small sample 
volume and low concentrations of drug in the samples. The AMS technique 
made it possible to study the BBB transport of morphine over a 625-fold 
concentration range and to include ultralow concentrations. The results of 
the AMS analysis were also compared with LC-MS/MS, which was used for 
higher concentrations to reduce the costs of the analysis.  

 

 
Figure 12. AMS to LC-MS/MS ratios for morphine plasma concentrations 
(diamonds), and unbound morphine concentrations in blood (squares) and brain 
(triangles) plotted against the corresponding LC-MS/MS values as standard. 

The Kp,uu values were on average 16% lower with AMS than with LC-
MS/MS (Figure 12). Where both methods were used, AMS gave 38% higher 
concentration values than LC-MS/MS for the blood microdialysis samples 
and 13% higher concentrations for the brain microdialysis samples. These 
differences could be the result of the different approaches of the methods 

0.1

1

10

1 10 100 1000

AM
S/

(L
C-

M
S/

M
S)

LC-MS/MS



 41 

and the multiple clean-up and metabolite-separation steps. AMS measured 
absolute concentrations in the samples while LC-MS/MS is a relative 
method of analysis, comparing samples with the standards used during 
analysis. Similar differences were reported in another study comparing the 
two methods for analysis of biological samples, with 20% lower values for 
AMS than for LC-MS/MS [77]. Including standards of known concentration 
in the AMS analysis as well, could improve the accuracy of this technique. 

Population modeling for data analysis   
In Paper I, non-linear mixed effects modeling was used to analyze the PK 
data from plasma, microdialysis brain and blood samples, and the PD data 
from the tail flick latency measurements, using NONMEM. The brain PK 
was better understood using population modeling, which allowed estimation 
of the clearance into and out of the brain. The CLin of oxymorphone was 
moderate compared to that of oxycodone. The relationship between the 
unbound drug concentrations in rat brains and the tail-flick latency was 
analyzed using an Emax model. Characterization and prediction of the time 
course of the drug effect was difficult in the presence of censored 
observations, which is one of the limitations of the tail flick latency test [78]. 
Beal has described methods for handling the problem of missing data 
originating from samples which are below the limit of quantification [79]. 
One of these methods (M3) uses a joint likelihood estimation for the model, 
based on the likelihood of observing the uncensored data, and the likelihood 
of the censored data being censored. In another approach, used earlier by 
Yassen et al., a log logistic model was assumed to capture the tail-flick 
latency profiles [78]. In the current work, an Emax model incorporating the 
modified M3 method was proposed. This M3 method was adapted to handle 
the upper limit of quantification in the tail-flick method, i.e. right-censored 
data, and was used to fit the PKPD model using all available data.  
Using this method, the EC50 for brain concentrations of unbound 
oxymorphone was estimated as 62.6 (0.82) ng.ml-1. The maximum tail-flick 
latency (Emax) was estimated as 55 seconds. The slope intercept model was 
used with combined proportional and additional variances (σ2) to describe 
the residual variability in effect data. Visual predictive checks for the PD 
model showed a good fit for the model (Figure 13). However, both EC50 and 
Emax were estimated with high uncertainty due to the censored observations 
in the effect profile.  
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Figure 13. Visual predictive checks (VPCs) for the PD measurements after 
oxymorphone administration to Group 1 (high dose) and Group 2 (low dose) rats. 
The lower panel represents the percentage of censored data as a proportion of the 
total observations. 
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Conclusions 

Oxymorphone, DPHM and verapamil were all found to have an active 
uptake transport at the BBB, with Kp,uu values of 2, 5 and 2, respectively. The 
active uptake transport of oxymorphone at the BBB in rats was slightly 
lower than that of oxycodone, and the uptake clearance into the brain was 
more moderate. The effect profile of oxymorphone was successfully 
described using the modified M3 method for censored observations. The 
negligible contribution of oxymorphone to the analgesic effect after 
oxycodone administration is due to the low plasma concentration after 
oxycodone administration, not giving rise to high enough concentration in 
the brain despite active uptake of oxymorphone at the BBB. 

In vitro experiments indicated a competitive interaction between DPHM 
and oxycodone regarding their active uptake transport to the brain. In vivo, 
however, no such interaction was observed due to much lower unbound 
concentrations achieved in blood compared with the Ki values found in vitro. 
It is thus very unlikely that a combination of DPHM and oxycodone would 
result in any clinically relevant PK interaction at the BBB. 

The net result of morphine transport at the BBB in rat is efflux, even at 
very low concentrations. Decreasing the concentration of morphine did not 
affect the Kp,uu, showing that it was not possible to separate the active uptake 
transport process from active efflux using this method.  

In the last manuscript, humanized mice were evaluated regarding species 
differences in P-gp function. Differences were evident between the hMDR1 
mice and their C57BL/6 WT controls with regard to the BBB penetration of 
various P-gp substrates and the effect of blockers on P-gp function. Slight 
differences in P-gp function between FVB and C57BL/6 WT mice were also 
observed. Quantitative measurements of the level of P-gp expression at the 
BBB and a comparison with human data are crucial for the future use of the 
hMDR1 model. 
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