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P-glycoprotein and the blood-brain barrier

The blood- brain barrier (BBB) is the main barrier between blood and brain. 
Its purpose is to maintain homeostasis in the central nervous system (CNS). 
Furthermore, it protects the CNS from endo- and exogenous toxins that circulate 
in blood 1,2.
The BBB consists of a monolayer of brain capillary endothelial cells, joined 
together by tight junctions. Under normal physiological conditions the BBB 
is almost impermeable. Only small lipophilic compounds can enter the brain 
by passive diffusion via the cell membrane. In addition, very small hydrophilic 
molecules can penetrate the brain via tight junctions between the cells 3. All other 
molecules have to pass the BBB via active transport systems. In the endothelial 
cells that line the brain capillary, different active influx and efflux transporters 
have been identified. The most important influx transporters are hexose, amino 
acid and monocarboxylic acid transporters 4.

 
In addition, efflux transporters, such 

as P-glycoprotein (P-gp) and multidrug resistance-associated proteins (MRP), 
exist 5. The estimated total length of brain capillaries in humans is aproximally 
640 km with a total surface area of 9.3 m2. The brain capillaries are separated from 
each other by a distance of approximately 40 µm 6 (see figure 1). In the late 1980’s 
expression of P-gp in the endothelial cells of the BBB was demonstrated 7. Most 
likely, the physiological role of P-gp in the BBB is to protect the brain from uptake 
of a variety of harmful and toxic compounds that circulate in the blood 8.

Figure 1. Representation of the human brain micro- vasculature. The estimated total 
length of the brain capillaries in the human head is approximately 640 km with a total 
surface area of 9.3 m2. The brain capillaries are separated from each other by a distance 
of approximately 40 µm. 
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Pgp is present at the blood side of the brain capillary endothelial cells. A lipophlic 
compound is able to penetrate across the lipid bilayer. In case the compound is 
a transport substrate for P-gp, it may be pumped out immediately to the blood. 
Because P-gp is an ATP dependent efflux pump, ATP energy is required for sub-
strate transport 9. For a schematic presentation of P-gp, see figure 2. 

Figure 2. Schematic representation of the efflux function of P-gp in endothelial cells.
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In humans, there are at least two different types of P-gp. MDR1 P-gp is encoded 
by the MDR1 gene and is predominantly expressed in the BBB. MDR2 P-gp is 
encoded by the MDR2 gene. This transport protein is present in the canalicular 
membrane of hepatocytes and functions as a phosphatidylcholine translocase 10. 
In rodents, P-gp is encoded by at least two different genes (mdr1a and mdr1b) 10. 
The gene products of mdr1a and mdr1b in rodents are different, but partly over-
lap. Whilst mdr1a P-gp is localized in brain capillaries of mice and rats, mdr 1b 
is present only in the brain parenchyma 10. Verapamil is a transport substrate for 
mdr1a, mdr1b and human MDR1 P-gp 11. Recently, this has been confirmed in 
a study of Hsiao et al., comparing rodent and human P-gp transport function in 
the BBB in the absence and presence of a similar blood concentration of the P-gp 
inhibitor cyclosporin A. A comparable brain to blood ratio was found in rats and 
humans, suggesting that rodent and human P-gp behave similarly with respect to 
verapamil transport. Consequently, rodent P-gp models seem to have relevance 
for studying P-gp activity in the human BBB 12.



12

Introduction

12 1313

Introduction

P-gp and brain pathology

Neurodegenerative brain disorders, such as Alzheimer’s disease and Parkinson’s 
disease, have great impact on patient, family, health care system and society. The 
causes of these diseases are largely unknown, although genetic susceptibility and 
exposure to neurotoxins have been proposed as potential contributors toward 
brain tissue malfunction and neuronal cell loss 13. Gradual loss of the integrity 
of the BBB has also been postulated to be a factor in the development of these 
diseases. It could be hypothesized that the BBB function deteriorates with age 
and that based on genetic susceptibility individuals may show loss of specific BBB 
transport functions, such as P-gp function. This may allow the entry of neurotoxic 
substances into the brain. Subsequently, these substances may accumulate to such 
an extent that they result in neuronal damage.
In a study in a group of Parkinson’s disease patients, the entry of neurotoxic 
compounds was investigated 14. Many pesticides from different chemical classes 
are neurotoxic and can be transported by human P-gp 15. As not everyone who 
is exposed to pesticides develops Parkinson’s disease, the possible link between 
environmental and genetic factors was studied. No significant association between 
patients with Parkinson’s disease and polymorphism was found 16. Nevertheless, 
it was shown that the homozygous T3435T genotype, previously associated 
with relatively lower P-gp activity, had the highest frequency in the early-onset 
Parkinson’s disease group. Furthermore, in a recent PET study decreased P-gp 
function in the midbrain in patients with Parkinson’s disease was observed. This 
study supports the hypotheses that P-gp dysfunction plays a role in the pathogen-
esis of Parkinson’s disease 17.
More evidence for the importance of P-gp in the BBB was found in a study with 
patients in Alzheimer’s disease, in whom the deposition of β-amyloid (Aβ) in 
senile plaques is a key pathological feature 18,19. It is of interest that Aβ is a sub-
strate for the P-gp efflux pump 20,21. In post-mortem brain tissue samples, taken 
from elderly humans, an inverse correlation between P-gp expression and the 
deposition of both Aβ40 and Aβ42 in the medial temporal lobe was found 22. 
This indicates a possible protective role of P-gp in the development of amyloid 
plaques.
In conclusion, P-gp expression in the blood-brain barrier may play a role in the 
aetiology of Parkinson’s disease and other neurodegenerative brain disorders.
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P-gp, drug availability and pharmacoresistance

Often, medical treatment of diseases of the CNS is not effective. One possible 
reason for this is that an insufficient amount of drug enters the brain, due to 
BBB restrictions. Most drugs, however, are lipophilic and can enter the brain 
by passive diffusion. Despite their lipophilicity, administration of various drugs 
results in relatively low brain concentrations because they are substrates for efflux 
transporters, such as P-gp. It is clear that this effect leads to ineffective treatment 
with these drugs 23-25. Some examples of drugs that are subject to P-gp mediated 
efflux at the BBB are antidepressants (amitriptyline, nortriptyline) 26,27, chemo-
therapeutics (paclitaxel, vinblastine) 28,29 and steroids (aldosterone, cortisole, and 
progesterone) 30. Higher brain uptake of these compounds with affinity for P-gp 
can be achieved by co-administration of another P-gp substrate or a P-gp inhibi-
tor, so called modulators. For example, in a study in rats pre-treated with the P-gp 
inhibitor cyclosporine A, a higher concentration of nortriptyline was found in 
brain tissue 31.
In a recent study in human volunteers, racemic [11C]verapamil was administrated 
after a 1 hour infusion of cyclosporine A to investigate the inhibition of P-gp in 
the BBB. The brain to plasma ratio of the [11C]verapamil activity increased by 
88%, demonstrating that inhibition of human functional P-gp by cyclosporine 
A can be measured with PET 32. Furthermore, a PET study in lung transplant 
recipients who were treated with cyclosporine A and tacrolimus, both substrates 
for P-gp, showed an increased brain uptake of racemic [11C]verapamil. This study 
confirmed that P-gp in the brain plays a role in drug availability in patients. It was 
concluded that [11C]verapamil and PET could be of value in the improvement of 
drug delivery to the brain 33. 
Apart from drug delivery to the brain, also pharmacoresistance is a problem in 
the treatment of patients. For example, pharmacoresistance is a major problem in 
the treatment of patients with epilepsy. To date, approximately one third of epi-
lepsy patients cannot be treated satisfactoraly with any of the commonly available 
drugs 34. In vitro studies have shown that the multi drug transporters, like P-gp, 
are over-expressed in endothelial cells of the BBB. It has been hypothesized that 
this overexpression may be a major mechanism of pharmacoresistance in patients 
with epilepsy 24.
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Assays for P-gp

P-gp is a membrane protein encoded by the MDR1 gene in humans. The MDR1 
gene is highly polymorphic leading to functional polymorphism. Polymorphism 
(C to T) was genotyped at position 3435. The CC genotype is associated with 
high, the CT with intermediate and the TT genotype with relatively low P-gp 
expression. Because genetic polymorphism can lead to differences in biological 
functionality of the P-gp protein, it is of interest to study P-gp expression at 
DNA, mRNA and protein levels. Several laboratory assays are available. Examples 
are reverse transcription-polymerase chain reaction (RT-PCR) assays, western 
blotting and immunohistochemistry 35,36. These in vitro techniques are of great 
value, as they provide information about the genotypes and the P-gp expression at 
the cell membrane. Imaging using radiolabelled tracers that are transported by P-
gp can provide information about the in vivo functionality of P-gp at the BBB. In 
that case the preferred method is positron emission tomography, as this imaging 
technique provides functional and quantitative information in vivo. 
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Positron emission tomography

Positron emission tomography (PET), a non-invasive quantitative imaging 
technique, can provide information about physiological and pharmacokinetic 
processes in vivo. These processes can be measured by intravenous injection of a 
radiotracer labelled with a positron emitter, such as 15O, 13N, 11C and 18F.
In essence, a positron is an electron with a positive electric charge. During the 
decay process, the positron loses its energy through collisions with the electrons 
clouds in material (e.g. tissue). After travelling a short distance (2-5 mm) it will 
annihilate with an electron, producing two gamma rays with an energy of 511 keV 
and at an angle of 180°. When two opposing detectors register these gamma rays 
simultaneously (coincidence detection), the line along which the annihilation 
took place (line of response) can be identified. 
PET is based on the external in coincidence detection of these annihilation 
photons. A PET scanner contains a large number of detectors, enabling the in 
vivo measurement of the distribution of a positron emitting tracer 37,38. PET 
has proven to be an important tool in the non-invasive diagnosis of human dis-
eases, especially in oncology 39,40. In addition, as it measures function, it can also 
provide information about effectiveness of therapy 41. Physiological parameters 
such as cerebral blood flow, glucose or oxygen consumption and blood volume 
can be measured in vivo using the radiotracers H

2
15O, 18FDG, 15O

2
 and C15O, 

respectively. Measurements of the density and biodistribution of binding sites 
(receptors) play an important role in the field of neuroscience. Several 11C and 18F 
labelled compounds have been developed for different receptor systems and are 
reviewed in recent methodological textbooks 42,43.
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Aim of this thesis

The aim of the research described in this thesis is to develop an assay for the quan-
tification of P-glycoprotein (P-gp) function in the blood-brain barrier (BBB) in 
men. This assay may allow the study of drug transport out of the brain and the 
study of the (patho)physiological role of P-gp in the human brain. To this end, 
enantiomerically pure [11C]verapamil and PET were examined.



16

Introduction

16 1717

Introduction

Outline of this thesis

In chapter 2 an overview of enantiomeric PET tracers is given. The stereoisomeric 
aspects of these tracers and their transport mechanism across the BBB, especially 
efflux transport, brain uptake and binding are described. Finally, the importance 
of using pure enantiomers as PET tracers is discussed. Therefore, also for quan-
tification of P-gp function in vivo, an optically pure tracer is needed. To this end 
reliable high yield, fully automated, GMP syntheses of (R) and (S)-[11C]verapamil 
were developed, which are described in chapter 3. 
In chapter 4 a comparison between (R) and (S)-[11C]verapamil is made in order 
to select the most appropriate enantiomer for future PET studies. An impor-
tant property of a new tracer is its metabolic profile. In chapter 5, a method is 
described for determining radioactive metabolites of (R)-[11C]verapamil in liver, 
plasma and brain tissue, together with results obtained in Wistar rats. 
In chapter 6 kinetics of (R)-[11C]verapamil in plasma and brain of 10 healthy vol-
unteers are investigated with the view of developing a quantitative tracer kinetic 
model. In addition, test-retest variability was assessed using repeat PET-studies in 
the same subjects. Chapter 7 describes a pilot study to assess the role of ageing on 
P-gp function in the BBB using (R)-[11C]verapamil and PET. 
Finally, chapter 8 provides a summary, a general discussion and future perspec-
tives. 
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Abstract

This article reviews positron emission tomography (PET) studies of labelled 
enantiomers of different PET-tracers from the early eighties. Comparative studies 
on stereoselective behaviour of the transport of tracers across the blood-brain bar-
rier (BBB) are discussed. Tracers are transported through the BBB into the brain, 
via diffusion or via several transport systems. These transport systems are able to 
transport endogenous and exogenous compounds from the blood into the brain, 
and visa versa. A clear difference exists in BBB transport of the enantiomers of 
several tracers. In addition, in most cases, binding of these labelled enantiomers 
to receptors / transporters is stereoselective. Finally, use of the biological inactive 
labelled enantiomer for the measurement of non-specific binding is discussed.
Given the differences in transport and binding, it is concluded that quantitative 
PET studies can only be performed using pure enantiomers.
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Introduction

Positron emission tomography (PET) is of great importance for non-invasive 
studies of physiological and pathological processes in the brain, contributing to 
an understanding of the aetiology of various neurological and psychiatric diseases. 
The tracers used for PET often are small liphophilic molecules, which are trans-
ported through the blood-brain barrier (BBB) via either diffusion or an active 
transport system. Many tracers have a chiral molecular structure, so that both 
active and inactive enantiomers may exist.
In this article, an overview of enantiomeric PET-tracers used in comparative stud-
ies is given. Furthermore, the stereoisomeric aspects of tracers, their transport 
mechanism across the BBB, especially the efflux transport, brain uptake and bind-
ing are described. Finally, the importance of the use of enantiomeric PET-tracers 
is discussed.
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Stereoisomerisms 

Drugs with an asymmetric centre or plane of symmetry within their molecular 
skeleton, by definition, exist as two or more stereoisomers (depending on the 
actual number of chiral atoms). These stereoisomers thus have identical chemical 
structures, but different 3-dimensional configurations 1. It is well known that the 
enantiomers of a biologically active chiral molecule may have different biological 
properties, such as potency, metabolism, toxicity and kinetics 2.

Pharmacokinetics of enantiomers

For many chiral drugs pharmacokinetics are stereoselective. In most cases, stere-
oselective metabolism results in a difference in bioavailability of the stereoisomers. 
An example of stereoselective pharmacokinectics is illustrated by the (S)-and (R)-
enantiomers of verapamil. It has been shown that (S)-verapamil is metabolised in 
the liver to a higher degree than (R)-verapamil. This difference in liver metabolism 
will affect bioavailability, which is 20% for the (S)- and 50% for the (R)-enanti-
omer following oral administration of racemic verapamil 3.

Pharmacodynamics of enantiomers

The effects of enantiomers of a drug may be different. For verapamil, the antago-
nistic action on the calcium channel in vivo is much lower for (R)-verapamil 
than for (S)-verapamil. Thus, (S)-verapamil is 10 times more potent in produc-
ing PR-intervals in humans 4. Another example is given by the anaesthetic drug 
ketamine. (S)-ketamine has high affinity for NMDA and opioid receptors, while 
the (R)-form has higher affinity for sigma and muscarinic acetylcholine receptors. 
The anaesthetic action of (S)-ketamine is about 3-5 times larger than that of (R)-
ketamine. Therefore, only (S)-ketamine is used as an anaesthetic in the clinic 5.

Enantiomeric PET-tracers for brain imaging

An overview of enantiomeric PET tracers used for brain imaging is presented in 
table 1. Usually, comparative studies with both enantiomers were performed to 
select the most appropriate enantiomer for further in vivo evaluation. The molec-
ular structure is given together with the molecular weight and the log P value 
(log P

(calc)
), calculated on the basis of the fragment method of Hansch 6. In addi-

tion, stereoselective transport and binding to different targets are summarized. 
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Blood-brain barrier transport

Barriers to the brain

Uptake of compounds in the brain is mainly determined by transport across the 
blood to brain barriers. The brain is separated from direct contact with blood 
by the presence of two barriers. The first and largest barrier is the blood-brain 
barrier (BBB). The BBB is located at the cerebral endothelial capillaries that 
contain tight junctions between the cells, predominantly restricting the passage 
of hydrophilic drugs. The BBB is a highly dynamic barrier with its functionality 
being regulated by surrounding astrocytes, neurons, perivascular microglial cells 
and microvascular pericytes. The second barrier is the blood cerebrospinal fluid 
barrier (BCSFB), which is a composite barrier made up of the choroid plexus, the 
arachnoid membrane and the circumventricular organs. The choroid plexus is a 
leaf like structure, more or less floating in the brain ventricles. The BSCFB has 
fenestrated and, therefore, highly permeable capillaries. The barrier function of 
the BCSFB is provided by the tight junctions between the cells of the epidermal 
layer at the apical site, which is in contact with the cerebrospinal fluid. These tight 
junctions are slightly more permeable than those of the BBB 7,8.

The blood-brain barrier (BBB)

The blood-brain barrier (BBB) is the main barrier responsible for separating 
blood from the brain 7. The BBB acts as a barrier for large hydrophilic and large 
liphophilic compounds between the central nervous system (CNS) and blood. 
The main purpose of the BBB is to protect the CNS from compositional fluctua-
tions in concentrations that occur in the blood, thus maintaining homeostasis in 
the CNS. Homeostasis in the brain is essential for its functionality. Apart from 
maintaining homeostasis, another important function of the BBB is protecting 
the CNS against toxic compounds 9. 
From molecular studies, it is known that the cerebral endothelial cell possesses 
an asymmetrical array of enzymes (i.e. alkaline phosphates, cytochrome P450 
enzymes, glutathione transferases) and energy-dependent efflux transport pro-
teins (i.e. P-glycoprotein and multidrug resistance proteins) that are instrumental 
to the barrier function.
The physical barrier is formed by tight junctions between endothelial cells of the 
brain capillary and epithelial cells of the choroid plexus and the arachnoid mem-
brane (figure 1) 10. 



30

Transport across the blood-brain barrier: stereoselectivity and PET-tracers

30 3131

Transport across the blood-brain barrier: stereoselectivity and PET-tracers

Figure 1. The blood-brain barrier is formed by tight junctions between endothelial cells 
of the brain capillary (a) and epithelial cells of the choroid plexus (b) and the epithelial 
cells of the arachnoid membrane (c). ECF= extracellular fluid, CSF= cerebrospinal fluid
Reprinted from Taylor et al (2002), with permission
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Compound characteristics

Due to the tight junctions between the endothelial cells in the brain capillary only 
very small hydrophilic molecules can enter the brain by paracellular diffusion. 
All other molecules have to pass through the membranes of the cerebral endothe-
lial cells themselves. To penetrate the brain, these molecules must be lipophilic 
(e.g. caffeine and nicotine). Passive diffusion transport across the BBB depends on 
both molecular lipophilicity and size. Levin 11 has shown a relationship between 
BBB permeability, lipophilicity and molecular size of compounds. Based on this 
relationship compounds can be classified into three groups: compounds with BBB 
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permeability (1) equal, (2) higher, and (3) lower than can be expected from their 
lipophilicity. Transport of compounds from groups 1 and 2 is by passive diffusion 
and facilitated transport, respectively. Compounds from group 3 have a molecular 
weight of more than 400 DA. It is hypothesized that, compounds from this group 
can cross the BBB, but that they are actively transported out of the brain again. 
P-glycoprotein (P-gp) is such an efflux pump that interacts with transport into 
the brain. It has been demonstrated that compounds of group 3 are substrates for 
P-gp.8 

Transporters at the blood-brain barrier

The BBB is located at the cerebral endothelial capillaries. It is known that the 
BBB is not a static membrane barrier, but that it contains different transport 
mechanisms. It is a dynamic interface that has a number of physiological func-
tions 12. It contains numerous transport mechanisms like energy depending efflux-
transported proteins (i.e. P-glycoprotein and Multidrug resistance proteins).
P-gp is expressed in brain parenchyma (i.e. astrocytes and microglia) in the BBB. 
Its role in the BBB is to prevent accumulation of potentially toxic compounds by 
actively pumping these harmful compounds from the brain into the peripheral 
circulation 13. In figure 2 a schematic overview of several transporters in the BBB 
is presented.

Figure 2. schematic diagram of influx and efflux transporters in the BBB
Reprinted from Lee et al (2001), with permission
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Transporters can act as influx or efflux transporters, which some of them working 
bi-directionally. The influx transporters mainly transport nutrients, endogenous 
and exogenous compounds from blood into the brain.7 These active transport 
systems together with passive diffusion are responsible for uptake of drugs into the 
brain. The main influx transporters are: 
• Hexose transport system 
• Amino acid transport system
• Monocarboxylic acid transport system
• Amine transport system
• Nucleoside transport system

Hexose transport system
A sodium-independent glucose transporter, the GLUT1 transporter, is located 
in the luminal membrane of brain capillary endothelial cells 12. GLUT1 is 
stereoselective and transports D-glucose and mannose, but not L-glucose 14. This 
transporter acts as a bi-directional transporter. Ascorbic acid, dehydroascorbic 
acid, glyco-compounds are examples of substrates that are transported into the 
brain. Some neuropeptides and chemotherapeutic agents poorly penetrate the 
BBB. Glycosylation of these compounds is an option for drug delivery to the 
brain, as GLUT1 can transport glycosylated drug conjugates through the BBB. 
An example of this appproach is given by an analoque of enkephalin, L-serinyl-
β-D-glucoside 16.

Amino acid transport system
Amino acids can diffuse through the BBB, but they are mainly transported into 
the brain via a carrier-mediated process. Several amino acid transport systems are 
present in the BBB, but as yet only a few have been identified. The best-character-
ized transport system so far is the sodium independent system L. This system is 
able to transport large amino acids, such as phenylalanine and tyrosine 12,17. The 
regulation of amino acid transport is complex. Transport is competitive as it can 
be inhibited by other amino acids in plasma 18.
Studies with gabapentin, an anticonvulsant drug, showed bi-directional transport 
via system L The BBB permeability’s for influx and efflux were 0.042 and 0.36 
ml/min, respectively. This indicates that gabapentin is more efficiently trans-
ported from brain to plasma, than vice versa 19.
Injection of [14C]-labelled L- and D-tyrosine via the carotic artery in Wistar rats 
has shown that stereospecific brain uptake of labelled amino acids occur. For 
instance, brain uptake of L-tyrosine was more than 80% higher than that of 
D-tyrosine 14,20.
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Monocarboxylic acid transport system
The monocarboxylic acid transport (MCT) system in the BBB transports various 
anionic compounds that are essential for brain metabolism. These compounds 
are: lactate, pyruvate and short-chain monocarboxylic acids such as acetate, and 
ketone bodies such as β-hydroxybutyrate and acetoacetate. In addition, drugs 
with a monocarboxylic moiety such as simvastatin, lovastatin acid, and pravastin 
are transported across the BBB via the monocarboxylic acid transport system.
Stereospecificity and bi-directional transport via the monocarboxylate trans-
porter have been demonstrated for lactic acid and other monocarboxylated com-
pounds 12,21.
So, MCT in the BBB acts both as an influx and efflux transporter. There are eight 
subtypes (MCT1-MCT8) known, with both MCT7 and MCT8 being expressed 
in the BBB 10.

Amine transport system
Choline is a charged cation, which does not diffuse from plasma to brain. Choline 
and endogenous hydrophilic amines are transported via a carrier-mediated trans-
port mechanism across the BBB 22. At least two different carrier- mediated trans-
port mechanisms in the BBB, specific to choline and amine drugs, have been 
reported. There is some evidence that the transport of choline is bi-directional.23 
Stereoselective choline transport in rats was demonstrated using the enantiomers 
of methylcholines 24.

Nucleoside transport system
Due to their hydrophilic nature, most nucleosides and their analogs do not pen-
etrate a lipid bilayer. Multiple distinct transporters mediate brain uptake and 
efflux of nucleosides. Thus far, eight functional nucleoside transporters have been 
identified. In addition to nucleoside transporters that act as influx transporters, 
efflux transport out of the brain also exists 25.

The main efflux transporters are:
• Multi-resistance-associated protein (MDR) family (e.g. P-gp, MRP-family, 

BRCP)
• Monocarboxylic acid transporters (described in detail in influx section)
• Organic ion transporters

P-glycoprotein
P-gp is an efflux pump, which is expressed at the luminal (blood side) membrane 
of the brain capillary endothelial cells. The membrane protein is 170 kD large, is 
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ATP dependent and restricts brain uptake of many compounds 26. In rodents three 
isoforms of P-gp have been identified (mdr1a, mdr1b, mdr1c), but in humans 
only two isoforms (MDR1, MDR2) have been found so far. The mdr1a (mouse/
rat) and MDR1 (human) isoforms are expressed in the BBB and are involved in 
the efflux of drugs out of the brain 13. In figure 3, a predicted membrane topology 
of P-gp based on human MDR1 sequence is presented.

Figure 3. Predicted membrane topology of P-gp based on the human MDR1 sequence 
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It is known that P-gp substrates represent a wide range of chemical structures as 
well as different classes of drugs. These substrates are chemically diverse. Some 
carry a positive charge at physiological pH and, since most of them are relatively 
hydrophobic, they permeate the cell membrane by passive diffusion.
Structure-activity relationships according to multidrug resistance have been stud-
ied for verapamil and 14 analogs 27 one of the results indicating that P-gp affinity 
increases significantly if the 7-cyano group is replaced by a 7-methylamino groups 
(figure 4). 

Figure 4. Verapamil (a) and an example of a derivate of verapamil (b). The CN group in 
the verapamil molecule is replaced by a –CH2NH2 group t hat leads to higher affinity for 
P-gp.
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a: molecular structure of verapamil b: molecular structure of a derivate of vera-
pamil, which has higher affinity for P-gp.

Genetic polymorphism of P-gp
The MDR1 gene is highly polymorphic. At present, more than 16 single nucle-
otide polymorphism have been found 28. In a group of patients with epilepsy 
(n=315), ABCB1 polymorphism (C to T) was genotyped at position 3435. The 
CC genotype was associated with high P-gp expression, the CT genotype with 
intermediated expression and the TT genotype with relatively low P-gp expres-
sion. The results showed that the drug-resistant phenotype in epilepsy is associ-
ated with this ABCB1 3435 polymorphism 29,30.

Multidrug resistance associated proteins (MRP-family).
Another important efflux pump in the BBB is the MRP pump. MRP is a family of 
transporters and consists of at least seven different subtypes (MRP1-7 or ABCC1-
6 and ABCCIO). The MRPs are (multispecific) organic anion transporters. All 
different members are widely distributed throughout human tissues. It has been 
demonstrated that the MRP5 subtype is highly expressed in human brain 10. The 
MRP pump can transport negatively charged drugs and neutral drugs conjugated 
to glutathione, glucuronate or sulfate 31,32.

Monocarboxylic acid transporters
Monocarboxylic acid transporters (MCT) transport pyruvate, lactate and other 
metabolites across the membrane. MCT in the BBB acts both as an influx and 
efflux transporter. There are eight subtypes (MCT1-MCT8) known, with both 
MCT7 and MCT8 being expressed in the BBB 10. 

Organic ion transporters
The organic ion transporter consists of four major families: organic anion trans-
porters (OAT), organic cation transporters (OCT), organic anion transporter 
proteins (OATP) and the organic cation/carnitine transporters (OCTN). Each 
family has been described on the basis of its function in kidney and liver. There is 
evidence that they play a role in efflux transport from the brain 10.
 
Brain pathology and changes in BBB 

Neurodegenerative brain disorders constitute a large burden to patient, family, 
health care system and society. The causes of most of these diseases are unknown, 
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although genetic susceptibility and exposure to neurotoxins have been proposed 
as potential contributors toward brain tissue malfunction and neuronal cell loss. 
Gradual loss of the barrier function of the BBB has been postulated to be a factor 
in the cause of these diseases. One speculation is that the BBB function dete-
riorates with age and that based on genetic susceptibility individuals may show 
loss of specific BBB transport functions, such as P-gp function. This may allow 
the entry of neurotoxic substances into the brain. Subsequently, these substances 
may accumulate in neuronal systems resulting in brain damage. For instance, in 
Alzheimer’s diseases, the deposition of β-amyloid peptide (Aβ) in senile plaques is 
a key pathological feature. Recently, in post-mortem brain tissue samples, taken 
from elderly humans, an inverse correlation between P-gp expression and the 
deposition of both Aβ40 and Aβ42 was found in the medial temporal lobe 28. 
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BBB transport and brain distribution of 
enantiomeric PET tracers – stereoselectivity

[18F]fluorodeoxyglucose for measuring glucose consumption

It is well known, that the hexose transport system in the brain capillary endothe-
lial cells, the GLUT1 transporter, only has affinity for plasma D-glucose and 
D-mannose, and not for the L-enantiomers 15. In addition, from animal studies 
with [14C]-labelled derivates of glucose it is clear that brain uptake of [14C]-deoxy-
D-glucose is high compared with that of L-glucose indicating that glucose uptake 
in the brain is stereospecific 14. For this reason, in vivo studies with PET are per-
formed with optically pure [18F]-2-deoxy-2-fluoro-D-glucose (FDG). 
 
Labelled amino acids for measuring protein synthesis

Amino acids can diffuse through the BBB, but they are mainly transported into 
the brain via a carrier-mediated process. Several amino acid transport systems are 
present in the BBB, but as yet only a few have been identified. The best-character-
ized transport system so far is the sodium independent system L. This system is 
able to transport large amino acids, such as phenylalanine and tyrosine 12,17. The 
regulation of amino acid transport is complex. Transport is competitive as it can 
be inhibited by other amino acids in the plasma 18. Injection of [14C]-labelled L- 
and D-tyrosine via the carotid artery in Wistar rats has shown that stereospecific 
brain uptake of labelled amino acids occurs. Brain uptake of L-tyrosine was more 
than 80% higher than that of D-tyrosine 14. Therefore, the L-isomers are used in 
PET-studies 20.
From studies comparing the accumulation kinetics of L-and D-[11C]methionine 
in human brain, it was concluded that the D- enantiomers have less affinity for 
protein / transporters than the L-form 33.
Tracer kinetics of the enantiomers of a modified fluor analogue of tyrosine, [18F]-
fluor-β-fluormethylene-m-tyrosine (FMFMT), in monkey brain indicate that the 
L-isomer crosses the BBB readily, but that transport of the D-isomer is very lim-
ited. The forward transport rate constant across the BBB (K

1
) was more than 100 

x larger for the L-isomer 34-36. 
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Tracers for the nicotine receptor

In 1987 the first study to visualise the nicotine acethylcholine receptor (nAChR) 
using PET and [11C]nicotine was reported 37. From comparative studies of the 
[11C]nicotine enantiomers in healthy volunteers and Alzheimer patients it became 
clear that both enantiomers have fast brain uptake, with the uptake of the (S)-
enantiomer being 20% higher than that of the (R)-form 38,39.
A radiotracer based on epibatidine structures seemed to be more specific.37 
Therefore, epibatidine might be a more promising tracer than [11C]nicotine. 
The enantiomers of [11C]methyl-epibatidine and [11C]methyl-homoepibati-
dine were synthesised and investigated in vivo using PET to assess their suit-
ability for visualising the nicotine acetylcholine receptor. The BBB transport of 
methyl(+)epibatidine was higher than that of the (-)-isomer. Methyl(-)epibati-
dine showed a higher selectivity for the nicotine receptor. BBB transport of the 
(-)-isomer of [11C]methyl-homoepibatidine was higher compared with that of 
the (+)-isomer. In cerebellum, cortex and thalamus the K1 of (-)-[11C]methyl-
homoepibatidine was 0.92, 1.02 and 0.94 versus 0.65, 0.78 and 0.70 of the (+)- 
isomer 37,40. 

Tracers for the dopamine transporter

[11C]cocaine is a tracer that binds to the dopamine transporter (DAT). A com-
parative study of the enantiomers of [11C]cocaine in baboons showed that there 
was no brain uptake of the (+)-isomer due to its very fast metabolism in plasma. 
An initial brain uptake the (+)-[11C]cocaine of <0.01 % dose/ml was found. For 
(-)-[11C]cocaine an initial uptake in the brain of 0.07% of the tracer dose / ml was 
found in baboon brain 41. 
Enantiomers of the [18F]fluor analogues of cocaine, [18F]FIPCT, were synthesised 
and validated in vitro in a binding assay. Comparative studies of the enantiomers 
of [18F]FIPCT in rhesus monkey showed no difference in BBB transport, but only 
the R-isomer achieved a transient equilibrium in the striatum in less than 90 min-
utes, making it a more attractive candidate for quantitative PET-studies than the 
L-isomer 42. The enantiomers of [11C]threo-methylphenidate have been validated 
in baboons and human. No difference in transport across the BBB was found, but 
the D-isomer has more affinity for the dopamine transporter 43.
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Tracers for dopamine receptor

The selective D
2
-dopamine receptor antagonist raclopride ands its inactive enanti-

omer were labelled with 11C and validated in men. It was concluded that binding 
and transport of [11C]raclopride are stereoselective 44.
The active and inactive enantiomers of [11C]NNC were validated in monkeys and 
men. After 4 minutes, the brain uptake in men was equal for both enantiomers. 
The active enantiomer (+) had higher affinity for the D

1
-dopamine receptor com-

pared with the inactive (-) enantiomer 45.
 
Tracers for the serotonine transporter

The enantiomer [11C]-(-)-Mc N5652 has low affinity for the 5-HT transporter. 
In contrast [11C]-(+)-Mc N5652 has higher affinity 46,47. In addition, higher BBB 
transport was found for the active (+)-isomer.
[11C]NS2381 is a selective serotonine reuptake inhibitor. Its enantiomers were 
evaluated in comparative studies in porcine brain. The enantiomers differed sig-
nificantly in both BBB transport and distribution 48.

Tracers for the NMDA-receptor, Vesicular Monoamine Transport and 
Monoamine oxidase (MAO) activity

The transport from plasma into monkey brain of both (R)-and (S)-[N-methyl-
11C]ketamine is rapid and comparable. The (S)-enantiomer, however, had some-
what higher uptake in most brain regions 49.
The enantiomers of [11C]dihydrotetrabenazine (DTBZ) have been validated in 
human to study the vesicular monoamine transporter (VMAT2) system. No dif-
ference in BBB transport was found. The affinities of the (-)-and (+)-isomers for 
the VMAT2 binding site were 2 µmol/l and 1 nmol/l, respectively 50.
To study the monoamine oxidase (MAO-B) activity in human brain, the enanti-
omers of [11C]deprenyl were evaluated. In this comparative study, the D-isomer 
(inactive) and L-isomer (active) of [11C]deprenyl showed differences in trans-
port and binding. In the brain, D-[11C]deprenyl showed fast clearance, but L-
[11C]deprenyl showed retention in the MAO B-rich brain structures 51.
As part of the development of fluor-18 derivates, a comparative study with the 
enantiomers of [N-methyl-11C]-4-fluorodeprenyl in baboons was performed. The 
conclusion was that the (S)-enantiomer showed lower retention of radioactivity in 
baboon striatum compared with the (R)-enantiomer 52.
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The transport of enantiomers of [18F]fluor-β-fluoromethylene-m-tyrosine 
(FMFMT) from plasma into brain was stereoselective. In monkey, the transport 
rate constants (K

1
) across the BBB were 0.035 ml/min/g and 0.0003 ml/min/g for 

the L- and D-isomers, respectively. The accumulation of [18F]FMFMT in striatum 
was also stereoselective with the L-isomer having favourable characteristics 35.

Tracers for the peripheral benzodiazepine receptor

The tracer [11C]PK11195 is used for imaging of the peripheral benzodiazepine 
receptor. The enantiomers of [N-methyl-11C]PK11195 were evaluated in normal 
rats and in rats with focal cortical lesions. Brain uptake and retention of the enan-
tiomers of [N-methyl-11C]PK11195 were investigated. In areas with no PK bind-
ing sites, no differences in brain uptake and retention were found. However, in 
areas containing those binding sites, more R- than S-enantiomer was retained 53. 

Tracers for P-gp imaging

In vitro experiments with the labelled P-gp substrate [3H]daunomycin and isolated 
rat liver cells (bile canalicular P-gp) showed no significant stereospecific inhibition 
of daunomycin transport by the enantiomers of verapamil. In contrast, the P-gp 
substrate propranolol gave significant stereospecific inhibition of daunomycin 
transport. It was concluded that (bile) P-gp may exhibit stereospecific binding 54. 
For the chiral agent cinchonine, inhibition of the pump was stereospecific 55.
Using biodistribution studies in knockout and wild-type mice no stereospecific 
P-gp mediated transport for [11C]verapamil was found 56.
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Inactive enantiomer as measure of non specific binding 

For quantification of PET data, a mathematical model describing pharmacoki-
netics of uptake and clearance of the tracer under study is necessary. The model 
needs to take into account not only the specifically bound ligand, but also free 
and non-specifically bound ligand in tissue. In general, it is assumed that kinetics 
of non-specific binding are so fast that free and non-specifically bound ligand can 
be pooled into a single compartment. There are several methods to account for 
this pool.
One approach is by using a reference tissue method 57-59. In these methods, it is 
assumed that the concentration of free and non-specifically bound tracer in brain 
is the same as that of a region with negligible density of receptors (reference tissue). 
A second approach is to pre-dose the subject with a saturating (i.e. receptor block-
ing) dose of the unlabelled ligand. In that case, the remaining signal is only due 
to free and non-specifically bound ligand. In theory, this is a solid approach, but 
in practice it is limited as administration of a saturating dose will not be feasible 
for all ligands because of possible pharmacological effects. Alternatively, non-spe-
cific binding is obtained from multiple scans (at least two) with different levels of 
receptor occupancy 60. 
A third approach is the use of the biological inactive labelled enantiomer. Although 
this method seems attractive, it does require two studies in the same subject (with 
both the active and inactive enantiomer). In addition, it does assume that tissue 
extraction is the same for both enantiomers, that the volume of distribution of free 
and non-specifically bound tracer is the same for both enantiomers, and that the 
inactive enantiomer does not show any degree of specific binding. Clearly, these 
assumptions have to be validated for each tracer, as they are not uniformly valid 
(e.g. see examples given earlier in this review). For example, in a study investigat-
ing central D

2
-dopamine receptor binding using [11C]raclopride, reasonable B

max 

and K
d
 values were obtained in only two out of three subjects when the biologi-

cally inactive enantiomer [11C]FLB472 was used to calculate free and non-specific 
binding 61. In contrast, this approach seemed to work using the two enantiomers 
of cyclofoxy 62,63. In other words, this approach will need to be validated for each 
pair of enantiomers.
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Abstract

Racemic (±) verapamil is a well-characterised substrate for P-gp. However, the in 
vivo pharmacokinetics and pharmacodynamics of both enantiomers are reported 
to be different. In preparation of evaluation studies of both enantiomers in ani-
mals and humans, the purpose of the present study was to optimise and automate 
the synthesis of (R)- and (S)-[11C]verapamil. 
(R)- and (S)-[11C]verapamil were prepared from (R)- and (S)-desmethyl-vera-
pamil, respectively, by methylation with no-carrier added [11C]methyliodide 
or [11C]methyltriflate. Different conditions of the methylation reaction were 
studied: reaction time, temperature, base and solvent, and chemical form of the 
precursor using either the hydrochloric acid salt or the free base of the starting 
material. After optimisation, the synthesis was fully automated using home-made 
modules and performed according to GMP guidelines. Optimal yields of 60-
70% for the methylation reaction were obtained using 1.5 mg of the free base of 
(R)- or (S)-desmethyl-verapamil in 0.5 ml of acetonitrile at 50°C for 5 minutes 
with [11C]methyltriflate as methylating agent. Under the same reaction condi-
tions, but with a reaction temperature of 100°C, the radiochemical yield starting 
with [11C]methyliodide as methylation reagent was 40%. The specific activity of 
(R)- and (S)-[11C]verapamil was > 20 GBq/µmol and the radiochemical purity 
was > 99% for both methods. The total synthesis time was 45 minutes. The auto-
mated high yield synthesis of (R)- and (S)- [11C]verapamil provides the means for 
evaluating both enantiomers as in vivo tracers of P-gp function.
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Introduction

Positron emission tomography (PET) is a powerful technique for the quanti-
fication of biochemical processes in vivo. Several PET-radiopharmaceuticals 
have been developed for P-glycoprotein (P-gp) imaging. Amongst others these 
are [11C]colchicine, [94mTc]-complexes, [64Cu]-complexes, [68Ga]-complexes, 
[11C]carvedilol and [11C]verapamil 1-6. P-gp is a multidrug transporter and is 
expressed at high levels in a variety of tissues such as the endothelial cells of the 
blood-brain barrier (BBB) capillaries. P-gp acts as an ATP dependent efflux pump 
for a large range of hydrophobic drugs and natural compounds such as neuro-
transmitters and peptides. The P-gp pump plays an important role in multidrug 
resistance of tumours 7 and in drug-transport 8 and there is evidence that P-gp is 
an important factor in several neurological diseases such as Alzheimer’s disease 9.
Verapamil is a specific high affinity substrate for the P-gp pump. The compound 
is well characterised both pharmacologically and with regard to its metabolic path-
way. Therefore, verapamil seems to be a suitable PET tracer for measuring P-gp 
function in vivo. Recently, a method was developed using racemic [11C]verapamil 
10. For the quantification of P-gp function in vivo, a mathematical model to 
describe the tracer kinetic data is required. As the kinetics of two isomers might 
be different, for accurate quantification, an optically pure compound is needed. 
This is also true for verapamil as it has been shown that the two enantiomers have 
different pharmacokinetic profiles 11-13. For the evaluation of these enantiomers 
and to select the most appropriate candidate for clinical studies, a reliable high 
yield, fully automated, GMP compliant synthesis of (R)- or (S)-[11C]verapamil is 
needed.
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Results and discussion

Automated radiosynthesis

The automated synthesis was performed using home-made units, which have 
been described in detail elsewhere 14. (R)-[11C]verapamil and (S)-[11C]verapamil 2 
were prepared from the corresponding des-methyl starting materials 1 (free base 
or hydrochloric acid salt) by methylation with no-carrier added [11C]methyliodide 
or [11C]methyltriflate according to the following scheme (fig. 1): 

Figure 1. Synthesis of the enantiomers of [11C]verapamil 2. See for experimental details 
table 1.

�
�

�

�
�

�

�

��

�
�

�

�

�
��
�
�

� �

������ �����������������

The [11C]methyliodide production was performed in a small volume trapping 
vessel. Therefore, less LiAlH

4
 could be used for the reaction with [11C]CO

2
. This 

resulted in a higher specific activity, because of the reduced amount of atmos-
pheric 12C carbon in the LiAlH

4
 solution. In 7 minutes from trapping [11C]CO

2
 

in the liquid nitrogen cooled coil, 70-80% (corrected for decay) was converted 
into [11C]methyliodide. The [11C]methyltriflate production was performed 
according to literature procedures 15,16. As previously reported, for optimal per-
formance of the home packed silvertriflate columns, it proved to be very impor-
tant to impregnate the Graphpac material with silvertriflate using a silvertriflate 
solution (1 g/10 ml) in acetonitrile instead of diethylether 16,17. In addition, just 
prior to use, the packed silvertriflate column had to be pre-conditioned at 200 °C 
with a helium flow of 100 ml.min-1 for at least 10 minutes. The conversion of 
[11C]methyliodide to [11C]methyltriflate was higher than 80%. The conversion 
was tested on nitrobenzylpyridine according to the method of Jewett 15. 
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Table 1. Optimising the methylation reaction conditions of [11C]verapamil. 

Norverapamil  Radio-  Temp. OC. RC. Time Solvent Base % yield a N
form precursor
HCl 11CH3I 100 10 ACN Al2O3/KF 17.2±7.1  6
HCl 11CH3I 100 5 ACN Al2O3/KF 13.3±3.4 3
HCl 11CH3I 50 5  ACN Al2O3/KF 14.2±2.8 5
Free amine 11CH3I 100 5  ACN - 45.8±10.1 6
Free amine 11CH3triflate 50 5 ACN - 70.5±10.6 2
a)  The following standard reaction conditions were used: 1.5 mg starting material in 0.5 ml of dry 
acetonitrile; closed reaction vessel. The overall radiochemical yields were calculated from the starting 
amount of [11C]methyliodide or [11C]methyltriflate (corrected for decay).

The reactivity of the nucleophilic amine was studied by changing reaction 
parameters like solvent (DMF / acetonitrile), base, reaction time, temperature 
and by using the hydrochloric acid salt or the free base as the starting material 
(Table 1). The overall radiochemical yields, including synthesis, purification and 
formulation, were calculated from the trapped amount of [11C]methyliodide or 
[11C]methyltriflate in the starting reaction mixture. The reaction conditions as 
previously reported 1 were 0.5 mg 1 (HCl), 25 mg Al

2
O

3
/ KF as a base, 100°C and 

10 minutes in 0.5 ml of acetonitrile. The radiochemical yield of the synthesis of the 
racemic [11C]verapamil described in the literature was 16%. In the present study, 
these reaction conditions (except for the use of 1.5 mg rather than 0.5 mg (R/S) 
1) resulted in a comparable radiochemical yield of 17.2 ± 7.1% (n=6) Initially, 
the methylation reaction was optimised by shortening the reaction time to 5 min-
utes and reducing the reaction volume to 250 µl. No significant effects were 
observed 18. An overall radiochemical yield of 13.3 ± 3.4% (n=3) was obtained. 
For practical reasons 1.5 mg (R/S) 1 in a volume of 500 µl of dry acetonitrile was 
maintained. The rationale of using solid Al

2
O

3
 / KF was to absorb radiochemical 

impurities, which otherwise were difficult to remove from the final product. In 
the HPLC-system, used these radiochemical impurities did not disturb purifica-
tion and therefore Al

2
O

3
 / KF was omitted from the reaction mixture. 

In common polar, aprotic solvents such as dimethylformamide (DMF), the 
nucleophile is less solvated and is more susceptible to nucleophilic reactions 
in comparison to protic solvents. The methylation with [11C]methyliodide in 
DMF with sodium bis(trimethylsilyl)amide (TMSA) as a base resulted in a very 
low radiochemical yield of 2%. It can be assumed that methylation of TMSA 
has occurred under these conditions. Significantly higher yields were obtained 
with the free base of (R/S) 1 in acetonitrile. A radiochemical yield of 45.8 ± 
10.1% (n=6) of 2 was achieved under optimal conditions. About 55% of the 
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[11C]methyliodide activity, however, still had not reacted. For this reason, the 
more reactive [11C]methyltriflate was used as an alternative methylation reagent. 
Under the same reaction conditions, a radiochemical yield of 70.5 ± 10.6% was 
achieved with [11C]methyltriflate, independent on the reaction time. Increasing 
the reaction temperature to 100°C did not increase the radiochemical yield. 
Taking into account the 80% conversion yield of [11C]methyltriflate from 
[11C]methyliodide, the overall yields for both methods are not significantly differ-
ent. From a chemical point of view there is no preference for one method or the 
other. For practical reasons, therefore, the methylation with [11C]methyliodide 
instead of [11C]methyltriflate is preferred.
Using the optimal reaction conditions, 2 was synthesised by methylation of the 
secondary amine with [11C]methyltriflate in a solution of 1.5 mg of 1 in 500 µl 
of dry acetonitrile. The reaction was carried out at 50°C for 5 min in a closed 
reaction vial. Subsequently, 2 ml of HPLC eluent was added to the reaction mix-
ture. The complete solution was transferred to the HPLC unit and subjected to 
a preparative HPLC purification equipped with an UV detector (230 nm) and a 
radioactivity detector (fig.2). 
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Figure 2. The purification of the reaction mixture. HPLC chromatograms of the UV and 
radioactivity of the reaction mixture.
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The collected fraction containing the product was diluted with 50 ml of sterile 
water in the formulation unit. The diluted product was passed through a Sep-
Pak cartridge, which was subsequently washed with sterile H

2
O. The product 

was eluted from the Sep-Pak with ethanol and saline and filtered. To check for 
possible occurrence of racemisation during this procedure, a sample of the tracer 
was analysed using a Chiracel HPLC column. For enantiomeric identification a 
sample of the tracer was spiked with an optically pure reference of verapamil. The 
product was analysed by HPLC on a Symmetryshield C

18
 Column. A stereo and 

(radio)chemical purity of 99.5% was obtained. Characterisation of 2 was per-
formed using HPLC-MS/MS. 
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Conclusion

After optimisation and automation of the [11C]-synthesis of (R)- and (S)-
[11C]verapamil, a reproducible and high yield synthesis was developed. (R)- and 
(S)-[11C]verapamil, synthesised according to this procedure, are now available for 
in vivo PET-studies to select the most appropriate candidate for quantitative PET-
studies. 
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Experimental

Materials

The starting materials (R)- and (S)-desmethyl-verapamil as well as the reference 
compounds (R)- and (S)-verapamil were a gift from Knoll Pharmaceuticals, The 
Netherlands. DIPA, Al

2
O

3
/KF were obtained from Aldrich; methanol, acetonitrile, 

NaClO
4
 and 57% HI from Merck. All chemicals were of analytical grade. 

Other laboratory supplies were obtained from Alltech; the HPLC-MS/MS from 
Perkin Elmer API3000. 

Production of [11C]methyliodide 

[11C]CO
2
 was produced by the 14N(p,α)11C nuclear reaction with an IBA 18/9 

cyclotron. An irradiation for 10 minutes with 30 µA of 18 MeV protons yielded 
25-30 GBq of [11C]CO

2
 at EOB. After irradiation the [11C]CO

2
 was trans-

ferred trough 190 meters of 1/8” stainless steel tubing with a helium flow of 
1000 ml.min-1 to the hot cell. The [11C]CO

2
 was trapped in a liquid nitrogen 

trap, subsequently transferred to the synthesis modules with a helium flow of 
10 ml.min-1 and reacted with 100 µl of 0.1 M LiAlH

4 
in THF. After evaporation 

of the solvent, 200 µl of 57% HI was added and the [11C]methyliodide obtained 
was distilled into a second reaction vessel containing the methylation reaction 
mixture. Following this procedure, a yield of 12-15 GBq of [11C]methyliodide 
was produced in 18 minutes synthesis time after EOB (not decay corrected ).The 
conversion yield was > 80% (decay corrected).

Production of [11C]methyltriflate 

For the conversion to [11C]methyltriflate, [11C]methyliodide was passed through 
a pre-conditioned column (7 x 0.5 cm) containing silvertriflate and GraphpacTM 
(80-100 mesh) at a temperature of 200°C. The [11C]methyltriflate was trapped at 
room temperature in the reaction vessel containing the mixture for the methyla-
tion reaction. The conversion yield was > 80% (decay corrected).
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Automated radiosynthesis

Compound 2 was synthesised by methylation of the secondary amine with 
[11C]methyltriflate in a solution of 1.5 mg of (R/S) 1 (free base) in 500 µl of 
dry acetonitrile. The reaction was carried out at 50°C for 5 minutes in a closed 
reaction vial. The reaction mixture was diluted with 2 ml of HPLC eluent, trans-
ferred with a helium overpressure to the HPLC unit and subjected to a semi-
preparative HPLC purification using a Varian Kromasil 250 x 22 mm (10 µm) 
with MeOH:H

2
O:DIPA 82:18:0.2 (%v/v/v) as eluent and a flow of 10 ml.min-1. 

[11C]verapamil had a retention time of 15 min, as detected by UV (230 nm) and 
radioactivity (fig. 2). The collected fraction containing the product was diluted 
with 50 ml of sterile water in the formulation unit 14. The diluted product was 
passed through an activated tC

18
 Sep-Pak cartridge using a helium overpressure, 

which was subsequently washed with 20 ml of sterile H
2
O. Compound 2 was 

eluted from the Sep-Pak with 1 ml of ethanol followed by 9 ml saline and filtered 
through a sterile 0.22 µm filter using a helium overpressure yielding a sterile and 
pyrogen free ready for injection solution. The total synthesis time was 45 minutes 
including the purification and the formulation. 

HPLC- analysis and identification

To check for racemisation during this procedure, a sample of 20 µl of 2 was ana-
lysed using a Chiracel OD-R column 250 x 4.6 mm, with 1 M NaClO

4
:CH

3
CN 

60:40 (%v/v) as eluent and a flow of 0.5 ml.min-1. The eluent was monitored 
using UV absorbance at a wavelength of 232 nm and the radioactivity using a 
sodium iodide scintillation detector. For identification, a sample of 2 was spiked 
with an optically pure reference of verapamil. Under these conditions the reten-
tion times of (R)- and (S)-verapamil were 15.5 and 18.5 minutes. 
For the routine check on chemical and radiochemical purity a Waters Symmetry-
shield RP

18
, 5 µm, 3.9 x 150 mm, with acetonitrile: 5 mM potassium phosphate 

pH=7.0 55:45 (%v/v) as eluent and a flow of 1 ml.min-1, was used with detection 
as described above. The retention time for both enantiomers of 2 was 15 minutes 
with this HPLC-system. The characterisation was performed using HPLC-MS/
MS with a Varian Kromasil 250 x 4.6 mm with MeOH:H

2
O:DIPA 72:28:0.05 

(%v/v/v) as eluent and a flow of 1 ml.min-1. The batch was recorded in a range of 
m/z 200-600. The spectra showed a principle peak at m/z 455, with a retention 
time of 6 minutes. The mass spectrum corresponds with a reference of verapamil. 
MS: 455 (M+1), 303, 260 (C

16
H

3
NO

2
+), 165 (C

10
H

13
O

2
+), 150 (C

9
H

10
O

2
+).
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Abstract

The mdr1 gene product P-glycoprotein (P-gp) is involved in the bioavailability 
and pharmacokinetics of various drugs. Racemic [11C]verapamil has been used 
to image P-gp expression in vivo. A racemic tracer, however, is not suitable for 
quantification. The purpose of the present study was to identify the most appro-
priate enantiomer of [11C]verapamil as a potential PET-tracer for quantifying P-
gp function. The two enantiomers, (R)- and (S)-[11C]verapamil, were synthesised 
and studied in vivo. For the in vivo model mdr1a/1b double gene knock-out and 
wild type mice were used. The in vitro study made use of the LLC-PK1 MDR cell 
line to examine the P-gp mediated transport of both enantiomers. The biodistri-
bution of (R)- and (S)-[11C]verapamil in dKO and WT mice demonstrated no 
stereoselectivity of verapamil for P-gp in the blood-brain barrier and in the testes. 
In addition, no significant differences in P-gp transport of both enantiomers were 
observed in the in vitro experiments.
Previous studies have shown that (R)-verapamil is metabolised less in man and 
that it has lower affinity for calcium channels. Since (R)- and (S)-verapamil have 
equal transport for P-gp, the (R)-enantiomer seems to be the best and safest can-
didate as PET-tracer for measuring P-gp function in vivo. 
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Introduction

The blood-brain barrier (BBB) is the first and largest barrier responsible for pre-
venting direct contact between blood and brain 1. The BBB creates and maintains 
a resticted extracellar environment in the CNS. Apart from a physical barrier, 
formed by tight junctions between endothial cells, and an enzymatic barrier, 
efflux transporters are responsable for this phenomen 2. 
P-glycoprotein (P-gp) is such an efflux transporter and is expressed in high levels 
in a variety of tissues such as the capillary endothelial cells of the BBB, located at 
the luminal surface 3. If a drug crosses the BBB (e.g. via diffusion) but is a substrate 
for P-gp, its efflux out of the brain will be high, resulting in low brain uptake. 
There are some indications that P-gp is involved in neurodegenerative brain 
disease 4,5. When the BBB is compromised, for example due to reduced efflux 
through P-gp, increased accumulation of neurotoxic compounds in the brain may 
result, which in turn may result in brain damage. 
The use of imaging techniques such as single photon emission tomography 
(SPECT) and positron emission tomography (PET) may enhance insight into 
drug transport and aetiology of neurodegenerative brain diseases. A promising 
method for imaging P-gp kinetics in vivo has been developed using racemic 
[11C]verapamil and PET 6-8. Apart from [11C]verapamil, other PET-trac-
ers are reported for this purpose. Amongst others, these are [11C]colchicine, 
[64Cu]complexes, [68Ga]complexes and [11C]carvedilol 9-12.
Verapamil is preferentially metabolised to norverapamil via N-demethylation 13,14. 
It has been reported that after oral administration, (S)-verapamil is metabolised 
more actively then the (R)-form in man 15-17, resulting in a 2.5 times higher con-
centration of the (R)-enantiomer in plasma. In addition, protein binding of the 
two enantiomers is different 18,19.
Finally, the pharmacodynamics of the enantiomers of verapamil are quite different 
in vivo. (R)-verapamil exerts only 5-10% of the calcium channel blocking activity 
of the (S)-enantiomer and (S)-verapamil is 10 times more potent in producing 
PR-interval prolongation in humans 16,20.
For quantification of P-gp function in vivo, a mathematical model describing 
the pharmacokinetics of uptake and clearance of verapamil is necessary. As the 
enantiomers of verapamil have different pharmacokinetic properties 21, it will be 
clear that quantification of racemic [11C]verapamil data may be difficult, if not 
impossible. Therefore, PET studies need to be performed with an optically pure 
enantiomer of verapamil 15-19, 22-26.
The aim of the present study was to select the most appropriate enantiomer of 
verapamil, which would allow for quantification of P-gp expression at the BBB 
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in vivo using PET. To this end, (R)- and (S)-enantiomers of verapamil were 
compared in 2 different studies. In the first study the in vivo uptake of the [11C] 
labelled enantiomers of verapamil was measured in mdr-double gene knock-out 
(dKO) mice and in wild type (WT) mice. In the second study the in vitro trans-
port of the enantiomers of verapamil for P-gp was determined in cell lines.
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Materials and methods

Chemicals

The reference compounds (R)- and (S)-verapamil were kindly provided by Abbott 
Pharmaceuticals (the Netherlands). Ketamine (Ketalar, 50 mg/ml) was obtained 
from Parke- Davis (Münich, Germany) and xylazine (Rompun, solution 2%) 
from Bayer (Leverkussen, Germany).

Synthesis of (R)- and (S)- [11C]verapamil

(R)- and (S)-[11C]verapamil were synthesised as described previously 27. Both 
enantiomers were dissolved in a saline / ethanol solution 90%/10% v/v. The spe-
cific activity ranged from 10 to 20 GBq/µmol. 

Biodistribution of (R)- and (S)-[11C]verapamil in mdr1a(-/-)/1b/(-/-) and 
mdr1a(+/+)/1b/(+/+) mice.

All experiments were carried out in compliance with Dutch law on animal experi-
mentation. (R)- or (S)-[11C]verapamil (20-40 MBq, 4 ±1 nmol) was injected in 
a volume of 0.2 ml into the penile vein in ketamine/xylazine anaesthetised wild 
type (WT) mice (mdr1a(+/+)/1b(+/+)) or double gene knock-out (dKO) mice 
(mdr1a(-/-)/1b(-/-)) (20 - 30 gram) 28. The mdr1a gene is expressed in the blood 
capillaries of the brain, testes, intestine and liver. Mdr1b is mainly expressed in the 
adrenal, uterus and ovary. In the dKO mice both genes are absent. 
One-hour post injection blood was collected, mice were sacrificed and various 
tissues were dissected, weighed and counted for radioactivity in a gamma counter 
(Wallac, Finland), as described previously 29. Data were expressed as percentage 
injected dose per gram tissue (% I.D./g). For each tissue the ratio was calculated 
between tissue uptake in dKO mice and that in WT mice, defined as the in vivo 
P-gp factor.

Visualisation of the biodistribution studies

Emission scans were performed at 20 minutes post injection of 20-40 MBq (R)- 
or (S)-[11C]verapamil using a prototype single crystal high research resolution 
tomograph (HRRT) 3D PET scanner (CTI, Knoxville, TN). The resolution of 
the scanner is 2.6 mm FHWM at the centre of the field of view. The performance 
of the system has been presented elsewhere 30.



64

Evaluation of (R)- and (S)-[11C]verapamil

64 6565

Evaluation of (R)- and (S)-[11C]verapamil

Emission data were collected for 15 minutes and reconstructed using FORE + 2D 
OSEM, including attenuation and normalisation corrections.

Analysis of in vitro drug transport of (R)-verapamil and (S)-verapamil. 

P-gp mediated drug transport was analysed in LLC-PK1 MDR cells using a com-
partment tissue culture chamber as described by Schinkel et al. 31. At 1.5 and 3 h 
after adding (R)- and (S)-verapamil (concentration: 0.1 µg/ml) to the basolateral 
or apical side of a cell layer of LLC-PK1 MDR cells, samples of 100 µl of tissue 
culture medium were taken from both the apical and the basolateral side of the 
membrane and analysed for (R)- and (S)-verapamil by LC-MS. The percentage of 
transported drug was calculated for each test condition. The ratio of the basola-
teral to apical transport and the apical to basolateral transport was defined as the 
in vitro P-gp factor.
To validate if the transport of verapamil is P-gp specific, a control experiment in a 
P-gp negative cell line (LLC-PK1) was performed using (R/S)-verapamil (0.1 µg/
ml).

Statistical analysis

After log transformation of the biodistribution data set, the effect of the P-gp 
transport for both labelled enantiomers was assessed with a two-sample t-test. 
Differences were considered statistically significant when p< 0.05.
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Results and discussion

Biodistribution studies 

Results from the biodistribution studies with (R)- and (S)-[11C]verapamil in 
WT and dKO mice at 60 min are summarised in tables 1 and 2. Tissue uptake 
(expressed in % I.D./g) of (R)-[11C]verapamil in brain was 0.53 in WT mice and 
7.75 in dKO mice (table 1). In the testes an uptake of 2.40 and 9.80 was found in 
WT mice respectively dKO mice, respectively. No significant difference in uptake 
between the WT mice and dKO mice in the other organs (investigated: lung, liver, 
kidney, spleen and heart) were found. Tissue uptake and biodistribution of (S)-
[11C]verapamil (expressed in % I.D./g) were similar (table 2).

Table 1. Tissue uptake of (R)-[11C]verapamil as percentage of injected dose/g in double 
knockout (dKO) and wild-type (WT) mice 60 min post injection (n=4). 

 dKO  WT  P 1
Tissue mean 95% CI 2 mean 95% CI 
Brain 7.75 3.08-19.53 0.53 0.28-0.97 0.01*
Testes 9.80 5.32-18.07 2.40 1.56-3.68 0.03*
Plasma 2.65 1.07-6.52 1.95 0.78-4.84 0.70
Lung 18.27 12.01-27.80 19.54 13.11-29.13 0.81
Liver 8.83 3.48-22.40 9.60 5.29-17.44 0.87
Kidney 5.92 3.55-9.86 7.87 3.77-16.41 0.52
Spleen 11.23 4.98-25.29 11.25 6.44-19.65 0.99
Rest head 2.95 1.03-8.45 2.66 1.13-6.26 0.85
Heart 3.71 1.47-9.38 4.03 2.19-7.44 0.87
1 p values < 0.05 were considered significant (*)
2 95% confidence interval 
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Table 2. Tissue uptake of (S)-[11C]verapamil as percentage of injected dose/g in double 
knockout (dKO) and wild-type (WT) mice 60 min post injection (n=4).

 dKO  WT  P1
Tissue mean 95% CI2 mean 95% CI 
Brain 6.99 3.07-15.90 0.37 0.17-0.83 0.01*
Testes 6.03 2.80-12.98 1.47 0.64-3.38 0.04*
Plasma 2.14 1.16-3.94 1.40 0.75-2.61 0.38
Lung 26.64 12.85-55.23 30.28 15.28-60.03 0.81
Liver 13.55 6.39-28.74 13.40 6.66-26.96 0.98
Kidney 15.45 7.65-31.22 12.47 5.50-28.26 0.71
Spleen 7.35 3.57-15.12 7.72 3.47-17.16 0.93
Rest head 4.03 1.50-10.82 2.84 1.13-7.18 0.63
Heart 7.62 3.11-18.68 5.03 2.48-10.21 0.50
1 p values < 0.05 were considered significant (*)
2 95% confidence interval of the injected dose/g

Table 3 summarises the corresponding calculated in vivo P-gp factors. For the 
brain this factor was 14.7 and 18.7 for (R)- and (S)-[11C]verapamil, respectively. 
For the testes it was 4.10 for both isomers.
These data demonstrate that (R)- and (S)-[11C]verapamil have equal P-gp medi-
ated transport in vivo and would both be suitable for P-gp imaging.

Table 3. In vivo P-gp factor* for (R)- and (S)-[11C]verapamil

Tissue (R)-[11C]verapamil (n=4) (S)-[11C]verapamil (n=4) p 1

Brain 14.73 18.73 0.22
Testes 4.10 4.10 0.98
Plasma 1.36 1.52 0.51
Lung 0.93 0.88 0.90
Liver 0.92 1.01 0.53
Kidney 0.75 1.23 0.16
Spleen 1.00 0.95 0.76
Rest Head 1.11 1.41 0.14
Heart 0.92 1.51 0.32
1 p values < 0.05 were considered significant
* in vivo P-gp factor is de ratio between tissue uptake in dKO and WT in mice.

In other P-gp positive organs, such as liver and kidney, no significant differences 
in uptake of [11C]verapamil between dKO and WT mice were observed. This is 
in agreement with the results using racemic [11C]verapamil 7. A possible explana-
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tion could be the presence of radioactive metabolites of [11C]verapamil, which are 
formed in the liver. Formation and retention of radioactive metabolites, in liver 
and kidney could result in a non-specific radioactive signal that dominates the 
[11C]verapamil signal. 
Dynamic quantitative studies would provide more information on the kinetics 
of both enantiomers of [11C]verapamil. For quantification, however, a metabolite 
corrected plasma input curve is needed, which at present is impossible to obtain 
in mice. Further studies are required in a rat model where regular arterial blood 
sampling is feasible.

In figure 1 PET images of (R)-[11C]verapamil are shown for WT (left) and dKO 
(right) mice. In the dKO mouse, uptake in brain and testes can clearly be visual-
ised.

Figure 1. PET image of (R)-[11C]verapamil. At the left a wild-type mouse and at the 
right a double knockout (dKO) mouse is shown. Arrows indicates brain and testes with 
increased uptake in the double knockout (dKO) mouse. 

 Wild type mouse Knock-out mouse
 mdr1a(+/+)/1b(+/+) mdr1a(–/–)/1b(–/–)
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In vitro transport studies of (R)-verapamil and (S)-verapamil

The results from the in vitro model also indicate that both enantiomers are good 
substrates for P-gp (table 4). Data were comparable to those of the racemic vera-
pamil, which is to be expected, as there was no difference in P-gp mediated trans-
port between both enantiomers in vitro transwell transport model. 
In the control in vitro experiment using the P-gp negative cell line (LLC PK1), the 
P-gp factor (at 3 hours) of (R/S)-verapamil was 0.97± 0.12 (n=3). This demon-
strates that transport of verapamil in the LLC-PK1 MDR model is P-gp specific.

Table 4. In vitro P-gp factors for (R)- and (S)-verapamil.

Time (h) (R)-verapamil (n=3) (S)-verapamil (n=3) p 1

1.5 hour 5.30±0.69 4.91±0.49 0.33
3.0 4.13±0.31 3.76±0.35 0.24
1 p values < 0.05 were considered significant
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Conclusion

In conclusion, no differences in transport for P-gp between (R)- and (S)-verapamil 
were found. Previous studies have shown that (R)-verapamil is less metabolised 
in man and has lower affinity for calcium channels. Since (R)- and (S)-verapamil 
have equal transport for P-gp, the (R)-enantiomer seems to be the first and safest 
candidate as PET-tracer for measuring P-gp function in vivo. 
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Abstract

There is evidence that P-glycoprotein (P-gp) in the blood-brain barrier (BBB) may 
be involved in the aetiology of neurological disorders. For quantification of P-gp 
function in vivo, (R)-[11C]verapamil can be used as a PET tracer, provided that a 
mathematical model describing kinetics of uptake and clearance of verapamil is 
available. To develop and validate such a model, kinetic profile and metabolism of 
(R)-[11C]verapamil have to be known.
The aim of this study was to investigate the presence of labelled metabolites 
of [11C]verapamil in plasma and (brain) tissue in Wistar rats. For this purpose, 
extraction and HPLC methods were developed. The radioactive metabolites of 
(R)-[11C]verapamil in liver were N-dealkylated compounds, O-demethylated 
compounds and a polar fraction formed from N-demethylation products of (R)-
[11C]verapamil. Apart from this [11C]polar fraction, other radioactive metabolites 
of [11C]verapamil were not detected in brain tissue. Thirty minutes after injection, 
unmetabolised (R)-[11C]verapamil accounted for 47 % of radioactivity in plasma, 
and 69% in brain. Sixty minutes after injection, 27 and 48% was unmetabolised 
(R)-[11C]verapamil in plasma and brain, respectively. 

New Text
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Introduction

A potential role of P-glycoprotein (P-gp) in the blood-brain barrier (BBB) in rela-
tion to several neurological disorders has been described 1,2. In vivo measurements 
of P-gp function have been reported using racemic [11C]verapamil and positron 
emission tomography (PET) 3,4. 
It has been shown that, in man, both hepatic metabolism and plasma clearance of 
(S)-verapamil are higher than those of the (R)-isomer, resulting in higher plasma 
concentrations of the (R)-enantiomer after administration of racemic verapamil. 
In addition, as the level of plasma protein binding of the two enantiomers is dif-
ferent 5-7, also tissue uptake is likely to be different. As these differences in plasma 
and tissue kinetics of the two isomers can not be separated by activity measure-
ments, it will be clear that an optically pure tracer should be used for quantitative 
studies 8-11. For this reason, optically pure (R)-[11C]verapamil was developed 12,13 
and examined in the present study. 
For quantification of P-gp function, a mathematical model describing kinet-
ics of uptake and clearance of (R)-verapamil is needed. Development of such a 
model requires knowledge about the kinetic profile and metabolic pattern of (R)-
[11C]verapamil. 
It has been shown that the oxidative metabolism of verapamil is mediated by 
the cytochrome P450 isoenzyme. The main metabolic pathway of verapamil is 
N-dealkylation (formation of D-617, D-717), N-demethylation (formation of 
norverapamil and formaldehyde) and O-demethylation (formation of D-703, 
D-702) 5,6,14-17. Since (R)-[11C]verapamil is labelled in the N-methyl position, 
the most likely radioactive metabolites resulting from N-dealkylation are [11C]D-
617 and [11C]D-717, and from O-demethylation [11C]D-702 and [11C]D-703. 
In addition, labeled one-carbon fragments are formed. It can be anticipated that 
[11C]formaldehyde is the major metabolite 14,18. This in turn can be converted into 
many other metabolites and finally into [11C]CO

2
. 

The purpose of the present study was to develop a method for determining radio-
active metabolites of (R)-[11C]verapamil in liver, plasma and brain of Wistar rats. 
These measurements were then used to address whether labelled metabolites of 
(R)-[11C]verapamil can enter the brain.
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Materials and methods

HPLC equipment

The chromatographic system consisted of an isocratic HPLC pump (PU-1580) 
and a UV detector (UV-2075 plus, JASCO, Benelux B.V). The separation 
was performed on a Luna C

8 
HPLC column (5 µM, 100 A, 250 x 10 mm, 

Phenomenex®). For radiodetection a NaI detector with Gina star 2.15 data acqui-
sition and control interface module (Raytest, Straubenhardt, Germany) were 
used. Off-line samples were measured with a Gamma counter (Wallac, type 1282 
compugamma GS, Turku, Finland). Off-line samples were collected with a frac-
tion collector (LKB 2212 Helirac, Pharmacia, Uppsala, Sweden).

Sample preparation

Solid phase extraction (SPE) columns, type Sep-Pak vac tC18, were obtained 
from Waters. Blood and tissue samples were centrifuged with a universal centri-
fuge (Hettich & co, Tuttlingen, Germany). For homogenizing tissue, an ultra-
sonic homogeniser was used (Braunsonic 1510, Braun Melsunger AG, Melsunger, 
Germany).

Chemicals

Ketamine (Ketalar, 50 mg/ml) was obtained from Parker-Davis (Münich, 
Germany) and xylazine (Rompun, solution 2%) from Bayer (Leverkussen, 
Germany). Analytical reagents, all HPLC grade, acetonitrile, methanol, iso-
propyl alcohol were purchased from Merck Nederland B.V. (Amsterdam, The 
Netherlands). Chemicals like ammonium acetate (97%), sodium hydroxide 
(98%, pellets), hydrochloride acid (30%) and sodium bicarbonate (>99.5%) were 
obtained from Sigma-Aldrich Chemie B.V. (Zwijndrecht, The Netherlands). 

Synthesis of (R)-[11C]verapamil

(R)-[11C]verapamil was synthesised as described previously 12. The compound 
was formulated in a saline / ethanol solution 90/10 % (v/v). The specific activity 
ranged from 10 to 40 GBq/µmol, the radiochemical purity was always > 98%.
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Biodistribution after injection of (R)-[11C]verapamil in Wistar rats

All experiments were carried out in compliance with Dutch laws on animal exper-
imentation. (R)-[11C]verapamil (78.7 ± 28.4 MBq, 8.1 ± 2.5 nmol) was injected 
in a volume of 0.2-1.0 ml into the tail vein of ketamine/xylazine (dose:1 ml/kg) 
anaesthetised Wistar rats (349 ± 73 gram). 
At 5, 10, 30 and 60 minutes post injection, blood was collected via heart punc-
ture. Thereafter, rats were sacrificed and the brain and liver were dissected. Blood 
samples were centrifuged for 5 minutes at 3000 rpm (= 1500 g) and plasma was 
collected. Both brain and liver tissue as well as plasma samples were weighed and 
radioactivity was counted in a gamma counter. Data were expressed as percentage 
of injected dose per gram tissue (% ID/g). 

Measurements of (R)-[11C]verapamil and metabolite fractions

The method for determining (R)-[11C]verapamil and its labelled metabolites 
was based on solid phase extraction (SPE) and HPLC. The HPLC analysis was 
based on the method described by von Richter et al 19 with modifications. The 
modifications were: isocratic eluent, ammonium acetate buffer (5 mM, pH 4.2) / 
acetonitrile 70/30 % (v/v), semi-preparative column with a flow of 4 ml.min-1. 
On-line and off-line radioactivity detection was used to determine radioactivity 
fractions. The retention times under these conditions were approximately 5 min 
for D-617/D-715, 14 min for D-703, 16 min for D-702 and 22 min for (R)-
verapamil. 
Because of the low radioactivity concentration in plasma and brain samples, off-
line detection was preferred for accurate quantification of HPLC peaks. Using 
this off-line HPLC detection, four fractions were defined based on retention time 
(figure 1): 1 = (R)-[11C]verapamil (20-25 minutes retention on HPLC), 2 = N-
dealkylated products (0-10 minutes), 3 = [11C]polar fraction, eluted from SPE, 
and 4 = O-demethylation compounds (10-20 minutes). 
[11C] activity in HPLC fraction collector samples, a plasma reference sample, an 
HPLC reference sample, the ‘polar’ SPE fraction, and the SPE column were meas-
ured using a gamma counter. Calculation of percent radiochemical consistency, 
radioactivity recoveries from plasma and tissue, HPLC sample recovery, and a 
quality check of the SPE elution were carried out for each single sample.
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Figure 1. Metabolic pathways of [11C]verapamil, adjusted from [19].
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Plasma
Five-hundred µl of plasma were acidified with 10 µl 5M HCl (to denature plasma 
proteins). Four-hundred µl of plasma were loaded onto an activated Sep-Pak vac 
tC18 column. To elute the [11C]polar fraction the column was washed with 5 ml 
of H

2
O. Finally, [11C]verapamil and its [11C]metabolites (N-dealkylated and O-

demethylated metabolites) were eluted from the SPE column with 1.5 ml MeOH 
and 1.5 ml ammonium acetate buffer (5mM, pH 4.2). The eluted fraction was 
weighed and 1ml of this solution was injected onto HPLC as described in the 
paragraph above. 

Liver and brain tissue 
For the determination of (R)-[11C]verapamil and its metabolites in liver and brain, 
the following procedure was used. One gram of tissue was washed with ice-cold 
water and than cut into small parts. The tissue parts were collected in a 50 ml 
falcon tube. Subsequently, 20 ml cold water was added and the tissue was homog-
enized with an ultrasonic homogeniser at 4oC for 5 minutes. This homogenate 
was centrifuged at 1000 rpm (= 150 g) at 4oC for 5 minutes. The supernatant 
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was separated from the tissue pellet and the entire supernatant volume was acidi-
fied and loaded onto the SPE column. (R)-[11C]verapamil and its N-dealkylated 
and O-demethylated metabolites remained on the SPE column. To elute the 
[11C]polar fraction, the column was washed with 25 ml water. Subsequently, the 
SPE column was eluted with 1.5 ml MeOH and next with 1.5 ml ammonium 
acetate buffer (5mM, pH 4.2). From the eluted and weighted fraction, 1ml was 
analysed using HPLC in the same way as described for plasma.

Measurements of [11C]CO2 in plasma and brain tissue.
To measure [11C]CO

2
 in plasma the procedure developed by Fox et al 20 and used 

by others 21,22 was adopted. To determine central [11C]CO
2
 levels in supernatant 

of homogenised brain tissue the same procedure was used. Briefly, two 0.5 ml 
samples of plasma or brain tissue supernatant were added to two tubes contain-
ing 3 ml isopropyl alcohol and 1 ml 0.9 M sodium bicarbonate. One ml of 6 M 
HCl was added to one tube, and 1 ml of 0.1 M NaOH to the other. The samples 
were placed in an ultrasonic bath, which was heated to 85oC for 10 minutes. 
Radioactivity in both samples was measured and their ratio was used as the frac-
tion of [11C]CO

2
. 
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Results and discussion

Biodistribution studies

The results of the biodistribution studies after injection of (R)-[11C]verapamil in 
Wistar rats at 5, 10, 30 and 60 min are summarized in table 1 with tissue uptake 
expressed as % ID/g (mean±SD).
 
Table 1. Biodistribution in Wistar rats after injection of (R)-[11C]verapamil expressed as 
%ID/g tissue (n=4 for each point)

Time (min.) Plasma Brain Liver
5 0.38±0.26 0.22±0.13 2.67±1.35
10 0.31±0.14 0.21±0.06 3.40±0.98
30 0.20±0.17 0.16±0.09 3.20±1.84
60 0.25±0.06 0.14±0.07 3.13±0.64

Due to the fast plasma clearance of (R)-[11C]verapamil, low [11C] concentra-
tions were observed. In addition, [11C] concentrations in the brain were very 
low. This is likely due to the efflux transport of [11C]verapamil by P-gp. Brain 
activity decreased by 40% from 5 to 60 minutes post injection. At 60 minutes, 
the brain to plasma ratio was about 0.5, which is similar as that seen for racemic 
[11C]verapamil 23.

Solid phase extraction

Solid phase extraction (SPE) is a common technique for sample preparation, that 
has been used for several PET tracers 24-27. For optimalization of SPE, several 
columns were tested with respect to recovery of radioactivity. Optimal extraction 
of (R)-[11C]verapamil from plasma was found using a Sep-Pak vac 6cc (1g) tC18 
column with an acidified (20 µl 5M HCl was added to 1 ml plasma) plasma 
sample. Apart from (R)-[11C]verapamil, reference compounds of the metabolites 
of verapamil were also used to check trapping on the SPE column. Five ml water 
was used to elute the ‘[11C]polar’ fraction, 1.5 ml MeOH was the minimum 
volume required to fully elute (R)-[11C]verapamil and its metabolites from the 
SPE column. Acetate buffer (1.5 ml) was used to wash the column and to adjust 
the polarity of the elution sample. 
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Table 2. SPE recovery (%) for plasma, brain and liver samples (n=4 for each point)

Time (min.) Plasma Brain Liver
5 94.0±3.2 80.9±7.6 93.2±13.5
10 90.6±3.6 78.8±2.4 90.6±13.1
30 90.8±14.8 78.5±9.3 89.0±8.3
60 87.7±6.6 79.8±14.3 90.5±3.4

In table 2, the recovery of radioactivity is summarized (mean±SD) for both plasma 
and tissues at different time points. Recovery from plasma and liver was about 
90%. The recovery from brain tissue, however, was only around 80%. This con-
sistently lower recovery suggests the presence of a reproducible phenomena related 
to brain tissue. In a control experiment in which brain tissue homogenate (4oC) 
was spiked with (R)-[11C]verapamil and processed immediately, the recovery was 
also 80 %. The 20% loss of radioactivity might be due to incomplete extraction 
of (R)-[11C]verapamil and/ or [11C]-metabolites from brain tissue. 

High performance liquid chromatography (HPLC)

Examples of off-line HPLC- spectra of plasma, liver and brain tissue 30 min post 
injection are presented in figure 2. The HPLC-recovery of radioactivity is sum-
marized in table 3.

Table 3. HPLC recovery (%) for plasma, brain and liver samples (n=4 for each point)

Time (min.) Plasma Brain Liver
5 110.8±2.5 103.7±4.5 88.1±17.8
10 99.5±2.5 103.8±11.0 95.4±12.7
30 93.9±9.6 99.2±1.8 98.2±2.5
60 99.5±1.2 103.1±5.9 97.7±2.4
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Figure 2. HPLC analyses of plasma (A), brain (B) and liver (C) 30 minutes after i.v. 
injection of (R)-[11C]verapamil (1)
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In tables 4, 5 and 6 the percentages radioactivity of (R)-[11C]verapamil and its 
[11C]metabolites in plasma, brain and liver are summarized (mean ± SD). 

Table 4. (R)-[11C]verapamil and its metabolites in plasma (% of total activity)

Time (min.) 1. (R)-[11C]verapamil 2. N-dealkylated 3. [11C] polar SPE  4. O-demethyl 
  [11C]compounds fraction [11C]compounds
5 88.0±8.7 2.4±1.2 11.5±7.1 0.8±0.6
10 63.5±9.9 5.8±1.9 24.6±10.2 3.4±4.1
30 47.4±11.1 4.7±1.0 41.4±2.6 2.9±3.1
60 28.1±2.7 2.6±1.4 68.5±3.3 1.1±0.3

The main metabolites in plasma (table 4) are contained within the radioactive 
‘polar fraction’ that elutes directly from the SPE column. 

The initial metabolic route of verapamil is N-demethylation caused by cyto-
chrome P450 enzymes. From pharmacological studies it is well known, that N-
demethylation of compounds leads to the formation of both the demethylated 
product (in this case norverapamil) and formaldehyde. So, N-demethylation of 
[N-methyl-11C]-labelled tracers will lead to the formation of [11C]formaldehyde. 
Formaldehyde is a highly reactive small molecule that strongly binds to proteins 
and nucleic acids and that is rapidly metabolised further to formic acid and finally 
to CO

2 
28. The formed [11C]-metabolites is defined as the ‘polar’ SPE fraction. 

Thirty minutes after injection of (R)-[11C]verapamil, 14.5 % ± 0.5 (n=3) of the 
radioactivity in plasma was [11C]CO

2. 
This means that at this time about 40% 

of the ‘polar’ SPE fraction in plasma is volatile [11C]CO
2. 

It is likely that the 
remaining fraction contains [11C]formaldehyde, [11C]formaldehyde-metabolites 
and non-volatile forms of [11C]CO

2 
such as labelled urea 29,30. A small part of the 

polar fraction may also contain phase 2 metabolites such as [11C]verapamil-glu-
curonides 31. 
In table 5 the results of the brain tissue experiments are summarized. The main 
metabolites observed in brain are contained within the so-called ‘polar’ SPE frac-
tion. No significant amounts of volatile [11C]CO

2
 in brain tissue was found at 30 

minutes. This indicates that the ‘polar’ SPE fraction in brain consists of metabo-
lites formed from N-demethylation of [11C]verapamil, i.e. [11C]formaldehyde, 
[11C]formaldehyde-metabolites, [11C]formyl proteins and / or a non-volatile form 
of [11C]CO

2
. 

At 10 minutes, a small amount of the [11C]-N-dealkylated metabolite (7.7%±7.5) 
was detected in brain tissue. This was not significant, as it was primarily due to 
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an outlier (see high SD). This small amount of metabolite and the large varia-
tion may be explained by the potential blood contamination of the brain tissue 
samples. 

Table 5. (R)-[11C]verapamil and its metabolites in brain (% of total activity)

Time (min.) 1. (R)-[11C]verapamil 2. N-dealkylated 3. [11C] polar SPE  4. O-demethyl 
  [11C]compounds fraction [11C]compounds
5 92.7±3.6 0.2±0.2 4.7±0.3 0.5±0.4
10 80.5±8.9 7.7±7.5 11.1±3.9 0.7±0.7
30 68.7±5.8 0.1±0.3 29.9±6.2 0.8±1.0
60 47.7±10.5 0.4±0.8 53.4±11.4 0.8±1.6

In liver tissue, [11C]compounds primary formed by N-dealkylation (fraction 2) 
and N-demethylation (fraction 3) of (R)-[11C]verapamil are observed (table 6). 
These data are in agreement with previous reports that the two initial metabo-
lites are nor-verapamil and D-617 7,16. The cytochrome P450 system is involved 
in the formation of these metabolites, as it has been reported that cytochrome 
P450 isoforms, P450s, 3A4, 3A5 and 2C8, play a major role in the metabolism 
of verapamil 17. 

Table 6. (R)-[11C]verapamil and its metabolites in liver (% of total activity)

Time (min.) 1. (R)-[11C]verapamil 2. N-dealkylated 3. [11C] polar SPE  4. O-demethyl 
  [11C]compounds fraction [11C]compounds
5 36.7±5.8 44.1±15.9 16.9±2.1 5.7±2.8
10 20.2±5.7 55.4±2.8 20.6±5.2 3.9±0.4
30 16.2±1.5 47.7±4.4 33.7±11.1 4.2±1.8
60 9.1±3.3 35.5±2.3 54.0±6.7 1.5±0.9

The fast clearance of [11C]-labelled N-dealkylation products from plasma results in 
low amounts of radioactivity in plasma and brain. From other studies, it is known 
that the N-dealkylated compounds are mainly excreted in urine 7. This fast clear-
ance from plasma can be an advantage for PET modelling, since N-dealkylated 
metabolites of verapamil are also P-glycoprotein (P-gp) substrates 32. 
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Table 7. Concentration of (R)-[11C]verapamil and the ‘polar’ SPE fraction in plasma 
and brain, expressed in %ID/g 

Time (min.) Plasma  Brain
 Cverapamil Cpolar SPE fraction Cverapamil Cpolar SPE fraction

5 0.33±0.25 0.04±0.02 0.22±0.13 0.01±0.01
10 0.20±0.10 0.07±0.02 0.17±0.06 0.02±0.01
30 0.13±0.05 0.08±0.08 0.12±0.07 0.04±0.02
60 0.07±0.02 0.17±0.04 0.03±0.01 0.07±0.01

In table 7, the concentration of both (R)-[11C]verapamil and the ‘polar’ SPE frac-
tion in plasma and brain are listed. All concentrations are very low. It seems that 
the [11C]-metabolites in the ‘polar’ fraction cross the BBB. Due to an equilibria-
tion effect, the concentration of the ‘polar’ [11C]metabolites in the brain remains 
lower than that in plasma during the 60 minutes study duration. An alternative 
explanation is that only part of the ‘polar’ fraction in plasma crosses the BBB or 
that part of the [11C] fraction has affinity for efflux transporters in the BBB and is 
transported out of the brain. Another explanation is that plasma and tissue bind-
ing of [11C]verapamil and the [11C]metabolites are different. Although it is not 
very likely, the ‘polar’ [11C]metabolites in brain tissue can also be a explained by 
locally N-demethylation of (R)-[11C]verapamil in brain tissue. Indirect evidence 
for demethylation in brain tissue is found for deprenyl 14.
The question arises whether these ‘polar’ [11C]metabolites are typical for 
[11C]verapamil or whether they are a common phenomenon for other N- or 
O-[11C]methyl labelled tracers. Shiue et al have investigated the use of [N-
methyl-11C]ketamine in mice and baboons for studying the N-methyl-D-aspar-
tate (NMDA) receptor 21. Like verapamil, ketamine undergoes extensive liver 
metabolism by cytochrome P450 isoenzymes and is mainly N-demethylated 33-35. 
Because [N-methyl-11C]ketamine is labelled in the same position as [N-methyl-
11C]verapamil, a similar ‘polar’ metabolite fraction would be expected. Studies 
in mice showed that in brain tissue, 30 minutes post- injection, only 8.2% was 
unchanged ketamine, suggesting that [11C]metabolites cross the blood-brain bar-
rier.
It is likely that a significant fraction of these [11C]metabolites are formed by N-
demethylation of [11C]ketamine. Due to the rapid metabolism of [11C]ketamine, 
the authors concluded that it was not an ideal tracer for studying the NMDA-
receptor 21.When studying specific receptor binding of [N-methyl-11C]ketamine 
in human brain 36,37, however, metabolism appeared not to be a major problem for 
quantification of PET data. 



86

Kinetics and metabolism of (R)-[11C]verapamil in the rat

86 8787

Kinetics and metabolism of (R)-[11C]verapamil in the rat

Will N-demethylation of [N-methyl-11C]verapamil be a problem for P-gp imag-
ing? It is clear from the present experiments in rats that the N-demethylation 
fraction can result in a non P-gp mediated signal in the brain. Changes in cerebral 
[11C] concentrations could therefore reflect changes in peripheral demethylation 
of [11C]verapamil rather than changes in P-gp function. Whether this is a problem 
in practice will depend on the metabolic plasma profile in men.
In a recent study with racemic [11C]verapamil it seemed to be possible to 
quantify P-gp transport into the human brain although metabolites of [N-
methyl-11C]verapamil were detected in plasma 4. In other studies with racemic 
[11C]verapamil in mice, rats and men 3,38,39 a relatively low level of labelled metab-
olites was found and these metabolites did not provide a major contribution to 
tissue concentration measurements with PET. 
Finally, several studies have shown that N-demethylation metabolism is more pre-
dominant in rats than in humans 40-42. Therefore, it is likely, that labeled metabo-
lites due to N-demethylation of (R)-[11C]verapamil will also be lower in humans, 
although this needs to be confirmed in future studies.
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Conclusion

A method has been developed for measuring the fractions of [11C]verapamil and 
its [11C]metabolites in plasma and tissue. 
Apart from [11C]polar metabolites, no other [11C]metabolites of verapamil (such 
as [11C]D-617 or [11C]D-703) were detected in rat brain. Formation of [11C]polar 
metabolites, such as formaldehyde, may result in non-P-gp mediated [11C]levels 
in the brain. This may influence BBB P-gp measurements. Further studies in men 
are needed to assess whether this might be a problem for quantification of P-gp 
in human studies.
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Abstract

Diminished P-gp mediated transport across the blood-brain barrier may play 
an important role in several neurodegenerative disorders. In previous studies, a 
racemic mixture of (R)-[11C]verapamil and (S)-[11C]verapamil has been used as 
tracer for assessing P-gp function using positron emission tomography (PET). 
Quantification, however, is compromised by potential differences in kinetics 
between these two isomers. The aim of the present study was to evaluate the kinet-
ics of pure (R)-[11C]verapamil in humans and to develop a tracer kinetic model for 
the analysis of P-gp mediated transport of (R)-[11C]verapamil, including the puta-
tive contribution of its radioactive metabolites. Dynamic (R)-[11C]verapamil PET 
scans of ten male volunteers were analysed with various single tissue or two-tissue 
compartment models, with separate compartments for N-dealkylated and N-
demethylated metabolites, assuming that either (R)-[11C]verapamil alone or (R)-
[11C]verapamil and any combination of metabolites cross the BBB. In addition, 
six of the subjects underwent two (R)-[11C]verapamil scans to evaluate test-retest 
reliability. One hour after injection, 50% of total plasma radioactivity consisted 
of labelled metabolites. Most models fitted the data well and the analysis did not 
point to a definite ‘best’ model, with differences in optimal model between sub-
jects. The lowest mean test-retest variability (2.9 %) was found for a single tissue 
model without any metabolite correction. Models with separate metabolite com-
partments lead to high test-retest variability. Assuming that differences in kinetics 
of (R)-[11C]verapamil and N-dealkylation metabolites are small, a one input, one 
tissue model with correction for N-demethylation metabolites only leads to a 
good compromise between fit quality and test-retest variability.
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Introduction

P-glycoprotein (P-gp) is the major efflux pump in the blood-brain barrier (BBB). 
It has been hypothesized that diminished P-gp mediated transport across the BBB 
may play an important role in several neurological disorders such as Alzheimer’s 
disease 1 and Parkinson’s disease 2. [11C]verapamil has been proposed as a ligand 
for measuring P-gp function using positron emission tomography (PET) 3,4. In 
initial animal and human studies use was made of a racemic mixture of (R)- and 
(S)-[11C]verapamil 2-7. The validity of using [11C]verapamil as a PET tracer for 
P-gp function in humans was demonstrated by an increased cerebral uptake 
of [11C]verapamil following blockade of P-gp with cyclosporine 7. Because of 
differences in hepatic metabolism, plasma protein binding and plasma clear-
ance between these two enantiomers, their tissue uptake may also be different. 
Since it is not possible to distinguish between possible differences in plasma and 
tissue kinetics of both isomers using activity measurements, a pure enantiomer 
is required for quantitative studies. For this reason pure (R)-[11C]verapamil was 
developed, as it appeared to be the best enantiomer for measuring P-gp function 
in vivo 8.
 
The physiological properties of (R)-[11C]verapamil and its radioactive metabolites, 
such as blood-brain barrier permeability and affinity for P-gp, should determine 
the choice of pharmacokinetic model for analyses of (R)-[11C]verapamil data. 
Previous studies in rats have shown that verapamil is metabolised through N-
demethylation, O-demethylation and N-dealkylation 9. The first of these path-
ways produces metabolites such as [11C]formaldehyde, [11C]formic acids and 
[11C]CO

2
, which are referred to as the ‘polar fraction’, and can amount to 70% 

of the total plasma radioactivity at 1 h after injection in rats. An overview of the 
metabolic pathways of [11C]verapamil is given in figure 1.
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Figure 1. Metabolic pathways of [11C]verapamil, indicating the abbreviations V, H and 
P used in the present paper.
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Because of its high lipophilicity, [11C]verapamil readily passes the blood-brain 
barrier, and as a result of its high affinity for P-gp, subsequently it is rapidly 
transported out of the brain. This high lipophilicity may also cause nonspecific 
binding. The similar high lipophilicity of N-dealkylated metabolites probably also 
leads to rapid brain uptake, and these metabolites are P-gp substrates 10. In addi-
tion, part of the polar fraction may also pass the blood-brain barrier, but these 
metabolites have no affinity for P-gp. In rats, polar metabolites amounted to 50% 
of total brain radioactivity at 60 min p.i., whereas N-dealkylation and O-demeth-
ylation products were not found in significant amounts. The large concentration 
of polar metabolites in brain may be due to either transport of these metabolites 
across the BBB after metabolism in the liver, or in situ metabolism in the brain 9. 
Thus, a significant contribution of radioactive metabolites to the PET signal 
measured in the brain cannot be excluded, and the kinetics of these metabolites 
may differ from those of the parent tracer (R)-[11C]verapamil. Therefore, tracer 
kinetic models have to be evaluated which allow for the contribution of these 
radioactive metabolites. 
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The aim of the present study was to investigate the plasma kinetics of (R)-
[11C]verapamil in humans and to establish a pharmacokinetic model for the analy-
sis of P-gp mediated transport of (R)-[11C]verapamil. Both volume of distribution 
V

d
 and efflux rate constant k

2
 were considered as potential (surrogate) measures of 

P-gp function. Previously, V
d
 as determined by Logan graphical analysis 2,11 and 

the ratio of areas under the tissue and plasma curves 7 have been used as measures 
for P-gp mediated transport of [11C]verapamil. However, the efflux rate constant 
k

2
 can be seen as a more direct measure of P-gp function, assuming it is inde-

pendent of blood flow. Considering the observations given above, the possible 
contribution of radioactive metabolites was included in the present analysis. An 
accurate description of the kinetics of the parent tracer depends not only on the 
accuracy of the PET data themselves, but to a high degree also on the accuracy of 
the measurements of plasma concentrations of parent tracer and its metabolites. 
Therefore, simulations were performed to assess the effect of measurement uncer-
tainty of blood radioactivity measurements and PET time activity curves on the 
stability of various evaluated compartmental models. Finally, test-retest variability 
of (R)-[11C]verapamil measurements was assessed for each of the candidate tracer 
kinetic models.
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Materials and methods

Synthesis of (R)-[11C]verapamil

(R)-[11C]verapamil was synthesised as described previously 12. After synthesis the 
compound was formulated in a saline / ethanol solution 90% / 10% v/v. The 
specific activity was 43 ± 12 (mean ± SD) GBq/µmol at time of injection, and the 
radiochemical purity was > 98%.

Scan procedure

Ten healthy male volunteers (mean age 43, range 21-68) were included in this 
study. All subjects were extensively screened for somatic and neurological disor-
ders and had to fulfil research diagnostic criteria for never mentally ill. All subjects 
were screened for the use of drugs of abuse and had a normal MRI. They gave 
informed consent and the study was approved by the Medical Ethics Committee 
of the VU University Medical Centre. Following cannulation of radial artery and 
ante-cubital vein, all subjects underwent 1 h dynamic PET scans consisting of 20 
frames after injection of 366 ± 27 (mean ± SD) MBq of (R)-[11C]verapamil. Six 
of the subjects underwent two scans on one day, at 10.30 h and 14.00 h, to allow 
for measurement of test-retest variability. All PET scans were acquired using a 
CTI/Siemens (Knoxville, Tennessee) ECAT Exact HR+ scanner in 3D acquisition 
mode. Images were reconstructed by filtered back projection (FBP) applying a 
Hanning filter with cut-off at 0.5 of the Nyquist frequency, resulting in a recon-
structed spatial resolution of approximately 6.5 mm in the centre of the field of 
view of the scanner. Data were corrected for dead time, scattered radiation and 
random coincidences, and normalised using methods included in the standard 
ECAT 7.2 software. Attenuation correction was based on a 10 min transmission 
scan obtained using rotating 68Ge rod sources.

Grey-white matter segmentation

For each patient, a T1-weighted structural MRI scan was acquired. PET and MRI 
images were co-registered using a mutual information registration algorithm 13. 
The co-registered MRI was segmented into grey matter, white matter and extra-
cerebral fluid using a fully automated procedure 14. Whole brain grey matter 
regions of interest (ROIs) were defined based on the segmented MRI images and 
mapped onto the PET images. 
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Blood sampling and bio-analysis of (R)-[11C]verapamil in arterial plasma

Arterial blood was sampled continuously during the course of the scan using 
an automatic on-line blood sampler (Veenstra, Joure, The Netherlands) 15. At 
2, 5, 10, 20, 30, 40 and 60 minutes after injection of (R)-[11C]verapamil, addi-
tional arterial blood samples (10 ml) were collected. These samples were used 
to measure plasma-to-whole-blood (P/B) radioactivity ratios and to measure 
the radioactive fractions of (R)-[11C]verapamil and its radioactive metabolites 
in blood and plasma. Plasma samples were analysed using solid-phase extraction 
(SPE) combined with high performance liquid chromatography (HPLC) using 
off-line radioactivity detection, as described previously 9. Three fractions were 
determined: (R)-[11C]verapamil, HPLC metabolites (N-dealkylated products 
and O-demethylated products) and a polar fraction (N-demethylated products). 
A Hill-type function 16,17 was fitted to the P/B ratios and the parent and polar 
fractions to interpolate these to the same time scale as the on-line blood data. 
The on-line curve was then calibrated using the seven sample blood radioactivity 
concentrations, and parent and polar metabolite input functions were calculated 
by multiplication of the calibrated on-line curve with the fits to the P/B ratios 
and parent and polar fractions. The HPLC metabolite input function was calcu-
lated as the total plasma curve minus parent and polar fraction input functions. 
Measurement uncertainties in parent, HPLC and polar fractions were estimated 
based on Poisson statistics of the radioactivity measurements.

Compartment analysis

As mentioned in the introduction, a number of possibilities exist concerning 
transport of (R)-[11C]verapamil and its labelled metabolites across the blood-
brain barrier into the brain and their subsequent clearance from the brain. These 
involve uptake of none, one or both of the metabolite fractions in the brain, and 
kinetics that are either similar to or different from those of the parent tracer. In 
addition, the possibility of in situ metabolism in the brain can be considered. Each 
metabolite fraction was assumed to have homogeneous kinetics. Any combination 
of these assumptions was assessed, leading to a variety of compartment models 
based on the general model shown in figure 2 and table 1. 
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Figure 2. General three-input compartment model considered for kinetic analysis of 
(R)-[11C]verapamil. Each of the three inputs, verapamil (V), HPLC metabolites (H) 
and polar fraction (P), as also indicated in figure 1, can have either different (e.g. V, 
H, P) or similar (e.g. V+H+P) single tissue compartment kinetics (K

1
, k

2
 > 0). In 

addition, a reversible two-tissue model for verapamil itself (K
1
, k

2
, k

3
, k

4
 > 0) and a 

single tissue model with loss by in situ metabolism in the brain (K
1
, k

2
, k

3
, k

loss
 > 0) 

were considered.

CV, freeCV, pl

CH, pl

CP, pl
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As the concentration of P-gp was assumed to be approximately uniform in grey 
matter (e.g. see figure 8), kinetics of (R)-[11C]verapamil were also assumed to be 
similar across the grey matter structures. Therefore, only whole brain grey matter 
time activity curves (TACs) were used in the present study in order to obtain the 
best possible statistics for model development.
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Non-linear fits of whole brain grey matter only time-activity curves were per-
formed using Matlab (The Mathworks, Natick, MA). Fractional blood volume 
was included as a fit parameter. For each of the fits the weighted sum of squared 
residuals (WSSR) and the Akaike information criterion (AIC) were calculated 18. 
In addition, for each patient Akaike weights were calculated for all models 19. 
Akaike weights, normalised to one for all fits together, give a relative probability 
of each model being the correct one for a given patient. These were then used for 
determining the model that performed best across patients. 

Graphical analysis

Whole-brain grey matter Logan plots 11 were generated for each of the scans with 
or without correction for HPLC metabolites and/or polar fraction. A standard 
blood volume of 7% was used for all patients. In addition, parametric images of 
the volume of distribution were generated using voxel-by-voxel Logan analysis. 
The latter analysis was performed to address possible regional variations in uptake 
of (R)-[11C]verapamil.
 
Test-retest variability

Using data from the six subjects that were scanned twice, the test-retest variabil-
ity of V

d
, k

2
, and V

d, Logan
 was calculated for all models and Logan analyses as the 

absolute difference between the results of the test and retest scans, divided by the 
mean of these two values.

Simulations

The effects of metabolite correction, the number of compartments and the inclu-
sion of a metabolite input function on the accuracy and precision of the results of 
the kinetic analyses were assessed using Monte Carlo simulations. Poisson meas-
urement uncertainties in tracer fraction, HPLC metabolite fraction and polar 
fraction were calculated for five of the patients based on the number of measured 
counts in the well counter for all measured samples. Subsequently, a standard, 
essentially noise-free data set was created by averaging the on-line whole blood 
radioactivity curves, parent fractions, HPLC metabolite fractions, polar fractions, 
P/B ratios and whole-brain grey matter time activity curves for all 16 scans. One 
hundred data sets were simulated by adding Gaussian noise, with standard devia-
tion corresponding to the estimated measurement uncertainties in tracer fraction, 
HPLC metabolite fraction, polar fraction and plasma to whole blood ratios. An 
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average noise level of 10%, distributed between frames according to the trues 
rate in each frame, was added to the TAC. All models were fitted to each of the 
simulated data sets and the coefficients of variation and bias relative to the result 
for noise-free data of V

d
, k

2
, and V

d, Logan
 were calculated. For each of the simulated 

data sets, the optimal model was determined using AIC and WSSR. 
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Results

Plasma metabolism

At 1 h p.i., the parent fraction was 45 ± 9 %, with 32 ± 6 % of the plasma 
radioactivity originating from N-dealkylation metabolites, and 23 ± 6 % from N-
demethylation metabolites. O-demethylation products were not observed. Mean 
values for parent fraction, polar fraction, HPLC metabolites and P/B ratio are 
given in figure 3. The parent fraction measurement uncertainty varied from 1% 
for the first to 10-15% for the last sample, based on count statistics of the HPLC 
samples, which were comparable to those of other 11C-labelled tracers 17.

Figure 3. Mean (± SD) parent fraction, polar fraction, HPLC metabolite fraction and 
plasma to whole blood ratio (P/WB ratio) for all scans.
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All models, except the single tissue (R)-[11C]verapamil only model, fitted the data 
well. Mean Akaike weights are given in Figure 4.
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Figure 4. Mean Akaike weights for all considered models. The error bars reflect the stand-
ard deviation between subjects.
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Graphical analysis

Figure 5 shows V
d, tracer

 obtained from Logan analyses compared with correspond-
ing compartment models. There is a good correlation between Logan analysis and 
compartment model without metabolite correction or after correction for polar 
metabolites only (r2 > 0.8).

Figure 5. V
d
 obtained from Logan analysis versus V

d
 from compartment analysis, with no 

metabolite correction, correction for polar metabolites only, and full metabolite correction. 
The dashed line is the line of identity.
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Test-retest variability

No significant differences in parent and metabolite concentrations in plasma were 
found between test and retest studies. Figure 6 shows the test-retest variability for 
each of the evaluated models as well as for the various Logan analyses. There were 
no significant differences between V

d
 and k

2
 of test and retest studies using any of 

the compartment models. Logan analyses with full or HPLC-only metabolite cor-
rection differed significantly according to a paired student’s t-test (p<0.05), always 
showing a lower V

d
 for the retest scans.

Figure 6. Test-retest variability of Vd (top) and k2 (bottom).
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Simulations

Figure 7 shows the CoV and bias of the volume of distribution of (R)-
[11C]verapamil. The CoV of k

2
 is also given. With noise-free TACs, the highest 

mean Akaike weight was given to the two input, single tissue compartment model 
assuming similar kinetics for both metabolite fractions. With noisy TACs, the 
highest mean Akaike weight was found for the single tissue compartment model 
without any metabolite correction. This model also led to the lowest CoV irre-
spective of the TAC noise level. 

Figure 7. Coefficients of variation of V
d
 and k

2
 (A-C) and bias of V

d
 relative to noise-free 

start data (D) of 100 simulated data sets for all evaluated compartment models and Logan 
analyses. A: noise-free TACs, noisy metabolite data; B: TACs with 10% noise and noise-free 
metabolite data; C: TACs with 10% noise and noisy metabolite data. 
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Parametric images
 
Figure 8 shows volume of distribution images obtained by Logan analysis, reveal-
ing a rather homogeneous uptake of (R)-[11C]verapamil across grey matter, with 
a slightly higher uptake in grey than in white matter and high uptake in the ven-
tricles.

Figure 8. From left to right: T1-weighted magnetic resonance image and typical para-
metric Vd images of a central brain slice, obtained by Logan analysis without metabolite 
correction (V+H+P), with correction for polar metabolites (V+H), and with correction 
for all metabolites (V). The colour bar reflects the scale of the Vd images. 
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Discussion

In the present study, a tracer kinetic model for quantification of P-gp function 
using (R)-[11C]verapamil was developed. Previous studies have shown that metab-
olism in rats was mainly by N-demethylation, with minor fractions of N-dealkyla-
tion and O-demethylation metabolites. Around 70% of the blood radioactivity 
at 1 h p.i. was due to N-demethylation metabolites and a large accumulation of 
these metabolites in rat brain was found, amounting to up to 50% of the total 
brain activity at 1 h p.i. 9. In humans, metabolism was found to be mainly by 
N-dealkylation and to a lesser extent N-demethylation, whereas O-demethyla-
tion products were not found. Approximately 20% of the blood radioactivity in 
humans at 1 h p.i. was due to N-demethylation metabolites, the polar fraction. 
Polar metabolites are generally not considered to enter the brain, but their high 
uptake in rat brain indicates either that part of this polar fraction does pass the 
BBB, or, less likely, that these metabolites are a product of in situ N-demethyla-
tion in the brain. The concentration of polar metabolites in the brain in humans 
is, if any, expected to be low because of the much smaller blood concentrations 
of these metabolites in humans compared with rats. In addition, N-dealkylation 
products such as [11C]D617 probably cross the BBB and in vitro studies have 
shown that they are P-gp substrates that may have comparable kinetics as (R)-
[11C]verapamil 7,10. The plasma kinetics measurements confirm that the metabo-
lism of (R)-[11C]verapamil is slower than that of the racemic mixture and hence 
that of (S)-[11C]verapamil. In the present study, the percentage of unchanged 
metabolites in plasma was 57 ± 10 % at 40 min p.i compared with around 35 % 
at 45 min p.i. for a racemic mixture 7, measured using the same method.

Based on the information above, a number of tracer kinetic models was devel-
oped assuming various underlying similarities or differences in kinetics of (R)-
[11C]verapamil and the two metabolite fractions found in humans (figure 2). In 
situ metabolism in the brain was also considered. Since, apart from the informa-
tion above, there is no actual knowledge of the kinetics of the metabolites, the 
optimal model cannot be selected based on the accuracy of its description of the 
underlying biological processes. Instead, fit accuracy together with precision and 
accuracy of the model outcome, being either V

d
 or k

2
, were used to determine the 

optimal model. 
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Fit accuracy

Single tissue compartment models without any metabolite correction or with cor-
rection for polar fraction only resulted in the highest mean Akaike weights. The 
spread in Akaike weights between patients, however, was high, as indicated by the 
relatively large standard deviations of the mean Akaike weights of these models 
in figure 4. Additional models obtaining high Akaike weights were the two tissue 
model with uptake of (R)-[11C]verapamil only followed by loss by metabolism, 
and the reversible two tissue model with uptake of verapamil only. Models with 
generally low Akaike weights were the single tissue model with uptake of only (R)-
[11C]verapamil, which was the only model that resulted in visibly poor fits, and all 
models containing six parameters.

Model precision and accuracy

Test-retest variability and model precision as found in the simulation study was 
generally lower for V

d
 than for k

2
, making V

d
 a more robust measure of P-gp func-

tion. This is expected because of the generally better precision and accuracy of 
macro-parameters compared to micro-parameters. No good correlation between 
V

d
 and k

2
 was found for any of the models. Differences in test-retest variability 

between models corresponded well with differences in precision found in the 
simulation study. Five models showed an acceptable V

d
 test-retest variability of 

approximately 5% or better: single input models without metabolite correction 
(V+H+P 1T), with correction for the polar fraction only (V+H 1T), and with 
correction for all metabolites (V 1T), and dual input models with either a two-
tissue compartment fit for (R)-[11C]verapamil and HPLC metabolites and a single 
tissue compartment fit for polar metabolites (V+H 2T, P 1T) or a single tissue 
compartment fit for (R)-[11C]verapamil and a single tissue compartment fit for all 
metabolites together (V 1T, H+P 1T).

The model with full metabolite correction (V 1T) can be discarded because of 
its poor fit quality. The V 1T, H+P 1T model leads to a higher bias than the 
other models in case of noisy PET data, and is biologically not very likely because 
polar metabolites are expected to behave differently from (R)-[11C]verapamil and 
HPLC metabolites. This argument also applies to the model without any metabo-
lite correction, V+H+P 1T, although it fits the data well and results in the highest 
mean Akaike weight. The remaining two models are the single input, single tissue 
compartment model with correction for polar metabolites (V+H 1T) and the two 
tissue compartment model assuming similar kinetics for (R)-[11C]verapamil and 



108

Kinetic analysis of (R)-[11C]verapamil

108 109109

Kinetic analysis of (R)-[11C]verapamil

HPLC metabolites combined with a polar metabolite compartment (V+H 2T, 
P 1T). The single tissue compartment model with correction for polar metabo-
lites only has the second highest mean Akaike weights, although the variations 
between patients are large. The other remaining model gave a low Akaike weight 
because of the large number of parameters, and a poorer precision than the other 
models in case of noisy PET data as seen in figure 7. However, it is the only model 
that separately accounts for possible uptake of polar metabolites that has good 
test-retest variability, and its bias is the lowest among the more complex models.

For any given model, noise in time activity curves has a much larger effect on 
precision than noise in metabolite data. The variations in precision between the 
different models can be explained by both metabolite data noise, resulting in 
a poorer precision for models with more input functions, and by the number 
of model parameters. This results for example in a poorer precision of a model 
assuming different kinetics of (R)-[11C]verapamil and HPLC metabolites (V 1T, 
H 1T) than of a model assuming similar kinetics of these two fractions (V+H 1T). 
This effect is less pronounced with separate treatment of the polar fraction since 
its measurement uncertainty is smaller than that of the other two fractions. As 
seen in figure 7, any model where (R)-[11C]verapamil and HPLC metabolites are 
treated separately shows a poorer precision than models where these two fractions 
were treated as having similar kinetics.
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Figure 9. Comparison of Vd values of various models.
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Figure 9 shows two scatter plots of V
d
 values found for the models with the lowest 

test-retest variability and the three input, three tissue compartment model allow-
ing for separate kinetics of all three fractions. Assuming different kinetics for 
(R)-[11C]verapamil and metabolite fractions generally leads to a slightly lower V

d
 

of (R)-[11C]verapamil as compared with assuming similar kinetics. Furthermore, 
addition of an extra polar fraction compartment to a V+H compartment model 
or assuming similar kinetics of the polar fraction both lead to a relatively small 
decrease in V

d
, which indicates that the contribution of N-demethylation metabo-

lites to the brain signal is indeed small. This is confirmed by the fact that V
d
 values 

obtained using only the first 30 min of the scan, when the polar fraction is even 
smaller, are very similar to those found using the whole scan (figure 10).



110

Kinetic analysis of (R)-[11C]verapamil

110 111111

Kinetic analysis of (R)-[11C]verapamil

Figure 10. Vd values based on the first 30 min of the PET data compared with corre-
sponding data over the complete 60 min interval.
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Individual patient data do not give an unambiguous answer to the question of how 
many input functions and compartments can best describe the measured whole 
brain time-activity curves. A model without any metabolite corrections most likely 
does not reflect biological reality, since polar metabolites are expected to behave 
very differently than (R)-[11C]verapamil and HPLC metabolites. Performing no 
metabolite correction at all is tempting, especially as it describes the data well with 
only few parameters. In that case, however, it would not be possible to account 
for possible differences in metabolism due to age, disease or medication. This, 
in turn, may lead to erroneous outcomes (variable bias) when studying effects of 
diseases on P-gp function with (R)-[11C]verapamil. Full metabolite correction on 
the other hand, assuming that none of the metabolites cross the BBB, gives a poor 
description of the data in case of a single tissue compartment model, and a low 
precision in case of a two-tissue compartment model. Two models that are bio-
logically possible, describe the data well, and show good precision and accuracy 
are the single and two-tissue compartment models assuming identical kinetics 
for (R)-[11C]verapamil and HPLC metabolites. The two-tissue model, however, 
requires a separate polar fraction compartment, which leads to higher bias in case 
of noisy PET data. Since the single input, single tissue compartment model using 
the sum of (R)-[11C]verapamil and HPLC metabolites in plasma as input function 
is the preferred model according to the Akaike information criterion and has the 
lowest test-retest variability, this will be the model of choice for further studies 
with (R)-[11C]verapamil. Nevertheless, further studies are required to assess the 
contribution of labelled metabolites to the signal, e.g. by performing separate 
studies following injection of these metabolites.
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Graphical analysis

Correlation between V
d
 obtained by Logan graphical analysis and by correspond-

ing compartment models was good, as shown in figure 5. A disadvantage of the 
Logan method is that fractional blood volume can at best be included as a fixed 
parameter. The significant difference between test and retest V

d
 values found 

using Logan analysis is likely the result of fixing blood volume, as the actual blood 
volumes, determined as fit parameter in the compartment fits, were on average 9 
% lower in the afternoon scans than in the morning scans (p<0.05). This did not 
affect the results of the compartment analyses since blood volume was included 
as a fit parameter, i.e. no significant difference between test and retest V

d
 was 

observed with any of the compartment models. An important advantage of Logan 
analysis is the possibility to create parametric V

d
 images as shown in figure 8. This 

would make it an ideal method for a first pass analysis, such as voxel-by-voxel sta-
tistical analysis or for selecting tissues of interest for ROI definition. The results of 
the present study, however, make it clear that the final quantitative analysis should 
be based on fitting time-activity curves including a blood volume parameter.

Studies of various neurodegenerative diseases with (R)-[11C]verapamil may be 
affected by the inclusion of radioactive metabolites in the tracer kinetic model, 
primarily by showing reduced sensitivity to changes in P-gp function. PET scans 
of labelled metabolites of (R)-[11C]verapamil themselves could give more insight in 
the kinetics of these metabolites 20,21. Such future studies should indicate whether 
the contribution of labelled metabolites should be taken into account in a more 
sophisticated manner. Heterogeneous tissue uptake and P-gp function, although 
not observed by visual inspection of the radioactivity concentration or paramet-
ric images (figure 8), may complicate the search for the optimal model using a 
whole-brain gray matter ROI. Therefore, future investigations will involve the use 
of smaller ROIs and parametric images to study regional differences in uptake of 
either (R)-[11C]verapamil or its metabolites using multi-input spectral analysis, 
allowing for parametric images based on more than one input function 22. 

In conclusion, at present, the model of choice for kinetic analysis of (R)-
[11C]verapamil is a single input, single tissue compartment model with the sum of 
(R)-[11C]verapamil and N-dealkylation metabolites in plasma as input function. 
This model is the optimal compromise between fit accuracy, precision and bio-
logical likelihood.
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Abstract

P-glycoprotein (P-gp) is an efflux-transporter responsible for the transport of 
various drugs across the blood-brain barrier (BBB). Loss of P-gp function with 
age may be one factor in the development and progression of neurodegenerative 
diseases. The aim of this study was to assess the effect of ageing on BBB P-gp 
function. Furthermore, the relationship between BBB P-gp activity and periph-
eral P-gp activity in CD3 positive leucocytes was investigated. Finally, plasma 
pharmacokinetics of (R)-[11C]verapamil were evaluated.
(R)-[11C]verapamil and positron emission tomography were used to assess grey 
matter P-gp function. As (R)-[11C]verapamil is a substrate for P-gp the volume of 
distribution (V

d
) of (R)-[11C]verapamil in the brain inversely reflects P-gp func-

tion in the BBB. 
Average V

d
’s for five young (range 21 to 27 years) and five elderly (range 59 to 68 

years) healthy volunteers were 0.62 ± 0.10 and 0.73 ± 0.07, respectively (p = 0.03). 
The activity index of P-gp activity in CD3 positive leucocytes was 2.88 ± 0.77 in 
young volunteers and 1.76 ± 0.58 in elderly volunteers (p = 0.02). 
This study showed decreased P-gp activity during ageing. Consequently, the brain 
may be exposed to higher drug and toxin levels in elderly subjects.
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Introduction

The blood-brain barrier (BBB) serves as a barrier for large hydrophilic and 
lipophilic molecules between central nervous system (CNS) and blood. The main 
purpose of the BBB is to maintain homeostasis in the CNS. Another important 
function of the BBB is to protect the CNS against toxic compounds 1.
Due to tight junctions between endothelial cells of brain capillaries, only small 
polar molecules can enter the brain by passive diffusion. Larger polar compounds 
can be transported by facilitated transport via influx transporters (e.g. amino acid 
transport system, monocarboxylic acid transport system) 2.
Lipophillic molecules can pass through the membranes of the endothelial cells 
mainly through passive diffusion. Carrier mediated transport from brain to 
plasma (thus efflux) is another important function of the BBB and crucial for 
maintenance of locoregional homeostasis. There are many efflux transporters, 
such as those belonging to the multidrug resistance-associated protein (MDR) 
family. P-glycoprotein (P-gp), a member of this family, is a 170 kD large mem-
brane protein that is expressed at the blood side membrane of the brain capillary 
endothelial cells. This ATP-dependent efflux pump transports many different 
substances out of the brain. Substrates for P-gp, which are chemically diverse, pass 
the BBB by passive diffusion. Subsequently, P-gp restricts brain uptake of those 
substances by transporting them immediately out of the brain. This is the case for 
many drugs and toxins 3.
In vivo studies in mice have shown that P-gp plays a crucial role in protecting 
the brain from accumulation of pesticides and other potentially toxic substances. 
This suggests that a lower P-gp expression at the BBB or less functional P-gp may 
increase the risk of neurological diseases in individuals due to increased exposure 
to toxins 4. Furthermore, clinical studies also suggest that P-gp activity might 
influence the brain penetration of drugs 5. 

It has been postulated that gradual loss of the integrity of the blood-brain bar-
rier (BBB) may be a factor in the development of neurodegenerative diseases 6-8. 
Recently, Kortekaas et al. reported that patients suffering from Parkinson’s disease 
have decreased P-gp function compared with healthy age matched volunteers 
as measured with PET, suggesting a decreased P-gp function in this disease 9. 
Furthermore, there is evidence that P-gp expression at the BBB is inversely cor-
related with the number of β−amyloid (Aβ) plaques in the brains of elderly non-
demented humans and that P-gp function is crucial for Aβ clearance form the 
brain 10. Therefore, low BBB P-gp expression may be a an important etiologic and 
prognostic factor in the development of Alzheimer’s disease. 
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Genetic variation in the human Multi Drug Restistance (MDR1) gene, which 
codes for the P-gp protein may contribute to interindividual differences in BBB 
function. More than 20 single nucleotide polymorphisms (SNPs) have been iden-
tified in the human MDR1 gene. Some of these SNPs, notably a polymorphism in 
exon 26 (a CT change at position 3435), are associated with altered P-gp expres-
sion and activity in human tissue 11,12. 
Verapamil, a drug that is registered for the treatment of hypertension, is a sub-
strate for P-gp. When labeled with the positron emitter carbon-11, verapamil can 
be used to assess P-gp function using positron emission tomography (PET) 13,14. 

Because [11C]verapamil is actively transported out of the brain by P-gp, the 
volume of distribution of [11C]verapamil in the brain inversely reflects P-gp func-
tion in the BBB. Consequently, a larger volume of distribution reflects decreased 
P-gp function 15. 

In previous studies, a racemic mixture of (R)-[11C]verapamil and (S)-[11C]verapamil 
has been used to assess P-gp function using PET. Because of differences in hepatic 
metabolism, plasma protein binding and plasma clearance between (R)- and (S)-
verapamil, their tissue uptake may also be different. Since the differences in plasma 
and tissue kinetics of a racemic mixture of both enantiomers cannot be separated 
by radioactivity measurements, use of a selective enantiomer as tracer is a require-
ment for quantitative studies. Therefore, enantiomeric pure (R)-[11C]verapamil 
was developed and it was demonstrated that (R)-[11C]verapamil was superior to 
(S)-[11C]verapamil for assessment of P-gp function 16.
The aim of the present pilot study was to assess the role of ageing on P-gp func-
tion in the BBB using (R)-[11C]verapamil and PET in healthy volunteers. In addi-
tion, the relationship between the volume of distribution of (R)-[11C]verapamil 
in brain and P-gp activity in lymphocytes of healthy volunteers was investigated. 
The effect of the polymorphism of exon 26 in the MDR1 gene on P-gp function 
was also investigated.



118

Effect of age on functional P-glycoprotein

118 119119

Effect of age on functional P-glycoprotein

Methods

Subjects

Five young (range 21 to 27 years) and five elderly (range 59 to 68 years) normal 
male subjects were included in the study. All subjects were recruited through 
advertisements in newspapers and by means of flyers. Subjects had to be physi-
cally healthy and fulfil Research Diagnostic Criteria (RDC) of never mentally 
ill. This was determined by medical history, physical and neurological examina-
tions, and routine blood and urine screening. Subjects were also screened for use 
of drugs of abuse. All subjects had a Mini Mental State Examination (MMSE) 
within normal limits (27-30). Finally, all subjects had a normal MRI, which was 
evaluated by a neuroradiologist. Medication was allowed only if it was known not 
to interfere with P-gp function. The local Medical Ethics Committee of the VU 
University Medical Centre approved the study protocol and all subjects gave writ-
ten informed consent prior to entry into the study.

Synthesis of (R)-[11C]verapamil

(R)-[11C]verapamil was prepared as described previously 17. The tracer was for-
mulated with a mixture of sterile ethanol and saline solution 10%/90% v/v. 
The (R)-[11C]verapamil injection solution met the following pharmaceutical 
specifications: specific activity > 18.5 GBq/µmol; radiochemical purity > 98%; 
pH=5-8; organic solvents: acetonitril, tetrahydrofuran and dimethylsulfoxide 
each <50 ppm, bacterial endotoxins < 8,75 IU/ml (Vmax = 20 ml). The solution 
was colourless and sterile. 

PET protocol

Subjects underwent two identical PET procedures on the same day, at least 
4 hours apart. This was done to asses the test-retest variability of the PET method. 
All emission scans were performed in 3D acquisition mode using an ECAT Exact 
HR+ scanner (CTI/Siemens, Knoxville, TN, USA). Characteristics of this scanner 
have been described elsewhere.18 Prior to tracer administration, a 10 min transmis-
sion scan in 2D acquisition mode was performed, which was used to correct the 
subsequent emission scans for attenuation. Next, the (R)-[11C]verapamil emission 
scan was performed. Time frames used were (in order) 1 x 15, 3 x 5, 3 x 10, 2 x 30, 
3 x 60, x 150, 2 x 300 and 4 x 600 s, with a total scan duration of 60 minutes. 
(R)-[11C]verapamil was administered as a bolus injection, simultaneously with the 
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start of the first frame. Arterial blood was withdrawn continuously using an online 
blood sampling device described previously 19. All emission scans were normalized 
and corrected for attenuation, randoms, dead time, scatter, and decay. Emission 
scans were reconstructed using filtered back projection with a Hanning filter with 
a cutoff of 0.5 times the Nyquist frequency, resulting in a reconstructed spatial 
resolution of approximately 7 mm full width at half maximum at the center of the 
field of view. A zoom factor of 2 and a matrix size of 256 x 256 x 63 were used 
resulting in a voxel size of 1.2 x 1.2 x 2.4 mm.

Plasma metabolite analysis and pharmacokinetics

At 2.5, 5, 10, 20, 30, 40 and 60 min after tracer injection blood sampling was 
interrupted briefly for withdrawal of 7 ml manual blood samples followed by 
flushing of the arterial line with heparinised saline. These manual samples were 
used to determine plasma and whole blood radioactivity concentrations using a 
well counter cross-calibrated against the PET scanner. In addition, plasma parent 
tracer and metabolite concentrations were determined using solid-phase extrac-
tion (SPE) combined with high performance liquid chromatography (HPLC) and 
radioactivity detection. This method, with some minor modifications, has been 
described previously 20.
A Hill-type function was fitted to the parent and polar metabolite fraction data 
before multiplication with the plasma curve to obtain the input curve 21. The 
area under the curve (AUC) of the parent and polar metabolite fraction data 
were calculated as the area under this fitted function. The clearance half-life of 
(R)-[11C]verapamil was determined using a single exponential fit to the verapamil 
blood concentration between 10 and 60 min post injection.

MRI protocol

All subjects had a magnetic resonance imaging (MRI) scan within 4 weeks of the 
PET procedure. T1 and T2 weighted MRI scans were acquired using a 1T MRI 
scanner (IMPACT, Siemens Medical Solutions, Erlangen, Germany). Voxel size of 
these MRI images was 0.98 x 0.98 x 1.49 mm.

Image analysis

MRI scans were used for definition of regions of interest (ROI). First, the skull 
was removed from the MRI scan using a brain extraction tool which is part of the 
FMRIB software library (www.fmrib.ox.ac.uk/fsl, Image analysis group, Oxford, 
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UK) 22. Then, de-skulled brain MRI and corresponding PET scans were aligned 
using a mutual information algorithm included in the image registration package 
MIRIT 23. Correct alignment was checked visually in three directions. Finally, a 
fully automated segmentation in grey and white matter was performed in order to 
generate specific grey and white matter time activity curves (TACs). This segmen-
tation was performed using an expectation-maximization algorithm, which is also 
part of the FMRIB software library 24. This segmentation procedure automatically 
removed the ventricles from the ROIs. Only whole brain grey matter TACs were 
used in the present study, because grey matter P-gp function is directly related to 
neuronal homeostasis (and thus functioning) in normal ageing and neurodegen-
erative disease, which will be the focus of future research. 

Tracer Kinetic Modeling

Whole-brain grey matter TACs were analysed using a single tissue compartment 
model, as shown in figure 1, assuming similar kinetics of verapamil and HPLC 
metabolites and no brain uptake of polar metabolites 14. Previous studies of a vari-
ety of models, including those with contributions of radioactive metabolites, have 
shown that this model fits the PET data well and has good reproducibility 21. The 
volume of distribution (V

d
), determined by a non-linear fit of the top equation 

in figure 1 to the PET time-activity data, was used as measure of P-gp function. 
V

d
 is a robust parameter, independent of inter-individual differences in tracer bio-

availablity and cerebral blood flow 15. 

Figure 1. Tracer kinetic model used for analysis of (R)-[11C]verapamil PET data. The 
radioactivity concentration of verapamil and HPLC metabolites in plasma and tissue, 
respectively, are indicated with cpl and ctissue, respectively; cPET is the radioactivity concen-
tration as measured with PET, and cwb is the whole blood ratioactivity concentration. Vd 
is the distribution volume. The fit parameters K1, k2 and vb are the uptake and clearance 
rate constants and the fractional blood volume, respectively
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Detection of P-gp function

CD3 positive T lymphocytes were selected as a standardized blood cell fraction 
to investigate the P-gp function in readily accessible cells from healthy volun-
teers 25,26. Peripheral Blood Monocytes (PBMCs) were isolated from a sample of 
5 ml defibrinated whole blood by gradient centrifugation (35’ at 400xg) on Ficoll-
Paque Plus (Amersham Biosciences, Amersham, UK, cat nr 17-1440-02). After 
centrifugation the interphase was collected carefully and washed using Phosphate 
Buffered Salt solution (PBS). The lymphocyte fraction was counted and frozen 
in 10% Dimethyl Sulfoxide (DMSO) and kept in liquid nitrogen until use. 
Frozen PBMCs were rapidly thawed as described before 27. PBMCs were diluted 
in 15 ml IMDM containing 40% fetal calf serum (FCS) and preincubated for 
60 minutes at 37oC to allow recovery of metabolic activity. After 60 minutes the 
cells were washed in IMDM medium containing 10% FCS, 2 mM L-glutamine 
and 100 µg/ml penicillin and streptomycin. For the activity assay the cells were 
incubated at a concentration of 0.3·106 cells/ml in a 37oC water bath containing 
1.0 nM Syto16 (Green Fluorescent Nucleic Acid Stain, Molecular Probes Inc., 
Eugene, USA). Verapamil (1µM and 10µM) and P121 (10µM) (Reversin 121, 
Alexis Biochemicals, Lausen, Switzerland, cat nr ALX-270-305-M005) were used 
to block P-gp activity. After 60 minutes the cells were immediately washed twice 
with ice-cold PBS containing 0.5% Bovine serum albumin (BSA) and kept on 
ice. For detection of P-gp activity in CD3+ lymphocytes, cells were incubated 
for 30 minutes on ice with CD3-PE monoclonal antibody (Becton Dickinson, 
Alphen aan den Rijn, the Netherlands) and the appropriate isotype control. Cells 
were washed and kept on ice until acquisition. 
Flow cytometry was performed using a FacsScan (Becton Dickinson) equipped 
with a 488-nm argon laser with 530 nm (FL1), 585 nm (FL2) and a 670 nm 
(FL3) band pass filter. Cell Quest software (Becton Dickinson) was used for data 
acquisition and analysis. P-gp activity was expressed as an Activity Index (AI) 
where AI >1.0 is indicative of P-gp activity:
 
AI = Mean Fluorescence level in the presence of verapamil or P121 - non-loaded cells
 
 

Mean Fluorescence level in the abscence of verapamil or P121 - non-loaded cells

Determination of MDR1 genotype

From each healthy volunteer 5 ml blood was collected in an EDTA coated vial. 
DNA was isolated from these samples according to the method of Boom 28. 
Polymerase Chain Reaction (PCR) amplification was performed with slight 
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modifications to the method of Hoffmeyer et al. for the determination of poly-
morphism in exon 26 (C3435T) 10. PCR products were sequenced on an ABI 
PRISM 3100-Avant Genetic Analyser according to the protocol supplied by the 
manufacturer (Applied Biosystems, Foster City, CA, USA). 

Statistical analysis

All data were tested for normal distribution using a Shapiro-Wilk test. Differences 
in plasma pharmacokinetic parameters between young and elderly volunteers 
were analysed using two-tailed t-tests, whereas differences in distribution volumes 
and activity index were analysed using one-tailed t-tests because of the hypothesis 
of decreased P-gp activity in elderly volunteers. The level of significance was set at 
P < 0.05. Analyses were performed using the Analyse-it add-in for Microsoft Excel 
(version 1.71; Analyse-it Software Ltd, Leeds, UK).
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Results

Subjects were recruited in two age groups, with a mean age (± SD) of 25 ± 2.3 
(N=5; range 21 to 27) and 61 ± 3.6 (N=5; range 59 to 68) years, respectively. 
Mean weights (± SD) for the younger and elderly groups were 81 ± 7 and 
88 ± 18 kg (P = 0.25), respectively. Mean MMSE scores (± SD) for the younger 
and elderly groups were 29.6 ± 0.5 and 29.0 ± 1.2 (P = 0.30), respectively. One 
volunteer used nifedipine (10 milligram per three days) on a regular basis, which 
was stopped eight days before the PET scan. An overview of injected dose and spe-
cific activity of (R)-[11C]verapamil is given in Table 1. There were no significant 
differences in these parameters between young and elderly volunteers.
When two scans were available for a single subject, V

d
’s of both scans were aver-

aged. In four subjects, only one (R)-[11C]verapamil scan was available due to 
radiochemistry failure or obstruction of the arterial line. 

Table 1. Overview of the mean ± SD and range (between brackets) of injected dose and 
specific activity of (R)-[11C]verapamil.

 Young Elderly
Injected dose (MBq) 358 ± 27 (294-379) 373 ± 26 (317-408)
Specific activity (GBq/µmol) 45 ± 15 (26-80) 42 ± 12 (21-56)

Plasma metabolite analysis and pharmacokinetics

The total recovery of the SPE/HPLC analysis used was > 90%. Labeled metabo-
lites due to N-dealkylation and N-demethylation represented 30 and 20 %, 
respectively, of total plasma radioactivity 1 h after injection. HPLC experi-
ments confirmed that the metabolites formed by dealkylation were [11C]D617/
[11C]D717, whilst a “polar” fraction consisting of [11C]labeled small metabolites 
was due to N-demethylation of (R)-[11C]verapamil. Table 2 summarizes mean 
values (±SD) of fraction parent, fraction HPLC-metabolites and polar fraction in 
plasma at different time points.



124

Effect of age on functional P-glycoprotein

124 125125

Effect of age on functional P-glycoprotein

Table 2. Mean values ± SD of the average sample time, fraction of (R)-[11C]verapamil 
and its metabolites in plasma (% of total activity). N=18 for each point.

Time (min) (R)-[11C]verapamil [11C] HPLC-metabolites [11C]Polar fraction
2.4±0.2 97.0±2.9 2.3±2.9 0.8±0.6
5.25±0.3 94.4±2.3 2.4±0.9 2.9±1.5
10.1±0.1 85.0±6.9 7.8±2.8 7.7±4.4
20.1±0.3 70.2±9.9 17.6±4.9 12.8±4.7
30.0±0.2 62.7±10.3 21.5±6.2 15.5±5.8
40.1±0.2 56.9±9.7 25.5±8.6 17.3±4.4
59.2±1.2 49.0±13.4 30.1±7.8 22.3±5.5

Figure 2 summarizes plasma concentration measurements of (R)-[11C]verapamil 
expressed in Bq/g and corrected for injected dose and body weight. The plasma 
data of the test-retest PET scans were averaged. When the data of the second scan 
were not available only a single data set was used. Table 3 summarizes pharma-
cokinetic data of (R)-[11C]verapamil. 
According to two-tailed paired t-tests, no significant differences between test 
and re-test studies were found for AUC of the verapamil fraction and polar frac-
tion, AUC of the verapamil radioactivity concentration, or the clearance half-life 
between 10 and 60 min p.i. (p > 0.22, test-retest variability 8 %, 4%, 6 % and 15 
%, respectively). 

Table 3. Pharmacokinetic plasma data (mean ± SD).

Parameter Young Elderly p-value
AUC verapamil fraction (fraction⋅min) 39.3 ± 4.7 41.3 ± 4.6 0.50
AUC polar fraction (fraction⋅min) 8.4 ± 3.4 8.1 ± 1.7 0.85
AUC verapamil concentration (kBq⋅ml-1⋅min)  0.0077 ± 0.0007 0.0060 ± 0.0019 0.09
corrected for body mass and injected dose
Half-life verapamil 10-60 min (h) 51.7 ± 7.7 55.5 ± 6.6 0.39
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Figure 2. Plasma concentration of (R)-[11C]verapamil in young and elderly subjects. 
The concentration is expressed in Bq/g plasma and corrected for injected dose and body 
weight. 
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The mean V
d
 of (R)-[11C]verapamil for young and elderly volunteers was 0.62 

± 0.10 and 0.73 ± 0.07, respectively (p = 0.03). Individual results are shown in 
figure 3. The V

d
 test-retest variability is 4%, p = 0.44.

Figure 3. Volume of distribution (Vd) of (R)-[11C]verapamil in the brain in young and 
elderly volunteers as function of age (p = 0.03).
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P-gp activity and age

P-gp activity index (AI) of CD3 positive lymphocytes as a function of age is shown 
in Figure 4. The activity index could not be determined in one elderly volunteer 
because of technical problems. The activity index was 2.88 ± 0.77 in young and 
1.76 ± 0.58 in elderly volunteers (p = 0.02), respectively. No significant correla-
tion between the volume of distribution of (R)-[11C]verapamil in brain and P-gp 
activity in lymphocytes of healthy volunteers was found (R2 = 0.36, p = 0.09). 

Figure 4. P-gp activity of lymphocytes (AI) in young and elderly subjects as function of 
age (p = 0.02).
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Volunteers were screened for the C3435T polymorphism in the MDR1 gene. 
One homozygous mutant (TT) and 4 heterozygous mutant (CT) genotypes were 
found in the group of young volunteers. The elderly group consisted of 1 wildtype 
(CC) and 4 homozygous mutant (TT) alleles. Due to low numbers of subjects in 
each group no statistical analysis was performed.
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Discussion

The present pilot study shows that V
d
 of the P-gp specific substrate (R)-

[11C]verapamil in the brain is higher in elderly than in young healthy volunteers. 
In addition, decreased activity of P-gp in CD3 positive leucocytes in the elderly 
volunteers was found. Although, there was no significant correlation between the 
results of these assays, the data of the in vitro assay support the hypothesis that 
altered P-gp function in the elderly is an important factor for the increased V

d
 of 

(R)-[11C]verapamil in the brain. 
Plasma pharmacokinetics of (R)-[11C]verapamil was studied. At 60 minutes 
after injection (end of the PET-scan), approximately 50% of the plasma activ-
ity was still (R)-[11C]verapamil. The remaining activity in plasma was a fraction 
of 30% metabolites formed through N-dealkylation of the tracer ([11C]D-617/
[11C]D-717) and a fraction of 20% containing more polar metabolites formed 
through N-demethylation.
The N-dealkylated metabolites can pass the BBB and have been shown to be 
substrate for P-gp 29. The effects of these labeled metabolites on quantification 
of P-gp function has been investigated using compartment analysis and will be 
reported elsewhere 21. In short, the formation of the HPLC-metabolites had a 
small contribution on the measurements of the V

d 
and on the test-retest variabil-

ity. These results suggest that the labeled HPLC-metabolites have quite similar 
kinetics as (R)-[11C]verapamil. So, a one input, one tissue model with correction 
for polar metabolites leads to a good compromise between fit quality and test-
retest variability. It should be noted that differences in V

d
 cannot be explained by 

altered pharmacokinetics, as no significant differences in pharmacokinetics and 
metabolism between young and elderly volunteers was observed.
P-gp activity of CD3 positive lymphocytes was lower in elderly subjects. These 
data are supported by earlier findings that a decline in P-gp function in T CD4+ 
and CD8+ lymphocytes as a function of age may contribute to the decrease in T 
cell cytolytic activity with aging 24. In contrast, other studies revealed no differ-
ences in P-gp activity during ageing 30,31. In the present study, a significant effect 
in activity index in white blood cells during ageing was found.  
The relationship between the polymorphism of the MDR1 gene (C3435T in 
exon 26) and P-gp activity in CD3 positive leucocytes was also assessed. A 
homozygous mutant (TT) genotype showed relatively lower P-gp activity in CD3 
positive leucocytes compared with wild-type (CC) and heterozygous mutant 
(CT) alleles. Compared with population data, relatively more homozygous 
mutant genotypes (TT) were included than could have been expected in case 
of a normal distribution within a large population, where the frequency of 
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homozygous mutants should be about 25%. In earlier research, it was found that 
the TT genotype was related to a higher incidence of early-onset Parkinson’s dis-
ease 14,15. In contrast, other studies found no effect of P-gp polymorphism in rela-
tion to MDR-1 transport activities 32. According to the present data, there seems 
to be no relationship between the genotype (C3435T in exon 26) and V

d
 of (R)-

[11C]verapamil. Recently, Brunner et al. found no difference in brain distribution 
of racemic [11C]verapamil in healthy volunteers with different genotypes for the 
MDR1 gene 33. More studies in larger groups are required to determine the impact 
of P-gp phenotype and genotype on BBB P-gp function.
Other processes related to ageing also may affect the V

d
 of (R)-[11C]verapamil. 

An increased V
d
 can be caused by a higher permeability of the BBB, decreased 

P-gp function or a combination of those factors. In addition, atrophy can lead 
to a decrease in the volume of brain tissue 34. This could lead to artefacts due to 
partial volume effects 35,36. This would primarily lead to an underestimation of 
elderly V

d
 and therefore it would not account for the differences between young 

and elderly observed in the present study. In addition, given the low contrast in 
uptake between white and grey matter, partial volume effects are expected to play 
only a minor role.
Ultimately, decreased P-gp function may lead to pathological accumulation of 
its substrates, like certain drugs and toxins, especially if their transport from the 
brain critically depends on P-gp function. This may be especially important in 
the pathophysiology of neurodegenerative disorders, like Parkinson’s disease or 
Alzheimer’s disease. Indeed, it has recently been described that amyloid-β is a 
substrate for P-gp, suggesting that P-gp activity at the BBB could affect the risk 
for developing Alzheimer’s disease 37. 
In conclusion, during ageing the V

d
 of (R)-[11C]verapamil in the brain increases, 

which can be associated with a dysfunction of the BBB. 
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Summary

This thesis describes the development and first application of an assay for quan-
tifying P-glycoprotein (P-gp) function in the blood-brain barrier (BBB) using 
enantiomerically pure [11C]verapamil and positron emission tomography (PET). 
This assay is now available for studying P-gp functionality in the human brain 
in vivo and in a non-invasive manner. The physiological role of P-gp in the BBB 
is to protect the brain from toxic compounds circulating in the blood. In addi-
tion, evidence is emerging that P-gp expression in the BBB may play a role in 
the aetiology of several neurodegenerative brain disorders. Using this functional 
PET assay, it will be possible to study the role of P-gp in brain pathology more 
directly. In addition, because uptake of several new drugs in the brain is low, it 
is of interest to study the role of P-gp in relation to drug delivery. For example, 
this assay may be useful to assess the affinity for P-gp of these new drugs in vivo 
using (R)-[11C]verapamil as tracer. The BBB is located at the cerebral endothelial 
capillaries and contains several different influx and efflux transport systems. In 
chapter 2, the literature on stereoisomeric aspects of PET tracers, their transport 
mechanism across the BBB, especially the efflux transport, brain uptake and bind-
ing, is reviewed. BBB transport systems are able to transport endogenous and 
exogenous compounds from blood into brain, and vice versa. A clear difference 
exists in BBB transport of the enantiomers of several tracers. In addition, in most 
cases, binding of these labelled enantiomers to receptors and transporters is also 
stereoselective. Given the differences in transport and binding properties, it is 
concluded that quantitative PET studies should be performed using enantiomeri-
cally pure radiotracers.
In chapter 3, the radiosynthesis of the enantiomers of [11C]verapamil is described. 
For the evaluation of these enantiomers, in order to select the most appropriate 
candidate for clinical studies, a reliable high yield, fully automated, GMP compli-
ant synthesis was developed. (R)- and (S)-[11C]verapamil were prepared from (R)- 
and (S)-desmethyl-verapamil, respectively, by methylation with no-carrier added 
[11C]methyliodide or [11C]methyltriflate. Different conditions of the methylation 
reaction were studied: reaction time, temperature, base and solvent, and the 
chemical form (salt or free base). The synthesis was fully automated using home-
made modules and implemented according to GMP guidelines. Optimal yields 
of 60-70% for the methylation reaction were obtained using 1.5 mg of the free 
base of (R)- or (S)-desmethyl-verapamil in 0.5 millilitre of acetonitrile at 50 °C for 
5 minutes with [11C]methyltriflate as methylating agent. Under the same reaction 
conditions, but with a reaction temperature of 100 °C, the radiochemical yield 
starting with [11C]methyliodide as methylation reagent was 40%. The specific 
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activity of (R)- and (S)-[11C]verapamil was >20 GBq/µmol and the radiochemical 
purity was > 99% for both methods. The total synthesis time was 45 minutes. 
In chapter 4, evaluation of both (R)- and (S)-[11C]verapamil is described in in vitro 
and in vivo animal models. The aim of these studies was to select the most appro-
priate enantiomer for in vivo quantification of P-gp expression at the BBB using 
PET. The uptake of the [11C] labelled enantiomers of verapamil was measured in 
mdr-double gene knock-out (dKO) mice and in wild type (WT) mice in vivo. 
In the in vitro study P-gp mediated transport of both enantiomers of verapamil 
was determined in cell lines. The biodistribution of (R)- and (S)-[11C]verapamil 
in dKO and WT mice demonstrated no stereoselectivity of verapamil for P-gp in 
the blood-brain barrier and in the testes. In addition, no significant differences in 
P-gp mediated transport of both enantiomers were observed in the in vitro experi-
ments. Previous studies had shown that (R)-verapamil is metabolised to a lesser 
extent in man and that it has lower affinity for calcium channels. Since (R)- and 
(S)-verapamil are equally potent transport substrates of P-gp, the (R)-enantiomer 
was selected as the best and safest (pharmacologically less active) candidate as PET 
tracer for measuring P-gp function in vivo.
In chapter 5, metabolism of (R)-[11C]verapamil in rats is described. For quanti-
fication of P-gp function in vivo, (R)-[11C]verapamil can be used as a PET tracer, 
provided that a mathematical model describing kinetics of uptake and clearance of 
verapamil is available. To develop and validate a tracer kinetic model, the precise 
pharmacokinetic properties of (R)-[11C]verapamil have to be known. The aim of 
this study was to investigate the presence of labelled metabolites of [11C]verapamil 
in plasma and brain in Wistar rats. For this purpose, a bioanalytical method 
was developed. The radioactive metabolites of (R)-[11C]verapamil in liver were 
N-dealkylated compounds, O-demethylated compounds and a polar fraction 
formed by N-demethylation products. Apart from this [11C]polar fraction, other 
radioactive metabolites of [11C]verapamil were not detected in brain tissue. Thirty 
minutes after injection, unmetabolised (R)-[11C]verapamil accounted for 47 % of 
radioactivity in plasma, and 69% in brain. Sixty minutes after injection, 27 and 
48% was unmetabolised (R)-[11C]verapamil in plasma and brain, respectively. The 
formation of [11C]polar metabolites may result in non-P-gp mediated [11C]levels 
in the brain. This may obscure BBB P-gp quantification. It was concluded, that 
further studies in men were needed to assess whether this phenomenon would 
affect quantification of P-gp in humans.
Chapter 6 describes the evaluation of (R)-[11C]verapamil in healthy volunteers 
using a test-retest study. The objectives were to study the plasma and brain phar-
macokinetics of (R)-[11C]verapamil in men and to develop a mathematical model 
that best describes tracer kinetics for BBB P-gp quantification. The volume of 



136

Summary, general discussion and future perspectives

136 137137

Summary, general discussion and future perspectives

distribution (V
d
) of (R)-[11C]verapamil was used as the parameter that reflects 

functional P-gp. The plasma kinetics of (R)-[11C]verapamil in humans appeared 
to be different from those in rats. One hour after injection, 49 % of the total 
plasma radioactivity was still parent compound. In addition, 30% of the plasma 
activity consisted of metabolites formed from N-dealkylation ([11C]D-617/D-
717)) and only 20 % were more polar metabolites formed from N-demethyla-
tion of (R)-[11C]verapamil. This confirms previous results that N-demethylation 
of verapamil is more dominant in rats than in humans. In comparison with the 
results in Wistar rats, a significant smaller N-demethylation fraction in plasma 
(20% in men versus 70% in rat after 1 hour) was found. Part of this N-demeth-
ylation fraction in human plasma can result in non P-gp mediated 11C uptake in 
human brain. However, due to the very small N-demethylation fraction in human 
plasma, the contribution to the PET signal is probably very small. Therefore, it is 
assumed that this fraction does not provide a major contribution to tissue meas-
urements with PET. Based on excellent V

d
 test-retest results, Akaike weights, fit 

accuracy, precision and biological likelihood, it was concluded that a one tissue 
model with an arterial input function that represents the sum of [11C]verapamil 
and HPLC metabolites was the best model for quantification in further studies 
with (R)-[11C]verapamil.
Chapter 7 describes a pilot PET study in volunteers to investigate whether 
P-gp transport function alters during ageing. In addition, an in vitro test to 
assess P-gp functionality in lymphocytes was performed. Mean (± SD) V

d 
of 

(R)-[11C]verapamil in young and elderly healthy subjects was 0.62 (± 0.10) and 
0.73 (± 0.07), respectively. The difference between these groups was significant 
(p=0.03) and suggests some loss of blood-brain barrier integrity during aging. 
Pharmacogenetic differences between both groups may also have contributed to 
this difference. However, due to the low numbers of subject in this pilot study, the 
effect of genotyping remains inconclusive. Therefore, further studies are required 
to investigate the role of genotype and the impact of ageing on BBB P-gp function 
in more detail. 
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General discussion

The studies presented in this thesis describe the development and first human 
application of a quantitative in vivo assay for measuring regional P-gp function in 
the BBB using (R)-[11C]verapamil and PET.
Although there is some concern about its metabolic profile, (R)-[11C]verapamil 
has promise, given its very good test-retest variability and its ability to measure 
changes during normal aging. To address the future role of (R)-[11C]verapamil as a 
tracer of BBB P-gp function, its properties need to be compared with those of an 
ideal P-gp tracer. Such a tracer should at least fulfill the following criteria:

• Its synthesis should be amenable to high yield labeling with high specific 
activity;

• Its lipophilicity should be high enough for a sufficiently high first pass extrac-
tion, yet it should be low enough to guarantee low non-specific binding; 

• It should have high specificity for P-gp;
• Its rate of metabolism should be low and labeled metabolites should not cross 

the BBB.

The synthesis of (R)-[11C]verapamil was straightforward: methylation of norvera-
pamil with [11C]CH

3
I. This synthesis was automated and (R)-[11C]verapamil was 

produced under GMP conditions with a final yield of 2.1 ± 0.5 GBq, sufficient 
for routine applications, and with a specific activity of 97 ± 21 GBq.µmol–1, 
measured at the end of synthesis (n=17). It is known that verapamil is not only a 
substrate for P-gp, but in pharmacological concentrations it is also a P-gp inhibi-
tor. For this reason it is important to use a tracer with high specific activity. With 
the specified specific activity the dose of verapamil administered to humans is of 
the order of 10 nMol. Published biodistribution data in Wistar rats using racemic 
[11C]verapamil (1 GBq/µMol) as tracer dose and in combination with a phar-
macological dose of verapamil (200 µg/kg) showed no change in biodistribution 
1, indicating that specific activity of verapamil is not critical in Wistar rats for 
the range 0.01-1 GBq/µMol. Considering the differences in metabolic rates of 
verapamil in rat and human, it is not entirely certain whether these data can be 
extrapolated to the human situation. Therefore, in the present studies, non-car-
rier added (R)-[11C]verapamil was used for which a pharmacological effect is very 
unlikely.
Verapamil is a lipophilic drug (Log P

(calc)
= 4.8) 2. The lipophilicity of a tracer is 

critical, as it determines the ability of a tracer to enter the brain, together with 
its plasma free fraction, and its level of nonspecific binding. The lipophilicity of 
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verapamil implies that it can easily cross the BBB via passive diffusion, which is 
based on lipid solubility and molecular mass of the tracer 3. One of the disad-
vantages of high lipophilicity is the association with a high level of nonspecific 
binding in tissue (i.e. protein binding). This is also the case for [11C]verapamil. 
High lipophilicity also leads to high affinity for plasma proteins, resulting in a 
small free fraction in plasma. Only this small free fraction is able to cross the BBB, 
resulting in low brain uptake of the tracer. Therefore, ideally, the log P for tracers 
used for brain imaging should not be higher than 3.5 4. At these levels, adequate 
brain penetration can be combined with an optimum target to non-target ratio 
of the tracer. Because verapamil does not fulfill this criterion, it might be possible 
to modify verapamil chemically into a more polar molecule by conversion of the 
methoxy groups at the aromatic ring (e.g. O-demethylation). It should be noted 
that, as the structure of such a chemically modified molecule differs from that of 
verapamil, the derivate should be evaluated with regard to its pharmacological 
properties, drug transport characteristics and specificity for P-gp 5.
Verapamil is a specific substrate of P-gp that has been used in several in vitro 
tests 6,7. Because [11C]verapamil is chemically identical to native verapamil, it 
is also specific for P-gp 8,9. Although this applies to both enantiomers, (R)-
[11C]verapamil seems to be a better tracer for P-gp imaging than the (S)-isomer, 
because of its lower extent of metabolism and lower affinity for Ca-channels. 
In principle, because of its lower liver metabolism, bioavailability of the (R)-
isomer should be higher, resulting in higher plasma and associated tissue con-
centration. Reduced metabolism of (R)-[11C]verapamil compared with racemic 
[11C]verapamil was confirmed in the present studies. Forty minutes after injection 
of (R)-[11C]verapamil, 57% of plasma radioactivity was still parent compound. 
In the case of racemic [11C]verapamil this was only 37% 10. It seems that the 
metabolic rates of (R)-[11C]verapamil in human plasma are quite similar to these 
of other commonly used [N-methyl-11C] labelled tracers 11. However, it is clear 
from the present studies that, due to liver metabolism, radioactive metabolites 
can give rise to a non-specific P-gp signal. This non-specific signal is caused by 
the N-demethylated metabolite fraction in plasma, the so-called “polar frac-
tion”. Most likely, this polar fraction represents radioactive single carbon frag-
ments, such as [11C]formaldehyde and its metabolites ([11C]formic acid and 
[11C]carbondioxide).
The metabolite studies in Wistar rats showed a comparable brain to plasma ratio 
for verapamil as for polar metabolites. Inclusion of polar metabolites as a separate 
input function in human volunteers lead to similar V

d
’s for verapamil and polar 

metabolites as well. There was good correlation between V
d 

of verapamil with 
and without an additional polar metabolite compartment. Omission of the polar 
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metabolite compartment yielded an increase in V
d
 of approximately 10%. Since 

polar metabolites are no substrate for P-gp, their V
d
 should not change due to 

decreased P-gp function, and the omission of a polar metabolite compartment 
only leads to a slightly reduced sensitivity for changes in P-gp function. This 
reduced sensitivity should be weighted against a better model accuracy and preci-
sion. 
On the other hand, formed HPLC-metabolites, probably [11C]D-617 and [11C]D-
717, could possibly contribute to the specific P-gp signal, as it has been shown 
that these metabolites are substrates for P-gp 12. These metabolites are lipophilic 
(D-617, log P (calc) = 3.8), and therefore it is quite possible that they penetrate 
the BBB. Based on the differences in molecular size and affinity for P-gp, it is 
likely that in vivo behavior of these metabolites will not be identical to that of 
[11C]verapamil. Therefore, further studies are required to assess the contribution 
of labeled metabolites to the signal, for example by performing PET scans after 
injection of these 11C-labeled metabolites only.
Taking into account all properties of (R)-[11C]verapamil, it can be concluded that 
verapamil does not completely fulfill all criteria of an ideal tracer. In particular, its 
lipophilicity and complex metabolism are sub-optimal. However, given its high 
specificity and affinity for P-gp, together with the excellent test-retest properties, 
at present (R)-[11C]verapamil is the tracer of choice for assessing P-gp function in 
the BBB.
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Future Perspectives

The preliminary clinical study in this thesis was the first to show an effect of 
ageing on functional P-gp in vivo. So far, in vitro studies, had not been able to 
unravel the effect of ageing on P-gp throughout the body and especially within 
the BBB 13. Moreover, contradictory results of ageing on P-gp function in human 
blood cells have been reported 14,15. It should be noted, however, that these reports 
deal with in vitro data, which may not be representative for the in vivo situation. 
The proposed in vivo PET method may contribute to the understanding of how 
ageing effects brain function. Nevertheless, several questions remain. For example, 
it is not clear whether the decline with age is gradual or whether there are (repeti-
tive) insults during life. In addition, the number of volunteers in the pilot was too 
small to address differential regional effects. Therefore, larger studies are required 
to answer these questions. 
The proposed PET method can also be useful for studying the role of P-gp in 
the BBB in the aetiology of neurodegenerative diseases, such as Parkinson’s dis-
ease. The aetiology of Parkinson’s disease is still largely unknown. However, it is 
clear that several neurotoxins can cause similar syndromes. Therefore, it has been 
hypothesised that the brain of patients with Parkinson’s disease is less protected 
against neurotoxins due to reduced P-gp function. This was confirmed in a pilot 
study of Kortekaas 16. As these results were obtained in a very small group of sub-
jects (five PD, five controls), they need to be confirmed in a larger study group. 
Furthermore, it needs to be established whether the reduced P-gp function in the 
brain is a primary or secondary effect.
P-gp may also be involved in the transport of ß-amyloid out of the brain 17. It has 
been shown that P-gp deficiency at the BBB increases ß-amyloid deposition in a 
model of Alzheimer’s disease. Therefore, it has been hypothesized that decreased 
P-gp transport function at the BBB is a risk factor for developing Alzheimer’s 
disease 18. PET studies in patients with Alzheimer’s disease and minimal cognitive 
impairment, using both [11C]-verapamil and an amyloid tracer such as [11C]PIB, 
may be important for evaluating this hypothesis in vivo.
Finally, the assay may be important for studying pharmacoresistance, such as is 
seen in epilepsy. The association of pharmacoresistance in epilepsy with MDR-1 
exon 26 C3435T polymorphism by genotyping drug resistant and drug respon-
sive epileptic patients is observed in a study of Siddiqui et al. 19. 
Clearly, there are many research questions that can be addressed using this in vivo 
P-gp assay. For some applications, however, there are inherent limitations associ-
ated with a tracer that is a substrate for P-gp. In particular, it will be difficult to 
measure overexpression of P-gp, which might be, at least in part, responsible for 
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drug resistance in, for example, epilepsy. In such a case, uptake will be even lower 
than in normal tissue where it is already low, resulting in poor counting statistics. 
In addition, in the case of overexpression of P-gp, the relative contribution of 
labelled metabolites might increase, resulting in a less accurate quantitative esti-
mation of the volume of distribution of (R)-[11C]verapamil. In short, when there 
is interest in measuring overexpression of P-gp, it is doubtful whether use of (R)-
[11C]verapamil will be the method of choice.
One way to overcome this problem is to use another tracer with similar chemical 
properties as those of verapamil, but with less affinity for P-gp. In theory, this 
should lead to less P-gp mediated transport and consequently in higher brain 
uptake, i.e. a higher volume of distribution. This should then facilitate the meas-
urement of reduced volumes of distribution as can be expected in case of over-
expression of P-gp, especially it labelled metabolites of such a tracer do not cross 
the BBB.
Another strategy can be the use of a third generation P-gp inhibitor, such as tariq-
uidar (XR9576), zosuquidar (LY335979), laniquidar (R101933) and ONT-093. 
Apart from their high potency and specificity for P-gp, these antagonists are no 
substrates for P-gp, but bind with high affinity to the pump itself 20. Using such a 
P-gp inhibitor as tracer may have some advantages for in vivo P-gp measurements. 
In particular, as they bind to P-gp directly, brain uptake is expected to be much 
higher, resulting in better signal to noise ratios. This would facilitate the measure-
ment of more subtle changes and would be better suited for investigating overex-
pression of P-gp. It should be noted, however, that these tracers would provide a 
measure of total P-gp and not necessarily that of functional P-gp. Studies will be 
needed to assess the relative merits of labelled antagonists compared with those of 
labelled substrates. 
A third strategy could be the use of bioinorganic complexes labelled with 94mTc, 
68Ga, 64Cu or 86Zr. The use of the labelled metal complexes [94mTc]Sestamibi and 
[68Ga]ENBDMPI has already been reported 21,22. An advantage of these com-
pounds is that they seem to be metabolically quite stable in vivo. However, a con-
cern is that the SPECT tracer [99mTC]Sestamibi is not only a substrate for P-gp, 
but also for the MRP transport protein 23. This would make interpretation of the 
PET signal more difficult. 
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Inleiding 

Positron emissie tomografie (PET) is een beeldvormende techniek die de laatste 
jaren een enorme vlucht heeft genomen. Door de beschikbaarheid van diverse 
radioactief gemerkte stoffen, ook wel tracers of radiofarmaca genoemd, is het 
mogelijk om verschillende stofwisselings- en farmacologische processen te visu-
aliseren en te meten. PET maakt gebruik van kortlevende radionucliden, zoals 
fluor-18 (halfwaardetijd 110 min), koolstof-11 (halfwaardetijd 20 min), stikstof-
13 (halfwaardetijd 10 min) en zuurstof-15 (halfwaardetijd 2 min). Dit proef-
schrift beschrijft de ontwikkeling en de eerste toepassing van een methode voor 
het kwantificeren van P-glycoproteïne (P-gp) functie in de bloed-hersen barrière 
(BHB) met behulp van met koolstof-11 gemerkt verapamil en PET.
De meest voor de hand liggende fysiologische rol van P-gp is om het hersenweef-
sel te beschermen tegen neurotoxische stoffen die in het bloed kunnen circuleren. 
Ook zijn er aanwijzingen, dat de P-gp functie in de BHB een rol kan spelen in het 
ontstaan van verscheidene hersenziekten waarbij diverse hersenfuncties worden 
aangetast. De ontwikkeling van een methode om P-gp in vivo te kwantificeren 
maakt het mogelijk om de rol van P-gp bij dergelijke hersenenziekten beter te 
kunnen bestuderen. Ook voor een beter begrip van de werking van geneesmid-
delen in de hersenen is het van belang om de rol van P-gp te bestuderen. Immers, 
P-gp kan het transport van geneesmiddelen naar de plaats van werking beïnvloe-
den.
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Resultaten en conclusies van het onderzoek 

Vele moleculen bezitten een asymmetrisch (chiraal) koolstofatoom, waardoor ze 
in twee spiegelbeelden voorkomen. Deze spiegelbeeldmoleculen hebben precies 
dezelfde atomaire samenstelling, maar zijn verschillend in ruimtelijke structuur. 
Deze moleculen worden stereo-isomeren of enantiomeren genoemd. In hoofd-
stuk 2 is de literatuur op het gebied van de stereoselectieve eigenschappen van 
PET tracers en hun transporteigenschappen over de BHB samengevat. De BHB 
is opgebouwd uit endotheelcellen en bevat verschillende influx en efflux transpor-
ters. Influx transporters in de BHB kunnen lichaamseigen en lichaamsvreemde 
stoffen vanuit het bloed naar de hersenen transporteren en efflux transporters 
doen het omgekeerde. Het is inmiddels duidelijk geworden dat de enantiomeren 
van PET tracers in verschillende mate en met verschillende snelheid over de BHB 
getransporteerd worden. Bovendien is in de meeste gevallen de binding van de 
radioactief gemerkte enantiomeren aan receptoren ook verschillend. Gezien de 
verschillen in transport en bindingseigenschappen, zullen kwantitatieve PET stu-
dies moeten worden uitgevoerd met enantiomeer zuivere radioactieve tracers.
In hoofdstuk 3, is de radiochemische synthese van de enantiomeren van 
[11C]verapamil beschreven. Om de meest aangewezen kandidaat voor klinische 
studies te selecteren, is een volledig geautomatiseerde radiochemische synthese 
ontwikkeld. Om hoge opbrengsten van (R) - en (S)-[11C]verapamil te realiseren 
zijn verschillende parameters van de methyleringsreactie bestudeerd: reactie tijd, 
temperatuur, effect van een base, het oplosmiddel, en de chemische vorm van de 
precursor (HCl-zout of vrije base). De optimale opbrengsten van 60-70% voor 
de methyleringsreactie werden verkregen door gebruik te maken van 1,5 mg vrije 
base van (R)- of (S)-desmethyl-verapamil in 0,5 milliliter acetonitril bij een tem-
peratuur van 50 °C en met een reactietijd van 5 minuten en [ 11C]methyltriflaat 
als de methyleringsprecursor. Met dezelfde reactieomstandigheden, maar dan 
met een reactietemperatuur van 100 °C en [11C]methyljodide als methylerings-
precursor, was de opbrengst slechts 40%. De specifieke activiteit van (R)- en (S)-
[11C]verapamil was >20 GBq/µmol en de radiochemische zuiverheid was >99% 
voor beide methodes. De totale synthesetijd was 45 minuten. De gehele bereiding 
kon volledig geautomatiseerd en volgens de huidig geldende GMP (good manu-
facturing practice) richtlijnen uitgevoerd worden. 
In hoofdstuk 4 is de geschiktheid van zowel (R)- als (S)-[11C]verapamil in vitro en 
in vivo beschreven. Het doel van deze studies was om het meest geschikte enanti-
omeer voor het meten van functioneel P-gp in de BHB met PET te selecteren. De 
opname in de hersenen van beide [11C] gelabelde enantiomeren van verapamil is 
in vivo gemeten in muizen met dubbele mdr gen knock-out (dKO; deze muizen 
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hebben sterk verminderde P-gp niveaus in o.a. de hersenen) en in wild type muizen 
(wt, muizen met normale P-gp niveaus). In de in vitro studie is het P-gp transport 
van beide enantiomeren van verapamil bepaald in geïsoleerde cellen. De verdeling 
van (R)- en (S)-[11C]verapamil in dKO en wt muizen liet geen verschil tussen de 
beide enantiomeren van verapamil voor wat betreft het transport door P-gp over 
de BHB zien. Ook werden er geen verschillende transporteigenschappen van 
beide enantiomeren waargenomen in de in vitro experimenten. Van (R)-verapamil 
was al bekend dat het in mindere mate wordt gemetaboliseerd in de mens en dat 
het een lagere affiniteit heeft voor calciumkanalen. Geconcludeerd kon worden 
dat (R)- en (S)-verapamil gelijke P-gp transporteigenschappen hebben, maar 
dat de (R)-enantiomeer minder snel metaboliseert en minder bindt aan calcium 
kanalen. Daarom is de (R)-enantiomeer geselecteerd als het meest geschikt PET 
radiofarmacon voor het in vivo meten van de P-gp functie.
In hoofdstuk 5 is het metabolisme van (R)-[11C]verapamil in Wistar-ratten 
beschreven (dit zijn normale gezonde ratten, zonder P-gp gerelateerde afwijkin-
gen). De tracer (R)-[11C]verapamil kan worden gebruikt om de P-gp functie in 
vivo te meten, op voorwaarde dat er een kinetisch model, dat het gedrag van ver-
apamil in het lichaam kan beschrijven, beschikbaar is. Om een kinetisch model te 
ontwikkelen, moet de plasmakinetiek en het metabolisme van (R)-[11C]verapamil 
nauwkeurig worden vastgesteld. Het doel van deze studie was om de vorming 
van radioactief gelabelde metabolieten van [11C]verapamil in plasma en hersenen 
van Wistar-ratten in kaart te brengen. Om dit te realiseren werd er een bioana-
lytische methode met behulp van vloeistofchromatografie (HPLC) ontwikkeld. 
In leverweefsel, hersenweefsel en plasma werden radioactieve metabolieten van 
(R)-[11C]verapamil gemeten. In leverweefsel waren dit producten die gevormd 
worden door N-dealkylering, O-demethylering en door N-demethylering van 
[11C]verapamil. De radioactieve fractie die ontstaat door het in vivo N-demethyle-
ren van [11C]verapamil is gedefinieerd als polaire (wateroplosbare) fractie. 
Dertig minuten na injectie was 47% van de radioactiviteit in plasma en 69% van 
de radioactiviteit in de hersenen nog (R)-[11C]verapamil. Zestig minuten na injec-
tie werd er 27 en 48% niet gemetaboliseerd (R)-[11C]verapamil in respectievelijk 
plasma en hersenen gevonden.
Behalve een deel van de [ 11C]polaire fractie, zijn er geen andere radioactieve meta-
bolieten van [11C]verapamil in het hersenweefsel aangetroffen. De radioactieve 
metabolieten die in de [11C]polaire fractie zitten blijken geen substraat voor de 
P-gp transporter te zijn. Dit kan resulteren in een oplopende [11C] concentratie 
in het hersenweefsel. Dit niet P-gp gerelateerde [11C] signaal in hersenweefsel kan 
kwantificatie van de P-gp functie verstoren. Er is geconcludeerd dat verdere stu-
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dies in mensen nodig waren om te beoordelen in hoeverre dit fenomeen kwantifi-
catie van functioneel P-gp in mensen zou kunnen beïnvloeden.
Hoofdstuk 6 beschrijft de evaluatie van (R)-[11C]verapamil in gezonde vrijwilligers 
in een test-retest studie. De doelstelling van deze studie was het bestuderen van de 
plasma- en hersenkinetiek van (R)-[11C]verapamil bij mensen. Dit is nodig om een 
model te ontwikkelen dat de P-gp functie in de BHB het beste kan beschrijven. 
Het verdelingsvolume (V

d
) van (R)-[11C]verapamil werd gebruikt als parameter 

voor functioneel P-gp. Het bleek dat de plasmakinetiek van (R)-[11C]verapamil in 
het menselijke lichaam verschilde van die in ratten. Één uur na injectie was 49% 
van de totale plasma radioactiviteit nog (R)-[11C]verapamil. Daarnaast bestond 
30% van de activiteit in plasma uit metabolieten die door N-dealkylering van 
[11C]verapamil worden gevormd ([11C]D-617/D717). Bovendien bestond slechts 
20% van de radioactiviteit in plasma uit de polaire (wateroplosbare) metabolieten 
die door N-demethylering van (R)-[11C]verapamil worden gevormd. Dit staat in 
tegenstelling tot de eerder gevonden resultaten in Wistar-ratten, waar een per-
centage van 70% werd gevonden. Een deel van de fractie van N-demethylerings 
afbraakproducten kan door de PET-camera gedetecteerd worden. Dit is onge-
wenst, omdat deze afbraakproducten geen P-gp transporteigenschappen kunnen 
hebben. 
Met de gegevens verkregen uit de studie in gezonde vrijwilligers is een wiskundig 
één-weefsel compartiment model ontwikkeld met de arteriële concentraties van 
de som van (R)-[11C]verapamil en metabolieten als input. Dit specifieke model 
bleek het beste model om de P-gp functie in de BHB te beschrijven. Gezien de 
zeer kleine polaire fractie in menselijk plasma, is de verwachting dat de bijdrage 
aan het PET signaal relatief klein is. Daarom is de polaire fractie niet in het model 
meegenomen. 
Hoofdstuk 7 beschrijft een eerste (R)-[11C]verapamil PET studie in twee groepen 
vrijwilligers met verschillende leeftijd. Onderzocht is of de P-gp functie in de 
BHB tijdens het verouderen verandert. Bovendien is in beide groepen de P-gp 
functie in lymfocyten gemeten met behulp van een in vitro test. Er werd gevon-
den dat V

d
 van (R)-[11C]verapamil in de hersenen bij jonge en oudere gezonde 

vrijwilligers respectievelijk 0,62 (± 0,10) en 0,73 (± 0,07) was. Het verschil tussen 
deze groepen was significant (p=0,03), hetgeen aangeeft dat de P-gp functie in 
de BHB tijdens het verouderen afneemt. Verder is onderzocht of de gevonden 
verschillen door erfelijke factoren verklaard konden worden. Gezien de kleine 
aantallen vrijwilligers in dit onderzoek kon het belang van de erfelijke factoren 
nog niet vastgesteld worden. Daarvoor is verder onderzoek noodzakelijk. Of het 
ontstaan van hersenziekten, zoals Parkinson en Alzheimer, verband houdt met de 
functionaliteit van het P-gp in de BHB dient ook verder onderzocht te worden. 
De nieuwe PET techniek biedt hiervoor een mogelijkheid. 
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Dankwoord

Nog net voor het paasweekend hoorde ik van prof.dr. Adriaan Lammertsma dat de 
leescommissie akkoord was. Het proefschrift is klaar! Een droom is uitgekomen.
Het onderzoek dat beschreven staat in dit proefschrift heeft een duidelijk multi-
disciplinair karakter. Chemische, biologische, farmacologische, fysische en medi-
sche kennis is nodig geweest om uiteindelijk dit proefschrift te realiseren, daarvoor 
wil ik iedereen van harte bedanken! Een aantal mensen wil ik in het bijzonder 
bedanken. 

Allereerst mijn promotor professor dr. A.A. Lammertsma
Beste Adriaan, je bent de goeroe op het gebied van PET onderzoek (nog net 
geen ringetje boven je hoofd) en afdelingshoofd, maar bovendien ben jij een zeer 
prettig mens met wie ik goede contacten heb. Je kritische blik, de taalkundige 
verbeteringen, inhoudelijke suggesties hebben een enorme bijdrage geleverd aan 
de kwaliteit van de manuscripten. Het is daarom voor mij een grote eer om jouw 
promovendus te zijn.

Prof.dr. G.J.J. Teule (voorheen VUmc, momenteel afdelingshoofd nucleaire genees-
kunde van het UMC Maastricht)
Beste Jaap, jij hebt mij aangenomen in de zomer van 1999 en mij gestimuleerd om 
promotieonderzoek te doen. Ik ben je hiervoor veel dank verschuldigd. 

Prof.dr. O.S. Hoekstra
Beste Otto, samen met Adriaan vormen jullie de afdelingsleiding. Jij bent niet 
direct betrokken geweest bij dit onderzoek, maar hebt mij wel het vertrouwen en 
de vrijheid gegeven. Bedankt hiervoor.

Heel veel dank ben ik verschuldigd aan copromotor dr. E.J.F. Franssen
Voorheen ziekenhuisapotheker radiofarmacie van het VUmc, momenteel geves-
tigd ziekenhuisapotheker en opleider in het OLVG. Beste Eric, jij bent ondermeer 
de reden geweest dat ik de stap van Groningen naar Amsterdam heb gemaakt. 
Samen zijn we dit onderzoek gestart. Ondanks dat je nu in een ander ziekenhuis 
werkzaam bent, ben je tot het eind van dit onderzoekstraject steeds zeer betrokken 
geweest. We hebben veel discussies gevoerd. Vooral de ‘discussies’ over de (leuke) 
dingen in het leven zijn van grote waarde voor mij geweest. Voor jou is 26 juni een 
dubbele feestdag, dus reden genoeg om er straks een goede borrel op te drinken!
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Veel dank ben ik verschuldigd aan copromotor dr. A.D.Windhorst
Beste Bert, vooral in het begin van mijn promotie ben je zeer betrokken geweest 
bij het opzetten van de synthese van [11C]verapamil. Onder het motto ‘veel tra-
cers, veel fun’ (variant op ‘no tracers no fun’) denk ik met veel plezier terug aan de 
tripjes naar de radiochemische symposia in het buitenland met jou als ‘reisleider’. 
Hééérlijk!

De leden van de leescommissie 
Prof.dr. R. Leurs, prof.dr. K.L. Leenders, prof.dr. J.E. Leysen, prof.dr. Ph. 
Scheltens, prof.dr. M. Danhof en dr. P.H. Elsinga wil ik bedanken voor de beoor-
deling van het proefschrift en de zinvolle suggesties. 

Verder wil ik iedereen van de sectie radiochemie bedanken
Alleerst prof.dr. G.M.A.S van Dongen. Beste Guus, met jou als ad interim hoofd 
zijn we een nieuwe weg ingeslagen. Het is voor mij een eer om met jou en de 
andere te bouwen aan de toekomst van de afdeling. Dr. Koos Herscheid, dr. 
Gerard Visser, dr. Margreet van der Meij, drs. Jos Eersels, Rob Klok, Martien 
Mooier, Pieter Klein, Janet Scheper en Joost Verbeek van de sectie chemie lokatie 
RNC wil ik bedanken voor uiteenlopende zaken. Natuurlijk, de chemische sectie 
van het ziekenhuis; Patricia van Ophemert, Robert Schuit, Kevin Takkenkamp, 
Henri Greuter en Richard Versteegh. We vormen samen een goed team, dat is 
absoluut de basis geweest voor het halen van dit resultaat. Zonder jullie was het 
allemaal niet mogelijk geweest. Mijn dank hiervoor! 

Ziekenhuisapotheker dr. N.H. Hendrikse
Beste Harry, jij kent mij vooral als de druk typende kamergenoot. Dat wordt 
hopelijk binnenkort wat minder en ik ga er vanuit dat we in toekomst samen een 
aantal leuke nieuwe projecten kunnen realiseren.

Verder gaat mijn dank om uiteenlopende redenen uit naar, dr.ir. Mark Lubberink, 
dr. Ronald Boellaard, dr. Bart van Berckel, dr. ir. Arthur van Lingen, dr. Carla 
Molthoff, dr. Ab Geldof, drs. Rolf Toornvliet, drs. Reina Kloet, Amanda 
Kroonenberg-Kalwij, Remi Schmeits, Rob Koopman en Suzette van Balen. 

Alle overige medewerkers van de afdeling nucleaire geneeskunde & PET research 
wil ik bedanken voor de pleziere samenwerking. 
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Mijn beide paranimfen, mijn vriend mr. P.A. Roelofs en zwager E. Jellema
Beste Peter, het wekelijkse hardlopen door de bossen van Almere is onze hobby 
geworden. Naast de lichamelijke inspanning die wij daarvoor moeten leveren, 
besef ik, dat het af en toe ook geestelijk zeer vermoeiend is geweest om tijdens het 
hardlopen meerdere malen het verloop van mijn onderzoek te moeten aanhoren. 
Daar ben je nu van verlost! 
Beste Esger, ik heb ik het maar met je getroffen, met zo’n zwager! Je bent een fijn 
persoon en een lieve vader voor jullie zoon Luca. Daarnaast blink je uit in vorm-
geven van objecten. De lay-out van dit boekje is hier het voorbeeld van. Bedankt 
voor de geleverde inspanningen! 

Natuurlijk wil ik mijn ouders bedanken!
Dit proefschrift is aan jullie opgedragen, jullie weten waarom. Ondanks de afstand 
tussen Groningen en Almere, ben ik in mijn gedachten altijd dicht bij jullie. 

Mijn vrouw en kinderen
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