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SUMMARY AND DISCUSSION
The aims of the studies described in this thesis were (1) to develop methods for quantifying
P-glycoprotein (Pgp) function at the blood-brain barrier (BBB) using the Pgp substrate tracer
(R)-[11C]verapamil and positron emission tomography (PET), and (2) to evaluate BBB Pgp
function in healthy aging and AD. These studies are important as they may provide further
insight into the role of BBB Pgp function in both normal aging and the pathophysiology of
AD.
To achieve these aims, several steps were performed. First, several methodological issues
were investigated. Various tracer kinetic models for analyzing (R)-[11C]verapamil data were
developed and the reproducibility of these models was assessed. Next, (R)-[11C]verapamil
PET studies were performed in a relatively large group of healthy subjects, both males and
females, in different age groups to investigate the effect of aging on BBB Pgp function.
Effects of gender on BBB Pgp function were also assessed. Next, BBB Pgp function was
investigated in AD patients and compared with healthy elderly subjects. In addition, (R)-[11C]
verapamil PET studies were performed in AD patients with and without characteristics of
cerebral amyloid angiopathy (CAA), in order to evaluate the effect of CAA on Pgp function.
Finally, effects of genetic variations in the Pgp-encoding ABCB1 gene on BBB Pgp function
were assessed in both healthy subjects and patients with Alzheimer’s disease.
In this chapter the main findings of these studies are briefly summarized and discussed. In
addition, possibilities and directions for future research are discussed.

Main findings
First, methodological aspects of (R)-[11C]verapamil PET studies were assessed. In chapter 2,
test-retest (TRT) variability of (R)-[11C]verapamil PET studies was evaluated for several tracer
kinetic models used for analysis of (R)-[11C]verapamil data [1-3]. In addition, the impact of
corrections for partial volume effects (PVE) on reproducibility was assessed. All data were
analyzed using single-tissue and two-tissue compartment models, and global and regional
TRT variability was determined for various parameters and outcome measures. Analysis
using the Akaike information criterion showed that a constrained two-tissue compartment
model provided the best fits to the data. Global TRT variability of the volume of distribution
(VT ) was comparable for single-tissue (6%) and constrained two-tissue (9%) compartment
models. TRT variability of binding potential (BPND) derived from the constrained two-tissue
compartment model was less robust, but still acceptable (22%). After applying PVE correction,
there was essentially no change in TRT variability. It was concluded that the model of choice
for analysing (R)-[11C]verapamil data is a constrained two-tissue compartment model.
Next, in chapter 3, effects of age and gender on BBB Pgp function were assessed. Age is
a risk factor for many neurodegenerative disorders, such as AD and Parkinsons’s disease
[4-5]. Loss of Pgp function with increasing age may be involved in the development of
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those disorders. This may differ between males and females as, for AD, female gender is
another risk factor [6-7]. Thirty-five healthy men and women in three different age groups
were included and (R)-[11C]verapamil PET data were obtained. In older men, increased VT
of (R)-[11C]verapamil was found in several large brain regions, suggesting a decrease in
Pgp function with age in men. Young and elderly women, however, showed comparable
VT values, suggesting no effect of age on BBB Pgp function in women. When compared
with young men, young women had higher VT values. Data in this study were assessed with
and without PVE correction, again showing comparable results in VT values. In conclusion,
decreased BBB Pgp was found with aging, but effects of age on BBB Pgp function differed
between men and women.
In chapter 4, BBB Pgp function in AD patients was compared with healthy age-matched
control subjects. A major pathological hallmark of AD is the accumulation of amyloid-beta
(Aβ) in the brain, which can be visualized using PET and the amyloid ligand [11C]PIB [8-9]. In
thirteen [11C]PIB positive AD patients global (R)-[11C]verapamil BPND values were increased
significantly compared with fourteen healthy controls. Higher (R)-[11C]verapamil BPND values
were also found in AD for frontal, parietal, temporal and occipital cortices, and for posterior
and anterior cingulate, suggestive of decreased BBB Pgp function in these regions. No
differences were found in medial temporal lobe and cerebellum. No significant correlations
were found between BPND of (R)-[11C]verapamil and [11C]PIB BPND, which may be due to a
ceiling effect of amyloid pathology in AD patients. Nevertheless, findings indicate that
Pgp function is decreased in AD patients, supporting the hypothesis that decreased Pgp
function contributes to Aβ accumulation and may be involved in the pathogenesis of AD.
Next, as decreased BBB Pgp function was shown in AD patients using (R)-[11C]verapamil
PET, we investigated in chapter 5, eighteen [11C]PIB positive AD patients, of which six had
microbleeds (MBs) in the brain. MBs are thought to be an indication of CAA, a condition in
which Aβ accumulates on brain blood vessel walls [10]. CAA is often found in AD brains,
though with varying degree of severity [11-12]. Pgp dysfunction is thought to promote CAA
development [13]. In this pilot study we found no differences in BPND of (R)-[11C]verapamil
between these relatively small patient groups, suggesting no evidence for additional Pgp
dysfunction in AD patients with MBs.
Finally, in chapter 6, the effects of genetic variations in the highly polymorphic Pgpencoding ABCB1 gene [14-15] on BBB Pgp function were assessed, both in healthy subjects
and in AD patients. Three common single nucleotide polymorphisms (SNPs) were tested
(C1236T, C2677A/T, C3435T) and correlated with BBB Pgp function as measured with (R)[11C]verapamil PET. In healthy subjects no effects of SNPs were found. In contrast, in AD
patients with one or more T present in C1236T, G2677T and C3435T, (R)-[11C]verapamil BPND
was found to be significantly higher when compared to patients without a T. An effect of T
dose in C1236T and G2677T on BPND was found, with higher BPND values as T dose increases,
suggesting decreased BBB Pgp function in AD patients with these genetic variants.
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GENERAL DISCUSSION
As the volume of distribution of (R)-[11C]verapamil increased with age in several cortical
brain regions, our data strongly suggest a progressive decrease in BBB Pgp function with
age. However, the effects of age on BBB Pgp function were driven by men and in women, no
main effect of age on BBB Pgp function was found. This suggests different aging patterns
between men and women, which could implicate that women are exposed to higher
concentrations of neurotoxins earlier in life and during a longer timeperiod, which in turn
could possibly account for the increased risk of AD in women. Furthermore, decreased Pgp
function with increasing age could account for increased drug toxicity and increased CNS
side effects of drugs that are able to pass the BBB in the elderly. In addition, decreased
BBB Pgp function could make the elderly more vulnerable to both exogenous as well ass
endogenous neurotoxins that are transported by Pgp, such as Aβ. As such, progressive
Pgp dysfunction with increasing age could account for the increasing risk of developing
neurodegenerative diseases with age.
Decreased clearance of Aβ from the brain is thought to play a major role in the pathogenesis
of AD [16-18]. There are several mechanisms involved in clearance of Aβ from the brain,
including enzymatic degradation of Aβ by a variety of proteases [19], continuous slow
removal of Aβ through the interstitial fluid bulk flow into cerebrospinal fluid and from there
into the bloodstream [20], perivascular drainage of Aβ [21], and transport of Aβ across the
BBB into the bloodstream [22-23].
At the BBB, several transporters are involved in regulating transport of Aβ and, as such,
dysfunction of these transporters could be involved in the pathogenesis of AD. The
receptor for advanced glycation end products (RAGE) is a primary transporter of Aβ from
the systemic circulation across the BBB into the brain, whereas the low-density lipoprotein
receptor-related protein-1 (LRP1) is one of the transporters involved in the transport of Aβ
out of the brain [23-25]. Another transporter located at the BBB is breast cancer resistance
protein (BCRP). A few studies suggest that BCRP might have a role as a transporter for Aβ
[26-28], but at present the role of BCRP in Aβ clearance is still unclear [29]. On the other
hand, Pgp is thought to have an important role in clearance of Aβ from the brain [30].
Evidence that Pgp plays an important role in Aβ transport from the brain is based on
several studies. For example, it has been shown in vitro that Pgp transports Aβ and that
blocking Pgp function decreases transport of Aβ [31-32]. Furthermore, Aβ depositions are
inversely correlated with Pgp expression in the brain of elderly nondemented humans
[33]. In addition, in an AD mouse model, knocking out BBB Pgp expression increased Aβ
depositions [34], whilst restoring BBB Pgp expression and transport activity reduced brain
Aβ levels [35]. Nevertheless, there was a clear need for in vivo studies on BBB Pgp function in
AD. The results of this thesis are indicative that BBB Pgp function in AD is indeed decreased,
further supporting the hypothesis that Pgp plays a role in the pathogenesis of AD.
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If decreased Pgp function is involved in the pathogenesis of amyloid deposition in AD,
this would implicate that Pgp may be a potential target for treatment, e.g. to modulate
disease progression. In a broader sense, Pgp dysfunction in AD may be a (surrogate) marker
for more widespread BBB dysfunction in AD, involving also other Aβ transporters, such as
LRP1. However, further research into the role of these BBB transporters in AD is needed. It is
conceivable that transporters involved in Aβ clearance act in concert with each other, and
that disturbances in expression and/or function of one of these transporters has an effect
(upregulation or downregulation) on expression and/or function of other transporters
[36]. This is also likely to happen for other routes and mechanisms of Aβ clearance. For
example, it appears that perivascular drainage compensates for both a blockade of the LRP1 mechanism and reduced neprilysin, an Aβ degrading enzyme, levels in the brain [21, 37].
Although no significant correlations were found between amyloid load, as measured with
[11C]PIB PET, and BBB Pgp function, this does not mean that there is no relationship between
them. There could be a ceiling effect for [11C]PIB, as [11C]PIB uptake appears to behave as
an on/off phenomenon in AD patients, [11C]PIB retention does not reflect disease severity
[38] and [11C]PIB binding does not increase substantially over time [39]. Furthermore,
(R)-[11C]verapamil and [11C]PIB binding showed substantial spatial overlap, although also
some inconsistencies (relatively high [11C]PIB BPND in anterior cingulate and frontal cortex,
while (R)-[11C]verapamil BPND was only moderately increased) were observed. As such, there
appears to be a regional distribution in the severity of Pgp dysfunction in AD and studies in
larger samples are necessary to further address these regional differences and its relation
to amyloid depositions.
Perhaps more importantly, Pgp is one of the major efflux pumps at the BBB involved in the
transport out of the brain of various drugs and other toxic compounds [40-41]. Consequently,
Pgp dysfunction could make AD patients more vulnerable to toxicity and central nervous
system side effects due to compounds that enter the brain. For example, it has been
shown that efflux of the pesticide endosulfan is mediated by Pgp [42]. Accumulation of
environmental toxins could be an important mechanism underlying neurodegeneration
associated with AD and other neurodegenerative diseases.
No differences were found in BBB Pgp function between AD patients with MBs and AD
patients without. These results, albeit derived from small groups, indicate that there
is no evidence of additional Pgp dysfunction at the BBB in support of the hypothesis of
additionally impaired Pgp function in AD patients with, compared with AD patients, without
MBs. Autopsy studies have shown that nearly all AD patients show some degree of vascular
amyloid deposition. Still, only a minority of AD patients shows signs of CAA on MRI such
as MBs. It is possible that only patients with severe CAA show MBs on MRI, but conclusive
evidence is missing. An alternative explanation would be that severity of CAA pathology
is only weakly related to the presence and number of MBs on MRI. In addition, it is also
possible that additional Pgp dysfunction does occur, but at a more locoregional level, e.g.
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directly around MB locations. This would, however, be beyond the spatial resolution of PET,
given the relatively low target to background ratio of (R)-[11C]verapamil uptake.
Furthermore, in AD patients but not in healthy controls, SNPs (C1236T, G2677A/T and
C3435T) in the Pgp-encoding ABCB1 gene were found to be related to changes in Pgp
function at the BBB. As T dose in these SNPs increased, this lead to a decrease in BBB Pgp
function in AD patients. As such, certain variations in the ABCB1 gene might contribute to
the risk of developing AD and might influence disease progression once having amyloid
depositions in the brain. These findings however, first need to be replicated in larger groups
of patients.

Pgp radiotracers
Over the past years several PET tracers have been developed for quantifying Pgp function
and expression in vivo, with most being based on Pgp substrates. Interpretation of
measured tracer kinetic data in terms of Pgp transport function is still limited, as there are
no independent measurements to provide physiological meaning to the various kinetic
parameters. As there are marked species differences in BBB Pgp expression and function,
here only tracers that have been used in humans are mentioned. These are racemic [11C]
verapamil, the pure enantiomer (R)-[11C]verapamil and [11C]-N-desmethyl-loperamide [43].
[11C]verapamil, a calcium channel blocker, is both a substrate and an inhibitor of Pgp
[44], but at the low (tracer) concentrations used in PET, it only acts as a substrate [45-46].
Both (R) and (S) enantiomers are substrates for Pgp, but a racemic tracer is not suitable
for quantification. (R)-[11C]verapamil is metabolized less and has lower affinity for calcium
channels than (S)-[11C]verapamil and it is therefore the preferred isomer for quantification
of BBB Pgp function [1,47]. Limitations of (R)-[11C]verapamil are its high lipophilicity (high
affinity for plasma proteins, resulting in a low extraction fraction) and the formation of
radiolabelled metabolites, some of which are lipophilic. Because of their lipophilicity, the
latter metabolites are also able to cross the BBB and it has been shown that they are also
Pgp substrates [48], making interpretation of measured signals more difficult. Despite these
limitations, (R)-[11C]verapamil has been used extensively as a tracer for assessing BBB Pgp
function [43].
Loperamide, a potent over-the-counter opiate used to treat diarrhea, is also a substrate
for Pgp at the BBB. A major metabolite of [11C]loperamide is [11C]-N-desmethyl-loperamide
([11C]dLop), which is also a substrate for Pgp [43]. [11C]dLop has been used to image BBB
Pgp function in vivo in healthy humans [49-50]. The advantage of [11C]dLop as a radiotracer
is that it produces very few metabolites. On the other hand, a disadvantage is its very low
brain uptake, which is even lower than that of (R)-[11C]verapamil, making it more difficult to
quantify the signal reliably [49-50].
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Methodological considerations
An important methodological issue in PET imaging is the effect of subject motion. Patient
motion may result in over- or underestimation of measured tracer uptake, and thereby
affect accuracy of measurements. In the present studies data were analysed without
applying motion corrections. However, during the 60 minutes in case of (R)-[11C]verapamil
and 90 minutes in case of [11C]PIB PET scans, participants were continuously monitored and
checked for motion using laser beams. In addition, all PET scans were checked for motion
afterwards, and scans would have been excluded from analysis if severe motion had been
present. However, this was not the case.
Furthermore, quantification of PET studies may be affected by PVE, resulting from the limited
spatial resolution of a PET scanner. Unfortunately, many uncertainties may affect accuracy
and precision of MRI based PVE corrections, with results depending on actual MRI scanner
and sequence being used. To assess effects of PVE in this thesis, a partial volume corrected
ordered subset expectation maximization (PVC OSEM) reconstruction algorithm was used
in addition to the standard filtered back projection (FBP) reconstruction algorithm. PVC
OSEM is a previously validated method that improves in-plane resolution of PET images by
taking the point spread function of the scanner into account, resulting in improved image
resolution and thereby reducing PVE [51-53]. PVC OSEM reconstructions were applied to all
(R)-[11C]verapamil scans in this thesis, although results were presented only in chapter 2 and
3. This choice was made, as differences between FBP and PVC OSEM reconstructed (R)-[11C]
verapamil data was only minor, probably because of the rather low (R)-[11C]verapamil signal.
In any case, atrophy would have resulted in lower BPND values of (R)-[11C]verapamil in AD
patients due to PVE. Therefore, actual increases in (R)-[11C]verapamil accumulation in AD
may even have been underestimated. This is, however, unlikely given the similar results for
FBP and PVC OSEM reconstructed data.

Recommendations for future research
This thesis shows that BBB Pgp function, as measured with the Pgp substrate tracer (R)[11C]verapamil, decreases with healthy aging, but even more in AD patients, suggesting a
possible role of Pgp in the pathogenesis of AD. At present, however, there is no ideal PET
tracer for in vivo quantificantion of Pgp function. Despite its limitations, (R)-[11C]verapamil
still provides a useful tool to study Pgp function at the BBB in vivo. Unfortunately, using (R)[11C]verapamil and PET, it is not possible to differentiate between decreased Pgp function
due to a decrease in BBB Pgp transporter expression and decreased transport functionality
of Pgp with intact expression. The present results are indicative of decreased Pgp function
in aging and results in AD could easily be a combination of both decreased expression and
decreased function of Pgp at the BBB. Ultimately, the development of separate radiotracers,
specific for either Pgp expression or function, is needed to further elucidate the role of Pgp in
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health and disease. In addition, PET tracers should be developed for other BBB transporters
that might be involved in Aβ transport across the BBB.
If such tracers would become available in the future, in case of AD, subjects should be
scanned at a very early stage of the disease to determine the role of Pgp in accumulation
of Aβ in the brain. In fact, this implies that subjects should be scanned even before any
cognitive complaints occur. Ideally, a very large cohort of healthy controls should be
included starting from age twenty and follow-up PET scans should be made every 5
years, preferably in combination with other techniques such as MRI and other PET tracers,
especially amyloid tracers to measure early Aβ deposition. Finally, a large population based
genetic study including both healthy subjects and AD patients (and preferably other types
of dementia as well) should be performed to assess the prevalence of ABCB1 SNPs within
these groups, and to further evaluate the potential role of these genetic variations in the
risk of developing AD.
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