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Abstract

Purpose: P-glycoprotein (Pgp) is an efflux transporter involved in transport of several
compounds across the blood-brain barrier (BBB). Loss of Pgp function with increasing age
may be involved in the development of age-related disorders, but this may differ between males
and females. Pgp function can be quantified in vivo using (R)-[''Clverapamil and positron
emission tomography. The purpose of this study was to assess global and regional effects of
both age and gender on BBB Pgp function.

Procedures: Thirty-five healthy men and women in three different age groups were included. Sixty
minutes dynamic (R)-['"Clverapamil scans with metabolite-corrected arterial plasma input curves
were acquired. Grey matter time—activity curves were fitted to a validated constrained two-tissue
compartment plasma input model, providing the volume of distribution (V4) of (R)-[''C]verapamil as
outcome measure.

Results: Increased Vi of (R)-[''Clverapamil with aging was found in several large brain regions
in men. Young and elderly women showed comparable V4 values. Young women had higher Vr
compared with young men.

Conclusions: Decreased BBB Pgp is found with aging; however, effects of age on BBB Pgp
function differ between men and women.

Key words: Aging, Gender, Positron emission tomography, Blood—brain barrier, P-glycoprotein,
(R)-["'C]verapamil

Introduction homeostasis in the central nervous system (CNS) [1, 2]. A
key component of the system for regulating the CNS internal
milieu is the presence of several transporter systems, which

] ) ) are located at the BBB and are able to transport substances
sealed monolayer of brain capillary endothelial cells across the BBB [3].

which, together with astrocytes and pericytes, separates the
brain from its external environment. The BBB plays an
important role in both protecting the brain and maintaining

he blood-brain barrier (BBB) is composed of a tightly

One of the most important transporters at the BBB is the
multidrug resistance protein P-glycoprotein (Pgp), encoded
by MDRI1/ABCBI and belonging to the family of ATP-
binding cassette transporters. Pgp is located throughout the
- human body in organs or tissues with an excretory and/or
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[4]. At the BBB, Pgp is highly expressed at the vessel walls
of the brain capillaries, where it functions as an efflux pump.
Pgp has the remarkable capacity to extrude a large range of
structurally and functionally unrelated compounds from the
brain. Together with its high expression, this is the main
reason that Pgp is considered to be of great importance for
protecting the brain from accumulation of potentially toxic
substances [5, 6].

Age is a risk factor for many neurodegenerative disor-
ders, such as Alzheimer’s disease (AD) and Parkinsons’s
disease (PD) [7, 8]. Progressive dysfunction of Pgp at the
BBB with increasing age could be a contributing factor in
the increasing risk of developing neurodegenerative disor-
ders with advancing age. For neurodegenerative disorders
such as AD, female gender is another risk factor. Several
studies have described a higher incidence of AD in women,
which might partly be explained by survival differences
favouring women, although hormonal differences could also
play a role [9-11]. Pgp expression is known to differ
between men and women; for example, hepatic Pgp
expression is 2.4-fold lower in females, although there are
large interindividual differences in Pgp levels [12]. However,
little is known about gender differences in Pgp function at the
BBB, which again may be under gender specific hormonal
influences [13].

Positron emission tomography (PET) with the radio-
labelled Pgp substrate (R)-[''C]verapamil is a validated
technique to measure BBB Pgp function in vivo [14, 15]. It
has been shown that the volume of distribution (V) of (R)-
[''C]verapamil inversely reflects cerebral Pgp function [16].
Previous data suggest decreased cerebral Pgp function in
healthy aging [17-19] and AD [20], whilst conflicting
results have been obtained in PD [21, 22]. The purpose of
the present study was to further investigate global and
regional effects of age and gender on BBB Pgp function in a
large group of healthy controls, as measured using (R)-[''C]
verapamil and PET.

Materials and Methods

Participants

Thirty-five healthy male and female subjects in three different age
groups (young subjects between 20 and 30 years, middle aged
subjects between 40 and 50 years and elderly subjects between 55
and 70 years of age) were recruited through advertisements in
newspapers and by means of flyers. Of the 35 subjects, ten males
(five young and five elderly) had also been included in a previously
published pilot study of Toornvliet et al. assessing BBB Pgp
function [17]. Subjects underwent a standardized clinical assess-
ment, including medical history, family history, use of medication
and drugs of abuse, and physical and neurological examinations.
Subjects had to fulfil research criteria of having never been
mentally ill. All subjects had normal scores on screening laboratory
tests and urine screening for use of drugs of abuse was negative. All
subjects had a normal magnetic resonance imaging (MRI) scan, as
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evaluated by a neuroradiologist. Mini-Mental State Examination
(MMSE) scores were within the normal range (MMSE > 26) [23].
Medication at the time of scanning was not allowed, except for
medication known not to interfere with Pgp function [24, 25].
Written informed consent was obtained from all participants after a
complete written and verbal description of the study. The study was
approved by the Medical Ethics Review Committee of the VU
University Medical Center.

MRI

All subjects underwent structural MRI scans using a 1.0-T
Magnetom Impact scanner (Siemens Medical Solutions, Erlangen,
Germany) or a 1.5-T Sonata scanner (Siemens Medical Solutions,
Erlangen, Germany). Scan protocols on both scanners included an
identical coronal Tl-weighted 3-D magnetization prepared rapid
acquisition gradient echo. Voxel size of the images was 0.98 x
0.98x1.49 mm. These MRI scans were used for co-registration and
region-of-interest (ROI) definition.

PET

PET scans were acquired using an ECAT EXACT HR+ scanner
(Siemens/CTI, Knoxville, TN, USA) [26]. All subjects received an
indwelling radial artery cannula for arterial sampling and a venous
cannula for tracer injection. First, a 10-min transmission scan in 2D
acquisition mode was performed using three retractable rotating
line sources. This scan was used to correct the subsequent emission
scan for photon attenuation. Next, a 3D dynamic emission scan was
started simultaneously with the injection of 369+19 MBq R)-[''C]
verapamil, performed using an infusion pump (Med-Rad, Beek, the
Netherlands). This emission scan consisted of 20 frames with
progressive increase in frame duration (1x15, 3x5, 3x10, 2x30,
3x60, 2x150, 2x300, 4x600 s; total acquisition time 60 min).
During the scan, arterial blood was withdrawn continuously using
an online sampling device (Veenstra Instruments, Joure, the
Netherlands) [27]. At set times, continuous sampling was inter-
rupted and manual samples were taken. Subject motion was
restricted by the use of a head immobilisation device, and position
of the head was checked visually at regular intervals during
scanning (using laser beams) and corrected immediately when
necessary. A more detailed description of scanning and sampling
procedures has been reported previously [20].

PET Data Analysis

All PET sinograms were corrected for dead time, tissue attenuation,
decay, scatter and randoms. PET scans were reconstructed using a
standard filtered back projection (FBP) algorithm and a Hanning
filter with a cutoff at 0.5 times the Nyquist frequency. A zoom
factor of 2 and a matrix size of 256 x256x63 were used, resulting
in a voxel size of 1.2x1.2x2.4 mm and a spatial resolution of
approximately 6.5 mm full width at half maximum at the centre of
the field of view. Images were also reconstructed using a partial
volume corrected ordered subset expectation maximization (PVC
OSEM) reconstruction algorithm, a previously described and
validated method that results in improved image resolution, thereby
reducing partial volume effects (PVE) [28-30]. Co-registration of
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structural T1 MR images to corresponding PET images (using
summed FBP or PVC OSEM reconstructed images of frames 3—12)
and segmentation of the co-registered MRI into grey matter, white
matter and cerebrospinal fluid was performed using statistical
parametrical mapping (SPM; version SPM2, www fil.ion.ucl.ac.uk/
spm, Institute of Neurology, London, UK). ROIs were defined on
the basis of the segmented MRI and a probabilistic template as
implemented in PVElab [31]. Frontal, parietal, temporal, occipital,
posterior and anterior cingulate, medial temporal and cerebellar
ROIs were used for further analysis. In addition, a global cortical
region was defined consisting of the volume weighted average of
frontal, parietal, temporal and occipital cortices and posterior and
anterior cingulate regions. ROIs were mapped onto dynamic PET
images, generating regional time—activity curves.

The original on-line blood curve was calibrated using whole
blood radioactivity concentrations derived from the seven manual
samples. The calibrated whole blood curve was multiplied with a
single-exponential fit to the plasma-to-whole blood ratios of these
samples, thereby generating a total plasma curve. Finally, the
metabolite corrected plasma input function was obtained by
multiplying this total plasma curve with a sigmoid fit to one minus
the polar metabolite fraction [16, 32]. This method of obtaining the
plasma input function for (R)-[''C]verapamil, corrected for polar
metabolites, has been described in more detail previously [17].

Kinetic analyses were performed using software developed
within Matlab 7.04 (The Mathworks, Natick, MA, USA). (R)-[''C]
verapamil data were analysed using a standard two tissue
compartment model with the regional K,/k; ratio fixed to the value
obtained for the whole brain grey matter ROI. The volume of
distribution (Vr) was used as outcome measure. Again, data
analysis and kinetic modelling procedures have been described in
detail elsewhere [20].

Statistical Analysis

Statistical analyses were performed using SPSS 15.0 (SPSS
Institute, Chicago, IL, USA). Values are presented as mean +
standard deviation. Potential differences in injected tracer dose,
specific activity and tracer metabolism (parent and polar metabolite
fraction) were verified using Students ¢ tests. Comparison of global
and regional differences in ¥y between age and gender groups was
assessed using both Students ¢ tests and analysis of variance
(ANOVA) with post hoc least significance difference (LSD)
testing. Linear regression analyses were performed using Vr as
dependent variable and age (continuous) as independent variable.
The threshold for significance was set at p<0.05.

Results

Thirty-five subjects were included in the study, 16 women
and 19 men, divided into three different age groups: young
(age 24+2, range 21-27 years), middle aged (age 46+3,
range 42-50 years) and elderly (age 63+4, range 57—
69 years) (Table 1). Four of the female subjects (two young,
two middle aged) were on oral contraceptives, which were
all stopped in the week of PET scanning. The middle-aged
women included in analyses were aged 43, 43, 44 and 48,
respectively, and were not in the menopause or had reached
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Table 1. Characteristics of age groups
n Female (%) Age ID SA
(years)  (MBq) (GBq-pmol ™)
Young 9 44 24+2 369+14 51+16
Middle 10 50 46+3 368+15 51+22
old 16 44 63+4 371435 39+13

n number of subjects, /D inijected dose of (R)-[''C]verapamil, S4 specific
activity of the injected (R)-[ 1C]verapamil

postmenopausal status yet. There was no use of hormonal
replacement therapy in female subjects and no use of other
medication in both male and female participants. There were
no differences in injected tracer dose and specific activity
between the age groups, gender groups or gender groups
within the age groups. One subject (female, middle aged
group, 43 years) was excluded from further analysis because
of technical problems during arterial sampling.

Areas under the curve (AUCs) for both parent and polar
metabolite fractions of (R)-[''C]verapamil were calculated.
Parent fraction AUCs were 38.0+4.1, 35.9+5.1 and 39.5+
4.6 min for young, middle aged and elderly subjects,
respectively. Polar metabolite fraction AUCs were 10.0+
3.2, 8.9£2.5 and 9.3+£2.2 min for young, middle aged and
elderly subjects, respectively. In summary, there were no
significant differences in tracer metabolism between the age
groups. Similarly, within each age group, there were no
significant differences in metabolism between males and
females.

For FBP reconstructed data, significant (p<0.05)
increases in (R)-[''C]verapamil V’; were found in the elderly
group compared with the young group for frontal, temporal,
posterior and anterior cingulate, medial temporal lobe and
cerebellar regions (Table 2). For PVC OSEM reconstructed
data, similar results were obtained, except that in this case,
also a significant increase in V't of the global cortical region
was seen (Table 3). No significant differences were seen
between young and middle aged groups and between middle
aged and elderly groups. As effects of PVE correction on
(R)-[''C]verapamil data were minimal (Tables 2 and 3), all
further analyses were performed for FBP reconstructed data.

Within each age group, the effect of gender was assessed.
Results for the global cortical region are shown in Fig. 1,

Table 2. Volume of distribution of (R)-[“C]verapamil in several brain
regions for different age groups in case of FBP reconstructed data

Young Middle Old
Global 0.71£0.2 0.75+0.1 0.84+0.2
Frontal 0.71+£0.2 0.74+0.1 0.85+0.2*
Parietal 0.70+0.2 0.75+0.1 0.83+0.2
Temporal 0.71+0.2 0.76+0.1 0.86+0.2*
Occipital 0.73+0.2 0.76+0.1 0.85+0.2
Posterior cingulate 0.65+0.1 0.74+0.1 0.82+0.2*
Anterior cingulate 0.66+0.2 0.72+0.1 0.80+0.1*
Medial temporal 0.77+0.2 0.88+0.2 1.07+£0.3*
Cerebellum 0.67+0.2 0.74+0.1 0.88+0.2*

*p<0.05 for young versus elderly aged group
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Table 3. Volume of distribution of (R)-[”C]verapamil in several brain
regions for different age groups in case of PVC OSEM reconstructed data

Young Middle Old

Global 0.68+0.2 0.73+0.1 0.82+0.2%*
Frontal 0.68+0.2 0.72+0.1 0.84+0.2%
Parietal 0.67+0.2 0.72+0.1 0.81+0.2

Temporal 0.68+0.2 0.75+0.1 0.83+0.2*
Occipital 0.69+0.2 0.73+0.1 0.81+0.1

Posterior cingulate 0.64+0.1 0.73+0.1 0.82+0.2*
Anterior cingulate 0.65+0.2 0.72+0.1 0.79+0.1%*
Medial temporal 0.76+0.1 0.91+0.2 1.09+0.4*
Cerebellum 0.65+0.2 0.72+0.1 0.80+0.1*

*p<0.05 for young versus elderly aged group

illustrating a significantly higher mean Vr in young women
than in young men, but no differences in the other age
groups. This also implies that age effects are different for
males and females. Therefore, ANOVA was performed to
assess age effects for each gender separately. For men, a
main effect of age was found for all regions, including the
global cortical region. Post hoc LSD analyses revealed
significant differences in V1 between young and middle aged
groups for all regions, except frontal and cerebellar ROI. In
addition, significant differences between young and elderly
groups were observed for all brain regions. In contrast, in
women, no main effect of age was seen in any of the
regions. Finally, for men and women separately, the
relationship between (R)-[''C]verapamil Vr and age was
assessed using linear regression analysis. Regression coef-
ficients and p values are given in Table 4. Again, there was a
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main effect of age in men for all regions, but none in
women.

Discussion

This is the first study to assess in vivo effects of gender and
aging on human BBB Pgp function in a large sample size
with PET and (R)-[''C]verapamil. This study shows an 18 to
38 % increase in the volume of distribution of (R)-[''C]
verapamil with normal aging in several brain regions, such
as frontal, temporal, medial temporal and anterior and
posterior cingulate regions. These data are consistent with
an age-related decline in BBB Pgp function and are in line
with previous studies assessing BBB Pgp function in vivo
during healthy aging [17-19]. Importantly, the present
results indicate that the effects of age on BBB Pgp function
are driven by men. In women, no main effect of age on Pgp
function was found.

Using PET and [''C]verapamil, three previous studies
have assessed BBB Pgp function in healthy aging. In a pilot
study in ten subjects, five young and five elderly males,
Toornvliet and colleagues observed an ~18 % decrease in
Pgp function in the elderly for a whole brain grey matter
region of interest [17]. Bartels and colleagues were the first
to study regional differences in Pgp function with aging and
found clusters with higher uptake in white matter regions in
ten elderly compared with seven younger subjects (14
males) using a voxel-based approach [18]. Bauer and
colleagues extended these findings in thirteen subjects (11

1.2
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0.4+

T
Young

T T
Middle Old

Fig. 1. Boxplot of volume of distribution (V5) of (R)-[''C]verapamil for the global cortical brain region for the young, middle
aged and elderly groups. Men are represented by dark grey bars, women by light grey bars. Open circles outliers, VT = V7,
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Table 4. Regional regression coefficients (and corresponding p values) for
linear regression of the volume of distribution of (R)-[''C]verapamil against
age in men and women separately

Men Women
Global 0.64 (0.003) 0.12 (0.672)
Frontal 0.63 (0.004) 0.10 (0.732)
Parietal 0.63 (0.004) 0.10 (0.734)
Temporal 0.65 (0.003) 0.24 (0.465)
Occipital 0.62 (0.005) 0.04 (0.891)
Posterior cingulate 0.58 (0.009) 0.21 (0.443)
Anterior cingulate 0.66 (0.002) 0.14 (0.620)
Medial temporal 0.68 (0.001) 0.42 (0.123)
Cerebellum 0.60 (0.006) 0.30 (0.273)

males), in which six older subjects had increased tracer
uptake in several brain regions, although some of these
findings disappeared after correcting for PVE [19]. These
previous studies used relatively small subject groups and did
not take into account effects of gender on Pgp function.
Furthermore, not all of these studies used the pure
enantiomer (R)-[''C]verapamil, which is the preferred tracer
for quantifying Pgp function [16, 33, 34]. In addition, some
of these studies have used single-tissue compartment models
[17, 19] whilst recent studies have shown that two
components can be identified in (R)—[”C]Verapamil data
[20, 35, 36]. As such, a two-tissue compartment model
provides better fits to (R)-[''C]verapamil data [16, 37].
This difference in age effects on BBB Pgp function seems
to be mainly due to the relatively high distribution volumes
in young female subjects. The reason for this remains
unknown, but it could be due to interindividual differences
in Pgp function itself, or interindividual differences in
(fluctuating) hormone levels in women that, in turn, could
affect Pgp function. It is known that (both endogenous and
synthetic) progesterone/progestins and estrogens can have an
effect on Pgp function [13]. In an attempt to limit these
individual differences in (fluctuating) hormone levels, all
female subjects in both young and middle aged groups were
scanned at comparable time points in their menstrual cycle
(during menstruation). Of course, this does not guarantee
comparable hormone levels or comparable effects of
hormone levels on Pgp function. In the present study, these
hormone levels were not measured. Further studies are
needed to investigate the relationship between (R)-[''C]
verapamil measurements and actual hormone levels. Inter-
estingly, a preclinical study has found differences in brain
uptake of verapamil comparing female mice to male mice,
which suggested a modest increase in Pgp expression and/or
function in female animals [38]. This is in contrast to the
findings of the present clinical study in humans, in which a
higher V1 was found in young women than in young men,
suggesting reduced Pgp function in young women. Further
studies are needed to assess whether this discrepancy is due
to differences in hormonal status or species differences in
transporter expression and/or activity at the BBB. Using
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PET and (R)-[''C]verapamil, it is not possible to differen-
tiate between decreased Pgp function due to a decrease in
BBB Pgp expression or due to decreased functionality of the
transporters with intact Pgp expression.

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.
Additionally, older people more often suffer from health
problems, and it is not uncommon that this results in
polypharmacy which often includes the use of Pgp inhibiting
drugs, which may lead to further impairment of the
protective function of Pgp. Furthermore, a decrease in Pgp
function with increasing age could make the elderly more
vulnerable to both exogenous as well as endogenous neuro-
toxins that are transported by Pgp (such as amyloid-beta, the
protein that accumulates in the brain in AD), and this may
contribute to the increasing risk of neurodegenerative
diseases with age. Results of this study suggest decreased
Pgp function in young women compared with young men,
which could implicate that women are exposed to higher
concentrations of neurotoxins earlier in life and therefore
during a longer time period, which in turn could possibly
account for the increased risk of AD in women. Recently,
using PET and (R)-[''C]verapamil, it has been shown that
AD patients have diminished BBB Pgp function compared
with healthy elderly aged subjects, further supporting a
possible role of Pgp in the actiology of AD [20].

Data in this study were assessed with and without a PVE
correction method, showing comparable results in distribu-
tion volumes. It should be noted that, although the age range
varied from 21 to 69 years, there was no significant brain
atrophy present on MRI scans, and as (R)-[''C]verapamil is
a tracer which has low uptake throughout the brain and
therefore shows little contrast, no major effects from PVE
correction methods should be expected.

Strengths of the present study are the relatively large
sample size of the three different age groups and the wide
age range of subjects included, in addition to the quantitative
nature of the study. Nevertheless, a limitation of the study is
that the different age groups still become relatively small
when separated according to gender. In addition, despite
extensive screening, inclusion of subjects with preclinical
neurodegenerative disorders, which by themselves are associ-
ated with decreased Pgp function [20], cannot be excluded.

Conclusions

The volume of distribution of (R)-[''C]verapamil increases
with age in several cortical brain regions, strongly suggest-
ing a progressive decrease in BBB Pgp function with age.
However, this effect is only seen in males, suggesting
different aging patterns between men and women. This
finding highlights the need to include both males and
females in aging studies.



776

Acknowledgments. We thank the PET radiochemistry and technology
staff of the Department of Nuclear Medicine & PET Research for tracer
production and help with acquisition of PET data and the technology staft of
the Department of Radiology for acquisition of MRI data. The research
leading to these results has received funding from the European Community’s
Seventh Framework Programme (FP7/2007-2013) under grant agreement no.
201380.

Conflict of Interest. The authors declare that they have no conflict of interest.

Open Access. This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the source are
credited.

References

1.

2.

Zlokovic BV (2008) The blood-brain barrier in health and chronic
neurodegenerative disorders. Neuron 57:178-201

Neuwelt E, Abbott NJ, Abrey L et al (2008) Strategies to advance
translational research into brain barriers. Lancet Neurol 7:84-96

. Loscher W, Potschka H (2005) Role of drug efflux transporters in the

brain for drug disposition and treatment of brain diseases. Prog
Neurobiol 76:22-76

. Fromm MF (2004) Importance of P-glycoprotein at blood-tissue

barriers. Trends Pharmacol Sci 25:423-429

. Schinkel AH (1999) P-Glycoprotein, a gatekeeper in the blood—brain

barrier. Adv Drug Deliv Rev 36:179-194

. Loscher W, Potschka H (2005) Blood-brain barrier active efflux

transporters: ATP-binding cassette gene family. NeuroRx 2:86-98

. Blennow K, de Leon MJ, Zetterberg H (2006) Alzheimer’s disease.

Lancet 368:387—403

. Lees AJ, Hardy J, Revesz T (2009) Parkinson’s disease. Lancet

373:2055-2066

. Gao S, Hendrie HC, Hall KS, Hui S (1998) The relationships between

age, sex, and the incidence of dementia and Alzheimer disease: a meta-
analysis. Arch Gen Psychiatry 55:809-815

. Launer LJ, Andersen K, Dewey ME et al (1999) Rates and risk factors

for dementia and Alzheimer’s disease: results from EURODEM pooled
analyses. EURODEM Incidence Research Group and Work Groups.
European Studies of Dementia. Neurology 52:78-84

. Candore G, Balistreri CR, Grimaldi MP et al (2006) Age-related

inflammatory diseases: role of genetics and gender in the pathophysi-
ology of Alzheimer’s disease. Ann N 'Y Acad Sci 1089:472—486

. Schuetz EG, Furuya KN, Schuetz JD (1995) Interindividual variation in

expression of P-glycoprotein in normal human liver and secondary
hepatic neoplasms. J Pharmacol Exp Ther 275:1011-1018

. Bebawy M, Chetty M (2009) Gender differences in P-glycoprotein

expression and function: effects on drug disposition and outcome. Curr
Drug Metab 10:322-328

. Hendrikse NH, de Vries EG, Eriks-Fluks L et al (1999) A new in vivo

method to study P-glycoprotein transport in tumors and the blood—brain
barrier. Cancer Res 59:2411-2416

. Hendrikse NH, Bart J, de Vries EG, Groen HJ, van der Graaf WT,

Vaalburg W (2001) P-glycoprotein at the blood—brain barrier and
analysis of drug transport with positron-emission tomography. J Clin
Pharmacol Suppl:48S-54S

. Lubberink M, Luurtsema G, van Berckel BN et al (2007) Evaluation of

tracer kinetic models for quantification of P-glycoprotein function using
(R)-[11C]verapamil and PET. J Cereb Blood Flow Metab 27:424-433

. Toornvliet R, van Berckel BN, Luurtsema G et al (2006) Effect of age

on functional P-glycoprotein in the blood-brain barrier measured by use
of (R)-[(11)C]verapamil and positron emission tomography. Clin
Pharmacol Ther 79:540-548

. Bartels AL, Kortekaas R, Bart J et al (2009) Blood-brain barrier P-

glycoprotein function decreases in specific brain regions with aging: a

D.M.E. van Assema et al.: BBB Pgp Function in Aging

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

possible role in progressive neurodegeneration. Neurobiol Aging
30:1818-1824

. Bauer M, Karch R, Neumann F et al (2009) Age dependency of cerebral

P-gp function measured with (R)-[11C]verapamil and PET. Eur J Clin
Pharmacol 65:941-946

van Assema DM, Lubberink M, Bauer M et al (2012) Blood-brain
barrier P-glycoprotein function in Alzheimer’s disease. Brain 135:181—
189

Bartels AL, Willemsen AT, Kortekaas R et al (2008) Decreased blood—
brain barrier P-glycoprotein function in the progression of Parkinson’s
disease. PSP and MSA. J Neural Trans 115:1001-1009

Bartels AL, van Berckel BN, Lubberink M, Luurtsema G, Lammertsma
AA, Leenders KL (2008) Blood-brain barrier P-glycoprotein function is
not impaired in early Parkinson’s disease. Parkinsonism Related Disord
14:505-508

Folstein MF, Folstein SE, McHugh PR (1975) Mini-mental State. A
practical method for grading the cognitive state of patients for the
clinician. J Psychiatr Res 12:189-198

Bart J, Groen HJ, Hendrikse NH, van der Graaf WT, Vaalburg W, de
Vries EG (2000) The blood-brain barrier and oncology: new insights
into function and modulation. Cancer Treat Rev 26:449-462
Didziapetris R, Japertas P, Avdeef A, Petrauskas A (2003) Classifica-
tion analysis of P-glycoprotein substrate specificity. J Drug Target
11:391-406

Brix G, Zaers J, Adam LE et al (1997) Performance evaluation of a
whole-body PET scanner using the NEMA protocol. National Electrical
Manufacturers Association. J Nucl Med 38:1614-1623

Boellaard R, van Lingen A, van Balen SC, Hoving BG, Lammertsma
AA (2001) Characteristics of a new fully programmable blood sampling
device for monitoring blood radioactivity during PET. Eur J Nucl Med
28:81-89

Mourik JE, Lubberink M, Klumpers UM, Comans EF, Lammertsma
AA, Boellaard R (2008) Partial volume corrected image derived input
functions for dynamic PET brain studies: methodology and validation
for [11C]flumazenil. Neurolmage 39:1041-1050

Brix G, Doll J, Bellemann ME et al (1997) Use of scanner character-
istics in iterative image reconstruction for high-resolution positron
emission tomography studies of small animals. Eur J Nucl Med 24:779—
786

Mourik JE, Lubberink M, van Velden FH et al (2010) in vivo validation
of reconstruction-based resolution recovery for human brain studies. J
Cereb Blood Flow Metab 30:381-389

Svarer C, Madsen K, Hasselbalch SG et al (2005) MR-based automatic
delineation of volumes of interest in human brain PET images using
probability maps. Neurolmage 24:969-979

Gunn RN, Sargent PA, Bench CJ et al (1998) Tracer kinetic modeling
of the 5-HT1A receptor ligand [carbonyl-11C]WAY-100635 for PET.
Neurolmage 8:426-440

Luurtsema G, Molthoff CF, Windhorst AD et al (2003) (R)- and (S)-
[11C]verapamil as PET-tracers for measuring P-glycoprotein function:
in vitro and in vivo evaluation. Nucl Med Biol 30:747-751
Vogelgesang B, Echizen H, Schmidt E, Eichelbaum M (2004) Stereo-
selective first-pass metabolism of highly cleared drugs: studies of the
bioavailability of L- and D-verapamil examined with a stable isotope
technique. 1984. Br J Clin Pharmacol 58:S796-S803

Muzi M, Mankoff DA, Link JM et al (2009) Imaging of cyclosporine
inhibition of P-glycoprotein activity using 11C-verapamil in the brain:
studies of healthy humans. J Nucl Med 50:1267-1275

Wagner CC, Bauer M, Karch R et al (2009) A pilot study to assess the
efficacy of tariquidar to inhibit P-glycoprotein at the human blood—brain
barrier with (R)-11C-verapamil and PET. J Nucl Med 50:1954-1961
van Assema DM, Lubberink M, Boellaard R et al (2012) Reproducibility of
quantitative (R)-[11C]verapamil studies. EINMMI Res 2:1

Dagenais C, Zong J, Ducharme J, Pollack GM (2001) Effect of mdrla
P-glycoprotein gene disruption, gender, and substrate concentration on
brain uptake of selected compounds. Pharm Res 18:957-963



	P-Glycoprotein Function at the Blood–Brain Barrier: Effects of Age and Gender
	Abstract
	Introduction
	Materials and Methods
	Participants
	MRI
	PET
	PET Data Analysis
	Statistical Analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


