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Abstract

Purpose The aim of this study was to assess the influence
of age on the functional activity of the multidrug efflux
transporter P-glycoprotein (P-gp) at the human blood-brain
barrier.

Methods Seven young (mean age: 27+4 years) and six elderly
(mean age: 69+9 years) healthy volunteers underwent dynamic
(R)-["'C]verapamil (VPM) positron emission tomography
(PET) scans and arterial blood sampling. Parametric distribu-
tion volume (DV) images were generated using Logan
linearisation, and age groups were compared with statistical
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parametric mapping (SPM). Brain regions that SPM analysis
had shown to be most affected by age were analysed by a
region of interest (ROI)-based approach using a maximum
probability brain atlas, before and after partial volume
correction (PVC).

Results SPM analysis revealed significant clusters of DV
increases in cerebellum, temporal and frontal lobe of
elderly compared to younger subjects. In the ROI-based
analysis, elderly subjects showed significant DV increases
in amygdala (+30%), insula (+26%) and cerebellum
(+25%) before PVC, and in insula (+33%) after PVC.
Conclusions Increased VPM DV values in the brains of
elderly subjects suggest a decrease in cerebral P-gp function
with increasing age.

Keywords P-glycoprotein - Blood-brain barrier- Age -
(R)-[''C]verapamil - Positron emission tomography

Introduction

The multidrug efflux pump P-glycoprotein (P-gp), which is
highly expressed in the vessel wall of brain capillaries,
protects the brain from the accumulation of blood-borne
toxic substances [1]. Positron emission tomography (PET)
with the radiolabelled P-gp substrate (R)-[''Clverapamil
(VPM) is a validated technique to measure P-gp function in
the blood-brain barrier (BBB) [2]. The distribution volume
(DV) of VPM has been shown to inversely reflect cerebral
P-gp function [3]. Previous data suggest decreased cerebral
P-gp function in aged subjects [4—6] and Parkinson patients
[7] and increased P-gp function in patients with epilepsy [8]
and depression [9]. Toornvliet and colleagues found an
18% increase in VPM DVs in whole-brain grey matter of
aged versus young subjects [5]. Bartels and colleagues
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extended their analytical approach to the description of
regional differences in cerebral P-gp function [4].

In the present study, VPM PET scans were performed in
aged (n=6) and young (n=7) subjects to further investigate
the age dependency of regional cerebral P-gp function. In
contrast to a previously published study that also investi-
gated regional differences in cerebral P-gp function
between young and elderly subjects with [''Clverapamil
and PET [4], we used enantiomerically pure radiotracer,
which has been found to be superior to racemic radiotracer
for the kinetic modelling of PET data [2], corrected our
PET data for partial volume effect and used a maximum
probability atlas of the human brain for automated region-
of-interest definition [10].

Material and methods

The present study was performed at the Department of
Clinical Pharmacology at the Medical University of Vienna.
The study protocol was approved by the local Ethics
Committee. All subjects were given a detailed description
of the study and their written consent was obtained prior to
the enrolment in the study. Seven young male subjects (mean
age+standard deviation 27+4 years) and six elderly subjects
(four men, two women, age 69+9 years) were included in the
study. Intake of concomitant medication, known to interact
with P-gp function, led to study exclusion.

After cannulation of the radial artery, VPM, which had
been prepared as described earlier [11], was injected into
the antecubital vein of each subject over 20 s. The mean
injected dose was 370+21 MBq for the younger and 409+
60 MBq for the elderly group. All subjects underwent a 1-
h dynamic PET scan consisting of 20 frames and serial
arterial blood sampling. Arterial plasma samples were
analysed for polar and lipophilic [''C]metabolites of VPM
using a previously described combined solid-phase extrac-
tion/high-performance liquid chromatography assay [12].
An arterial input function was constructed by correcting
total activity counts in arterial plasma for polar [''C]
metabolites of VPM as described previously [8]. For image
acquisition, PET and magnetic resonance imaging (MRI)
protocols were used as described previously [8].

For data analysis, both a voxel-based parametric imaging
approach and a region of interest (ROI)-based approach
were used. Dynamic PET images were corrected for partial
volume effect on a voxel-wise MRI basis by using the PVE
routine implemented in PMOD v2.6 (PMOD Technologies,
Zurich, Switzerland) [13]. Parametric DV maps were
created for partial volume corrected (PVC) and non-PVC
dynamic PET images and arterial blood activity data using
the DV (classic Logan plot) routine in PMOD [14]. DV
maps were analysed for age-group differences with statis-
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tical parametric mapping (SPM) using a pixel-wise #-test.
Using SPMS5 (http://www.fil.ion.ucl.ac.uk/spm), DV maps
were spatially normalised in Montreal Neurological Institute
(MNI) space and smoothed by a Gaussian kernel of 8 mm.
For visualisation, a probability threshold of p<0.005 family-
wise error corrected for multiple comparisons was applied.

Imaging data for ROI analysis were processed following
previously published procedures [8]. The Hammersmith
maximum probability brain atlas n20r49 [10] was used for
defining a whole-brain grey matter ROI as well as brain
regions that SPM analysis had shown to be most affected by
ageing (amygdala, insula, cerebellum, frontal lobe, white
matter), using both PVC and non-PVC data sets. A 1-tissue-
2-rate-constant (1T2K) compartment model was used to
estimate the influx (K;, ml ml”" min™") and efflux (k,, min™)
rate constants of activity across the BBB [2, 8]. The DV,
which is unitless, is defined as K,/k, and can be considered
as an estimate of the tissue-blood partition coefficient of
activity at equilibrium. DVs for individual brain regions were
estimated using Logan graphical analysis [8].

The dependency of model outcome parameters (DV, K;
and k) on age was tested using the Pearson correlation
coefficient (). Due to the hypothesis of decreased P-gp
activity in the elderly [4—6], age-class differences for DV,
K, and k, were analysed by one-sided #-tests. P values for
multiple region testing were step-down bootstrap corrected.
Age-class differences in VPM metabolism were tested by
comparing the area under the curve (AUC) values for the
fractions of polar and lipophilic [''C]metabolites of VPM
in arterial plasma over time with a two-sided #-test [12]. For
all statistical computations, the SAS System v.9.2 (SAS
Institute, Cary, NC, USA) was used. The level of
significance was set to 5%. The study had a power of
80% to detect a difference of 20% in DV values between
groups (« error of 5%).

Results
Parametric imaging approach

SPM analysis showed clusters of regionally increased DV
values for the elderly compared to the younger group. The
biggest differences were seen in cerebellum and temporal
lobe regions, with some smaller clusters in frontal and
temporal white matter. After PVC, the global cluster size
was reduced and the increases in temporal lobe and
cerebellum remained the most pronounced (Fig. 1).

Region of interest (ROI) approach

Brain regions that SPM analysis had shown to be most
affected by age were analysed by the ROI-based approach
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Fig. 1 Statistical parametric map for the comparison of VPM DVs
(after PVC) between elderly and younger subjects. Yellow colour
indicates regions with p<0.005. The “glass brain” visualises DV

using a maximum probability brain atlas. Table 1 dis-
plays mean DV values in different brain ROIs of both age
groups, before and after PVC. Mean DV values were
increased in the elderly, when compared to the young group
(amygdala: +30%, insula: +26%, cerebellum: +25%, grey
matter: +15%, white matter: +14%) (Table 1). After PVC,

Table 1 Distribution volumes (mean + SD) of (R)-[''C]verapamil in
different brain ROIs of young (n=7) and elderly (n=6) subjects before
and after partial volume correction (PVC). In addition, p values for

increases in cerebellum, frontal and temporal lobe. Merged with a
normalised MRI, the major increase can be located in the cerebellum

the trend in DV increases remained consistent with the
non-PVC data, although statistically significant increases
were only detected for insula (+33%) (Table 1). None of
the analysed brain ROIs showed statistically significant
differences in DV values after correction for multiple testing
(Table 1). Figure 2 shows the dependency of DV on age for

age-group comparisons and Pearson correlation coefficients () for the
correlation of DV with age are shown

Amygdala Insula Cerebellum Grey matter Frontal lobe White matter®

Before PVC

Mean + SD, young (n=7) 0.53+0.11 0.47+0.09 0.49+0.07 0.52+0.08 0.55+0.11 0.42+0.09
Mean + SD, old (n=6) 0.69+0.14 0.59+0.11 0.61+0.12 0.60+0.12 0.51+0.17 0.48+0.10
p Value (one-sided #-test) 0.027* 0.034* 0.040* 0.098 0.325 0.174

p Value (step-down bootstrap corrected) 0.079 0.083 0.091 0.168 0.325 0.267
Pearson correlation coefficient (r) 0.612 0.604 0.658 0.416 -0.246 0.340
After PVC

Mean + SD, young (n=7) 0.55+0.10 0.55+0.09 0.61£0.09 0.65+0.08 0.67+0.08 -

Mean + SD, old (n=6) 0.69+0.22 0.73+£0.17 0.69+0.32 0.75+£0.23 0.75+£0.22 -

p Value (one-sided #-test) 0.099 0.029* 0.279 0.169 0.238 -

p Value (step-down bootstrap corrected) 0.151 0.053 0.291 0.217 0.291 -

Pearson correlation coefficient (r) 0.483 0.683 0.367 0.446 0.380 -

*Statistically significant

#Due to the small size of the white matter ROI, no reliable data could be obtained after PVC
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Fig. 2 Correlation of (R)-[''C]verapamil distribution volumes (DVs)
in different brain ROIs (after partial volume correction) with age in
seven young and six elderly subjects (male subjects: closed symbols;
female subjects: open symbols). Shown are the linear correlation fits.
Refer to Table 1 for individual Pearson correlation coefficients (r)

the ROIs amygdala, insula, cerebellum and frontal lobe (after
PVC). A positive correlation between DV and age was
determined for all four ROIs. Pearson correlation coefficients
(r) for individual brain regions are displayed in Table 1.
Figure 3 illustrates the dependency of the rate constants for
VPM transport across the BBB on age. There was virtually
no difference in the influx rate constant K; between the two
age groups for any of the regions analysed (amygdala:
r=0.163, p=0.494; insula: r=0.196, p=0.470; whole-brain
grey matter: 7=0.051, p=0.494). The efflux rate constant ,
however, appeared to be negatively correlated with age. A
clear trend towards decreased values in the elderly group

Fig. 3 Correlation of the influx

matter: =-0.490, p=0.185).
Metabolism of VPM

VPM metabolism did not significantly differ between the
young and the aged group [AUC lipophilic [''C]metabolite
fraction (mean+SD): 11.8+1.9 and 11.4£1.9 min for the
younger and elderly groups, respectively, p=0.933; AUC
polar [''C]metabolite fraction: 12.7+1.6 and 14.1+1.9 min
for the younger and elderly groups, respectively, p=0.110].

Discussion

Our results extend previous findings of decreased cerebral
P-gp function in older subjects [4—6] in that we investigated
the regional dependency of cerebral P-gp function on age.
Our data indicate that, with increasing age, there is not only
a global but also a regional decrease in cerebral P-gp
function, suggesting that some brain areas might become
more vulnerable than others to the accumulation of P-gp
substrates, such as toxins and therapeutic drugs. Thus,
decreased cerebral P-gp function might account for central
nervous system adverse effects of therapeutic drugs in the
elderly and may constitute a risk factor for the development
of neurodegenerative disease [4].

SPM analysis revealed significant clusters of regional
DV increases in cerebellum, frontal and temporal lobe of
elderly compared to younger subjects (Fig. 1). These
increases were confirmed by using the ROI-based analysis
approach (Fig. 2, Table 1). However, the parametric

® 0O Amygdala

rate constant K; (leff) and the
efflux rate constant k, (right) of 0.07 ® © Insula - 0.07
(R)-["'C]verapamil in different Grey matter
brain regions with age in seven 0.06 - L 0.06
young and six elderly subjects
(male subjects: closed symbols; 2 0
female subjects: open symbols). 0.05 ° - 0.05
Shown are the linear correlation L L
fits. The negative correlation of >3 ~
. . 0.04 + _ - 0.04
k, with age points to decreased o \
transporter-mediated efflux at 1 u ove r
the BBB in age 0.03 - vl o ® - 0.03
| @ . "
0.02 {1 —= | - 0.02
[ 1} on
0.01 L LA B S L e LI A L B B LA L B 0.01

20 30 40 50 60 70 80 90
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analysis approach revealed limited sensitivity of the ROI-
based analysis approach in cases where only part of a brain
region is affected by significant DV changes (e.g. cerebellum).

Because aging leads to reductions in brain volume, which
possibly causes underestimation of DV values in certain brain
regions, partial volume correction (PVC) was performed, as
opposed to the two earlier studies that only reported non-PVC
data [4, 5]. After PVC, DV values were still increased in the
elderly as compared to the young group even though only
the values for insula displayed statistically significant
p values (Table 1). Despite this lack of statistical significance,
our data point to an age effect on cerebral P-gp function.
Because several different methods for PVC have been
described, further investigations are needed for selection of
the most eligible approach in the present setting.

Interestingly, the mean percent DV increase in whole-brain
grey matter of elderly compared to young subjects seen in our
study, both for non-PVC and PVC data (+15%), was very
similar to the value reported by Toornvliet et al. (+18%) [5],
but less than one-third the value reported by Bartels et al.
(+60%) [4]. The reasons for these differences are unclear at
present but might be related to the fact that Bartels et al. used
racemic [''C]verapamil, whose two enantiomers have been
shown to possess different plasma pharmacokinetics and
different degrees of plasma protein binding [15].

The elderly group investigated in this study included two
female subjects, whereas the young group consisted only of
male subjects. To date, very little is known about gender
differences in BBB transport of verapamil. A preclinical study
found about 22% lower initial brain uptake of verapamil in
female as compared to male mice, which pointed to modestly
increased cerebral P-gp expression and/or function in female
animals [16]. However, the sample size of the present study
was too small to draw any conclusions about gender-related
differences in P-gp-mediated transport of verapamil.

It remains a matter of debate which of the two rate
constants for VPM transport across the BBB, i.e. the influx
rate constant K; or the efflux rate constant k,, is more
sensitive to changes in cerebral P-gp function. Data from
studies employing pharmacologic P-gp modulation with
P-gp inhibitors, such as zosuquidar or tariquidar [3, 17],
suggest that the influx rate constant K; of VPM is increased
under conditions of impaired P-gp function, which is in line
with the concept of P-gp acting as a gate keeper in the BBB
and preventing substrates from diffusing across the luminal
endothelial cell membrane (“influx hindrance”) [18]. Our
present data, however, suggest that the efflux rate constant
k, may also be sensitive to changes in P-gp function as
reflected by an apparent negative correlation of &, values
with age and a lack of such a correlation for K, values
(Fig. 3). Under unblocked conditions, VPM and possibly its
radiolabelled metabolites cross the BBB to some extent and
are thereafter expelled from brain parenchyma by P-gp-

mediated efflux (“vacuum cleaner” function of P-gp),
which manifests itself as a k, effect. [18]. It thus appears
likely that under physiological conditions, the efflux rate
constant k, is more sensitive to changes in cerebral P-gp
function than the influx rate constant K;, whereas the
opposite is true during pharmacological P-gp blockade.

VPM is a radiotracer which is extensively metabolised in
vivo [12]. The polar ''C-labelled metabolites of VPM have
shown brain uptake in rodents that is independent of
cerebral P-gp function [2]. Differences in peripheral
radiotracer metabolism might therefore bias the data
analysis by suggesting differences in cerebral P-gp function
[12]. In our study, however, the fraction of polar [''C]
metabolites in plasma did not differ between young and
elderly subjects, thus arguing against the possibility that
differences in VPM metabolism might have accounted for
increased DV values in the elderly.

In conclusion, our study extends previous findings of
increased VPM DV values in the brains of aged subjects in
that we demonstrated regional variations in age dependency
of cerebral P-gp function [4—6]. Our results indicate that this
increase in DV is mainly due to a decrease in transporter-
mediated efflux of VPM at the BBB, reflected by a negative
correlation of the efflux rate constant k, with age.
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