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PET with avid substrates of P-glycoprotein (ABCB1) provided evi-

dence of the role of this efflux transporter in effectively restricting
the brain penetration of its substrates across the human blood–brain

barrier (BBB). This may not reflect the situation for weak ABCB1 sub-

strates including several antidepressants, antiepileptic drugs, and

neuroleptics, which exert central nervous system effects despite be-
ing transported by ABCB1. We performed PET with the weak ABCB1

substrate 11C-metoclopramide in humans to elucidate the impact of

ABCB1 function on its brain kinetics. Methods: Ten healthy male sub-

jects underwent 2 consecutive 11C-metoclopramide PET scans without
and with ABCB1 inhibition using cyclosporine A (CsA). Pharmacokinetic

modeling was performed to estimate the total volume of distribution (VT)

and the influx (K1) and efflux (k2) rate constants between plasma and
selected brain regions. Furthermore, 11C-metoclopramide washout

from the brain was estimated by determining the elimination slope

(kE,brain) of the brain time–activity curves. Results: In baseline scans,
11C-metoclopramide showed appreciable brain distribution (VT 5
2.11 ± 0.33 mL/cm3). During CsA infusion, whole-brain gray matter

VT and K1 were increased by 29% ± 17% and 9% ± 12%, respec-

tively. K2 was decreased by 15% ± 5%, consistent with a decrease in

kE,brain (−32% ± 18%). The impact of CsA on outcome parameters
was significant and similar across brain regions except for the pitu-

itary gland, which is not protected by the BBB. Conclusion: Our

results show for the first time that ABCB1 does not solely account

for the “barrier” property of the BBB but also acts as a detoxifying
system to limit the overall brain exposure to its substrates at the hu-

man blood–brain interface.
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Central nervous system (CNS)–acting drugs are characterized
by a large variability in pharmacologic response and tolerance be-

tween patients (1–3). Mechanisms for such variability remain in-

completely understood and may imply differences in brain exposure

(4). Before reaching the brain, drugs have to cross the blood–brain

barrier (BBB) and variability in brain exposure may be related to

variability in the extent by which drugs cross the BBB. The ATP-

binding cassette (ABC) transporter P-glycoprotein (ABCB1) is an

efflux transporter localized in the luminal membrane of brain cap-

illary endothelial cells forming the BBB, which effectively restricts

the blood-to-brain transfer of many drugs (4).
A large body of research has revealed that the BBB is a complex,

dynamic interface, which may respond to pathophysiologic changes

and play a role in disease progression (5). Disease-induced changes in

ABCB1 function at the BBB may influence the neuropharmacoki-

netics and pharmacodynamics of CNS-acting ABCB1 substrates in

humans. Global or localized induction of ABCB1 function at the BBB

has been proposed as a mechanism contributing to pharmacoresist-

ance whereas a decrease in ABCB1 function might be associated with

a higher susceptibility to CNS adverse effects (4). Quantitative map-

ping of ABCB1 function at the human BBB is necessary to investigate

ABCB1 function as a molecular determinant for inadequate therapeu-

tic response to CNS-acting ABCB1 substrates in patients.
Systematic screening of current drugs and new chemical entities

showed that many CNS-acting drugs are ABCB1 substrates (6).

This includes some antidepressants (7,8), antipsychotics (9,10), an-

tiepileptic drugs (11), opioids (12), as well as the antiemetic drug

metoclopramide (13). Rodent experiments have shown that ABCB1

inhibition or genetic ABCB1 depletion increased their brain expo-

sure and CNS effects (6,8,10,12,14). These compounds are classi-

fied as ‘‘weak’’ ABCB1 substrates based on their efflux ratios,

assessed in vitro using standardized bidirectional transport assays

(13). Compared with ‘‘avid’’ ABCB1 substrates, for which efflux

ratios are higher, ABCB1 function seems to minimally restrict the

brain penetration of weak substrates but may nonetheless play a role

in controlling their brain kinetics.
PET imaging using radiolabeled analogs of drugs is a powerful

method to study their brain kinetics and their transfer across the
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human BBB. In humans, pharmacologic ABCB1 inhibition using
cyclosporine A (CsA) or tariquidar resulted in pronounced in-

creases in the plasma-to-brain permeation of the avid ABCB1

substrates 11C-verapamil, (R)-11C-verapamil (15,16), and 11C-N-

desmethyl-loperamide (17). 11C-metoclopramide is a recently de-

veloped weak ABCB1 substrate PET tracer (18,19). PET data

obtained with 11C-metoclopramide in nonhuman primates sug-

gested a dual role of ABCB1 in limiting the brain entry (influx

hindrance) and controlling the clearance of 11C-metoclopramide

from the brain into the blood (efflux enhancement) (18,19). An

efflux enhancement role of ABCB1 has not been observed for avid

ABCB1 substrate PET tracers (15–17), and it remains to be dem-

onstrated whether this mechanism also exists at the human BBB.
In the present study, we assessed for the first time, to our

knowledge, the impact of ABCB1 function on the brain kinetics of
11C-metoclopramide in humans by performing PET scans without
and with ABCB1 inhibition using a clinically validated infusion
protocol of the ABCB1 inhibitor CsA (15).

MATERIALS AND METHODS

Ethics

The study was registered under European Union Drug Regulating

Authorities Clinical Trials number 2017-000989-30 and was con-

ducted according to good clinical practice standards. The study was

approved by the local ethics committee and regulatory authority, and

written informed consent was obtained from all subjects. Ten male

subjects (mean age, 26 6 4 y; mean weight, 73 6 11 kg) were

included in the study. Subjects were free of any medication for at

least 14 d and judged as healthy based on clinical examination,

routine blood and urine laboratory assessments, and urine drug

screening.

Radiochemistry
11C-metoclopramide was prepared from 11C-carbon dioxide and

O-desmethyl metoclopramide (good manufacturing practice quality;

ABX) following a previously published procedure (20). For intravenous

injection, 11C-metoclopramide was formulated in phosphate-buffered

saline solution containing 8.6% (v/v) ethanol. Molar activity at the time

of radiotracer injection was 56 6 30 GBq/mmol, and radiochemical

purity was greater than 98%.

PET Experiments

PET scans were obtained on an Advance (GE Healthcare) stand-

alone PET scanner. Each subject underwent 2 consecutive, dynamic

60-min PET scans on 1 study day. During each of the 2 scans, starting

with 11C-metoclopramide bolus injection (scan 1, 379 6 45 MBq;

scan 2, 393 6 13 MBq, P 5 0.385, corresponding to 14 6 9 and

13 6 7 nmol of unlabeled metoclopramide, respectively, P 5 0.698)

over approximately 20 s, arterial blood samples (2 mL) were collected

approximately every 7 s for the first 2.5 min followed by 9-mL samples at

3.5, 5, 10, 20, 30, 40, and 60 min after radiotracer injection. For ABCB1

inhibition during the second PET scan, a previously described CsA in-

fusion protocol was used (15). CsA (Sandimmun, 50-mg concentrate for

infusion; Novartis Pharma GmbH) was administered as an intravenous

infusion over 2 h at a rate of 2.5 mg/kg of body weight/h. The infusion

was started at 1 h before start of the second PET scan and was maintained

for the duration of the second PET scan. One blood sample (4.5 mL) was

collected at the end of the second PET scan, concurrent with the end of

the CsA infusion, and stored at 280�C until analysis of CsA concentra-

tions. The plasma samples collected at 5, 10, 20, 30, and 40 min after

radiotracer injection were analyzed for radiolabeled metabolites of 11C-

metoclopramide.

Determination of Parent 11C-Metoclopramide in Plasma

Plasma samples (830 mL) collected at 5, 10, 20, 30 and 40 min after
11C-metoclopramide injection were mixed with acetonitrile (600 mL)

and vortexed to precipitate plasma proteins. After addition of water

(600 mL) and phosphate-buffered saline (10-fold concentrate, pH 7.4,

100 mL), samples were centrifuged (4 min, 15,000g, 4�C) and the

protein pellet and supernatant were separately counted in a gamma

counter to determine the recovery of radioactivity, which was for the

10 min time point 87%6 2% for the baseline scan and 88%6 2% for

the CsA scan (n5 9). The supernatant (1.5 mL) was then injected into

the high-performance liquid chromatography (HPLC) system. An At-

lantis T3 OBD HPLC column (250 · 10 mm, 10 mm, Waters, Austria)

equipped with a precolumn (Atlantis T3 Prep Guard Cartridge, 10 ·
10 mm, 10 mm) was eluted with a mixture of 25 mM aqueous am-

monium acetate (solvent A) and acetonitrile (solvent B). A linear

gradient from 20% to 30% of solvent B over 5.5 min (total run

length, 10 min) was applied to the column at a flow rate of 5 mL/

min. On this HPLC system 11C-metoclopramide and its radiolabeled

metabolites eluted with retention times of approximately 8.5 and 4

min, respectively. HPLC eluates were collected in 1-min fractions,

which were counted for radioactivity in a gamma counter. The mea-

sured fractions were corrected for radioactive decay to determine the

percentage of unmetabolized 11C-metoclopramide in plasma at dif-

ferent time points.
A monoexponential decay function was fitted to the percentage of

unmetabolized 11C-metoclopramide versus time and then applied to

the corresponding decay-corrected total radioactivity counts in plasma

to derive a metabolite-corrected arterial input function (19). An arte-

rial plasma sample was obtained immediately before each 11C-meto-

clopramide injection to assess the fraction of free (i.e., non–protein

bound) 11C-metoclopramide in plasma (fP) using ultrafiltration as pre-

viously described (19).

Determination of CsA Concentrations in Blood

The concentration of CsA in whole blood was determined by HPLC

with minor modifications as described previously (21). Briefly, after

hemolysis of 1-mL whole blood by the addition of a mixture of zinc

sulfate/methanol (65:35, w/v; 2 mL), 50 mL (1.0 mg) of cyclosporine

D (Cayman Chemical) were added as the internal standard. After

centrifugation (5 min, 3,000g), the supernatant was passed through

an Oasis HLB 1 cc SPE cartridge (30 mg; Waters Corporation), which

had been equilibrated with 2 mL of methanol and water (pH 3.0),

respectively. The column was washed with methanol in water (50%,

v/v; 2.3 mL) and heptane (0.5 mL), and CsA was eluted with ethanol

(100%, 300 mL). The eluate was mixed with 100 mL of water (pH 3.0)

and 1 mL of heptane and centrifuged for 5 min at 3,000g. An aliquot

(80 mL) of the aqueous phase was injected onto the HPLC column.

HPLC was performed using a Dionex ‘‘UltiMate 3000’’ system (Dionex

Corp.) with ultraviolet detection at 205 nm. Chromatographic sepa-

ration was carried out at 75�C on a Hypersil BDS-C18 column

(5 mm, 250 · 4.6 mm, Thermo Fisher Scientific, Inc.), preceded by

a Hypersil BDS-C18 precolumn (5 mm, 10 · 4.6 mm). The mobile

phase consisted of a continuous gradient, mixed from solvent A (ace-

tonitrile in water [35:75, v/v]) and solvent B (acetonitrile in water

[85:15, v/v]). The column was equilibrated with 45% solvent B at

time 0; after injection of the sample (80 mL), the content of solvent

B was linearly increased to 93% at 19 min. Subsequently, the percent-

age of solvent B was decreased to 45% within 2 min, to equilibrate the

column for 8 min before application of the next sample. Linearity was

tested by assaying drug-free whole blood spiked with 0.1, 0.5, 2.5, and

10 mg of CsA. The calibration curve for CsA in blood was linear over

the tested concentration range (correlation coefficient, 0.985). Quan-

tification of CsAwas based on the comparison of CsA/cyclosporine D

ratios.
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Data Analysis

Individual T1-weighted MR images acquired on a MAGNETOM
Skyra 3.0 T scanner (Siemens Medical Solutions) were segmented

with SPM12 (Statistical Parametric Mapping, Wellcome Trust Centre

for Neuroimaging) to define gray and white matter. As previously

described, the adult brain maximum probability map (‘‘Hammersmith

atlas’’; n30r83) was used to define whole-brain gray matter, white

matter, middle frontal gyrus, putamen, caudate nucleus, medial occip-

ital lobe, and cerebellum as regions of interest (ROIs) (22,23). In

addition, the pituitary gland (ROI volume, 0.22 6 0.15 cm3), which

is not protected by a functional BBB, was manually outlined on indi-

vidual MR images, which were coregistered to the PET summation

images using PMOD software (version 3.6; PMOD Technologies

Ltd.). ROIs were transferred to the respective dynamic PET datasets

to extract time–activity curves. The time–activity curves were normal-

ized to the injected radioactivity amount per body weight and

expressed in units of SUV (SUV 5 [radioactivity per g of tissue/

injected radioactivity] · body weight), and the following descriptive

pharmacokinetic parameters were determined: maximum concentra-

tion (Cmax, SUV, calculated from time points . 1.25 min to exclude

the arterial blood peak in the brain), the time of Cmax (Tmax, min), the

concentration at 55 min after radiotracer injection (C55 min, SUV), and

the area under the curve from 0 to 60 min after radiotracer injection

(AUCbrain, SUV · min). In addition, the elimination slope for radio-

activity washout from the brain (kE,brain, 1/min) was estimated by

linear regression analysis of the log-transformed brain time–activity

curves from 35 to 60 min after radiotracer injection.

The PMOD Kinetic Modeling tool was used to analyze the PET and
metabolite-corrected plasma data using a reversible 1-tissue-2-rate

constant (1T2K) compartmental model to estimate the rate constants

for radioactivity transfer from plasma into brain (K1, mL/(cm3 · min))

and from brain into plasma (k2, 1/min) and the total volume of distri-

bution (VT 5 K1/k2, mL/cm3). The fractional arterial blood volume in

the brain (Vb) was included as a fitting parameter. In addition, para-

metric images for K1, k2, and VT were calculated for both conditions

with the PMOD Pixelwise Modeling tool.
From the metabolite-corrected plasma time–activity curves expressed

in SUV units, Cmax (SUV), Tmax (min), AUCplasma from 0 to 60 min

after radiotracer injection (SUV · min), and the elimination slope from

30 to 60 min after injection (kE,plasma, 1/min) were calculated.

Statistical Analysis

Statistical analysis was performed using Prism Software (version

7.04; GraphPad Software). Outcome parameters were tested for nor-

mal distribution and compared between scans using a 2-sided, paired

t test. Regional differences were determined for each outcome param-

eter with 1-way ANOVA followed by a Tukey’s multiple comparison

test. To assess correlations, the Pearson correlation coefficient r was

determined. The level of statistical significance was set to a P value

of less than 0.05. All values are expressed as mean 6 SD.

RESULTS

Tolerance of Procedure

There were no adverse or clinically detectable pharmacologic ef-
fects related to the radiotracer administered in any of the 10 subjects.

All subjects experienced mild, reversible hot flashes within minutes

after start of CsA infusion. Further mild and reversible adverse

events recorded were headache (n 5 3), nausea (n 5 1), and local

exanthema (n 5 1).

Brain Kinetics

In baseline scans, there was substantial brain uptake of radio-
activity, which was rather homogeneously distributed throughout

the brain (Fig. 1A). During CsA infusion a slight increase in brain

radioactivity was observed in some subjects (Fig. 1A). In Supple-

mental Table 1 (supplemental materials

are available at http://jnm.snmjournals.org),

descriptive pharmacokinetic parameters are

summarized for all tested brain regions.

The maximum radioactivity concentration

(Cmax) in the brain was similar under both

conditions, but the time of Cmax (Tmax) was

in all brain regions later during ABCB1

inhibition than in baseline scans. Con-

versely, brain concentrations measured at

the end of the PET acquisition (C55 min)

were significantly higher during ABCB1 in-

hibition in several of the tested brain regions

(Supplemental Table 1; Fig. 1B). Brain ex-

posure to radioactivity (AUCbrain) was not

significantly different between the 2 scans

in any of the investigated brain regions.

With the exception of the pituitary gland,

the elimination slope of radioactivity

washout from the brain (kE,brain) was sig-

nificantly reduced during CsA infusion

(P , 0.01; range, 226% for cerebellum

to 290% for white matter) (Supplemental

Table 1, Supplemental Fig. 1A). We also

determined kE,brain from 12.5 to 60 min

after radiotracer injection, and these val-

ues showed across all gray matter ROIs an

excellent correlation with kE,brain values

FIGURE 1. (A) Representative PET average images of brain (0–60 min) for scans without (base-

line) and with CsA infusion. (B) Mean (±SD, n5 10) time–activity curves in whole-brain gray matter

for both conditions, with insert showing early data after radiotracer injection. (C) Mean (±SD, n 5
10) time–activity curves of unmetabolized 11C-metoclopramide in arterial plasma for both condi-

tions. (D) Percentage of unchanged 11C-metoclopramide in arterial plasma over time.
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calculated from 35 to 60 min after radiotracer injection (r 5

0.9018, P , 0.0001).

Plasma Kinetics

Plasma concentrations of 11C-metoclopramide peaked rapidly,
followed by a washout with a mean half-life of 38 6 21 min
(Fig. 1C). At 40 min after radiotracer injection, the percentage of
unmetabolized 11C-metoclopramide in plasma was 53% 6 14% for
scan 1 and 51% 6 13% for scan 2 (P 5 0.102) (Fig. 1D). These
values were 92% 6 5% and 94% 6 3% at 5 min (P 5 0.455),
77%6 9% and 78%6 6% at 10 min (P5 0.629), 65%6 10% and
65% 6 10% at 20 min (P 5 0.968), and 57% 6 11% and 57% 6
12% at 30 min (P5 0.845) for scan 1 and scan 2, respectively. Both
plasma Cmax and Tmax values were significantly different between
the 2 scans (Cmax [SUV], scan 1: 18.5 6 3.4, scan 2: 15.2 6 2.6,
P 5 0.0001; Tmax [min], scan 1: 0.63 6 0.07, scan 2: 0.54 6 0.04,
P5 0.0049). AUCplasma was significantly lower in scan 2 (AUCplasma

[SUV · min], scan 1: 31 6 5, scan 2: 25 6 4, P 5 0.0002).
KE,plasma was not significantly different between the 2 scans (P 5
0.3163) (Supplemental Fig. 1B). No correlation was found between
the percentage change in kE,brain and kE,plasma in scan 2 (Supplemen-
tal Fig. 1C). The free fraction (fp) of 11C-metoclopramide in plasma
was 0.22 6 0.6 in the first scan and 0.26 6 0.6 in the second scan
(P, 0.0001). CsA concentration in blood could be determined in 9
subjects. Mean CsA concentration in blood at the end of the PET
scan was 3.4 6 0.4 mmol/L (range, 2.5–3.9 mmol/L).

Kinetic Modeling

A 1T2K model was applied to estimate the distribution of radio-
activity from plasma into the brain under the 2 tested conditions.
Exemplary fits for each condition are shown in Supplemental Figure
2. A 2-tissue-4-rate constant compartmental model was also tried to
model the data but failed to provide estimates for all 4 rate constants
in 6 of the 20 datasets (data not shown). Outcome parameters from
kinetic modeling are summarized in Supplemental Table 2. Across
all gray matter ROIs, VT was negatively correlated (r 5 20.3048,

P 5 0.0013) and k2 was positively correlated (r 5 0.4034, P ,
0.0001) with the respective kE,brain values, whereas K1 showed no
correlation with kE,brain (r 5 0.1089, P 5 0.2620). In all studied
brain regions except white matter, there was appreciable brain up-
take of radioactivity in baseline scans (VT $ 2 mL/cm3). The high-
est radioactivity uptake was observed in the pituitary gland, a region
located outside the functional BBB. In the putamen, a brain region
that is rich in dopamine D2 receptors (D2R), mean VT was 24%
higher as compared with whole-brain gray matter, but this differ-
ence was not statistically significant (P 5 0.789, Supplemental
Table 2, Supplemental Fig. 3).
In all studied brain regions except the pituitary gland, VT was

significantly increased during ABCB1 inhibition. Increases in VT

(5 K1/k2) were caused by decreases in k2, which was significantly
reduced in scan 2 in all tested brain regions, and less pronounced
increases in K1, which were only in some of the investigated brain
regions statistically significant (Supplemental Table 2). In the pitu-
itary gland, there were no significant changes in K1 and k2 values
between the 2 conditions. In Figure 2, parametric PET images and
modeling outcome parameters are shown for both scans for the
whole-brain gray matter region. In this region, VT was increased by
29% 6 17% (P 5 0.0002), K1 was increased by 9% 6 12% (P 5
0.0533), and k2 was decreased by 15% 6 5% (P , 0.0001) during
ABCB1 inhibition (Fig. 2). The reduction in k2 was consistent
with a 32%6 18% decrease in kE,brain. In Figure 3, the percentage
changes in modeling outcome parameters in scan 2 are compared
for all tested gray matter ROIs. No statistically significant differ-
ences in the response to CsA were found between the different
brain regions.

DISCUSSION

The present study reports the first assessment of 11C-metoclopramide
in humans. In vitro studies have shown that metoclopramide is a

FIGURE 2. Representative MR image–coregistered parametric images

from 1 subject and individual parameter values in whole-brain gray mat-

ter for scans without (baseline) and with CsA infusion for K1 (A), k2 (B),

and VT (C). Shown P values are from 2-sided, paired t test.

FIGURE 3. Mean (1SD, n5 10) percentage change of model outcome

parameters K1, k2, VT, and kE,brain in response to CsA infusion in different

brain regions. WBGM 5 whole-brain gray matter. One-way ANOVA with

Tukey’s multiple comparison test revealed no significant differences for

within-group comparisons.
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weak substrate of human ABCB1 (13), but not of breast cancer resis-
tance protein (ABCG2), the other major ABC transporter expressed
at the human BBB (18). Moreover, previous preclinical experiments
suggested that 11C-metoclopramide is a suitable ABCB1 PET tracer
without brain penetration of radiolabeled metabolites and with neg-
ligible interaction with CNS targets other than ABCB1 (18,19). In
humans, one major unidentified polar radiolabeled metabolite of
11C-metoclopramide was observed in plasma, which eluted with a
comparable high-performance liquid chromatography retention time
as in rats and in nonhuman primates (18,19). Metabolism of 11C-
metoclopramide appeared to be considerably slower in humans than
previously reported in rats and nonhuman primates (18,19).
CNS effects of metoclopramide reported in patients suggest a

substantial brain distribution (24), which is in accordance with the
appreciable brain uptake of radioactivity observed in PET scans
without ABCB1 inhibition (Fig. 1A). Functional MRI studies have
shown that the CNS effects of metoclopramide are localized in the
putamen, consistent with D2R antagonism, and in the insular cor-
tices and anterior temporal lobes (25). In agreement with this, we
found moderately higher VT values in the putamen than in the
whole-brain gray matter, suggesting some degree of binding of
11C-metoclopramide to D2R. Apart from a weak accumulation in
the basal ganglia, we observed a rather homogeneous distribution
across different brain regions, which suggests a negligible contribution
of specific binding of 11C-metoclopramide to the overall PET signal
and a predominantly nonspecific retention mechanism in brain paren-
chyma. This is in accordance with previously performed preclinical
experiments, in which coinjection of unlabeled metoclopramide
failed to reveal specific binding of 11C-metoclopramide in the
brain (18,19).
In previous preclinical studies, tariquidar has been used as a

potent and well-tolerated ABCB1 inhibitor (18,19). As tariquidar
is no longer available for clinical use, we used in this study CsA as
an ABCB1 inhibitor. We used the same CsA administration pro-
tocol as has been used before to enhance brain uptake of the avid
ABCB1 substrate 11C-verapamil in humans (15). CsA infusion
resulted in a significant increase in the brain distribution (VT) of
11C-metoclopramide, which confirmed transport by ABCB1 at the
human BBB. VT/fP, which takes the impact of CsA on plasma
protein binding of 11C-metoclopramide into account, was also
significantly increased in most brain regions after ABCB1 inhibi-
tion (Supplemental Table 2). ABCB1 function can therefore be
considered as a determinant of the brain exposure to metoclopra-
mide. An increase in VT after ABCB1 inhibition was not observed
in the pituitary gland, consistent with a lack of ABCB1-mediated
efflux in this brain region (16,17). The small chemoreceptor trig-
ger zone of the area postrema, which is the known pharmacologic
target tissue of metoclopramide in the brain, is also not protected
by the BBB (26). ABCB1 function may thus preferentially control
the CNS side effects of metoclopramide (akathisia and dystonia),
which are associated with the blockage of D2R in the striatum
(24), rather than its therapeutic (antiemetic) effect.
The selected dose of CsA induced an approximately 30%

increase in the whole-brain gray matter VT of 11C-metoclopramide.
After ABCB1 inhibition, 11C-metoclopramide VT remained approx-
imately 3-fold lower than in the pituitary gland, suggesting that only
partial ABCB1 inhibition could be achieved using the selected dose
of CsA. This assumption is also supported by the observation that
11C-metoclopramide brain VT increase was higher (2-fold increase)
in a previously published nonhuman primate study, in which
tariquidar was used as a more potent ABCB1 inhibitor than CsA

(19). Kinetic modeling using a 1T2K model revealed that the increase
in VTwas due to a 9% increase in K1 and a 15% decrease in k2 (Fig. 2).
Muzi et al. reported an approximately 70% increase in 11C-verapamil
brain VT using the same ABCB1 inhibition protocol in healthy
volunteers (15). This increase in VT was consistent with an approx-
imately 70% increase in K1, with a limited impact of CsA infusion
on cerebral blood flow (13% increase) (15). The authors could not
find any impact of CsA on 11C-verapamil k2 in the 1T2K model.
Compared with verapamil (in vitro efflux ratio5 2.1), metoclopramide
is a weaker ABCB1 substrate (efflux ratio 5 1.4, measured under
the same conditions) (13). The low baseline brain distribution of 11C-
verapamil (VT 5 0.59 vs. 2.16 0.3 mL/cm3 for 11C-metoclopramide),
in combination with a possible brain uptake of radiolabeled me-
tabolites (27), made it difficult to estimate the impact of ABCB1
on the efflux transport of 11C-verapamil from the brain. In contrast, for
11C-metoclopramide the impact of ABCB1 function predominated on
k2 rather than on K1. This may be due to the better ability of 11C-
metoclopramide to cross the BBB as compared with 11C-verapamil and
a putative lack of brain-penetrant radiolabeled metabolites, resulting in
an effect of ABCB1 on the efflux clearance of 11C-metoclopramide
across the BBB. Focusing on the influx hindrance role of ABCB1 at
the BBB may thus underestimate the overall impact of ABCB1 on
the brain distribution and exposure to its substrates.
We found no regional differences in changes in 11C-metoclo-

pramide modeling outcome parameters in response to ABCB1
inhibition in different gray matter ROIs (Fig. 3), which was con-
sistent with earlier reports of negligible regional differences in
ABCB1 function in the healthy human brain (28,29). In white
matter, there were greater changes in modeling outcome parame-
ters in response to CsA administration as compared with the gray
matter ROIs (Supplemental Table 2), which may, however, be re-
lated to partial-volume effects.
Infusion of CsA significantly reduced the 11C-metoclopramide

plasma exposure (AUCplasma) but did not change the elimination
slope of parent 11C-metoclopramide from plasma (kE,plasma) (Sup-
plemental Fig. 1B). As a change in the arterial input function will
have an impact on the brain PET signal, the brain exposure to
radioactivity (AUCbrain) could not be used in our study as a sur-
rogate parameter to measure ABCB1 function at the BBB. There-
fore the arterial input function needed to be considered to estimate
the distribution of 11C-metoclopramide from the plasma into the
brain using full kinetic modeling. Arterial blood sampling is
sometimes difficult to perform in patients. KE,brain, which can be
directly determined from the brain time–activity curves without
the need to consider the arterial input function, was significantly
reduced by 32% after ABCB1 inhibition. This change in kE,brain
was independent of the corresponding plasma kinetics (Supple-
mental Fig. 1C). Moreover, the magnitude of the change in kE,brain
after ABCB1 inhibition was comparable to that of VT, obtained
with full kinetic modeling. Consequently, kE,brain appears as a
suitable parameter to noninvasively estimate ABCB1 function at
the BBB in humans without the need for arterial blood sampling,
similar to our previous findings in nonhuman primates (19).
Of particular interest in neuropharmacology is the role of ABCB1

in insufficient response to CNS-acting drugs and in pharmacoresistance.
This may be particularly relevant in epilepsy and major depression
as many antiepileptic drugs and antidepressants are weak ABCB1
substrates (4). Currently available avid ABCB1 substrates for PET
(11C-verapamil, (R)-11C-verapamil, and 11C-N-desmethyl-loperamide)
lack the sensitivity to detect moderate changes in ABCB1 function
at the BBB, due to the ability of ABCB1 to functionally compensate
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moderate changes in its expression (30). Therefore, a 2-scan PET
protocol involving a baseline scan and a second scan after intrave-
nous administration of tariquidar at a dose that partially inhibits
ABCB1 at the BBB was used to reveal a localized ABCB1 induc-
tion in the brains of patients with therapy-refractory epilepsy (31).
This PET protocol is complex and limited by the lack of availability
of tariquidar for clinical use. It can be hypothesized that weak
ABCB1 substrates may be better suited to detect moderate changes
in ABCB1 function at the BBB than avid substrates using a single
scan, without the need to administer an ABCB1 inhibitor. Prior
efforts have been made to identify weak ABCB1 substrate radiotracers
for PET imaging of ABCB1 function at the BBB (e.g., 18F-MC225,
18F-MPPF, 18F-FCWAY, and 11C-phenytoin) (32–35). However, none
of these compounds has so far been applied to study ABCB1 func-
tion in patients to confirm the hypothesis that they possess a higher
sensitivity to assess cerebral ABCB1 function than avid ABCB1
substrates. In addition, further factors, such as species differences in
substrate recognition (18F-MPPF) or specific binding in the brain
(i.e., to 5-HT1A receptors: 18F-MPPF and 18F-FCWAY), may restrict
their applicability as ABCB1 PET probes (32–35). For 11C-meto-
clopramide, there was probably some binding to D2R in the puta-
men, which is the region with the highest D2R density in the brain
(36). However, VT in the putamen was only 37% higher as com-
pared with the cerebellum, which lacks D2R. This suggests that the
D2R affinity of metoclopramide, which explains the CNS effects at
pharmacologic doses, is not sufficiently high to clearly distinguish
the specific binding of 11C-metoclopramide from its predominantly
nonspecific binding to brain parenchyma. On the basis of this, it
seems unlikely that D2R binding will exert an appreciable impact
on the kinetics of 11C-metoclopramide in brain regions other than
the basal ganglia. Coinjection of 11C-metoclopramide with a phar-
macologic dose of unlabeled metoclopramide, as previously re-
ported in rodents and nonhuman primates (18,19), will be helpful
to address a possible confounding effect of specific binding on the
quantification of ABCB1 function in D2R-rich brain regions.

CONCLUSION

We performed for the first time, to our knowledge, 11C-
metoclopramide PET imaging in humans to reveal the impact of
ABCB1 function on the brain kinetics of this representative weak
ABCB1 substrate. We showed that ABCB1 function both hindered
the influx and enhanced the efflux of 11C-metoclopramide across the
BBB. Our results show for the first time that ABCB1 does not solely
account for the ‘‘barrier’’ property of the BBB but also acts as a de-
toxifying system to limit the overall brain exposure to its substrates at
the human blood-brain interface. Efflux enhancement by ABCB1 may
play a critical role in controlling both therapeutic effects and side
effects of CNS-acting drugs in patients. In comparison to pre-
viously described radiotracers, 11C-metoclopramide benefits
from a substantial baseline brain uptake. Moreover, the suitable
pharmacokinetic properties of 11C-metoclopramide allow for a
minimally invasive estimation of ABCB1 function at the human
BBB. 11C-metoclopramide PET may offer the opportunity to
comprehensively assess the contribution of ABCB1 to pharma-
coresistance in patients with brain diseases.
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