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The effects of metoclopramide on the central nervous system

(CNS) in patients suggest substantial brain distribution. Previ-

ous data suggest that metoclopramide brain kinetics may
nonetheless be controlled by ATP-binding cassette (ABC)

transporters expressed at the blood–brain barrier. We used
11C-metoclopramide PET imaging to elucidate the kinetic impact

of transporter function on metoclopramide exposure to the brain.
Methods: 11C-metoclopramide transport by P-glycoprotein (P-gp;

ABCB1) and the breast cancer resistance protein (BCRP; ABCG2)

was tested using uptake assays in cells overexpressing P-gp and

BCRP. 11C-metoclopramide brain kinetics were compared using
PET in rats (n 5 4–5) in the absence and presence of a pharmaco-

logic dose of metoclopramide (3 mg/kg), with or without P-gp

inhibition using intravenous tariquidar (8mg/kg). The 11C-metoclopramide

brain distribution (VT based on Logan plot analysis) and brain kinet-
ics (2-tissue-compartment model) were characterized with either a

measured or an imaged-derived input function. Plasma and brain

radiometabolites were studied using radio–high-performance liquid
chromatography analysis. Results: 11C-metoclopramide transport

was selective for P-gp over BCRP. Pharmacologic dose did not

affect baseline 11C-metoclopramide brain kinetics (VT 5 2.28 ±
0.32 and 2.04 ± 0.19 mL⋅cm−3 using microdose and pharmaco-
logic dose, respectively). Tariquidar significantly enhanced micro-

dose 11C-metoclopramide VT (7.80 ± 1.43 mL⋅cm−3) with a 4.4-fold

increase in K1 (influx rate constant) and a 2.3-fold increase in

binding potential (k3/k4) in the 2-tissue-compartment model. In
the pharmacologic situation, P-gp inhibition significantly increased

metoclopramide brain distribution (VT 5 6.28 ± 0.48 mL⋅cm−3)

with a 2.0-fold increase in K1 and a 2.2-fold decrease in k2
(efflux rate), with no significant impact on binding potential.

In this situation, only parent 11C-metoclopramide could be

detected in the brains of P-gp–inhibited rats. Conclusion:
11C-metoclopramide benefits from favorable pharmacokinetic
properties that offer reliable quantification of P-gp function at

the blood–brain barrier in a pharmacologic situation. Using

metoclopramide as a model of CNS drug, we demonstrated that

P-gp function not only reduces influx but also mediates the
efflux from the brain back to the blood compartment, with ad-

ditional impact on brain distribution. This PET-based strategy of

P-gp function investigation may provide new insight on the con-
tribution of P-gp to the variability of response to CNS drugs

between patients.
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The identification of P-glycoprotein (P-gp, MDR1, ABCB1)
at the luminal side of the brain capillaries forming the blood–
brain barrier (BBB) raised important questions regarding the
exposure of many drugs to the brain (1). PET imaging is an
appealing and noninvasive approach to study the functional im-
pact of transporters at the human BBB (2). P-gp function at the
human BBB was first unveiled using 11C-verapamil, a radiola-
beled P-gp substrate (3). Unfortunately, 11C-verapamil radiome-
tabolites complicate PET data analysis because some of these
radiometabolites can freely cross the BBB, whereas others in-
teract with P-gp (4). 11C-N-desmethyl-loperamide, which is a
metabolite of loperamide, is another avid P-gp substrate with im-
proved metabolic stability in vivo (5). These specific PET radiotracers
have shown that P-gp restricts the brain uptake (K1; influx rate con-
stant) of its substrates, thus limiting their exposure to the brain (6).
However, it was recently suggested that microdose studies may not
reflect the impact of transporters on drug brain kinetics in the phar-
macologic situation (7).
Preclinical and invasive studies suggest that P-gp function may

also actively control the efflux of its substrates from the brain back
to the plasma (8). In addition to limiting the influx, efflux enhance-
ment may differentially affect the overall exposure of P-gp sub-
strate to the brain (9). Because of limited baseline uptake (in the
presence of P-gp) or the presence of brain radiometabolites, avail-
able PET radioligands do not allow for accurate estimation of the
brain efflux constant (k2). Therefore, alternative PET radiotracers
with optimized pharmacokinetic properties are needed to investi-
gate the k2 component of P-gp function and its overall contribution
to the brain distribution (VT) (6,10).
Many drugs targeting the central nervous system (CNS), includ-

ing some antiepileptic drugs (11), opioids (12), antidepressants, or
neuroleptics (13), have been identified as moderate P-gp substrates
in vitro with substantial baseline brain distribution in vivo. Meto-
clopramide intravenous formulation is commonly prescribed as an
antiemetic (14). In patients, reported effects of metoclopramide on
the CNS suggest substantial baseline brain distribution (14). Meto-
clopramide was shown to cross the BBB in rodents (15). Still, in
vitro studies have shown that metoclopramide is a moderate sub-
strate of both the human and the rodent P-gp (16).
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In the present study, we used 11C-metoclopramide to under-
stand how P-gp affects the brain kinetics of metoclopramide,
which serves as a model of P-gp substrate with substantial
baseline brain uptake. Specificity toward the breast cancer
resistance protein (BCRP, ABCG2) was assessed in vitro. In
rats, brain kinetics of microdose and pharmacologic dose
11C-metoclopramide were studied in the presence and absence
of P-gp inhibition.

MATERIALS AND METHODS

Animals

Thirty-five male Wistar rats (Janvier) were used for the study (mean
weight6 SD, 3226 23 g). Animals were housed and acclimatized for

at least 1 wk before the experiment. Rats had free access to rat chow
and water. Animal studies were conducted in accordance with the

French legislation and European directives on the use of animals in
research.

Chemicals

Tariquidar used for P-gp inhibition was purchased from Eras Labo.

Tariquidar solutions for intravenous injection (4.4 mg�mL21) were
prepared the day of the experiment by dissolving tariquidar dimesylate

2.35 H2O (;6 mg) in a 5% (w:v) glucose solution (0.5 mL) followed
by dilution with sterile water (0.5 mL). Metoclopramide was admin-

istered using Metoclopramide Renaudin for intravenous injection (10
mg/2 mL; Renaudin). Ko-143 used for BCRP inhibition was pur-

chased from Sigma-Aldrich. The P-gp inhibitor valspodar (PSC833)
was obtained from Novartis.

Radiochemicals
3H-prazosin (3.15 GBq/mmol) used for a model P-gp/BCRP sub-

strate was obtained from Perkin-Elmer. Ready-to-inject, greater than
99% radiochemically pure 11C-metoclopramide (4-amino-5-chloro-N-

(2-(diethylamino)ethyl)-2-11C-methoxybenzamide) was prepared from
cyclotron-produced 11C-carbon dioxide (Cyclone-18/9 cyclotron;

IBA) and nor-metoclopramide (4-amino-5-chloro-N-(2-(diethylamino)
ethyl)-2-hydroxybenzamide, from Sanofi) using a TRACERLab FX-C

synthesizer (GE Healthcare). Radiomethylation was performed with
11C-methyl triflate on the methoxy phenyl moiety of nor-metoclopramide
to afford 11C-metoclopramide (11–15 GBq) with specific radioactiv-

ities ranging from 110 to 150 GBq/mmol. Quality controls were
performed on an aliquot of the ready-to-inject 11C-metoclopramide

preparation.

Uptake Assay in P-gp– and BCRP-Overexpressing Cells

Transfected MDCKII-MDR1 and MDCKII-BCRP cells were
obtained from Alfred Schinkel (National Cancer Institute). Cells were

seeded onto 24-well plates (3.105 cells/well) and allowed to grow for
3 d. On the day of the experiment, cell monolayers were washed and

incubated with buffer containing either 11C-metoclopramide (;10
MBq/mL; ;0.5 mM) or the dual P-gp/BCRP substrate 3H-prazosin

(;3.7 kBq/mL; 1.1nM) (17) as a positive control. Inhibition of P-gp
and BCRP was obtained by adding PSC833 (5 mM) (17) and Ko-143

(10 mM) (18), respectively, to the incubation buffer. Into control vials
was added vehicle (dimethyl sulfoxide, 0.5%) instead. After a 30-min

incubation, monolayers were washed twice with ice-cold phosphate-
buffered saline and lysed during 1 min using 500 mL of NaOH 0.1N.

Samples (300 mL) from each vial were then counted for 11C radioac-
tivity or mixed with Ultima Gold scintillation cocktail (Perkin Elmer)

to measure tritium radioactivity. 11C-metoclopramide and 3H-prazosin
radioactivities found in each vial were divided by the mean radioac-

tivity measured in the control vials to estimate the percentage uptake
(n 5 6 in each condition).

Small-Animal PET Imaging

Experimental Conditions. The brain kinetics of microdose
11C-metoclopramide (39.4 6 9.0 MBq; 4.3 6 3.9 mg/kg; 14.5 6
13.2 nmol/kg) was measured either in the absence (condition A,

n 5 5) or in the presence (condition B, n 5 4) of the P-gp inhibition.

Coinjection of 11C-metoclopramide with unlabeled metoclopramide

(36.7 6 7.9 MBq; 3 mg/kg; 10 mmol/kg) was performed in the absence

(condition C, n 5 4) and in the presence (condition D, n 5 5) of P-gp

inhibition. P-gp inhibition was obtained using tariquidar (8 mg/kg)

administered intravenously 15 min before PET.
Three animals in condition D were used for the displacement

experiments: they were administered an additional metoclopramide

dose of 10 mg/kg after 30 min of scanning, which was then continued

for 30 min.

Imaging Protocol. PET scans were obtained using an Inveon
microPET system (Siemens). Anesthesia was induced and thereafter

maintained using 3% and 1.5%–2.5% isoflurane in O2, respectively.

Thirty-minute dynamic scans were acquired, starting from intravenous

injection of a bolus 11C-metoclopramide with or without unlabeled meto-

clopramide in a catheter inserted in the caudal lateral vein. Images were

reconstructed with the Fourier rebinning algorithm 1 2-dimensional

ordered-subset expectation maximization algorithm including nor-

malization, attenuation, scatter, and random corrections.
Image analysis and quantification of radioactivity uptake were

performed using PMOD software (version 3.5; PMOD Technologies).

Regions of interest were drawn manually on the whole brain and in the

heart blood-pool to generate the corresponding time–activity curves

with time frame durations of 0.25 min, 0.5 min · 2, 0.75 min, 1 min · 4,

1.5 min, 2 min · 4, 2.5 and 3 min · 3, and 3.5 min. Radioactivity was

corrected for 11C decay, injected dose, and animal weight to express the

measurements in SUV. Tmax, defined as the time at which the maximum

of the time–activity curve (SUVmax) occurred, was also used to charac-

terize the time–activity curves.
PET Kinetics Modeling. First, PET kinetics modeling was per-

formed using PMOD software and the Logan plot analysis to estimate

the total volume of distribution (VT) in a model-independent manner.

For each condition, VT was estimated using the corresponding metab-

olite-corrected input function (parent 11C-metoclopramide in plasma

vs. time, SUVunits). Time–activity curves obtained in the heart blood-

pool were then used as an input function. Time–activity curves were

normalized from plasma activity (imaged-derived blood/measured

plasma 5 0.3 for conditions A and B and 0.5 for conditions C and

D, respectively) and corrected from radiometabolites using the corre-

sponding parent 11C-metoclopramide fraction measured in plasma.
11C-metoclopramide volume of distribution (V’T) was then estimated

using the Logan plot. Brain kinetics were also modeled using the 2-

tissue compartment in each rat to estimate K1, k2, k3, k4, and the

binding potential (BPND 5 k3/k4) in all tested conditions to allow

for comparison between conditions.
Arterial Input Function and Brain Metabolites. 11C-metoclopramide

arterial input function corrected for radiometabolites was measured in

dedicated experiments (n 5 3 for each condition). Plasma samples

preparation and radio–high-performance liquid chromatography meth-

odology are described in a supplemental data file (supplemental mate-

rials are available at http://tech.snmjournals.org).
Plasma free fraction (not bound to plasma protein) was measured

(n 5 3 in each condition) using a previously described ultrafiltration

method (Microcon filtration devices, YM, 10 membrane; Millipore)

(19).

Three animals in condition C were used to study brain radio-
metabolites. Thirty minutes after injection (;74 MBq; 3 mg/kg),

rats were decapitated. To the brains were added 200 mL of purified

water before sonication at 4�C. Brain homogenates were mixed with

310 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 57 • No. 2 • February 2016

by CEA Saclay on March 10, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://tech.snmjournals.org
http://jnm.snmjournals.org/


700 mL of acetonitrile. The extracts (400 mL) were injected onto the

radio–high-performance liquid chromatography system (supplemental
data).

Statistical Analysis

Statistical analysis was performed using R version 3.1.2 (The R

Foundation). In vitro data were compared using 2-way ANOVA
analysis. PET data were compared using nonparametric Mann–

Whitney tests for independent data. A result was deemed signifi-
cant when a 2-tailed P value was less than 0.05.

RESULTS

Uptake Assay in P-gp– and BCRP-Overexpressing Cells

Figure 1 shows that the accumulation of 11C-metoclopramide in
P-gp–overexpressing cells is enhanced up to 1.4-fold in the presence
of P-gp inhibition. Conversely, 11C-metoclopramide accumulation in
BCRP-overexpressing cells is not different in the presence of Ko-143,
demonstrating metoclopramide specificity for P-gp over BCRP. The
accumulation of the positive control 3H-prazosin was enhanced up to
2.0 and 2.7 in MDR1- and BCRP-transfected cells, respectively,
demonstrating the validity of the model.

Small-Animal PET Imaging

Figure 2 shows representative PET images of the brain distri-
bution of 11C-metoclopramide in the different tested conditions. In
all conditions, 11C-metoclopramide brain distribution appeared
homogeneous within brain parenchyma. Unlabeled metoclopra-
mide (condition C) enhanced the brain PET signal, which was
even more increased by P-gp inhibition (conditions B and D).

Figure 3 displays the corresponding time–activity curves in the
brain. At microdose (condition A), brain radioactivity peaked rap-
idly (Tmax, ;3 min; SUVmax, 0.45 6 0.05). At pharmacologic dose
(condition C), brain radioactivity peaked at a higher value (Tmax,
;2 min; SUVmax, 0.53 6 0.04). Total brain exposure was found to
be higher using a pharmacologic dose (area under the time–activity
curve from 0 to 30 min [AUC0–30 min] = 11.88 6 1.04 SUV�min)
than microdose metoclopramide (AUC0–30 min = 8.57 6 1.10
SUV�min; P , 0.05). In the presence of tariquidar (condition D), a
delay in Tmax was observed (;11 min) with SUVmax equaling
1.26 6 0.11—that is, 2.4-fold higher than in condition C. This
suggests a major impact of P-gp inhibition on the brain kinetics
of metoclopramide. As shown in Figure 4, additional displace-
ment using a higher dose of metoclopramide did not decrease
11C-metoclopramide brain radioactivity, suggesting predominant
nonspecific binding in condition D (Fig. 4).

11C-Metoclopramide Arterial Input Function and Metabolism

Figure 3 shows 11C-metoclopramide parent fraction in plasma
versus time. Microdose 11C-metoclopramide (conditions A and B)
was metabolized with parent compound, accounting for 20% of
total plasma radioactivity 30 min after injection. Coinjection with
unlabeled metoclopramide (conditions C and D) improved parent
11C-metoclopramide recovery in plasma (55% at 30 min), suggest-
ing dose-dependent metabolism. 11C-metoclopramide free fraction
in plasma (fP) was not different between conditions (Table 1).
Figure 5 shows representative radiochromatograms of the brain

and plasma obtained at 30 min after injection in condition D. Only
parent 11C-metoclopramide could be detected in the brain at
30 min, suggesting that radiolabeled metabolites of metoclopra-
mide do not detectably cross the BBB, even in the presence of
tariquidar.

Pharmacokinetic Modeling

Table 1 displays the mean outcome parameters obtained using
pharmacokinetic modeling in each tested condition. Baseline brain
VTs were not significantly different at tracer (condition A) and
pharmacologic dose (condition C). P-gp inhibition increased VT.
The effect of tariquidar on VT was higher at microdose than phar-
macologic dose (condition B vs. condition D).

FIGURE 1. 11C-metoclopramide uptake assay in MDCKII cells trans-

fected with human MDR1 or BCRP genes. 3H-prazosin, a substrate of

both P-gp and BCRP, was used as positive control. Accumulation in

each vial was normalized by mean uptake in absence of inhibitor. Data

are percentage uptake ± SD (n 5 6). ***P , 0.001. **P , 0.01. n.s 5
nonsignificant.

FIGURE 2. Representative PET images (sum from 20 to 30 min after

injection, SUV units) obtained using microdose 11C-metoclopramide

without (condition A) or with P-gp inhibition (condition B) compared with

data obtained using metoclopramide (3 mg/kg) coinjection without (con-

dition C) or with (condition D) P-gp inhibition (tariquidar, 8 mg/kg). Vol-

umes of interest drawn on brain and heart blood-pool are represented

as white dashed lines.
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The fast washout of heart blood-pool radioactivity compared
with the brain and surrounding tissues suggests a low tracer uptake
by the heart tissue, which was influenced by neither P-gp inhibition
nor displacement by high-dose metoclopramide (Figs. 2, 3, and 4).
We found a good correlation (R2 5 0.9388; P , 0.001) between VT

estimated using the arterial input function and V’T estimated using
the image-derived input function, suggesting poor contribution of the
heart tissue to the heart blood-pool radioactivity (Table 1). In the
2-tissue-compartment model, 11C-metoclopramide kinetic parameters
(K1, k2, k3, and k4) were not significantly different in the presence and
absence of pharmacologic-dose metoclopramide (condition Avs. con-
dition C). When microdose was used (conditions A and B), P-gp
inhibition increased K1 and BPND. In the pharmacologic situation
(conditions C and D), tariquidar did not affect BPND. P-gp inhibition
increased K1 (2-fold) and decreased k2 (2.2-fold).

DISCUSSION

We used 11C-metoclopramide PET imaging to elucidate the
functional impact of P-gp on the brain kinetics of metoclopramide,
a prototypical P-gp substrate with substantial brain distribution. In
vitro studies have shown that metoclopramide is a substrate of the
human and rodent P-gp (16). Metoclopramide efflux ratio measured
using standardized bidirectional assay in MDCKII-MDR1 cells was
found to be 1.4-fold higher than that obtained in MDCKII-parent
cells. This ratio was 3.8 and 2.1 higher for verapamil and loperamide,
respectively (16). Consequently, the metoclopramide brain-to-plasma
ratio was 1.2 in wild-type mice compared with 0.34 and 0.55 for
verapamil and loperamide, respectively (20). Recent proteomic data
have elucidated the transporter expression pattern at the rodent and
human BBB: P-gp and BCRP are the main ABC transporters of
pharmacokinetic importance at the BBB where the multidrug resis-
tance protein 1 (MRP1, ABCC1) was not detected (21). Our in vitro
data suggest that 11C-metoclopramide is not likely to be influenced by
BCRP function at the BBB.
Dedicated P-gp substrates with substantial baseline brain

distribution are necessary to elucidate the specific features of P-
gp function on the brain kinetics of CNS drugs (2). 18F-MPPF

(29-methoxyphenyl-(N-29-pyridinyl)-p-18F-fluoro-benzamidoethyl-
piperazine), a clinically validated serotoninergic 5-HT1A receptor
antagonist, was proposed to study P-gp function at the rodent BBB
(22). Unfortunately, this ligand is not transported by human P-gp (19).
Transport of the antiepileptic drug phenytoin by the human P-gp
was shown to be extremely weak compared with the rodent iso-
form (23,24) and is hardly detected using a bidirectional transport
assay (16). 11C-phenytoin PET is nonetheless an elegant strategy to
study antiepileptic drug disposition in the brains of patients with
pharmacoresistant epilepsy, which may involve parameters other than
P-gp at the BBB (25,26).
Metoclopramide is a dopamine D2 receptor antagonist in vitro

(Kd 5 46 nM) (27). 11C-metoclopramide brain distribution ap-
peared homogeneous with no specific retention in D2-rich re-
gions such as the striatum, even in the absence of P-gp inhibition
(Fig. 2). Maximal metoclopramide concentrations in the brain obtained
using microdose injection was approximately 20 pmol�mL21 versus
approximately 13 nmol�mL21 using the coinjection protocol, allowing

FIGURE 3. 11C-metoclopramide PET time–activity curves obtained in

brain and heart blood-pool using microdose metoclopramide without

(condition A) or with P-gp inhibition (condition B) compared with data

obtained using metoclopramide (3 mg/kg) coinjection without (condition

C) or with (condition D) P-gp inhibition (tariquidar, 8 mg/kg). Respective

plasma kinetics of parent 11C-metoclopramide in same conditions were

obtained from measured arterial input function corrected from parent
11C-metoclopramide fraction in plasma.

FIGURE 4. Displacement experiments performed in P-gp–inhibited

rats: time–activity curves obtained in brain and heart blood-pool.

P-gp–inhibited rats were injected with 11C-metoclopramide (42.5 ±
6.4 MBq) along with metoclopramide, 3 mg/kg (condition D). Ad-

ditional dose of metoclopramide (10 mg/kg) was injected at

30 min.
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for substantial D2 receptor occupancy (Bmax 5 68 pmol�mL21)
(28). High-dose metoclopramide (5.6 mg/kg) is necessary to displace
3H-spiperone from D2 receptor binding in rats (29). In condition D,
additional displacement experiments using 10 mg/kg showed that
11C-metoclopramide binding to the brain is mainly nonspecific (Fig.
4). Metoclopramide binding to the brain is reversible (k4 . 0), and
its mechanism is unknown. Metoclopramide is a tertiary amine and
part of the binding may involve lysosomal trapping, as reported for
11C-N-desmethyl-loperamide (30).
Using microdose 11C-metoclopramide, we found that P-gp in-

hibition increased VT, K1, and BPND (Table 1). The effect on BPND
was observed using 11C-verapamil (31) and 18F-MPPF (22). This
effect suggests that 11C-metoclopramide binding to the brain com-
petes with P-gp–mediated efflux, which complicates the interpre-
tation of kinetic analysis results. In the pharmacologic situation,
P-gp inhibition did not affect BPND, allowing for a straight com-
parison of 11C-metoclopramide transfer across the BBB (K1 and
k2). This also ensures that VT specifically reflects metoclopramide
transport through the BBB and can be used as an outcome param-
eter to quantify the impact of P-gp function at the BBB. Baseline
11C-metoclopramide VT and BPND were not different with or with-
out unlabeled metoclopramide (Table 1), suggesting that metoclo-

pramide does not saturate its own transport at the BBB up to
3 mg/kg.
When pharmacologic-dose metoclopramide was used, P-gp

inhibition resulted in a delayed brain Tmax followed by slower
washout from the brain (Fig. 3) and a decrease in k2 in addition
to an increase in K1. Once in the brain, P-gp therefore seems to
promote efflux back to the blood. This phenomenon was actually
previously shown in rats using an invasive approach, taking brain
metabolites into account (8,32).
The potential interaction of undercurrent treatments or genetic

polymorphism on radiotracer peripheral pharmacokinetics is a major
issue for PET data interpretation (33,34). Coinjection with unlabeled
metoclopramide increased 11C-metoclopramide plasma exposure
(Fig. 3). Baseline 11C-metoclopramide brain kinetics estimated using
metabolite-corrected input function were not influenced by the extent
of metabolite formation. This result can be explained by the negligi-
ble brain distribution of plasma radiometabolites (Fig. 5), resulting in
the suitable radiochemical purity of 11C-metoclopramide brain signal.
We showed that P-gp function is not responsible for the negligible
brain permeation of 11C-metoclopramide radiometabolites.
Modulation of P-gp function at the BBB, due to genetic poly-

morphism (35), environmental factors (36), or drug–drug interactions
(37), may contribute to interindividual vari-
ability of brain exposure and subsequent
pharmacodynamic response to CNS drugs,
including pharmacoresistance (36). K1 is
estimated in the early distribution phase,
where P-gp works against the concentra-
tion gradient between the plasma and
the brain (12). Our study suggests that
ignoring the brain efflux component (k2)
may underestimate the overall contribu-
tion of P-gp on CNS drug exposure to
the brain (9,34,38). Given the absence of
brain radiometabolites, 11C-metoclopramide
coinjected with metoclopramide allows for
the reliable and noninvasive estimation of k2
in vivo. This relevant outcome parameter

TABLE 1
11C-Metoclopramide Outcome Parameters Estimated in Rat Brain in Each Condition Using Logan Plot Analysis and 2-

Tissue-Compartment Model

Logan plot 2-tissue-compartment model

Condition n fp (%)

VT (mL⋅cm−3)

using arterial

input function

V’T (mL⋅cm−3) using

image-derived

input function

K1

(mL⋅cm−3⋅min−1) k2 (min−1) k3 (min−1) k4 (min−1) BPND

A 5 12.0 ± 1.9 2.28 ± 0.32 2.46 ± 0.70 0.23 ± 0.11 0.35 ± 0.18 0.22 ± 0.12 0.09 ± 0.03 2.40 ± 0.78

B 4 14.8 ± 5.7 7.80 ± 1.43* 8.33 ± 0.91* 1.02 ± 0.34* 0.66 ± 0.20 0.34 ± 0.09 0.06 ± 0.02 5.44 ± 0.50*

C 4 12.4 ± 3.0 2.04 ± 0.19 2.41 ± 0.29 0.36 ± 0.12 0.43 ± 0.10 0.22 ± 0.15 0.09 ± 0.03 2.21 ± 1.04

D 5 16.7 ± 7.4 6.28 ± 0.48†,‡ 7.13 ± 0.35†,¶ 0.73 ± 0.11† 0.20 ± 0.06†,¶ 0.10 ± 0.06¶ 0.07 ± 0.02 1.97 ± 0.40¶

*Statistical significance, P , 0.05 for conditions B and C compared with condition A.
†Statistical significance, P , 0.05 for condition D compared with condition C.
¶Statistical significance, P , 0.05, and ‡P , 0.01 for condition D compared with condition B.

Data are shown as mean ± SD in each condition, n is number of animals used in each group, and fP is percentage of free 11C-

metoclopramide in plasma. Logan plot analysis was used to estimate total distribution volume using arterial input function (VT) or
image-derived input function (V’T). 2-tissue-compartment model was used to estimate 11C-metoclopramide K1, k2, k3, k4, and

BPND.

FIGURE 5. Representative radio–high-performance liquid chromatograms obtained in plasma

and in brain of P-gp–inhibited rats 30 min after 11C-metoclopramide injection (condition D, 70

MBq; 3 mg/kg).
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may be useful to describe the impact of P-gp modulation on the
brain kinetics of drugs.
The development of PET imaging approaches in humans has

raised new opportunities to study P-gp function in situations in
which this transporter may be overexpressed (36). Current proto-
cols focusing on influx hindrance require partial P-gp inhibition to
achieve substantial 11C-verapamil baseline K1 (34,38). To that
end, potent P-gp inhibitors such as tariquidar are not readily avail-
able, especially for human use. It can be hypothesized that P-gp
induction enhances drug efflux from the brain (k2) in addition to
its impact on previously reported influx hindrance (K1).

CONCLUSION

11C-metoclopramide PET imaging was used to investigate the
overall impact of P-gp function on the brain kinetics of metoclopra-
mide, a prototypical CNS drug with substantial brain distribution. We
demonstrated that P-gp controls both the influx and the efflux of drugs
across the BBB. This PET-based strategy may provide novel insight
on the role of P-gp at the BBB in healthy and diseased situations.
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