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The multidrug efflux transporter P-glycoprotein (P-gp) is
expressed in high concentrations at the blood–brain barrier
(BBB) and is believed to be implicated in resistance to central
nervous system drugs. We used small-animal PET and (R)-11C-
verapamil together with tariquidar, a new-generation P-gp mod-
ulator, to study the functional activity of P-gp at the BBB of rats.
To enable a comparison with human PET data, we performed ki-
netic modeling to estimate the rate constants of radiotracer
transport across the rat BBB. Methods: A group of 7 Wistar Uni-
lever rats underwent paired (R)-11C-verapamil PET scans at an
interval of 3 h: 1 baseline scan and 1 scan after intravenous injec-
tion of tariquidar (15 mg/kg, n 5 5) or vehicle (n 5 2). Results:
After tariquidar administration, the distribution volume (DV) of
(R)-11C-verapamil was 12-fold higher than baseline (3.68 6

0.81 vs. 0.30 6 0.08; P 5 0.0007, paired t test), whereas the
DVs were essentially the same when only vehicle was adminis-
tered. The increase in DV could be attributed mainly to an in-
creased influx rate constant (K1) of (R)-11C-verapamil into the
brain, which was about 8-fold higher after tariquidar. A dose–
response assessment with tariquidar provided an estimated
half-maximum effect dose of 8.4 6 9.5 mg/kg. Conclusion:
Our data demonstrate that (R)-11C-verapamil PET combined
with tariquidar administration is a promising approach to mea-
sure P-gp function at the BBB.
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The ATP-binding cassette transporter P-glycoprotein
(P-gp) is expressed in various body tissues, such as liver,
kidney, intestines, testes, and brain. In the brain, P-gp is

located at the luminal membrane of endothelial cells of blood
capillaries, where it impedes the diffusion of lipophilic
molecules into the brain by actively returning them to the
vascular space through effluxion (1). Apart from its well-
established role in multidrug resistance of cancer cells, P-gp–
mediated efflux transport is also thought to be implicated in
resistance to central nervous system drugs, such as antiepileptic,
anticancer, anti-HIV, and antidepressant drugs (2). Moreover,
changes in P-gp expression and function are thought to be
involved in the etiology and pathogenesis of certain neuro-
logic disorders, such as Alzheimer’s disease (3) and Parkinson’s
disease (4).

The 11C-labeled calcium channel inhibitor verapamil has
been developed as a PET tracer to assess in vivo the function
of P-gp at the blood–brain barrier (BBB) (5). Whereas the
tracer was initially used as a racemic mixture (6), enantio-
merically pure (R)-11C-verapamil has been suggested to be
preferable for kinetic modeling of PET data because of
differences in metabolism and plasma protein binding be-
tween the (R)- and (S)-enantiomers (7–9).

11C-verapamil is effectively transported by P-gp at the
BBB, thereby possessing low brain uptake, which in turn
affords low counting statistics. For a more reliable assess-
ment of P-gp functionality, the acquisition of paired 11C-
verapamil PET scans, comprising 1 baseline scan and 1 scan
after administration of a drug that modulates P-gp activity,
has been suggested (10). In a proof-of-concept study in
healthy volunteers, Sasongko et al. showed significant, yet
moderate (;90%), increases of 11C-verapamil–derived brain
activity uptake after intravenous infusion of the immunosup-
pressant cyclosporine A, which has been attributed to cyclo-
sporine A–induced blockade of cerebral P-gp (10). However,
these investigators worked with blood concentrations of
cyclosporine A that were severalfold higher than those
achieved when the drug is used in the clinic. Unfortunately,
safety concerns hamper the regular use of cyclosporine A at
P-gp–modulating doses in 11C-verapamil–based PET proto-
cols in human subjects, particularly in patients.
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To overcome P-gp–mediated drug resistance, several new-
generation P-gp modulators have been developed, and they
have been shown to inhibit P-gp with good selectivity and
high potency without causing significant side effects (11).
One of the most potent P-gp modulators is the anthranilic
acid derivative tariquidar (XR9576) (12), which inhibits
substrate transport by P-gp in vitro with a half-maximum
inhibition constant of about 0.04 mM (13). Tariquidar has
already advanced to clinical trials, where increased tumor
exposure to the P-gp substrate 99mTc-sestamibi as a surrogate
marker for anticancer drug exposure was shown (14,15).

In this study, we used small-animal PET in naı̈ve rats to
develop an improved PET protocol that uses enantiomeri-
cally pure (R)-11C-verapamil and tariquidar to assess the
functional activity of cerebral P-gp. To enable a comparison
with human PET data, we analyzed our small-animal PET
data by a kinetic modeling approach and estimated the rate
constants of (R)-11C-verapamil transport across the rat BBB.
By modeling (R)-11C-verapamil kinetics in rat brain with and
without P-gp modulation, we were able to identify those
model parameters that were most sensitive to changes in
cerebral P-gp function.

MATERIALS AND METHODS

Animals
Adult female Wistar Unilever rats (Harlan-Winkelmann) weigh-

ing 220–250 g were used for this study. The study was approved by
the local Animal Welfare Committee, and all study procedures were
performed in accordance with the Austrian Animal Experiments
Act. Rats had access to food and water ad libitum and were kept
under a cycle of 12 h of light and 12 h of dark.

Before each experiment, the animals were placed in an acrylic
container and anesthetized with 1.5% isoflurane. When uncon-
scious, the animals were taken from the container and kept under
anesthesia with 1.5% isoflurane administered via a mask during the
whole experiment. The animals were warmed with a heating pad
kept at 39�C. Each animal was cannulated in the carotid artery (for
blood sampling) and the jugular vein (for administration of
tariquidar and (R)-11C-verapamil).

Chemicals
Unless otherwise stated, all chemicals were of analytic grade and

obtained from Sigma-Aldrich Chemie GmbH or Merck and used
without further purification. Female Wistar rat plasma (anticoagu-
lant: lithium-heparin) was purchased from Lampire Biologic Lab-
oratories. Isofluran was obtained from Baxter Vertriebs GmbH.
Tariquidar dimesylate was obtained from Xenova Ltd. For admin-
istration, tariquidar was freshly dissolved on each experimental
day in 2.5% aqueous dextrose solution and injected at a volume of
3 mL/kg. Enantiomerically pure (R)-11C-verapamil was synthe-
sized from (R)-norverapamil (ABX Advanced Biochemical
Compounds) and 11C-methyl triflate as described earlier (16).

PET Experimental Procedure
The anesthetized animals were positioned in the scanner bed, and

(R)-11C-verapamil (84 6 16 MBq, 19.0 6 11.8 nmol, n 5 18)
dissolved in 0.5–1 mL of phosphate-buffered saline (pH 7.4)/
ethanol (9/1, v/v) was administered as an bolus via the jugular vein
over approximately 40 s. At the start of radiotracer injection,

dynamic PET was initiated using a small-animal PET scanner
(microPET Focus 220; Siemens Medical Solutions).

During the first 3 min after radiotracer injection, 2-mL arterial
blood samples were withdrawn manually with a micropipette from
the carotid artery (approximately every 5 s), followed by further
2-mL samples taken at 5, 10, 20, 30, 40, 50, and 60 min. Activity in
the blood samples was measured in a 1-detector Wallac g-counter
(Perkin Elmer Instruments), which was cross-calibrated with the
PET camera. Moreover, 1 larger blood sample (0.6 mL) was
collected into an heparinized vial at 10 min after tracer injection
to determine plasma protein binding and metabolism of (R)-11C-
verapamil. Blood activity data were corrected for radioactive decay
and expressed as percentage injected dose per gram.

The study set-up is illustrated in Figure 1. A group of 7 animals
underwent 3 consecutive PET scans (scans 1–3). First, (R)-11C-
verapamil was injected and was followed by a 60-min baseline scan
(scan 1). Then, 1 h after the end of scan 1, tariquidar (15 mg/kg, n 5 5)
or vehicle (n 5 2) was administered via the jugular vein and scan 2
(90 min) was performed (scan 2 measured the remainder of circulat-
ing activity from scan 1). Finally, 3 h after the end of scan 1, (R)-11C-
verapamil was injected and was followed by scan 3 (60 min). Four
additional animals underwent only a single PET scan, 2 h after
administration of 1, 3, 5, or 7.5 mg/kg of tariquidar.

At the end of the last PET scan, the animals were sacrificed. A
terminal blood sample (5 mL) was collected and the whole brain was
harvested. Plasma was obtained by centrifugation (3,000g, 10 min).
Plasma and brain samples were stored at 220�C until measurement
of tariquidar concentrations.

Analysis of Plasma Protein Binding and Metabolism of
(R)-11C-Verapamil

Plasma collected at 10 min after tracer injection and from the
terminal blood sample, respectively, was used to determine plasma
protein binding and metabolism of (R)-11C-verapamil. Protein
binding was assessed by ultracentrifugation using Amicon Micro-
con YM-10 centrifugal filter devices (Millipore Corp.). Metabolism
of (R)-11C-verapamil was analyzed using a previously described
solid-phase extraction assay (8,17).

Measurement of Tariquidar Concentrations in Plasma
and Brain

Tariquidar concentrations in terminal plasma samples and brain
tissue samples were determined with a high-performance liquid
chromatography (HPLC) assay using ultraviolet detection at a
wavelength of 227 nm. All plasma and brain tissue samples were

FIGURE 1. Diagram of study set-up. After (R)-11C-verapamil
PET scan 1, tariquidar (15 mg/kg, n 5 5) or vehicle (n 5 2) was
administered intravenously and was followed by scan 2, which
measured remainder of circulating activity from scan 1. At 3 h
after scan 1, (R)-11C-verapamil PET scan 3 was acquired.
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analyzed in duplicate. A Symmetry C18 HPLC column (125 · 4
mm, 5 mm) (Waters Corp.) was eluted isocratically with a mixture
of acetonitrile, methanol, and aqueous ammonium acetate buffer
(0.2 M, pH 5) (35/7.8/57.2, v/v/v) containing 0.005 M 1-octane
sulfonic acid (PIC B-8 Low UV reagent; Waters) at a flow rate of
1 mL/min. On this system, tariquidar eluted with a retention time of
about 13–14 min.

Plasma samples (200 mL) were diluted with 1 mL of aqueous
phosphate buffer (0.025 M, pH 7.0). Then, 3 mL of tert-butyl-
methyl ether were added, and the vials were stirred in a vortex mixer
for 5 min. After centrifugation for 5 min at 3,000g, 2 mL of the ether
layer were transferred into a new vial and concentrated to dryness.
The residue was redissolved in 0.7 mL of mobile phase for HPLC,
centrifuged for 5 min at 3,000g, and injected into the HPLC system,
which was equipped with a 600-mL sample loop.

The frozen rat brains were weighed, brought to room tempera-
ture, and homogenized with 5 mL of aqueous phosphate buffer
(0.025 M, pH 7.0). One milliliter of the brain tissue homogenate
was mixed with 3 mL of acetonitrile and stirred in a vortex mixer for
5 min. After centrifugation, 3 mL of the supernatant was further
processed and analyzed by HPLC as described for the plasma
samples.

Calibration curves for the analysis of plasma and brain tissue
samples were generated by analyzing different dilutions of a
tariquidar stock solution (5.1 mg in 50 mL of water) in drug-free
rat plasma or brain tissue homogenates. Before analysis, the
calibration standards were incubated in a water bath (37�C) for
15 min. Recoveries of tariquidar from plasma and brain samples
were more than 95% and 64%, respectively.

PET Data Analysis
PET data were sorted into frame sequences of 8 · 5 s, 3 · 10 s, 2 ·

30 s, 3 · 60 s, 2 · 150 s, 2 · 300 s, and 4 · 600 s for scans 1 and 3, and
5 · 60 s, 4 · 150 s, 3 · 300 s, and 6 · 600 s for scan 2. PET images
were reconstructed by Fourier rebinning followed by 2-dimensional
filtered backprojection with a ramp filter. Normalization, randoms
correction, and attenuation correction were applied to the data.
Because we were interested in global transport of (R)-11C-verapamil
across the BBB, whole brain was chosen as a volume of interest.
Whole-brain volumes of interest were manually outlined on multi-
ple planes of the PET summation images using the image analysis
software AMIDE, and time–activity curves, expressed in units of
percentage injected dose per gram, were calculated.

Kinetic Modeling of (R)-11C-Verapamil
A standard 1-tissue 2-rate-constant (1T2K) or 2-tissue 4-rate-

constant (2T4K) compartment model was fitted to the (R)-11C-
verapamil time–activity curves in rat brain (7,18–20). The input
function was constructed by linear interpolation of the measured
arterial blood activity data and by multiplication by the ratio of
plasma to whole-blood activity, which was determined by separate
measurements. A delay of 5 s due to transport of activity in the
arterial catheter was considered for the time course of activity in
plasma.

Fits were performed by the method of weighted nonlinear least
squares as implemented in the Optimization Toolbox of MATLAB
(MathWorks). Goodness of fit was assessed by visual inspection of
observed and predicted concentrations versus time, by the correla-
tion between observed and predicted concentrations, by the ran-
domness of the residuals (runs test), and by estimating parameter

uncertainties (variances) from the inverse of the appropriate Fisher
information matrix (21).

To obtain a model-independent estimate of the distribution
volume (DV), we applied Logan graphical analysis (22) to the
PET and arterial plasma data using MATLAB. The slope DVof the
linear part of the Logan plot was estimated by linear regression of
the Logan variables. The linear regression was assessed by the
magnitude of the squared linear correlation coefficient (r2).

A dose–response curve was fitted to the DVs of (R)-11C-verapamil
(effect, E) after different doses of tariquidar using SPSS (SPSS Inc.)
according to the following equation:

E 5 Emax
Dn

ðEDn
50 1 DnÞ;

where Emax is the maximum effect, D the tariquidar dose (mg/kg),
ED50 the half-maximum effect dose, and n the Hill-factor.

Statistical Analysis
For all calculated outcome parameters, differences between scan

1 (before tariquidar administration) and scan 3 (after tariquidar
administration) were tested with a 2-tailed paired Student t test. The
level of statistical significance was set to 5%.

RESULTS

We used PET to study the effect of tariquidar on brain
penetration of (R)-11C-verapamil in rats. We first assessed
the test–retest variability of (R)-11C-verapamil PET in 2 rats
by performing 2 consecutive scans at an interval of 3 h (Fig.
2A). The time–activity curves of the test–retest scans were
nearly congruent. Mean DVs for the test and the retest scans
were 0.23 and 0.22, respectively.

A group of 5 rats underwent paired (R)-11C-verapamil
PET scans (scans 1 and 3; Fig. 1), with administration of
tariquidar (15 mg/kg) 2 h before the start of scan 3 (Fig. 2B).
Tariquidar administration had a pronounced effect on activ-
ity uptake in brain. The mean DVof scan 3 was increased by
1,137% over baseline scan 1 (P 5 0.0007) (Table 1). In
Figure 3, PET summation images of paired scans recorded in
1 rat are shown. In scan 1, activity uptake in brain was con-
siderably lower than that in surrounding tissue, whereas in
scan 3 activity uptake in brain was severalfold higher.

In contrast to the brain-tissue time–activity curves (Fig.
2B), the blood time–activity curves were only moderately
increased after tariquidar administration (Fig. 4). For se-
lected plasma samples, we determined the percentage of
unchanged (R)-11C-verapamil by a solid-phase extraction
assay. At 10 min after radiotracer injection, unchanged
(R)-11C-verapamil accounted for 84.1% 6 1.5% and
86.7% 6 4.0% of total plasma activity in PET scans 1 and
3, respectively. At 60 min after radiotracer injection (scan 3),
64.6% 6 9.8% of total plasma activity was in the form of
parent (R)-11C-verapamil. At 10 min after radiotracer injec-
tion, nonprotein-bound (R)-11C-verapamil was 18.7% 6

1.3% and 18.9% 6 3.4% for scans 1 and 3, respectively.
To monitor the time course of P-gp inhibition by tariquidar,

we recorded 1 dynamic PET scan (scan 2) from time 0 to 90
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min after tariquidar administration (Fig. 1). For this scan, peak
uptake was reached 32 6 5 min after tariquidar injection (Fig.
5). When only vehicle was administered, no increase of uptake
in brain over the course of the 90-min PET scan was observed
(Fig. 5).

The 2T4K model provided better fits of the PET data than
the 1T2K model. In Figure 6, fits obtained with the 2T4K
model are shown. In Table 1, the outcome parameters of
the 2T4K model are summarized. Compartmental-model–
derived DV values agreed well with DVs estimated by Logan
graphical analysis. The influx rate constant (K1) and DV were
the model parameters most prominently affected by tariquidar
pretreatment, as compared with baseline scans. K1 and
DV were significantly increased—by 8- and 12-fold,
respectively—after tariquidar administration (P 5 0.004 and
0.0007 for K1 and DV, respectively). For k2, the efflux rate
constant from the first tissue compartment, there was a trend
toward decreased values after tariquidar treatment, although
statistical significance was not reached (P 5 0.057).

Because baseline (R)-11C-verapamil PET scans were quite
similar for different animals (coefficient of variation of DV
values, ;25%), we abandoned the paired-scan paradigm and
conducted a preliminary dose–response evaluation in a few
animals (n 5 1 per dose) by acquiring single PET scans after
administration of 1, 3, 5, or 7.5 mg/kg of tariquidar. The
time–activity curves recorded after the different tariquidar
pretreatment doses are shown in Figure 7. There was a highly
significant correlation between tariquidar dose and the
measured DVs of (R)-11C-verapamil (r 5 0.94; P ,

0.001). A sigmoidal dose–response curve was fitted to the
DVs measured after different tariquidar doses. The fitted
parameters (estimate 6 asymptotic SE) were as follows:
ED50, 8.4 6 9.5 mg/kg; Emax, 4.5 6 3.8; and n, 1.9 6 2.0.

Table 2 summarizes the concentration levels of tariquidar
in plasma and brain tissue samples collected at the end of the
PET scan, that is, about 3 h after intravenous tariquidar
administration. Both plasma and brain concentrations of
tariquidar correlated strongly with the DVs of (R)-11C-
verapamil (plasma concentration: r 5 0.85; P 5 0.007, brain
concentration: r 5 0.95; P 5 0.001). There was no correla-
tion between plasma tariquidar concentrations and the area
under the blood time–activity curves (r 5 20.34; P 5 0.37).

DISCUSSION

In this study, we investigated tariquidar-induced modula-
tion of P-gp at the rat BBB by means of small-animal PET
with the novel radiotracer (R)-11C-verapamil. A series of
previous studies used PET and racemic 11C-verapamil to
assess P-gp modulation by older-generation P-gp inhibitors
(i.e., cyclosporine A and valspodar) in rats (5,23,24), non-
human primates (25), and humans (10). In contrast to these
previous studies, we used a P-gp inhibitor of the latest
generation and analyzed our small-animal PET data by a

FIGURE 2. Time–activity curves in rat brain for (R)-11C-
verapamil PET scans recorded before (h, n 5 2, scan 1) and
after (n, n 5 2, scan 3) administration of vehicle (A) and before
(h, n 5 5, scan 1) and after (n, n 5 5, scan 3) administration of
tariquidar (15 mg/kg) (B). Activity concentration is expressed as
mean percentage injected dose per gram (6SD).

TABLE 1
Outcome Parameters of 2T4K Model

Parameter

Without

tariquidar

(n 5 9)

With

tariquidar*

(n 5 5)

Relative

change

(%)

K1 (mL�mL21�
min21)

0.07 6 0.03 (16) 0.58 6 0.20 (9) 1711y

k2 (min21) 0.34 6 0.06 (69) 0.27 6 0.07 (43) 223

k3 (min21) 0.29 6 0.22 (395) 0.37 6 0.17 (66) 127

k4 (min21) 0.73 6 0.29 (225) 0.66 6 0.49 (55) 29
DV (mL�mL21) 0.30 6 0.08 (4) 3.68 6 0.81 (3) 11,137y

DV (Logan)

(mL�mL21)

0.32 6 0.08 (1) 3.53 6 0.79 (1) 11,007y

*Administered intravenously at dose of 15 mg/kg 2 h before start

of PET scan.
yStatistically significant difference (paired t test, P , 0.005). For

statistical testing, only paired data from scans 1 and 3 were

considered (n 5 5).

Outcome parameters are given as mean 6 SD. Mean estimated
coefficient of variance in percentage for each parameter is given in

parentheses.
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kinetic modeling approach that allowed us to estimate the
rate constants of (R)-11C-verapamil transport across the rat
BBB. Thereby, a direct comparison of our rat data with
previously acquired human PET data (20,26) using the same
radiotracer became possible. Moreover, by modeling
(R)-11C-verapamil kinetics in rat brain with and without
P-gp inhibition, important data on the functional organiza-
tion of P-gp–mediated efflux at the BBB could be obtained.

After tariquidar administration, brain uptake of activity
was about 12-fold higher than on the baseline PET scans,
whereas total blood activity levels were increased only
slightly (Figs. 2B and 4). To rule out the possibility that
increased brain activity uptake was related to factors other
than changes in verapamil transport, we assessed the influ-
ence of tariquidar treatment on radiotracer metabolism and
plasma protein binding. This is important, as several older-
generation P-gp inhibitors, such as valspodar, have been
shown to inhibit cytochrome P450 enzymes and thereby
increase plasma levels of concomitantly administered ther-
apeutic drugs (27). Our results show that both plasma protein
binding and metabolism of (R)-11C-verapamil were essen-
tially left unaffected by tariquidar administration. The latter

substantiates that tariquidar displays minimal cytochrome
P450–mediated pharmacokinetic interactions (12).

For kinetic modeling of PET data, knowledge of the time
course of the radiotracer in arterial blood is required (input
function). Because of the small size of the drawn blood
samples (2 mL), correction for radiolabeled metabolites of
(R)-11C-verapamil was not possible. Luurtsema et al. have
previously described the metabolism of (R)-11C-verapamil
in the same rat strain as that used for this study (8). In rats,
(R)-11C-verapamil is almost exclusively metabolized by
N-demethylation, which generates 11C-formaldehyde and
other, unidentified, polar metabolites. We initially planned to
apply previously reported correction factors (8) to correct
total blood activity for polar radiolabeled metabolites. How-
ever, analysis of selected plasma samples showed that
radiotracer metabolism was considerably slower in our study
(87% and 65% vs. 64% and 28% unchanged (R)-11C-verapamil
at 10 and 60 min, respectively, after radiotracer injection) (8). It
cannot be excluded that the slower rate of radiotracer metab-
olism observed in our study is related to different forms of
anesthesia used in the 2 studies. As radiotracer metabolism was

FIGURE 4. Total activity concentrations in whole blood before
(h, n 5 5, scan 1) and after (n, n 5 5, scan 3) administration of
tariquidar (15 mg/kg). Activity concentration is expressed as
mean percentage injected dose per gram (6SD).

FIGURE 3. Transversal (A and C) and sagittal (B and D) PET summation images (0–60 min) recorded before (A and B, scan 1) and
after (C and D, scan 3) administration of tariquidar (15 mg/kg). The radiation scale was set from 0 to 700 kBq/mL.

FIGURE 5. Brain time–activity curves for PET scan 2 recorded
from 0 to 90 min after administration of vehicle (h, n 5 2) or
tariquidar, 15 mg/kg (n, n 5 5). PET scan 2 measured remainder
of circulating activity from scan 1. Activity concentration is
expressed as mean percentage injected dose per gram (6SD
for n 5 5).
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slow for all animals examined in our study, we considered it
justified to use total rather than metabolite-corrected blood
activity concentrations for the kinetic modeling.

We first used a 1T2K compartment model, as described
previously for the analysis of human PET data (7,20).
However, this model failed to provide good fits for the PET
curves, in particular for the curves measured after tariquidar
administration. These curves were characterized by a plateau
of activity after peak uptake that was not accurately de-
scribed by the 1T2K model. The 2T4K model provided
considerably better data fits (Fig. 6). A plausible physiologic
correlate of the second tissue compartment could be the
intracellular space of brain tissue, whereas the first tissue
compartment could represent the extracellular space. 11C-
verapamil is a lipophilic molecule that can be expected to

diffuse well across brain cell membranes into the intracellu-
lar tissue compartment. Alternatively, the first tissue com-
partment could represent the endothelial membrane and the
second compartment could represent both the extracellular
and the intracellular space of brain tissue, with k3 and k4

describing the combined transport over the abluminal endo-
thelial membrane and between the extra- and intracellular
space (28). For some of the model parameters, in particular
k3 and k4, the uncertainties were rather large, whereas other
parameters (K1 and DV) were fairly robust (Table 1). As
compared with human PET data (20,26), the (R)-11C-verapamil
baseline DVs were 2- to 3-fold lower in rats, suggesting that P-
gp–mediated transport of (R)-11C-verapamil is more efficient at
the rat BBB than in the human BBB and thus leads to lower
activity concentrations in rat brain. This finding is somewhat in
contrast to previous findings by Hsiao et al., who reported that
brain-to-blood partition ratios of racemic verapamil were sim-
ilar in rats and humans (29).

Among all parameters of the 2T4K model, K1 and DV
were most affected after tariquidar administration (Table 1).
The approximately 8-fold increase of K1 caused by P-gp
inhibition is in line with the concept that P-gp acts as a
gatekeeper at the BBB and prevents substrates from diffus-
ing across the luminal endothelial cell membrane (28). When

FIGURE 6. Time–activity curves and fits obtained from 2T4K
model in brain of 1 rat: before (A, scan 1) and after (B, scan 3)
administration of tariquidar (15 mg/kg). y-axis is in logarithmic
scale. s 5 time–activity curve in plasma measured; ) 5 time–
activity curve in brain volume of interest measured; n 5 time–
activity curve in brain volume of interest model.

FIGURE 7. Brain time–activity curves after administration of
different tariquidar doses: 0 mg/kg (h, n 5 5), 1 mg/kg (n, n 5

1), 3 mg/kg (n, n 5 1), 5 mg/kg (:, n 5 1), 7.5 mg/kg (s, n 5 1),
and 15 mg/kg (d, n 5 5).

TABLE 2
Concentrations of Tariquidar in Plasma and Brain

Tariquidar dose
(mg/kg) Plasma (ng/mL) Brain (ng/mL)

15 (n 5 5) 1,402 6 296 4,131 6 1,638

7.5 (n 5 1) 911 2,570

5 (n 5 1) 807 1,584
3 (n 5 1) 266 1,449

Concentrations were determined 3 h after intravenous adminis-
tration of different doses of tariquidar. For 15 mg/kg dose, data are

mean 6 SD.
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the 1T2K model was used, K1 after tariquidar treatment was
found to be increased to an extent similar to that for the 2T4K
model (1632% for the 1T2K model vs. 1711% for the
2T4K model). Similar findings (i.e., that P-gp modulation
leads to an increased K1 of verapamil into brain) were also
reported by other investigators (30,31).

A recent study by Syvänen et al. found that the efflux rate
constant k2 of 11C-verapamil was also a sensitive indicator of
P-gp transport across the rat BBB (24). It is important to note
that these authors used a set-up different from ours. They first
gave 11C-verapamil as a continuous infusion followed by
administration of the P-gp inhibitor cyclosporine A 30 min
after the start of radiotracer infusion. This set-up implies that
11C-verapamil had already crossed the BBB to a certain
extent when the inhibitor was administered. Cyclosporine A
might have thereby inhibited the active extrusion of 11C-
verapamil from brain parenchyma (‘‘vacuum cleaner’’ func-
tion of P-gp), which could have manifested as a decreased k2.
In line with this assumption, we also observed a trend toward
k2 decreases in our study (Table 1).

It is noteworthy that scan 2, which was recorded from time
0 to 90 min after tariquidar administration in our study (Fig.
5), was similar to the set-up described by Syvänen et al. (24).
At the time when we administered tariquidar, the remainder
of circulating activity from the first PET scan should have
reached transient equilibrium in plasma and brain. Because
our analysis had shown that metabolism of (R)-11C-verapamil
was slow, it can be expected that a significant fraction of
circulating activity still represented unchanged parent tracer.
The time–activity curves shown in Figure 5 apparently
reflected the dynamics of the entire inhibition process, includ-
ing the distribution of intravenously administered tariquidar to
P-gp at the BBB. Our data suggest that tariquidar is a fast-
acting P-gp inhibitor with relatively low plasma clearance as
reflected by the slow decline of activity after peak uptake (Fig. 5).

We performed a preliminary dose–response assessment by
administering different tariquidar doses before PET (Fig. 7).
A dose of 15 mg/kg was chosen as the maximum dose
because an earlier study in a rat model of drug-resistant
epilepsy had shown that higher tariquidar doses failed to
produce further increases in response to antiepileptic drug
treatment and also resulted in side effects of tariquidar (32). It
is noteworthy that the estimated ED50 of our study (8.4 mg/kg)
is comparable to the ED50 determined in vivo in mice, by
conventional biodistribution, for another P-gp substrate
(loperamide; ED50, 5.6 mg/kg) (33).

HPLC measurements of tariquidar levels in plasma indi-
cate that the highest studied dose (15 mg/kg) translates to a
drug plasma concentration of about 1.7 mM, achieved at 3 h
after intravenous drug administration (Table 2). It is gener-
ally recognized that only the free fraction of a drug in plasma
is able to exert a pharmacologic effect. In humans, tariquidar
is bound 99.5% to plasma proteins (Ulrich Elben, written
communication, 2008). When one assumes that the drug is
bound to a similar extent to plasma proteins in rats, its
unbound concentration attained after administration of the

15 mg/kg dose (Table 2) would correspond to about 0.01
mM, which is in a range similar to the in vitro half-maximum
inhibition constant of the drug (0.04 mM) (13). In humans, a
single intravenous dose of 2 mg/kg of tariquidar was well
tolerated and produced maximum plasma concentrations
(Cmax) of about 2.3 mM (12), corresponding to an unbound
concentration of about 0.012 mM. Therefore, it seems
reasonable to assume that clinically safe doses of tariquidar
will result in a significant degree of cerebral P-gp blockade in
humans.

Combined treatment with neurologic drugs (e.g., antiep-
ileptic drugs) and a P-gp modulator such as tariquidar is a
promising approach for overcoming P-gp–mediated drug
resistance (2). The approach used in this study could be
translated to future clinical trials with P-gp modulators in
brain disorders to define appropriate clinical starting doses
of these drugs in humans. The approach could also be used
to define the time window of P-gp modulation to optimize
the time point of therapeutic drug administration. Another
clinical application of (R)-11C-verapamil PET could be to
identify neurologic patients with pronounced cerebral P-gp
activity, who would most likely benefit from continued
treatment with P-gp–modulating drugs.

CONCLUSION

Our data demonstrate that (R)-11C-verapamil PET com-
bined with tariquidar administration is a useful approach
for the assessment of P-gp function at the BBB. It holds
great promise for a future translation to animal models of
drug resistance, as well to studies in healthy volunteers and
patients. We were able to show that tariquidar is a potent
and fast-acting inhibitor of cerebral P-gp that led, at the
highest studied dose (15 mg/kg), to a 12-fold increase of
the DV of (R)-11C-verapamil in rat brain. The increased DV
could be attributed to an 8-fold increased K1 of activity into
the brain.
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