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Abstract

Introduction: P-glycoprotein (P-gp) is an energy-dependent transporter that contributes to the efflux of a wide range of xenobiotics at the
blood–brain barrier playing a role in drug-resistance or therapy failure. In this study, we evaluated [123I]-4-(2-(bis(4-fluorophenyl)methoxy)
ethyl)-1-(4-iodobenzyl)piperidine ([123I]-FMIP) as a novel single photon emission computed tomography (SPECT) tracer for imaging P-gp at
the brain in vivo.
Methods: The tissue distribution and brain uptake as well as the metabolic profile of [123I]-FMIP in wild-type and mdr1a (−/−) mice after
pretreatment with physiological saline or cyclosporin A (CsA) (50 mg/kg) was investigated. The influence of increasing doses CsA on brain
uptake of [123I]-FMIP was explored. μSPECT images of mice brain after injection of 11.1 MBq [123I]-FMIP were obtained for different
treatment strategies thereby using the Milabs U-SPECT-II.
Results: Modulation of P-gp with CsA (50 mg/kg) as well as mdr1a gene depletion resulted in significant increase in cerebral uptake
of [123I]-FMIP with only minor effect on blood activity. [123I]-FMIP is relative stable in vivo with N80% intact [123I]-FMIP in brain at
60 min p.i. in the different treatment regiments. A dose-dependent sigmoidal increase in brain uptake of [123I]-FMIP with increasing
doses of CsA was observed. In vivo region of interest-based SPECT measurements correlated well with the observations of the
biodistribution studies.
Conclusions: These findings indicate that [123I]-FMIP can be applied to assess the efficacy of newly developed P-gp modulators. It is also
suggested that [123I]-FMIP is a promising SPECT tracer for imaging P-gp at the blood-brain barrier.
© 2010 Published by Elsevier Inc.
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1. Introduction

The best known and probably most important energy-
dependent drug efflux transporter, P-glycoprotein (P-gp), is a
member of the adenosine triphosphate-binding cassette
transporters. The human P-gp consists of 1280 amino acids
and weighs 170 kDA. It contains two nonidentical homol-
ogous parts joined together by a short linker region [1–4].
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P-gp is expressed in several normal tissues including the
liver, kidneys, intestines, testes and brain. In brain, P-gp is
localized at the luminal membrane of endothelial cells [5–8].
It contributes to the efflux of a wide range of xenobiotics at
the BBB. Hence, P-gp can play a major role in drug
resistance to anti-epileptics [9–11], anti-HIV drugs [12],
antidepressants [13] and others [14–18]. Changes or
abnormalities in P-gp expression and function are also
involved in the etiology and pathogenesis of several
neurological diseases [19–23]. A decreased P-gp function,
for example, diminishes the clearance of amyloid plaques,
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increasing the vulnerability to Alzheimer disease [24]. Apart
from its role in the central nervous system, P-gp is
overexpressed in tumors and therefore implicated in the
resistance to chemotherapeutics and involved in the
pathogenesis of cancer [25,26].

Modulation of P-gp activity with nontoxic compounds
might increase the pharmacological effects of certain
anticancer drugs and other P-gp substrates and is therefore
potentially of clinical importance. Imaging of P-gp function
and expression with positron emission tomography (PET) or
single photon emission computed tomography (SPECT) can
be of great significance in the development and evaluation
of the efficacy of new P-gp modulators. Noninvasive
monitoring of P-gp can also be applied to elucidate the role
of P-gp in several human diseases. Several tracers have
already been evaluated for P-gp modulation among which
[11C]verapamil [27–29], [11C]colchicine [30], [11C]dauno-
rubicin [27], [18F]paclitaxel [31], [11C]carvedilol [32],
[64Cu]complexes [33,34], [11C]loperamide and [11C]N-
desmethyl-loperamide [35,36] for PET. [11C]Verapamil is
the best studied PET tracer for measuring P-gp function and
has already been applied in humans [37–39]. [99mTc]
sestamibi [40,41] and [99mTc]tetrofosmin [42] are SPECT
radiotracers used for measuring P-gp function. However,
[99mTc]sestamibi and [99mTc]tetrofosmin are not only
substrates for P-gp but are also involved in multidrug
resistance-associated protein mediated efflux and are not
suitable for P-gp imaging in the brain [40–44]. To date, no
iodinated SPECT ligands for P-gp imaging were published.
The use of SPECT tracers is, in contrast to PET ligands, not
limited to nuclear medicine departments with an one-site
cyclotron. Furthermore, 123I is an attractive radionuclide for
SPECT imaging because it emits abundant 159 keV photons
and has a half life of 13.3 h, which are ideal for imaging
slower kinetics.

This study describes the in vivo evaluation of the first
reported iodinated P-gp tracer, [123I]-4-(2-(bis(4-fluorophe-
nyl)methoxy)ethyl)-1-(4-iodobenzyl)piperidine ([123I]-
FMIP). [123I]-FMIP (Fig. 1) was originally designed as a
tracer for the dopamine transporter but did not display the
Fig. 1. Structure of [123I]-FMIP.
anticipated in vivo behaviour. Brain uptake was only minor
which lead us to the hypothesis that [123I]-FMIP might be a
substrate for the P-gp transporter [45]. Therefore, we
investigated the influence of P-gp blocking with cyclosporin
A (CsA) on the biodistribution and brain penetration of
[123I]-FMIP, as well as, the biodistribution of [123I]-FMIP in
P-gp knock-out mice. The metabolic profile of [123I]-FMIP
was determined and the influence of CsA pretreatment and
mdr1a gene depletion on the metabolism of [123I]-FMIP
was investigated. A dose-response study was performed to
assess the impact of increasing CsA dose on the brain
uptake of [123I]-FMIP. Finally, a multipinhole μSPECT
study of the brain uptake of [123I]-FMIP was performed
using the Milabs U-SPECT-II in wild type mice (with and
without CsA administration) and in P-gp knockout mice
[mdr1a (−/−) mice].

2. Materials and methods

2.1. General

Cyclosporin A (Sandimmune) was obtained from
Novartis Pharma (250 mg/5 ml, Vilvoorde, Belgium). All
solvents and chemicals were purchased from Sigma-
Aldrich (Bornem, Belgium). No-carrier-added [123I]NaI
(in 0.05 M NaOH) was purchased from GE Healthcare
(Cygne, The Netherlands).

Radioactivity was counted with an automated gamma-ray
spectrometer equipped with five 1x1 inch NaI(Tl) crystals
(Cobra Autogamma, Packard Canberra).

Male wild-type mice (FVB or NMRI strain) were
purchased from Bioservices. The male mdr1a (−/−) mice
(developed with FVB strain), also referred to as P-gp knock-
out mice, were obtained from Taconic.

All animal studies were conducted following the
principles of laboratory animal care and the Belgian Law
on the protection of animals. The performed experiments are
approved by the local Ethical Committee of Ghent
University (ECP 09/07 and ECP 07/28).

Statistical analysis was performed using the unpaired,
one-sided Student's t test. Pb.05 is considered as significant.

2.2. Radiochemistry

[123I]-FMIP was prepared in a 40±10% radiochemical
yield, as previously described [36]. The specific activity was
N667 GBq/μmol and radiochemical purity appeared to be
higher then 98% [36]. [123I]-FMIP was formulated in a 8:92
(v:v) ethanol:saline solution for in vivo studies.

2.3. Biodistribution studies

The biodistribution of [123I]-FMIP was studied in male
FVB mice and mdr1a (−/−) mice of 5–7 weeks old weighing
20–25 g. The FVB and mdr1a (−/−) mice were divided into
two groups. One group received an injection of CsA in a 50-
mg/kg dose. The second group received the same volume
physiological saline as control. After 30 min, approximately
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185 kBq (5 μCi) [123I]-FMIP was injected intravenously and
mice (n=3 for each group and each time point) were
sacrificed at 1, 10, 30, 60 and 180 min after [123I]-FMIP
injection. Organs and tissues were removed and weighed. All
organs were rinsed with water prior to weighing and
counting. For calculation of the injected dose, five aliquots
of the injection solution were weighed and counted for
activity. The radioactivity was measured using an automated
gamma-counter. Radioactivity concentrations are decay
corrected and expressed as percentage of injected dose per
gram of tissue±S.D. (% ID/g tissue±S.D.).

2.4. Plasma protein binding

Plasma protein binding was determined according to
literature procedures [37,38]. In brief, a known amount of
radiotracer [37 kBq (1 μCi)] was added to 500 μl mouse
plasma and incubated for 10 min at room temperature. Three
aliquots (30 μl) of spiked plasma were counted for
radioactivity. The remaining plasma was transferred onto a
Centrifree device with a nominal molecular weight limit of
30 kDa (Amicon, Millipore) and centrifuged for 15 min at
4000×g. The top part of the Centrifree tube was discarded,
and three aliquots (30 μl) of the solution remaining in the
bottom cup (unbound fraction) were counted for radioactiv-
ity. The plasma protein binding was determined by
calculating the free fraction as the ratio of the counts of
filtered aliquot to the counts of noncentrifuged aliquot.

2.5. Metabolite analysis

The metabolic pattern of [123I]-FMIP and the influence of
CsA pretreatment, as well as the influence of depletion of the
mdr1a gene were investigated.

Male FVB and mdr1a (−/−) mice (approximately 6 weeks
old and 25 g) were injected with CsA (50 mg/kg) or
physiological saline 30 min prior to the administration of
1.85–3.7 MBq (50–100 μCi) [123I]-FMIP. At 10 (n=3) and
60 min (n=3) p.i., the mice were sacrificed and blood and
brain were removed. Blood was collected into a vacutest tube
containing 3.6 mg K3EDTA and was centrifuged at 4000×g
for 6 min to separate plasma; 200 μl plasma was mixed with
800 μl acetonitrile, vortexed briefly and centrifuged at
3500×g for 3 min. Brain tissues were homogenized, mixed
with 1.5 ml acetonitrile, vortexed and centrifuged at 3500×g
for 3 min. Pellet and supernatant were separated and counted
for radioactivity using the gamma counter. An aliquot (500
μl) of the supernatant obtained from the plasma and brain
homogenates were subjected to reversed-phase high-perfor-
mance liquid chromatography (HPLC) analysis (Alltima C18

250 mm×10 mm, 10 μm) using 91:9:0.1 (v:v) methanol:
H2O:NH4OH as solvent system at a flow rate of 6 mL/min.
The eluate was collected in 0.5 min fractions and their
radioactivity was measured.

To determine recovery capabilities of [123I]-FMIP, as well
as the stability of the radiotracer during the workup, control
experiments (n=3) were done using plasma and brain spiked
with 37 kBq (1 μCi) authentic [123I]-FMIP. Sample workup
was identical as described above. Results are expressed as
percentages of the total activity±S.D.

2.6. Dose response study with Cyclosporin A

Male NMRI mice weighing 22–28 g were injected in the
tail vein with increasing amounts of CsA. The dosages used
were 10, 20, 25, 30, 40, 50 and 60 mg/kg. [123I]-FMIP [185
kBq (5 μCi)] was administrated intravenously 30 min after
CsA injection. The mice (n=3 for each dosage) were
sacrificed at 40 min p.i. of [123I]-FMIP. Three control
animals receiving physiological saline were subjected to the
same protocol. Blood and organs were removed, weighed
and counted for radioactivity in an automated gamma
counter. All organs were rinsed with water prior to weighing
and counting. For calculation of the injected dose, five
aliquots of the injection solution were weighed and counted
for activity. Decay-corrected results are expressed as % ID/g
tissue±S.D.

Using Graphpad, a dose-response curve was fitted by a
sigmoidal curve that is described by the four parameter
logistic equation:

y = y0 + ymax − y0ð Þ= 1 + 10 log EC50 − xð Þ4n½ �
� �

where y is the response, x is the logarithm of concentra-
tion, EC50 is the half-maximum effect dose and n is the
Hill coefficient.

2.7. Multi-pinhole μSPECT imaging

Mice were divided into three groups (n=3 for each group).
The first group, Test Group A, was injected with 50 mg/kg
CsA, 30 min before tracer injection, whereas the control
group and Test Group B received physiological saline. In the
control group and Test Group A, FVB mice were used. Test
Group B, on the other hand, consisted of mdr1a (−/−) mice.

Dynamic scanning in 12 frames of 5 minutes was
performed at 30 min p.i. of [123I]-FMIP using the Milabs
U-SPECT-II. This μSPECT scanner is equipped with
collimators consisting of a tungsten cylinder with five
rings of 15 pinhole apertures of 0.6 mm diameter. All
pinholes focused on a single volume in the center of the tube.
For imaging mice brain, the animal bed was translated in
three dimensions using an XYZ stage into 12 different bed
positions. This aforementioned combination enabled a
multiple-position acquisition and dynamic imaging at a
time scale of a few minutes. Mice were injected with 11.1
MBq (300 μCi) [123I]-FMIP and anesthetized throughout the
μSPECT scan by inhalation of 1.5% isoflurane. The 20%
photopeak was centered at 159 keV and a double 10%
energy window correction at 135 and 190 keV was applied.
The data were reconstructed on 0.375 voxels by three
iterations of 16 OSEM subsets. The images were postfiltered
by a Gaussian of 1.125 mm kernel width and color scales
were normalized. A cylindrical brain region of interest (ROI)
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of 25 mm3 (4-mm diameter and 2-mm height) was drawn on
the brain for further analysis.

2.8. Statistical analysis

Differences in tissue uptake of [123I]-FMIP between the
two treatment regiments and wild-type and mdr1a (−/−) mice
were analysed using the one-sided, unpaired Student's t test.
Only P values b.05 are considered significant.

3. Results

3.1. Biodistribution studies of [123I]-FMIP in FVB and
mdr1a (−/−) mice with and without CsA

Fig. 2 shows the tissue distribution of radioactivity uptake
after intravenous injection of 185 kBq (5 μCi) [123I]-FMIP in
wild-type and mdr1a knockout mice with physiological
saline or CsA pretreatment.

In the biodistribution study in wild-type mice without
CsA pretreatment, the brain uptake was low at each time
point investigated (1.08±0.60% ID/g at 1 min p.i. and
0.41±0.24% ID/g at 60 min p.i.). Although [123I]-FMIP was
rapidly cleared out of the blood, blood activity remained
higher than brain activity at all time points (Fig. 3). At 60
min p.i., the highest tracer uptake was observed in liver with
36.38±18.12% ID/g. Other peripheral organs with high
Fig. 2. Tissue distribution at different time points p.i. of 185 kBq (5 μCi) [123

administration. Tracer uptake is expressed as % ID/g tissue±S.D., averaged (n=
(B) Pretreatment with CsA in wild-type mice. (C) Pretreatment with saline in m
(Student's t test) compared to Group A; **Pb.05 (Student's t test) compared to G
tracer uptake at 60 min p.i. were lungs (9.74±6.01% ID/g),
kidneys (7.23±2.46% ID/g) and spleen (7.34±4.90% ID/g).

Modulation of P-gp with intravenously administrated
CsA at 50 mg/kg resulted in significant changes in cerebral
uptake of [123I]-FMIP (Fig. 3). Brain uptake raised 2.6–5.1-
fold compared to mice without CsA pretreatment. At 10 min
p.i., the highest increase was observed (5.09±1.48). In
addition, in blood and other tissues, no significant modulat-
ing effects on [123I]-FMIP concentration were observed after
administration of CsA (Fig. 2).

In mdr1a (−/−) mice, [123I]-FMIP content was increased
2.9–5.0 fold in the brain compared to wild-type mice with
the highest increase at 30 min p.i. (4.95±0.81) (Fig. 3). In
contrast, no significant differences in [123I]-FMIP levels in
plasma and other tissues were measured between the two
types of mice (Fig. 2). Although liver, kidneys and intestines
tended to a lower radioactivity uptake in the mdr1a (−/−)
mice, this decrease was not significant.

Pretreatment of mdr1a (−/−) mice with CsA had no
additional significant effect on brain activity except at the
earliest time point. At 1 min p.i., not only brain but also
blood uptake was increased resulting in similar brain/blood
ratio. In addition, heart and lung uptake were significantly
increased. At 60 and 180 min p.i., a significant increase in
intestinal uptake was observed after CsA pretreatment.
I]-FMIP in wild-type and mdr1a knock-out mice with saline or CsA pre-
3) and decay-corrected. (A) Pretreatment with saline in wild-type mice.

dr1a (−/−) mice. (D) Pretreatment with CsA in mdr1a (−/−) mice. *Pb.05
roup C.



Fig. 3. Effect of CsA and mdr1a depletion on the brain and blood distribution of [123I]-FMIP. Tracer uptake is expressed as % ID/g tissue±S.D., averaged (n=3)
and decay-corrected. (A) Pretreatment with saline in wild-type mice. (B) Pretreatment with CsA in wild-type mice. (C) Pretreatment with saline in mdr1a (−/−)
mice. (D) Pretreatment with CsA in mdr1a (−/−) mice. *Pb.05 (Student's t test) compared to group A; **Pb.05 (Student's t test) compared to Group C.
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3.2. Plasma protein binding and metabolite analysis

Determination of plasma protein binding revealed that
96±2% of [123I]-FMIP was bound to plasma proteins.
Control experiments with spiked plasma and brain revealed
an extraction efficiency of 76±4% for plasma and 82±7%
for brain samples. The extraction efficiencies obtained
during the metabolite experiment were in the same
magnitude for the two time points. HPLC analysis of the
spiked samples showed that all extracted radioactivity
complies with [123I]-FMIP.

Metabolite analysis of plasma in wild-type mice
demonstrated that at 10 min p.i. 70±6% and at 60 min p.i.
Fig. 4. Metabolite chromatogram at 10 min p.i. (A) and 60 min p.i. (B) of 1.85–
saline and CsA pretreatment. Values are expressed as percentage of total activi
54±8% of intact [123I]-FMIP is remaining (Fig. 4).
Degradation products in plasma were 123I− (13±1% at 10
min p.i. and 39±4% at 60 min p.i.) and a lipophilic
metabolite with a retention time of 9 min that eluates just
before the parent compound (17±7% at 10 min p.i. and
8±4% at 60 min p.i.). In brain, percentages of intact [123I]-
FMIP were 86±2% at 10 min p.i. and 85±3% at 60 min p.i.
(Fig. 4). The detected metabolites were free iodine (8±2% at
10 min p.i. and 12±4% at 60 min p.i.) and a hydrophilic
degradation product with a retention time of 5.5 min (5±1%
at 10 min p.i. and 4±1% at 60 min p.i.).

Pretreatment with CsA resulted in less degradation in the
brain with 94±3% and 93±5% intact [123I]-FMIP at 10 min
3.7 MBq (50–100 μCi) [123I]-FMIP in FVB and mdr1a (−/−) mice after
ty and are the mean of three experiments.



Fig. 5. Effects of various doses CsA on brain uptake and blood concentration
of [123I]-FMIP. Tracer uptake is expressed as % ID/g tissue±S.D., averaged
(n=3) and decay-corrected.
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and 60 min p.i., respectively. The formation of an extra
metabolization product (2±1% at 10 min p.i. and 1±1% at
60 min p.i.) with the same retention time of that found in
plasma was observed. In plasma, pretreatment with CsA
caused an increase in metabolism of [123I]-FMIP at 10 min
p.i., while at 60 min p.i., the fraction of [123I]-FMIP
remained unchanged (Fig. 4).

Depletion of the mdr1a gene had no effect on the
fraction of radioactivity present as [123I]-FMIP in brain.
Fig. 6. μSPECT image of mice brain at 60 min p.i. of 11.1 MBq (300 μCi) [123I]-FM
with isoflurane. (A) pretreatment with CsA (50 mg/kg) 30 min before [123I]-FM
[123I]-FMIP injection in wild-type mice. (C) Pretreatment with saline 30 min befo
Just as observed with CsA pretreatment, the same extra
metabolization product was found (3±3% at 10 min p.i.
and 2±0% at 60 min p.i.). In plasma, on the other hand, a
high increase in the fraction of free iodine was observed.
At 60 min p.i., 123I− was the only extracted degradation
product (Fig. 4).

3.3. Dose Response study with CsA

The effects of increasing doses CsA on the brain uptake
and blood concentration of [123I]-FMIP was investigated
(Fig. 5). The experiment showed a sigmoid relationship
between the concentration of CsA administrated and the
uptake of [123I]-FMIP in the brain. The EC50 value was
24.48±0.73 mg/kg. With a higher dose of CsA, a higher
brain uptake is observed with a stagnation from 30 mg/kg
CsA. Between 30 mg/kg (0.61±0.13% ID/g) and 60 mg/kg
(0.56±0.23% ID/g) CsA, there was no significant difference
in brain uptake. The effect of CsA administration on the
brain uptake was significant at each dosage used compared
to the control group. Only a minor increase in blood
activity was observed after administration of increasing
doses of CsA. Blood uptake of radioactivity without CsA
IP. ROIs were drawn around the middle of the brain. Mice were anesthetized
IP injection in wild-type mice. (B) Pretreatment with saline 30 min before
re [123I]-FMIP injection in mdr1a (−/−) mice.



Table 1
Comparison of brain ratios of [123I]-FMIP in biodistribution and
μSPECT imaging

Experiment 30 min p.i. 60 min p.i.

Influence CsAa biodistribution study 4.92±1.94 4.17±2.79
μSPECT imaging 2.87±0.83 3.04±0.73

Influence gene
depletionb

biodistribution study 4.95±2.03 2.92±1.85

μSPECT imaging 2.24±0.35 2.92±0.56

Values are mean of three experiments±S.D., decay-corrected.
a Brain uptake in wild-type mice pretreated with CsA/brain uptake in

wild-type mice pretreated with saline.
b Brain uptake in wild-type mice pretreated with saline/brain uptake in

mdr1 (−/−) mice pretreated with saline.
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pretreatment was 0.29±0.14% ID/g and increased to
0.51±0.06% ID/g at the highest dose CsA used, but the
increase was not significant.

3.4. Small animal SPECT studies

The μSPECT images obtained are shown in Fig. 6. A
low homogenous brain uptake was observed after injection
of [123I]-FMIP. As seen in Fig. 6, almost no activity was
visible on the μSPECT scan. Radioactivity uptake in brain,
integrated over the full scan time of 60 min (all 12 frames),
was considerably higher after CsA pretreatment as well as
in mdr1a (−/−) mice. In the experiment in which CsA had
been administered to block P-gp, radioactivity concentra-
tion was on average 3.94±0.84 fold higher compared to the
baseline experiment. The ratio of brain radioactivity in test
group B to that in the control group was about 4.27±1.20
times increased.

The correlation of the biodistribution studies with
μSPECT measurements are presented in Table 1. ROIs
were evaluated at 30 min p.i. (first 6 frames) and at 60 min p.
i. (last six frames) for an exact comparison with the values of
the biodistribution studies. The increase in brain uptake after
CsA pretreatment and in mdr1a (−/−) mice is slightly higher
in biodistribution studies compared to measurements
obtained from μSPECT imaging (Table 1).
4. Discussion

P-gp is among other localizations expressed in the blood-
brain barrier where it prevents accumulation of certain
xenobiotics in the brain by an active transport mechanism.
Hence, P-gp can play a significant role in the resistance to
central nervous system drugs [9–16]. P-gp has also been
associated with several human disorders [17–21]. Noninva-
sive monitoring of P-gp function can be applied to elucidate
the role of P-gp in these human diseases and to evaluate the
efficacy of new P-gpmodulators. Several tracers have already
been evaluated for P-gp imaging but so far, no iodinated
SPECT tracer for P-gp has been reported. An iodinated
SPECT tracer for P-gp may be especially be important to
monitor slower kinetics [46].
The aim of this study was to evaluate the usefulness of
[123I]-FMIP for SPECT imaging of the P-gp transporters in
the brain. The synthesis and radiosynthesis of [123I]-FMIP
are reported elsewhere [36].

The tissue distribution of [123I]-FMIP in wild-type mice
without CsA administration was in accordance with that of
[11C]verapamil [26] and [11C]N-desmethyl-loperamide
[29,30]. The lack of brain entrance is consistent with
[123I]-FMIP being an avid substrate for P-gp. Intestinal
uptake of [123I]-FMIP was low, suggesting mainly urinary
and no biliary clearance [47].

CsA is a potent modulator of P-gp in vivo and used in
several other studies to assess possible modulation of tracers
by P-gp [26,29,39–41]. The biodistribution studies revealed
a 2.6–5.1-fold increase in brain uptake after blocking P-gp
with CsA. The effect on blood activity was negligible
indicating that the increased brain uptake is the result of a
decreased tracer efflux and not due to an improved influx to
the brain. Additional proof of P-gp involvement was
obtained in the study with mdr1a (−/−) mice. In this study,
we demonstrated a three- to fivefold increase in brain
radioactivity depending on the time point of sacrificing. The
use of P-gp knock-out mice did not affect the peripheral
tissue distribution. Pretreatment of mdr1a (−/−) mice with
CsA caused a significant increase in heart and lung uptake,
an effect that is probably caused by the increased blood pool
activity and not P-gp mediated. In addition, a significant
increase in intestinal uptake was observed at the later time
points. This effect could be the cause of a shift in excretion
after CsA administration. CsA administration did not affect
[123I]-FMIP brain levels in mdr1a (−/−) mice, indicating that
[123I]-FMIP is specific towards P-gp [48].

Since P-gp is located in many organs, its blockade might
alter the distribution and metabolism of [123I]-FMIP and,
thereby, indirectly affect uptake into brain. P-gp blockade
with CsA and gene depletion had only little effect on the
distribution of radioactivity in body, with exception of the
brain. These results confirm that the effect of increased brain
uptake was at the blood-brain barrier and not in the
periphery. The finding that no significant differences in
other organs containing P-gp, like liver and kidneys, were
observed corresponds with those reported in other studies
[26,42] and can be explained by (1) the unique barrier of the
brain, (2) the role of liver and kidneys in excretion and
metabolism, (3) up-regulation of mdr1b P-gp in the liver and
the kidneys and (4) experimental artefacts (bile ducts are not
dissected apart from the liver [49].

The increase in brain uptake observed in the biodistribu-
tion study with mdr1a (−/−) mice is lower compared to the
increase in brain uptake of [11C]verapamil in mdr1a (−/−)
mice [26]. This can be explained by the higher lipophilicity
of [123I]-FMIP resulting in strong binding to plasma
proteins. It has to be stated that this less pronounced brain
accumulation both in P-gp knockout mice and CsA
pretreated wild-type mice is not a reflection of the P-gp
substrate efficiency, since the potency and affinity of [123I]-
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FMIP is proved by the lack op brain accumulation in the
wild-type mice and by the results of the dose escalation
study [50].

A dose escalation study with increasing concentrations
CsA revealed a sigmoidal dose-response relationship
between the dose CsA administrated and the brain uptake
of [123I]-FMIP. An EC50 value of 24.48 mg/kg was
obtained. This study demonstrated that the blockade of
[123I]-FMIP efflux by P-gp is saturated and complete at a
CsA dosage of 30 mg/kg. The dose with maximal tracer
uptake and the EC50 value are comparable with the values
reported for other tracers. [11C]Carvedilol, for example,
reached maximum brain uptake at a dosage of 30 mg/kg
CsA and did not further increase when mice are pretreated
with a higher dose CsA [40]. [11C]verapamil has an EC50

value of 22.76 which is comparable with that of [123I]-
FMIP, indicating that [123I]-FMIP is an equally potent
substrate of P-gp as [11C]verapamil [43]. The differences in
the radioactivity uptake between the biodistribution study
and the dose escalation study can be explained by the use of
a different mouse strain [51].

Determination of plasma protein binding revealed that
96±2% of [123I]-FMIP was bound to plasma proteins. The
extraction efficiencies obtained in the metabolite study are
high indicating that the binding of [123I]-FMIP to plasma
proteins is reversible. No degradation of [123I]-FMIP
occurred during the extraction procedure. [123I]-FMIP
shows a fairly stable in vivo metabolic profile. One labelled
metabolite (retention time=9 min) is probably also a
substrate for P-gp as the metabolite only occurs in brain
after CsA pretreatment and in mdr1a (−/−) mice. This
compound is believed to have a structure close to the parent
compound and probably originates from a hydroxylation on
a phenyl group or defluorination of a phenyl ring. The
fraction of this metabolite however is negligible (b5%). The
polar metabolite detected at 5.5 min is possibly the result of
N-dealkylation. Radioactivity in brain was mainly (N80%)
present as intact [123I]-FMIP at the two time points in the
three different treatment regimens [52].

Comparison of biodistribution data with in vivo ROI-
based μSPECT observations showed a good correlation.
With mdr1a (−/−) mice, the biodistribution study showed
at 60 min p.i. a 2.92±1.85 fold increase in brain uptake of
[123I]-FMIP, whereas μSPECT measurements revealed an
2.92±0.56 fold increase. In biodistribution studies, pre-
treatment with CsA resulted in 4.17±2.79 higher brain
uptake which is in agreement with the 3.04±0.73 increase
obtained with μSPECT imaging. Using μSPECT measure-
ments, the obtained standard errors where remarkably
lower compared to those of the biodistribution studies.
This emphasizes the potential benefits of μSPECT in
tracer design. While the brain was visible as a black
cavity when only [123I]-FMIP was administrated, CsA
administration or the use of mdr1a (−/−) mice improved
brain uptake of [123I]-FMIP resulting in a better image of
the brain [53].
5. Conclusion

These results indicate that [123I]-FMIP is an avid substrate
of P-gp. The dose-escalation study demonstrated that [123I]-
FMIP is a potent substrate for P-gp. It is also suggested that
[123I]-FMIP is a promising SPECT radiotracer to visualize
P-gp function at the blood-brain barrier although further
research has to be performed.
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