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ABSTRACT 

Introduction: To analyse the impact of both epilepsy and pharmacological modulation of P-

glycoprotein on brain uptake and kinetics of positron emission tomography (PET) radiotracers 

[11C]quinidine and [11C]laniquidar.  

Methods: Metabolism and brain kinetics of both [11C]quinidine and [11C]laniquidar were 

assessed in naive rats, electrode-implanted control rats, and rats with spontaneous recurrent 

seizures. The latter group was further classified according to their response to the antiepileptic 

drug phenobarbital into “responders” and “non-responders”. Additional experiments were 

performed following pre-treatment with the P-glycoprotein modulator tariquidar. 

Results: [11C]quinidine was metabolized rapidly, whereas [11C]laniquidar was more stable. 

Brain concentrations of both radiotracers remained at relatively low levels at baseline 

conditions. Tariquidar pre-treatment resulted in significant increases of [11C]quinidine and 

[11C]laniquidar brain concentrations. In the epileptic subgroup “non-responders”, brain uptake 

of [11C]quinidine in selected brain regions reached higher levels than in electrode-implanted 

control rats. However, the relative response to tariquidar did not differ between groups with full 

blockade of P-glycoprotein by 15 mg/kg of tariquidar. For [11C]laniquidar, differences between 

epileptic and control animals were only evident at baseline conditions but not after tariquidar 

pretreatment.  

Conclusions: We confirmed that both [11C]quinidine and [11C]laniquidar are P-glycoprotein 

substrates. At full P-gp blockade, tariquidar pre-treatment only demonstrated slight differences 

for [11C]quinidine between drug-resistant and drug-sensitive animals .  

KEYWORDS: positron emission tomography, [11C]quinidine, [11C]laniquidar, P-glycoprotein, 

epilepsy 
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1. Introduction 

At the blood-brain barrier P-glycoprotein (P-gp) efflux function can limit brain penetration of 

different therapeutic compounds including antiepileptic drugs [1, 2]. Evidence exists that inter-

individual differences in disease-associated up-regulation of P-gp might correlate with the 

therapeutic response in epilepsy patients [3]. Therefore, imaging techniques assessing P-gp 

function are of specific interest. In theory, those methods could allow for identification of 

patients with high P-gp efflux rates thereby helping to predict therapeutic response and select 

patients for strategies targeting P-gp.  

 

So far, positron emission tomography (PET) studies of P-gp function at the blood-brain barrier 

mainly investigated P-gp transport using P-gp substrate tracers such as [11C]verapamil [4-7] 

and [11C]desmethyl-loperamide [8, 9], which are transported efficiently by P-gp. Both tracers, 

however, exhibit low brain concentrations making it difficult to detect up-regulation of P-gp 

which would be associated with a further decrease in brain concentrations of these tracers. 

Thus, compounds with high affinity for P-gp itself, but no or only a negligible transport by P-gp, 

might provide even better tracers to image expression of transporter molecules [10].  

 

The objective of the present study was to determine whether [11C]quinidine, a well-known P-

gp substrate, and [11C]laniquidar, a third generation P-gp inhibitor, assess P-gp transporter 

function and expression, respectively. PET scans were performed both in naive rats and in rats 

with spontaneous recurrent seizures. Previously, we demonstrated that rats non-responding 

to phenobarbital exhibit significantly higher P-gp expression levels than phenobarbital 

responders [11]. In addition, we investigated the impact of pre-treatment with the P-gp inhibitor  

tariquidar on tracer kinetics. 
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2. Methods 

 

2.1 Chemistry 

Chemicals were obtained from Sigma Aldrich (St. Louis, USA) and were used without further 

purification. All reactions were carried out under argon atmosphere. [11C]CO2 was produced 

by an IBA Cyclone 18/9 cyclotron by 14N(p,α)11C nuclear reaction performed in a 0.5% O2/N2 

gas mixture. Water was purified over a Millipore filter (Millipore, Leiden, The Netherlands). 

Chemical shifts (δ) were defined relative to the signal of the solvent (2.50 for DMSO-d6) and 

measured on a Bruker Avance 250 NMR (Bruker, Delft, the Netherlands) (250.13 MHz for 

1H-NMR and 62.90 MHz for 13C-NMR)  with chemical shifts (δ) reported in ppm relative to the 

solvent. 

 

2.2 Synthesis of precursor desmethyl quinidine (4-((1S)-hydroxy((2S)-5-

vinylquinuclidin-2-yl)methyl)quinolin-6-ol) 

Quinidine ((1S)-(6-methoxyquinolin-4-yl)((2S)-5-vinylquinuclidin-2-yl)methanol) (1.6 g, 

4.9 mmol) was added to dry DMF (45 ml) in flame dried glassware. After addition of sodium 

thioethane (1.4 g, 17 mmol) the resulting reaction mixture was heated at 110 °C and stirred for 

8 h. Next, the reaction mixture was quenched with saturated ammonium chloride in water 

(40 ml), followed by the addition of water (30 ml). The solution was acidified to pH 3 with 1M 

HCl and washed with dichloromethane (4 x 40 ml). The aqueous phase was isolated and 

cooled to 4°C for 16 hours. The obtained crystals were washed with dichloromethane (3 x 20 

ml) to yield desmethyl quinidine in 69% yield (1.05 g, 3.4 mmol) as white crystals. 1H-NMR 

(DMSO-d6) δ = 11.10 (1H, s (broad)), 10.22 (1H, s), 8.67 (1H, d, J=4 Hz), 7.91 (1H, d, J=9 

Hz), 7.55 (1H, d, J=9Hz), 7.50 (1H, s), 7.42 (1H, d, J=9 Hz), 6.49 (1H, s), 6.05-6.12 (2H, m), 

5.25 (1H, d, J=5Hz), 3.97 (1H, t, J=11Hz), 3.24-3.49 (m+DMSO), 2.65 (1H, k, J=10Hz), 2.27 

(1H, t, J=23Hz), 1.77-1.92 (3H, m) 13C-NMR (DMSO-d6) δ = 156.0, 146.5, 144.3, 142.9, 131.1, 

126.0, 118.7, 116.6, 104.7, 66.3, 59.0, 48.1, 40.2, 36.3, 26.7, 24.6, 17.6, 11.4 HRMS (ESI) m/z 

calcd for C19H22N2O2 (M+) 311.1754 found 311.1744. 
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2.3 Synthesis of [11C]quinidine and [11C]laniquidar 

[11C]quinidine was synthesized according to a previously reported procedure with minor 

modifications [12]. NaOH (10 µl, 5 M) was added to a solution of desmethyl quinidine (10 mg, 

32 µmol) in acetonitrile (1 ml). The solvent was then evaporated to dryness at 80°C under a 

flow of helium gas. The residue was redissolved in dry acetonitrile (1 ml), after which the 

solvent was again evaporated and dry DMF (500 µl) was added. Next, the automated [13] 

radiosynthesis of [11C]quinidine was performed by adding [11C]methyl triflate [14] in a stream 

of helium (10 ml·min-1) to the freshly prepared precursor solution at 20°C. After trapping the 

[11C]methyl triflate, the solution was heated at 80°C for 5 minutes, after which the reaction was 

quenched with water (500 µl). The crude product was purified by semi-preparative radio/UV-

HPLC (Jasco PU 2087 HPLC pump, and a Jasco UV2075 UV detector, Maarssen, the 

Netherlands). Column: xTerra (Waters, Etten-Leur, The Netherlands) C18 10µm column (300 

x 7.8 mm), eluent: acetonitrile/water/diisopropylamine 50/50/0.2 (v/v/v), flow: 10 ml·min-1, 

wavelength: 254 nm. [11C]quinidine eluted from the column with a retention time of 11 min. The 

collected fraction was diluted with water (70 ml) and passed over a tC18 Sep-Pak (Waters, 

Etten-Leur, The Netherlands). The cartridge was washed with water (10 ml) after which the 

product was eluted with sterile ethanol (1 ml), and subsequently sterile and pyrogen free 7.09 

mM NaH2PO4 in saline (9 ml) was added to the eluate. Reformulated [11C]quinidine was then 

passed over a 0.22 µm Millex GV filter (Millipore, Amsterdam, the Netherlands). Identity and 

radiochemical purity of the product was determined by radio/UV-HPLC (Jasco PU 1580 HPLC 

pump, and a Jasco UV2075 UV detector, Maarssen, the Netherlands). Column: Kromasil 100 

C18 column (Grace Alltech, Breda, the Netherlands), eluent: 

acetonitrile/water/diisopropylamine 50/50/0.2 (v/v/v), flow of 1 ml·min-1, wavelength: 254 nm. 

The retention time of [11C]quinidine was 9.8 minutes, and the identity was confirmed by 
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comparing its retention time with that of an authentic reference sample of quinidine. 

[11C]laniquidar was synthesized as previously described [15]. 

 

2.4 Animals 

Male (n=16) and female (n=70) Sprague Dawley rats were purchased at a body weight of 

200-224 g (Harlan Winkelmann, The Netherlands). Animals were kept under controlled 

environmental conditions (24-25°C, 50-60% humidity, 12 hour dark/light cycle) with free access 

to tap water and food. Before experiments, rats were allowed to adapt to the new environment 

for at least one week. All experiments were performed in accordance with the European 

Communities Council Directive of 24 November 1986 (86/609/EEC) and following approval by 

the Government of Upper Bavaria and by the Ethics Committee for Animal Experiments of 

Leiden University (approval number UDEC09223 and UDEC10202). All efforts were made to 

minimize pain or discomfort of the animals used. 

 

2.5 Electrode implantation 

For electrode implantation, 70 rats were anesthetized with chloral hydrate (360 mg/kg, i.p.). 

Bupivacaine (Bupivacaine 0.5%, Jenapharm, Jena, Germany) was applied subcutaneously 

(s.c.) for additional local anaesthesia before exposure of the skull surface. For analgesia 

meloxicam (Metacam®, Boehringer-Ingelheim, Ingelheim, Germany) was administered (1 

mg/kg s.c.) 30 min pre and 24 h post surgery. A Teflon-isolated bipolar stainless steel electrode 

was stereotactically implanted into the right anterior basolateral nucleus of the amygdala (BLA) 

as described previously [12]. This electrode served as both stimulation- and recording–

electrode (stereotactic coordinates in mm relatively to Bregma: AP -2,2 L -4,8 DV -8,5). 

Following surgery, animals were housed individually, treated with marbofloxacin (Marbocyl FD 

1%, Vétoquinol, Ravensburg, Germany) at a dose of 1 mg/kg body weight s.c. twice daily for 

up to one week and were allowed to recover for a period of at least six weeks.  
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2.6 Electrical induction of a self-sustained status epilepticus 

For induction of a self-sustained status epilepticus (SSSE), rats (n=39) were electrically 

stimulated via the BLA electrode. Stimulation parameters were used as described previously 

[12, 13]. Briefly, the stimulus duration was 25 min, and consisted of 100 ms trains of 1 ms 

alternating positive and negative square-wave pulses. These trains were given at a frequency 

of 2/s and the intra-train pulse frequency was 50/s. Peak pulse intensity was 700 µA. For the 

pulsed-train stimulation a stimulator (Accupulser, A310C, World precision Instruments, Berlin, 

Germany) connected with a stimulus isolator (A365, World precision Instruments, Berlin, 

Germany) was used. Following the end of stimulation, development and duration of SSSE 

were monitored by 5 min EEG recording and by 3.35 h behavioral observation. Behavioral 

seizure activity after the termination of electrical BLA stimulation was used to determine the 

type of SSSE. Seizure severity was classified according to the grading system by Racine [14], 

in which stage 1 was characterized by immobility and facial automatisms, stage 2 by head 

nodding, associated with more severe facial and mouth clonus (mastication), stage 3 by 

unilateral forelimb clonus, stage 4 by rearing and bilateral forelimb clonus, and stage 5 by 

rearing and falling accompanied by generalized tonic-clonic convulsions. Based on this rating 

scale SSSE was divided into three different types: type 1, partial SSSE consisting of non-

convulsive seizure activity and stereotypies (e.g. sniffing), type 2, partial SSSE with 

generalized seizures, characterized by predominantly partial seizure activity and interrupted 

by occasional episodes of generalized convulsive (stage 4/5) seizures, and type 3, generalized 

convulsive SSSE, which consisted of generalized seizure activity. SSSE was limited to a 

duration of four hours (including the 25 min of BLA stimulation) by diazepam injection (i.p.) at 

a dose of 10 mg/kg body weight. When needed, the application of this dose was repeated until 

motor seizure activity was completely suppressed and the EEG was normalized to baseline 

activity. Electrode-implanted control rats were not stimulated, but subjected to all handling and 

experimental procedures. Furthermore, they also received an injection of diazepam. 
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2.7 Detection of spontaneous seizures by continuous video/EEG recording 

During the entire study, all spontaneous seizures which occurred during handling of the 

animals or which were observed by coincidence were noted. Monitoring of spontaneous 

seizures was performed as described elsewhere [16, 17] using a combined video- and EEG-

detection system. For detection of spontaneous seizures, EEG-recordings were analyzed 

visually for characteristic seizure-like activity. The typical ictal discharges occurring during 

spontaneous seizures in this model have been shown previously [18]. For evaluation of seizure 

severity of an EEG-detected seizure the corresponding video-recording was viewed. Rats were 

continuously monitored for 24 h/day for seven days a week. For rating of the severity of 

spontaneous seizures, Racine’s scale was used as described above [19]. 

 

2.8 Experimental design: selection of phenobarbital non-responders 

Based on preliminary experiments and previous phenobarbital selection trials in epileptic rats 

[20, 21] the following protocol was used: 16 rats with spontaneous seizures after induction of 

SSSE and 12 electrode-implanted control rats received an i.p. bolus dose of 25 mg/kg 

phenobarbital in the morning of the first treatment day, followed by a second administration of 

15 mg/kg i.p. 10 hours later, and then twice daily 15 mg/kg i.p. for 10 subsequent days. For 

drug administration, the sodium salt of phenobarbital (Sigma, Steinheim, Germany) was 

dissolved in 0.9% saline and administered in a volume of 3 ml/kg. Before onset of 

phenobarbital treatment, baseline seizure frequency was determined over 10 days (pre-drug 

control period, which started twelve weeks after induction of SSSE). During the pre-drug 

control period, 0.9% saline (3 ml/kg i.p.) was injected twice daily instead of phenobarbital. 

Throughout the phenobarbital treatment procedure, rats were closely observed for obvious 

adverse effects (ataxia and sedation). According to their response to phenobarbital treatment, 

rats with spontaneous seizures were categorized into groups of responders and non-

responders. Only nine randomly selected rats from the electrode-implanted control group were 

used for further PET studies. 
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2.9 Analysis of phenobarbital plasma concentrations 

Blood was sampled by retro-orbital puncture after local anaesthesia with tetracaine 

hydrochloride (Opthocain N, Dr. Winzer Pharma GmbH, Berlin, Germany) for plasma 

phenobarbital analysis on day eight of phenobarbital treatment and five days after the last 

phenobarbital application. The concentration of phenobarbital in plasma was measured by 

high-performance liquid chromatography (HPLC) with ultraviolet detection. In brief, 50 µl of a 

solution of internal standard phenobarbital and 300 µl ethanol (99%) were added to a 50 µl 

plasma sample. After mixing in a vortex generator, samples were centrifuged at 1400 rpm. 

 

2.10 Animal surgery prior to PET and metabolite experiments 

On the day of the PET or metabolite study, rats were anaesthetized via a nose mask with 

isoflurane, using 4% in oxygen 1 L/minute for induction and 2% for maintenance. The femoral 

vein and artery were cannulated 1-2 hours prior to PET scanning or metabolite study for 

administration of tracers and tariquidar, and blood sampling, respectively. The body 

temperature was maintained at 36-38°C with heating pads, and both blood oxygen saturation 

and heart rate were monitored throughout the experiments. 

 

2.11 Metabolite experiments 

Rats (n=10) were injected with >100 MBq of either [11C]quinidine (n=6) or [11C]laniquidar (n=4). 

Tariquidar (15 mg/kg) was administered 20 minutes prior to the tracer injection in 5 rats. Blood 

samples of 0.8 ml were obtained at 5, 15 and 25 or at 10, 30 and 45 minutes after injection 

(two different protocols to obtain data at more time points). Plasma was obtained by 

centrifugation at 5000 rpm for 5 minutes. Animals were euthanized by decapitation directly 

after the last blood sample and brains were isolated. [11C]metabolite and parent tracer fractions 

were determined in both plasma and brains.  

Plasma was analysed for radiolabeled metabolites of [11C]laniquidar by Solid Phase Extraction 

(SPE) combined with High Performance Liquid Chromatography (HPLC). In brief, 0.8 ml of 
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plasma was diluted with 2 ml of water acidified with 10 µl 6 M HCl and loaded onto an activated 

Sep-Pak tC18. First, the cartridge was washed with 3 ml of water and then eluted with 1.5 ml 

of methanol followed by 1.5 ml of water. Radioactivity in all three fractions (plasma, water and 

methanol/water) was quantified. Radioactivity in plasma and water fractions represent polar 

radiolabeled metabolites of [11C]laniquidar. Radioactivity in the methanol/water fraction was 

further analysed using HPLC with radioactivity detection. The eluate was mixed and injected 

onto a gradient HPLC system (Dionex ultimate 3000 HPLC pump, and a Dionex ultimate VWD 

UV detector, Amstelveen, the Netherlands).. Stationary phase: Phenomenex Luna C18, 5 µm, 

250*10 mm column. Flow gradient: t=0 0.5 ml/min, t=0.5 5 ml/min, t= 14.5 5 ml/min, t=15 0.5 

ml/min. Mobile phase: A = acetonitrile B = 5 mM ammonium acetate. Gradient: t=0 75% B, t=6 

10% B, t=12 10% B, t=12.5 75% B, t=15 75% B. The HPLC eluate was monitored for UV and 

radioactivity. Peaks in the HPLC chromatogram were integrated to calculate the percentage of 

parent tracer and its metabolites.  

For [11C]quinidine an almost identical method was used. An activated Sep-Pak tC2 cartridge 

was loaded with diluted plasma. The column was washed with 3 ml of water, followed by the 

elution with 2 ml of methanol and 1 ml of water. This fraction was analysed using the same 

HPLC system. The mobile phase was acetonitrile/0.4% diisopropylamine at a flow of 3.2 

ml/min, the stationary phase a Phenomenex Gemini C18, 5 µm, 250*10 mm column. The 

HPLC eluate was monitored for UV and radioactivity. Radioactivity peaks in the HPLC 

chromatogram were integrated to calculate the percentage of parent tracer and its metabolites. 

 

2.12 PET experiments 

After catheterization of the femoral vein and artery, rats were immediately positioned in the 

PET scanner. Each naive control rat underwent two consecutive PET scans (n=4 for 

[11C]quinidine and n=2 for [11C]laniquidar) of 60 minutes each. Each electrode-implanted 

control rat (n=9) and each rat with spontaneous seizures (responder (n=5) or non-responder 

(n=4)) underwent 4 consecutive PET scans of 45 minutes each: two [11C]quinidine and two 
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[11C]laniquidar scans. Injected radioactivity was approximately 15 MBq at the beginning of each 

scan. Tariquidar, 15 mg/kg, was administered as an intravenous infusion over 10 minutes. In 

naive control rats, infusion was started 20 minutes before the second scan. In electrode-

implanted control rats, in responder and non-responder rats, a 20 minutes tariquidar infusion 

was initiated before the third scan (after one [11C]quinidine and one [11C]laniquidar scan). 

Therefore each rat served as its own control for tariquidar treatment. The study design is shown 

in Fig. 1. Eight arterial blood samples of 0.1 ml were obtained during each scan, except for the 

[11C]laniquidar scans in the electrode-implanted rats. Plasma was obtained by centrifugation 

at 5000 rpm for 5 minutes and activity in plasma and whole blood samples was measured in 

an automated 1282 Compugamma CS Universal Gamma Counter (LKB Wallac, Turku, 

Finland), cross-calibrated against the PET scanner. Following [11C]quinidine and/or 

[11C]laniquidar scans, approximately 10 MBq of [18F]-2-fluoro-2-deoxy-D-glucose ([[18F]FDG) 

was administered and animals were PET-scanned for 60 minutes.  

Figure. 1 

 

Study design for PET-studies in (A) naive control and (B) electrode implanted rats. [11C]LQD, 

[11C]QND and [18F]FDG denote radiotracers [11C]laniquidar, [11C]quinidine and  [18F]-2-fluoro-

http://www.sciencedirect.com/science/article/pii/S096980511300111X#gr1


[11C]quinidine and [11C]laniquidar PET imaging in a chronic rodent epilepsy model:  impact 

of epilepsy and drug-responsiveness 

110 

 

2-deoxy-D-glucose, respectively. TQD is P-gp inhibitor tariquidar that was infused over 10 

minutes starting 20 minutes prior to the (A) second or (B) third scan. 

 

Rats were scanned in pairs using a double LSO/LYSO layer High Resolution Research 

Tomograph (HRRT; CTI/Siemens, Knoxville, TN, USA) [22]. First, for attenuation and scatter 

correction, a transmission scan was acquired using a 740 MBq 2-dimensional (2D) fan-

collimated 137Cs (662 keV) rotating point source [23]. Then dynamic emission scans were 

acquired. Data were obtained in list mode and rebinned into the final frame sequence: 6x10, 

1x20, 3x30, 2x60, 2x150, 3x300 and 1x600 or 6x10, 1x20, 3x30, 2x60, 2x150, 2x300 and 

4x600 s for the 45 and the 60 minutes scans, respectively. Following corrections for decay, 

dead time, scatter and randoms, scans were reconstructed using an iterative 3D ordered-

subsets weighted least-squares (3D-OSWLS) method [24]. Point source resolution varied 

across the field of view from approximately 2.3 to 3.2 mm (FWHM) in the transaxial direction 

and from 2.5 to 3.4 mm in the axial direction [22]. Two electrode-implanted control animals 

died at the end of the PET scans. Their brains could not be used for P-gp 

immunohistochemistry. 

 

PET image data were analyzed using the freely available software package Amide 0.8.22 [25]. 

An MR-based rat brain atlas [26] was used to define five regions of interest (ROIs) on the 

[18F]FDG PET images. In short, the MR atlas was aligned visually on a summation image of 

time frames from 30 to 60 minutes. ROIs were then projected onto all frames from all scans, 

resulting in time-activity curves for each scan and rat. ROIs were defined for hippocampus, 

occipital cortex, parietal cortex, caudate putamen and cerebellum. A representative example 

is shown in Fig. 2. Time-activity curves were normalised for injected activity and animal weight 

to yield standardized uptake values (SUVs) over time. 

 

bodyweightperityradioactivInjected

weighttissueperityRadioactiv
SUV =

    (1) 
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Figure. 2 

 

Regions of interest (ROIs) displayed on MR-template.

 
 

Brain SUV at 40 minutes for both tracers were analysed by comparing naïve control rats, 

electrode-implanted control rats and epileptic rats (responders and non-responders). In 

addition, for the influx phase, an early time window was chosen based on the SUV curves of 

both tracers (0-2.25 min).  

 

Data from [11C]quinidine scans for all groups and from [11C]laniquidar scans for naive control 

rats were analysed using Logan graphical analysis with plasma input to yield estimates of VT 

(brain-to-blood partition coefficient) [27]. Both brain and plasma radioactivity concentrations 

http://www.sciencedirect.com/science/article/pii/S096980511300111X#gr2
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were corrected for labeled metabolites prior to Logan analysis. As metabolite fractions were 

not measured at each plasma or mid-frame time point, linear regression was used to estimate 

the fraction of intact tracer at all other time points. The concentration of parent tracer at each 

time point was then obtained by multiplying the measured plasma concentration with the 

fraction of unchanged parent tracer.  

 

2.13 Brain tissue preparation 

Following the end of each [18F]FDG PET-scan rats (controls: n = 7, responder: n = 5, non-

responder: n = 4) were decapitated and brains were removed immediately. Brains were 

embedded in Tissue Freezing Medium® (Jung, Nussloch, Germany), frozen in liquid nitrogen, 

and stored at –80°C. Brain tissue was cut in 14 µm slices using a cryostat (HM 560; Microm, 

Walldorf, Germany) and sections were mounted on HistoBond® adhesion slides (Marienfeld, 

Lauda-Koenigshofen, Germany) for immunohistochemistry. 

 

2.14 P-gp immunohistochemistry 

Brain sections of all rats (controls: n = 7, responder: n = 5, non-responder: n = 4) were 

processed simultaneously to obtain comparable staining intensities. Analysis of P-gp 

expression was performed using a monoclonal mouse antibody (C219; 1:50; Calbiochem, 

Darmstadt, Germany). The immunoreaction was visualized using nickel-intensified 

diaminobenzidine according to a previously described protocol [28, 29]. P-gp staining of brain 

sections was analyzed using a computer-assisted image analysis system as described 

previously [29]. The hardware consisted of an Olympus BH2 microscope with a Plan-Neofluar 

objective (Zeiss, Göttingen, Germany), a CCD color camera (Axiocam; Zeiss, Göttingen, 

Germany), and an AMD Athlon 64 processor-based computer with an image capture 

interface card (Axiocam MR Interface Rev.A; Zeiss, Göttingen, Germany). Captured images 

were 1388x1040 pixels in dimension and were processed using KS400 image analysis 

software (Windows Release 3.0; Carl Zeiss Vision, Halbergmoos Germany). Detailed image 

analysis methodology has been reported previously [30, 31]. Briefly, prior to image analysis, 
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spatial calibration was performed and a signal threshold value was defined to exclude 

background signals. This signal threshold value was used for analysis of all sections within the 

same experiment. Thus, data reported reflect pixel density above the threshold. P-gp 

immunostaining was analyzed in CA1 and CA3 region, parietal and piriform cortices, 

hippocampal hilus and the granule cell layer of the dentate gyrus. 

 

2.15 Statistics 

Data are expressed as means ± standard error of the mean (SEM). Statistical analysis of 

group differences was performed using the following tests. [11C]quinidine and  [11C]laniquidar 

SUVs and VT were compared before and after tariquidar treatment for all groups of rats and 

brain regions. In addition, [18F]FDG SUVs data as function of time were also compared 

between the different groups of rats. Statistical differences in [11C]quinidine, [11C]laniquidar 

SUV and VT and [18F]FDG SUV between different groups of rats or different brain regions as 

well as differences between groups in P-gp expression were calculated by one-way analysis 

of variance (ANOVA) followed by post-hoc testing for individual differences by the Student’s 

t-test. For correlation analysis between seizure frequency before or during phenobarbital 

treatment and SUV and VT the Spearman's rank correlation test was used. All statistical tests 

were performed two-sided. In all statistical evaluations differences between means were 

considered to be statistically significant when P < 0.05.  

  



[11C]quinidine and [11C]laniquidar PET imaging in a chronic rodent epilepsy model:  impact 

of epilepsy and drug-responsiveness 

114 

 

3. Results 

 

3.1 Chemistry 

The precursor used in the labeling reaction, desmethyl quinidine, was synthesized with an 

overall yield of 69%, starting from quinidine itself. The absence of quinidine in the precursor 

material was confirmed by HPLC-analysis. The radiochemical purity was ≥99% and no 

significant chemical impurities were present as assessed by analytical HPLC. The overall 

decay corrected radiochemical yield of [11C]quinidine was 55-65%, and the specific activity was 

259 ± 49 GBq·µmol-1 (mean ± S.D.) at end of synthesis. Overall synthesis time was 45 minutes. 

 

[11C]laniquidar was synthesized as previously described [15] with a specific activity of 122 ± 10 

GBqμmol-1 (mean ± SEM) at the end of synthesis and a radiochemical purity of >99%. The 

product was chemically pure as assessed by analytical UV-HPLC.  

 

3.2 Selection of phenobarbital responders and non-responders 

In response to phenobarbital treatment, complete control of seizures was achieved in five out 

of 16 animals. These five animals were categorized as phenobarbital responders. Four animals 

with spontaneous recurrent seizures did not show a significant anticonvulsant response to 

phenobarbital treatment, and were considered non-responders. In seven animals no 

spontaneous epileptic seizures were observed either during the pre-drug control phase or the 

phenobarbital treatment phase. Therefore, these seven animals could not be categorized as 

responders or non-responders and were not used for further PET studies. Analysis of plasma 

revealed phenobarbital concentrations within the therapeutic range (10-60 µg/ml) in all rats 

throughout the period of treatment. Plasma concentrations were nearly identical between 

responders and non-responders (data not shown). Similarly, side-effects attributable to 

phenobarbital, i.e. ataxia and/or sedation, were comparable between both groups of rats. 

Moreover, analysis of video/EEG recordings did not reveal any differences in the severity of 

seizures between responders and non-responders.  
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3.3 Metabolism and plasma pharmacokinetics 

[11C]quinidine was rapidly metabolized with only 27% intact tracer in plasma five minutes after 

injection (Table 1). Fourty-five minutes after injection, the fraction of intact [11C]quinidine was 

13% in both plasma and brain tissue.  [11C]quinidine plasma concentrations over time were 

nearly identical in all groups of rats and no effect of tariquidar treatment was observed. 

 

Table 1: 

Fraction of intact [11C]quinidine and [11C]laniquidar in plasma and brain over time 

 
[11C]quinidine (n=6) [11C]laniquidar (n=4) 

Time (min) Plasma Brain Plasma Brain 
0.5 0.97 ± 0.01    

1 0.70 a 0.71a   

5 0.27 ± 0.04  0.77 ± 0.12  
10 0.24 ± 0.03  0.77 ± 0.10  
15 0.18 ± 0.02  0.55 ± 0.13  

25 0.15 ± 0.02 0.21 ± 0.03 0.55 ± 0.24 0.77/0.91b 

30 0.19 ± 0.04  0.49a  

45 0.13 ± 0.00 0.13 ± 0.03 0.45 ± 0.15 0.72/0.86b 
aone animal 
bwithout tariquidar pre-treatment / with tariquidar pre-treatment 
 

Data are mean  SEM. 
 

The fraction of radioactivity originating from [11C]laniquidar in plasma and brain over time is 

also shown in Table 1. Compared with [11C]quinidine, metabolism of [11C]laniquidar was slower 

with 77% intact tracer in plasma five minutes after injection and 72% and 86% intact 

[11C]laniquidar in brain 45 minutes after injection for rats with and without tariquidar pre-

treatment, respectively. Tariquidar treatment in naive control rats resulted in faster elimination 

of [11C]laniquidar from plasma during the first minutes after injection. This was probably a 

consequence of increased [11C]laniquidar uptake in tissues (e.g. brain) that otherwise are 

protected by P-gp. At later time points, plasma profiles in naive control rats before and after 

tariquidar pre-treatment were nearly the same. 
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3.4 Brain pharmacokinetics 

Without tariquidar pre-treatment, brain distribution of both [11C]quinidine and [11C]laniquidar 

was very low in all groups of rats, with baseline SUV < 0.5 (Fig. 3). Analysing all rat groups 

together, tariquidar pre-treatment increased brain uptake by up to 3.9-fold for [11C]quinidine 

and 9.8-fold for [11C]laniquidar. 
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Fig. 3 

 

 

Hippocampus radioactivity profiles expressed as SUV for [11C]quinidine (A) in electrode-

implanted control animals (n=7), responders (n=5) and non-responders (n=4) and 

[11C]laniquidar (B) in electrode-implanted control animals (n=5), responders (n=4) and non-

responders (n=4).  Framed symbols denote the scan after tariquidar treatment whereas all 

other symbols indicate the scan before tariquidar treatment. 

 

http://www.sciencedirect.com/science/article/pii/S096980511300111X#gr3
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 [11C]quinidine 

Analysis of [11C]quinidine data before tariquidar pre-treatment revealed that epileptic rats 

showed higher SUV than electrode-implanted control rats in the hippocampus during the first 

2.25 minutes. A separate data analysis of responders and non-responders revealed that this 

difference with controls was driven by non-responders. Following tariquidar pre-treatment, 

percentage increases in hippocampal SUV were similar in electrode-implanted controls and 

responders (Fig. 4A). Before tariquidar pre-treatment, data from the hippocampus of electrode-

implanted control rats and epileptic rats did not differ at 40 minutes (Fig. 4B). Following 

tariquidar non-responders exhibited higher SUV data as compared to electrode-implanted 

controls and responders (Fig. 4A and B). However, no difference was evident in the ratio ‘SUV 

with tariquidar / without tariquidar’ (Fig. 4C). 

Non-responders had higher [11C]quinidine absolute SUV in the occipital cortex after tariquidar 

pre-treatment than responders and electrode-implanted control rats during the first 2.25 

minutes (Fig. 4D). However, at 40 min no difference was evident and the ratio ‘SUV with / 

without tariquidar’ was comparable in all groups (Fig. 4E and 4F). Electrode-implanted control 

rats, epileptic rats as well as the subgroups of responders and non-responders did not differ 

significantly at 40 minutes (Fig. 4E).  

 [11C]quinidine SUV in the parietal cortex was not significantly different between electrode-

implanted control rats, epileptic rats, responders and non-responders, neither before nor after 

tariquidar pre-treatment during the first 2.25 minutes and at 40 min (Fig. 4G and 4H). Following 

tariquidar pre-treatment a significant difference in SUV was evident between non-responders 

and electrode-implanted control rats at 40 minutes (Fig. 4H). However, the ratio ‘SUV with / 

without tariquidar’ did not differ between groups at this time point (Fig. 4I).  
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Figure. 4 

 

Hippocampal (A, B), occipital (D, E) and parietal (G, H) SUV and ratio ‘SUV with/without 

tariquidar’ (C, F, I) of [11C]quinidine (mean ± SEM) of electrode-implanted control animals 

(n=7), epileptic animals (n=9), responders (n=5) and non-responders (n=4) before and after 

tariquidar pre-treatment. * significant difference between animals treated with tariquidar; # 

significant difference between epileptic animals and non-responders before tariquidar pre-

treatment and electrode-implanted control animals before tariquidar pre-treatment (TQD, 

tariquidar). 

 

Furthermore, percentage increase in [11C]quinidine VT in  the hippocampus was  higher in 

epileptic rats than in electrode-implanted control rats. Average brain SUV at 40 minutes and 

VT, before and after tariquidar pre-treatment, is shown for naïve control rats, electrode-

implanted control rats, epileptic rats, responders and non-responders in Tables 2 and 3. 

http://www.sciencedirect.com/science/article/pii/S096980511300111X#gr4
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Table 2 
Brain SUV and VT for [11C]quinidine (naive control animals) 

 Hippocampus Occipital cortex Parietal cortex 

SUV 40 min    

Pre Tariquidar 0.04 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 
Post  Tariquidar 0.18 ± 0.02 0.16 ± 0.02 0.17 ± 0.01 

Logan VT    

Pre Tariquidar 0.83 ± 0.06 0.92 ± 0.07 0.86 ± 0.07 
Post Tariquidar 3.14 ± 0.11 2.82 ± 0.10 2.96 ± 0.14 

 

Data are mean  SEM. 
 

Table 3 
Brain SUV and VT for [11C]quinidine (electrode-implanted controls, epileptic rats, responders, 
non-responders)  

 Hippocampus Occipital cortex Parietal cortex 

SUV 40 min    

Pre Tariquidar    

Electrode-implanted control 
rats 

0.06 ± 0.00 0.06 ± 0.00 0.05 ± 0.00 

Epileptic rats 0.06 ± 0.00 0.07 ± 0.00 0.06 ± 0.01 
Responders 0.06 ± 0.00 0.07 ± 0.01 0.06 ± 0.01 

Non-responders 0.06 ± 0.00 0.07 ± 0.01 0.06 ± 0.01 

Post Tariquidar    

Electrode-implanted control 
rats 

0.20 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 

Epileptic rats 0.22 ± 0.01 0.19 ± 0.01 0.21 ± 0.01 
Responders 0.20 ± 0.01 0.18 ± 0.01 0.20 ± 0.01 

Non-responders 0.23 ± 0.01 0.22 ± 0.02 0.22 ± 0.00 

Logan VT    

Pre Tariquidar    

Electrode-implanted control 
rats 

0.77 ± 0.04 0.88 ± 0.06 0.77 ± 0.05 

Epileptic rats 0.82 ± 0.06 0.93 ± 0.07 0.83 ± 0.07 
Responders 0.77 ± 0.06 0.86 ± 0.08 0.80 ± 0.08 

Non-responders 0.95 ± 0.06 0.94 ± 0.10 0.90 ± 0.12 

Post Tariquidar    

Electrode-implanted control 
rats 

2.51 ± 0.37 2.41 ± 0.30 2.38 ± 0.35 

Epileptic rats 2.94 ± 0.28 2.66 ± 0.27 2.77 ± 0.25 
Responders 2.79 ± 0.24 2.46 ± 0.21 2.63 ± 0.25 

Non-responders 3.28 ± 0.49 3.04 ± 0.50 2.95 ± 0.45 
 

Data are mean  SEM. 
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[11C]laniquidar 

[11C]laniquidar SUV in the hippocampus before tariquidar pre-treatment was higher in epileptic 

rats than in electrode-implanted control rats during the first 2.25 minutes (Fig. 5A). A separate 

analysis using data from responders and non-responders revealed that this difference with 

controls was evident only in non-responders. At 40 minutes, SUV of electrode-implanted 

control rats, epileptic rats as well as the subgroups of responders and non-responders did not 

differ significantly (Fig. 5B).  

 [11C]laniquidar SUV in the occipital cortex was significantly higher in epileptic rats, in 

comparison with electrode-implanted control rats during the first 2.25 minutes (Fig. 5D). 

Epileptic rats and the subgroup of non-responders differed significantly from electrode-

implanted control rats before tariquidar pre-treatment at 40 minutes (Fig. 5E).  

[11C]laniquidar SUV in the parietal cortex before tariquidar pre-treatment was higher in epileptic 

rats and the subgroup of non-responders than in electrode-implanted control rats during the 

first 2.25 minutes (Fig. 5G). In contrast, electrode-implanted control rats, epileptic rats, 

responders and non-responders did not show any significant difference at 40 minutes (Fig. 

5H).  
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Figure. 5 

 

Hippocampal (A, B), occipital (D, E) and parietal (G, H) SUV and ratio ‘SUV with/without 

tariquidar’ (C, F, I) of [11C]laniquidar of electrode-implanted control animals (n=5), epileptic 

animals (n=8), responders (n=4) and non-responders (n=4) before and after tariquidar pre-

treatment. # significant difference between epileptic animals, responders and non-responders 

before tariquidar pre-treatment and electrode-implanted control animals before tariquidar pre-

treatment (TQD, tariquidar). 

 

Average brain SUV at 40 minutes, before and after tariquidar pre-treatment, is shown for naive 

control rats, electrode-implanted control rats, epileptic rats, responders and non-responders in 

Tables 4 and 5. 

http://www.sciencedirect.com/science/article/pii/S096980511300111X#gr5
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Table 4 
Brain SUV and VT for [11C]laniquidar (naive control animals) 

 Hippocampus Occipital cortex Parietal cortex 

SUV 40 min    

Pre Tariquidar 0.17 ± 0.01 0.19 ± 0.01 0.18 ± 0.02 
Post  Tariquidar 1.66 ± 0.03 1.56 ± 0.04 1.67 ± 0.04 

Logan VT    

Pre Tariquidar 0.79 ± 0.01 0.87 ± 0.07 0.84 ± 0.06 
Post Tariquidar 12.5 ± 0.59 11.7 ± 0.51 12.4 ± 1.03 

 

Data are mean  SEM. 
 
Table 5 
Brain SUV for [11C]laniquidar (electrode-implanted controls, epileptic rats, responders, non-
responders)  

 Hippocampus Occipital cortex Parietal cortex 

SUV 40 min    

Pre Tariquidar    

Electrode-implanted control 
rats 

0.17 ± 0.02 0.21 ± 0.02 0.17 ± 0.02 

Epileptic rats 0.24 ± 0.01 0.25 ± 0.01 0.23 ± 0.02 
Responders 0.24 ± 0.01 0.24 ± 0.02 0.24 ± 0.03 

Non-responders 0.23 ± 0.03 0.27 ± 0.02 0.22 ± 0.01 

Post Tariquidar    

Electrode-implanted control 
rats 

1.75 ± 0.11 1.56 ± 0.07 1.68 ± 0.07 

Epileptic rats 1.92 ± 0.10 1.69 ± 0.11 1.62 ± 0.11 
Responders 1.92 ± 0.13 1.69 ± 0.12 1.77 ± 0.16 

Non-responders 1.80 ± 0.17 1.62 ± 0.19 1.41 ± 0.14 
 

Data are mean  SEM. 
 
 

Tariquidar treatment increased SUV in the occipital and parietal cortex of all rats in a 

comparable manner (Fig. 5D-I). In the hippocampus the ration ‘SUV with / without tariquidar’ 

proved to be significantly lower in epileptic rats versus electrode-implanted control rats at 40 

min (Fig. 5C).  

 

[18F]FDG 
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[18F]FDG SUV showed no difference between electrode-implanted control rats, epileptic rats, 

responders and non-responders in hippocampus, occipital cortex and parietal cortex during 

the first 2.25 minutes and at 55 minutes (data not shown).  

 

3.5 Correlation between SUV/VT and seizure frequency 

To study the impact of seizure frequency on brain distribution of [11C]quinidine and 

[11C]laniquidar, the correlation between SUV and VT (only available for [11C]quinidine) and 

number of seizures during the pre-drug control period and percentage seizure reduction during 

the phenobarbital treatment phase was investigated. There was no significant correlation 

between [11C]quinidine SUV and either number of seizures during the pre-drug control period 

or percentage seizure reduction during the phenobarbital treatment phase. Moreover, 

[11C]quinidine VT  correlated neither with number of seizures during the pre-drug control period 

nor with percentage seizure reduction during the phenobarbital treatment phase. 

There was, however, a correlation between [11C]laniquidar SUV during the first 2.25 minutes 

before tariquidar treatment and percentage seizure reduction during the phenobarbital 

treatment phase (r=0.851, p=0.005). In contrast, [18F]FDG SUV did not correlate with either 

number of seizures during the pre-drug control period or percentage seizure reduction during 

the phenobarbital treatment phase. 

 

3.6 Regional differences 

After tariquidar treatment, [11C]quinidine SUV was significantly lower in parietal and occipital 

cortex than in hippocampus (Tables 2 and 3). For both radiotracers, regional differences were 

obvious in the tariquidar induced increase in uptake. With both radiotracers the increase in 

brain concentrations compared with baseline concentrations was highest in caudate putamen 

and the smallest effect was observed in occipital cortex. 
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3.7 P-gp immunohistochemistry 

P-gp immunostaining was observed in brain microvessel endothelial cells of rats from all 

groups. The nickel-intensified diaminobenzidine staining method was chosen for the present 

experiments as it exclusively labels endothelial P-gp. Therefore, the P-gp-labeled areas 

determined by computer-assisted analysis can be completely attributed to endothelial P-gp 

expression [32]. In responders and non-responders the area labeled for P-gp was significantly 

increased in brain capillary endothelial cells of the hippocampal CA1-region compared to 

electrode-implanted control rats. In this region the mean area labeled for P-gp amounted to 

0.31 ± 0.05 (mean ± SEM) in control rats, 0.58 ± 0.10 (mean ± SEM) in responders, and 0.63 

± 0.12 (mean ± SEM) in non-responders. In the CA3–region the mean area labeled for P-gp 

was increased in responders (0.97 ± 0.12, mean ± SEM) and non-responders (1.02 ± 0.24, 

mean ± SEM) compared to electrode-implanted control animals (0.71 ± 0.10, mean ± SEM). 

No significant differences in P-gp expression were observed between the three groups in 

parietal and piriform cortices, hippocampal hilus and the granule cell layer of the dentate gyrus. 
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4. Discussion 

Radiotracers suitable for imaging of P-gp efflux function or expression at the blood-brain barrier 

are of particular interest for several reasons [33, 34]. Respective PET techniques might for 

instance render biomarkers of transporter-mediated drug resistance of epilepsies. An 

important prospect is the development of PET biomarkers for assessing transporter mediated 

drug resistance in epilepsy, which could lead to PET guided individualized therapy. In line with 

this concept, two putative radiotracers were assessed in a chronic rodent epilepsy model 

comparing brain uptake in electrode-implanted control rats with that in epileptic rats sub-

categorized as phenobarbital responders or non-responders.   

[11C]quinidine was chosen as one of the radiotracers based on the fact that numerous studies 

have shown it to be a P-gp substrate [35, 36]. Considering the increase in cerebral uptake of 

[11C]quinidine following administration of the P-gp modulator tariquidar, the present data 

confirm that [11C]quinidine is a substrate for P-gp and, therefore, it has potential to provide 

information about blood-brain barrier P-gp transporter function. Indeed, data from control 

animals indicated that efflux of [11C]quinidine by P-gp is already relevant at baseline expression 

levels of the transporter. These data are in line with previous findings from a microdialysis 

study in which pre-treatment with the same dose of tariquidar increased concentrations of 

quinidine in the brain extracellular fluid and total brain concentrations significantly [37]. 

However, the impact of tariquidar on cerebral [11C]quinidine uptake proved to be less 

pronounced in the present PET study as compared with the microdialysis study. One aspect 

that might have contributed to this discrepancy is the fact that [11C]quinidine was rapidly 

metabolized in vivo, and therefore PET data could be affected by radiolabeled metabolites, 

which may or may not be substrates of P-gp themselves.   

The rationale to assess [11C]laniquidar as a radiotracer in a chronic epilepsy model was based 

on its efficacy as a third generation modulator of P-gp [38], which was expected to reflect the 

expression levels of P-gp rather than its transport function [39]. However, the impact of 

tariquidar on cerebral [11C]laniquidar uptake indicates that the tracer is also subject to transport 

by P-gp. In this context, it is of interest to note that the third generation P-gp modulators 
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elacridar and tariquidar, which like laniquidar were thought to function as non-competitive 

inhibitors, were recently reported to be substrates of P-gp, at least at tracer concentrations, 

and thus should be considered competitive inhibitors [40, 41]. Evidence that this might also 

apply for laniquidar came from initial PET experiments in which cyclosporine A increased the 

brain uptake of [11C]laniquidar in a significant manner in naive rats [15]. The fact that cerebral 

[11C]laniquidar uptake was affected more by tariquidar than uptake of [11C]quinidine indicates 

that laniquidar is an even stronger substrate than quinidine. However, taking the large binding 

pocket of P-gp [42, 43] into consideration this difference might just reflect that tariquidar and 

laniquidar based on their structural similarities have a larger overlap in their binding sites 

resulting in a more pronounced competitive inhibition as compared with the combination of 

quinidine and tariquidar. In conclusion, our data confirm that [11C]laniquidar uptake is related 

to blood-brain barrier P-gp, but that PET findings obtained need to be interpreted with caution, 

as they might be affected by both P-gp transport function and expression.  

However, this concern is also valid for several of the classic P-gp substrates and long-known 

competitive inhibitors such as quinidine. Quinidine proved to be among the most efficacious 

compounds for inhibiting photo-affinity labeling of P-gp [44, 45] indicating that quinidine binds 

to P-gp with high affinity and thus, is rather categorized as a bulky substrate with long 

interaction times at the transporter molecule. Thus, PET data obtained with [11C]quinidine will 

probably also be affected by both, transport of the tracer by P-gp as well as direct binding to 

the transporter molecule.  

As expected, epileptic rats were successfully obtained in the post-status epilepticus model 

used in the present study. It has been described earlier that variance in individual drug 

response allows selection of responders and non-responders during a sub-chronic treatment 

phase with the antiepileptic drug phenobarbital [11, 20, 21]. Thus, in addition to identifying 

epileptic rats including assessment of their seizure frequency, their response to phenobarbital 

was also analysed. Comparing kinetics of the tracer [11C]quinidine, we demonstrated that 

epileptic rats and in particular the subgroup of non-responders exhibited an increased 

hippocampal SUV in the early phase of the scan. The opposite would actually be expected 
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when just considering [11C]quinidine as a transporter substrate as higher expression rates 

would enhance efflux into the capillary lumen. However, as discussed above high affinity 

binding and long interaction times of [11C]quinidine might also have an impact on the data, 

which might actually reflect high expression rates in non-responders rather than transport 

function. In addition, it can not be excluded that seizure activity at the days before a scan 

affected the integrity of the blood-brain barrier at another molecular level. For instance it has 

been described repeatedly that seizure events cause a transient increase in transcytosis or 

affect tight junction function [46], which in turn can exert an impact on brain penetration of 

compounds depending on their chemical characteristics. Yet another possible explanation to 

the differences observed in the early phase SUVs between non-responders and controls could 

be differences in plasma concentrations of [11C]quinidine as the early brain SUVs reflect tracer 

delivery to the brain. However, the plasma profiles did not differ between the different rat 

groups and thus it is unlikely that group dependent differences would be the explanation to the 

differences observed in brain SUVs between the different rat groups. Upon modulation of P-

gp function by tariquidar, differences between non-responders and/or non-epileptic controls or 

responders were even more evident and consistent in different brain regions. These data are 

in agreement with findings from a rat epilepsy model in which tariquidar increased brain 

penetration of the antiepileptic drug phenytoin more efficaciously in brain regions with P-gp 

overexpression than in those with basal P-gp expression levels [47]. Tariquidar might have a 

more pronounced effect in animals with high P-gp expression levels. However, analysis of the 

ratio ‘SUV with / without tariquidar’ did not confirm an enhanced effect of tariquidar. Moreover, 

higher SUVs in non-responders might also directly reflect high expression rates of P-gp. As a 

consequence of enhanced brain penetration the tracer might also bind more intensely to 

parenchymal P-gp. In this context, a recent microdialysis study revealed that P-gp functionality 

significantly affected intrabrain distribution of quinidine indicating a shift in distribution between 

brain extracellular and intracellular space which seems to be related to P-gp function at the 

parenchymal level [37]. Unfortunately, due to the previously reported impact of tissue 

processing on immunhistological staining [32] it was not possible to stain P-gp in both brain 
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capillaries and parenchymal cells to check for respective differences between groups. Future 

studies should investigate parenchymal expression of the transporter in responders and non-

responders.  

Differences in [11C]laniquidar baseline tracer kinetics are in line with the concept that they 

should reflect differences in expression of P-gp, as SUV reached higher levels in epileptic rats 

than in electrode-implanted control rats. Differences with control rats proved to be more 

consistent in the group of non-responders than in the responder group. The latter group only 

exhibited a significant difference with controls in the occipital cortex, but not in hippocampus 

or parietal cortex. Moreover, differences between epileptic rats as well as the subgroups of 

non-responders and control rats were more consistent during the early phase of the scan. 

Following tariquidar pre-treatment no differences between groups were evident. This might be 

due to the fact that upon partial competitive blockade of the binding site of laniquidar by 

tariquidar SUV data may be affected more by transport of laniquidar and no longer reflect 

expression rates of P-gp. This fact might also contribute to the fading of differences between 

epileptic rats and controls towards the end of the scan under baseline conditions.  

PET data obtained from this study also need to be interpreted in the context of the analyses of 

P-gp expression levels. The typical epilepsy-associated increase of P-gp was confirmed in the 

hippocampal CA1 and CA3 region, when comparing epileptic animals with electrode-implanted 

controls. In the subgroup of non-responders P-gp expression tended to reach higher levels, 

but, probably due to the small group sizes, the difference to controls did not reach significance.  

Regarding the search for the optimal radiotracer to image P-gp expression and/or function, 

advantages and disadvantages need to be considered for both tracers assessed in the present 

study. [11C]quinidine is known to be a strong substrate of P-gp. Its usefulness without additional 

modulation of P-gp might be limited due to low cerebral uptake, although it seems to be 

superior in this regard as compared with the frequently used [11C]verapamil [33]. As a 

disadvantage, alterations in SUV data might be affected by both transport and expression with 

trends in opposite directions, i.e. high expression rates will reduce SUVs due to enhanced 

efflux, but will increase SUVs due to enhanced binding to the transporter molecule. Thus, 
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interpretation of data might be difficult, and could be further biased by rapid metabolism of the 

tracer. However, differences observed in the present study between non-epileptic controls, 

responders and non-responders suggest that PET scanning with [11C]quinidine plus tariquidar 

may be helpful in imaging transporter-associated drug resistance.  

The fact that [11C]laniquidar SUVs in non-responders exceeded those in non-epileptic controls 

confirms the concept that use of P-gp modulator tracers might help to image P-gp expression. 

The advantage of this concept is that conclusions might be possible based on one scan 

avoiding a second scanning procedure and avoiding the pre-treatment with a P-gp modulator, 

which might even result in toxicity due to an excessive increase in antiepileptic drug 

concentrations in the brain. However, it still needs to be demonstrated using larger groups of 

animals whether [11C]laniquidar PET renders reproducible data which might even allow to set 

cut-offs between responders and non-responders.   

 

In conclusion, [11C]quinidine with tariquidar pre-treatment as well as [11C]laniquidar at baseline 

might render novel PET imaging techniques for probing P-gp function and expression. 

Cerebral uptake of these tracers appears to be related to drug resistance. Further experimental 

and clinical studies are needed to assess whether these tracers can be used to predict drug 

resistance. However, interpretation of findings from respective studies might be related to an 

impact of both expression and function of P-gp on the kinetics of both tracers.  
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