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Abstract 

Introduction: The present study was designed to assess whether [18F]PK-209 (3-(2-chloro-5-

(methylthio)phenyl)-1-(3-([18F]fluoromethoxy)phenyl)-1-methylguanidine) is a suitable 

ligand for imaging the ion-channel site of N-methyl-D-aspartate receptors (NMDArs) using 

positron emission tomography (PET). 

Methods: Dynamic PET scans were acquired from male rhesus monkeys over 120 min, at 

baseline and after the acute administration of dizocilpine (MK-801, 0.3 mg/kg; 

n=3/condition). Continuous and discrete arterial blood samples were manually obtained, to 

generate metabolite-corrected input functions. Parametric volume-of-distribution (VT) images 

were obtained using Logan analysis. The selectivity profile of PK-209 was assessed in vitro, 

on a broad screen of 79 targets. 

Results: PK-209 was at least 50-fold more selective for NMDArs over all other targets 

examined. At baseline, prolonged retention of radioactivity was observed in NMDAr-rich 

cortical regions relative to the cerebellum. Pretreatment with MK-801 reduced the VT of 

[18F]PK-209 compared with baseline in two of three subjects. The rate of radioligand 

metabolism was high, both at baseline and after MK-801 administration. 

Conclusions: PK-209 targets the intrachannel site with high selectivity. Imaging of the 

NMDAr is feasible with [18F]PK-209, despite its fast metabolism. Further in vivo evaluation 

in humans is warranted. 
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1. Introduction 

N-methyl-D-aspartate receptors (NMDArs) are glutamate-gated cation channels with key 

physiological roles in the developing and adult brain. Their timely activation is required for 

synaptic maturation and plasticity, underlying mental processes as essential for life as 

memory and learning [1]. The aberrant activation of NMDArs, however, can have devastating 

effects on neuronal survival and physiological brain function. NMDAr overactivation is 

known to promote cell death by excitotoxicity [2], a process that has been implicated in the 

pathogenic mechanisms of ischaemia, epilepsy and chronic neurodegenerative disorder, 

including Alzheimer’s, Parkinson’s and Huntington’s diseases [3]. NMDAr hypofunction, on 

the other hand, has been linked to the pathophysiology of schizophrenia and autism spectrum 

disorder [4], and may be related with increased risk for drug abuse [5]. Because of the 

substantial roles of NMDArs in health and disease, there is considerable interest in developing 

an imaging tool to assess the functional state of the NMDAr in vivo, both for diagnostic and 

research purposes. 

 

The activation of NMDArs is controlled by multiple endogenous ligands, which tightly 

regulate the probability of ion-channel opening by binding to distinct sites on the receptor [6]. 

There are at least six different binding sites on the NMDArs, including recognition sites for 

the agonist glutamate, the co-agonists glycine and serine, as well as for ligands that modulate 

receptor function, such as polyamines, metal ions and protons. Of the multiple binding sites, 

the one that is located within the pore of the ion-channel is an attractive target for examining 

the functional state of NMDArs. Due to its unique physical location, the ion-channel site is 

primarily accessible when the NMDAr is in an open conformation, i.e. activated by glutamate 

and glycine [7]. Thus, the in vivo uptake of radiotracers targeting the intrachannel site is likely 
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to be proportional to the amount of activated NMDArs, and could be used to determine their 

functional state and brain regional distribution [8].  

 

Although there have been several attempts to label the ion-channel site using Positron 

Emission Tomography (PET), the majority of efforts has been confounded by poor radiotracer 

selectivity and affinity, low brain entrance, rapid radioligand metabolism, and/or inability to 

establish specific NMDAr targeting in vivo [9-10]. We have previously described the 

synthesis, radiosynthesis, in vitro and ex vivo evaluation of a series of N,N’-diaryl-N-

methylguanidines, targeting the NMDAr ion-channel site [11]. In that series, [18F]PK-209 

(Figure 1) was the most promising candidate ligand for imaging NMDArs. The compound 

had an apparent affinity value of 18 nM against [3H]MK-801 (Ki) and a distribution 

coefficient value of 1.45 (LogDoct,7.4), indicating high affinity for the NMDAr and moderate 

lipophilicity, respectively. In biodistribution experiments in mice, the forebrain-to-cerebellum 

ratio of radioactivity uptake after the administration of [18F]PK-209 was in excess of 1.7, 

indicating accumulation of the tracer in NMDAr-rich brain regions. Importantly, ex vivo 

autoradiography showed that the brain uptake of [18F]PK-209 was reduced by up to 30% from 

control levels after the acute administration of dizocilpine (MK-801; 0.6 mg/kg, 

intraperitoneally), indicating selectivity of the radioligand for the NMDAr ion-channel site. In 

the present study, we report on a comprehensive pharmacological selectivity profile for PK-

209, and examine whether selective labeling and quantification of the NMDA receptor ion-

channel is feasible in the nonhuman primate brain using [18F]PK-209 PET. 

 

2. Materials and Methods 

2.1 Selectivity profile of PK-209 
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The pharmacological selectivity of PK-209 was evaluated at Cerep (Poitiers, France). A 

single concentration of PK-209 (10 µM) was initially screened on a panel of 79 targets, 

comprising neurotransmitter receptors and transporters, and ion-channels (Supplementary 

Table 1). A percent (%) inhibition of control specific binding, obtained in the presence of 10 

µM PK-209, was calculated for each target. The affinity of PK-209 for targets showing ≥50% 

inhibition of control specific binding in the primary screen was subsequently derived from full 

concentration-response inhibition curves, which were obtained using 8 concentrations of PK-

209. Hill coefficients (nH) and IC50 values from the competition binding experiments were 

derived by non-linear regression analysis.  IC50 values were converted to inhibition constants 

(Ki values) using the Cheng and Prusoff equation for binding assays: Ki=IC50/(1+L/KD), 

where L is radioligand concentration in the assay and KD the affinity of the radioligand for its 

corresponding target. The KD values of the reference radioligands were obtained in saturation 

experiments, which were run in parallel to the competition binding studies. Details of the 

Cerep selectivity assays are available from www.cerep.fr. 

 

2.2 Radiotracer preparation 

The precursor synthesis [12] and radiolabeling procedures [13] for [18F]PK-209 have been 

described previously. The radiotracer was formulated in a phosphate-buffered saline solution 

containing 8.6% ethanol, and administered by intravenous injection of ≤10 mL. For baseline 

studies, injected activity was 138.8±30.4 MBq and specific activity 135.8±15.4 GBq/µmol, 

corrected to scan acquisition time. For blocking studies, injected activity and specific activity 

at scan acquisition time were 124.7±19.5 MBq and 97.2±24.4 GBq/µmol, respectively. In all 

cases, synthesis time including HPLC purification was ≈90 min, and radiochemical purity of 

the final product >98%. 
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2.3 Subjects, anaesthesia and treatment  

All experimental procedures complied with European Commission Directive 2010/63/EU, 

regulating animal research, and were approved by the independent Animal Experimental 

Committee of the Biomedical Primate Research Centre in Rijswijk, the Netherlands (BPRC; 

DEC#717BPRC). 

 

Three adult male rhesus monkeys (Macaca mulatta) were included in the study, aged 17-19 

years and weighing 7.6-13.5 kg. Monkeys were group-housed at the BPRC, in an enriched, 

temperature-controlled environment (20-22°C), under a 12 h light/dark circadian cycle. The 

animals were maintained on a standard monkey pellet diet (Ssniff®, Soest, Germany) 

supplemented with vegetable and fresh fruit, and were fasted for a period of 16 h prior to 

anaesthesia. Drinking water was available ad libitum. All animals had received a 

comprehensive physical, haematological and biochemical examination prior to study initiation 

and remained under constant veterinary supervision throughout the experiments.   

 

On the day of each baseline scan, monkeys were transported from the BPRC in Rijswijk to the 

Radionuclide Center in Amsterdam (RNC, Amsterdam, the Netherlands). The animals were 

trained to voluntary enter their transit cages, and no anaesthesia was used during the 40 min 

transportation period. At the RNC, monkeys were sedated with an injection of medetomidine 

hydrochloride (60 µg/kg; Sedastart 1 mg/mL, AST Farma BV, Oudewater, the Netherlands) 

and midazolam (0.3 mg/kg; Midazolam Actavis 5 mg/mL; Actavis BV, Baarn, the 

Netherlands), which were administered intramuscularly (IM). Immobilized animals were 

brought into the imaging facilities, and placed on a warm Harvard blanket in order to maintain 

normothermia (Homeothermic Blanket 60x90cm, Harvard Apparatus GmbH, March-

Hugstetten, Germany). The cephalic veins of both arms were catheterized with a Vasofix® 
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Braunüle® catheter (B. Braun Melsungen AG, Germany). The left cephalic line was used for 

the induction and maintenance of propofol anesthesia, which was delivered at a rate of 0.2 

mg/kg/min (PropoVet Multidose 10 mg/mL, Fresenius Kabi AB, Uppsala, Sweden). The right 

cephalic line was used to infuse NaCl/glucose, at a rate of 1 mL/kg/h (0.45% Sodium chloride 

& 2.5% Glucose 500ML, Baxter BV, Utrecht, the Netherlands). For endotracheal intubation, 

xylocaine 10% was sprayed into the larynx and trachea (AstraZeneca BV, Zoetermeer, the 

Netherlands). The monkeys were subsequently positioned in the scanner in the supine 

position, with their head fixed at the appropriate orientation within the field of view, using 

custom-built face masks. Haemoglobin oxygen saturation levels (SpO2) and heart rate were 

continuously measured with a Mindray monitor (PM-8000, GmbH, Hamburg, Germany). 

Body temperature was continuously monitored with a rectal probe (PM-8000, GmbH, 

Hamburg, Germany). At the end of each scan, and following recovery from immobilization, 

animals were transported from the RNC in Amsterdam to the BPRC in Rijswijk. Full 

recovery from anaesthesia was defined as the animal’s ability to be safely reunited with its 

home-cage companions, after walking and climbing confidently in the transit cage [14].  

 

Blocking scans were performed one week after baseline for subjects 1 and 2, and two weeks 

after baseline for subject 3, according to the above described protocol. (+)-MK-801 hydrogen 

maleate was used to block NMDArs (Sigma Aldrich, Zwijndrecht, the Netherlands). The drug 

was administered via the right cephalic vein, 30 min prior to radiotracer injection, at a dose of 

0.3 mg/kg (free-base weight). The blocking dose and timing of MK-801 administration were 

based on glutamate microdialysis studies in the rhesus monkey [15], and were chosen to avoid 

alterations in extracellular levels of glutamate following NMDAr antagonism. 

 

2.4 Image acquisition  
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Magnetic Resonance Imaging (MRI) data were acquired prior to the PET studies, using a 3 

Tesla Siemens Trio scanner (Siemens, Erlangen, Germany), and a standard T1-weighted 3D 

MPRAGE sequence (TR 2300 ms, TI 1100 ms, TE 3.93 ms, 192 sagittal slices, field of view 

256 mm). All images were reconstructed into a matrix of 192 × 256 × 256 voxels, with a 

voxel size of 1.0×1.0×1.0 mm.  

 

PET measurements were performed on a Siemens ECAT HRRT scanner, operated in 3D 

mode (CTI/Siemens, Knoxville, TN, USA). A detailed description of the HRRT scanner, its 

reconstruction software and performance has been reported previously [16]. For attenuation 

and scatter correction, each PET scan was preceded by a 6 min transmission scan, which was 

performed using a 740 MBq 137Cs (662 keV) rotating point source. Dynamic PET scans were 

acquired over 120 min (frame end time), starting simultaneously with a bolus injection of 

[18F]PK-209 into the right cephalic vein. Data were stored in 64-bit list mode format and 

subsequently binned into 20 time frames. Frame sequence definition was 6x10s, 2x30s, 

3x60s, 2x150s, 2x300s, 2x600s, 2x1200s, and 1x2400s. Reconstruction was performed using 

the ordered subsets weighted, least-squares algorithm. All data were normalized and corrected 

for scatter, random coincidences, attenuation, decay and dead time. All images were 

reconstructed into a matrix of 256 × 256 × 207 voxels, with a voxel size of 1.218 × 1.218 × 

1.218 mm. 

 

2.5 Blood sampling and metabolite analysis 

Blood was manually sampled from the femoral artery using a 20G Vacuette (Vacuette 20G x 

1 ½”; Greiner Bio-One GmbH, Kremsmünster, Austria), collected into heparin tubes (Greiner 

Bio-One GmbH, Kremsmünster, Austria), and mixed by inversion. Sampling began 

simultaneously with an injection of [18F]PK-209, and continued for a period of 5 min, at 5-10 

s intervals. Radioactivity in 100 µL aliquots of whole-blood was directly measured in a 
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Wallac 2480 Wizard2 Automatic Gamma Counter (PerkinElmer, Groningen, the Netherlands). 

Discrete blood samples were collected at 5, 10, 15, 30, 60, 90 and 120 min post-injection, to 

measure plasma and whole-blood ratios, calibrate the whole-blood data, and determine 

metabolite fractions.  

 

For metabolite analysis, blood samples were centrifuged at 4 000 rpm for 5 min at 4°C, in a 

Hettich Universal 16 table centrifuge (Hettich Benelux BV, Geldermalsen, the Netherlands). 

Plasma was separated from blood cells and loaded onto an activated tC2 Sep-Pak cartridge 

(Waters, Etten-Leur, the Netherlands), which was washed with 3 mL of demineralised (demi) 

water. The eluate was defined as the polar radiolabeled metabolite fraction. The tC2 Sep-Pak 

was then washed with 2 mL of methanol and 1 mL of demi water. This eluate was defined as 

the non-polar fraction, and analyzed using reverse phase HPLC [Dionex Ultimate 3000 HPLC 

system, equipped with a Phenomenex Gemini C18 5µm 250 x 10.0 mm column, using a 

gradient of 50 mM NH4H2PO4 / acetonitrile (80/20 to 30/70, v/v) in 12.5 minutes at a flow 

rate of 3.0 mL/min]. Radioactivity in polar and non-polar fractions was measured off-line in a 

Wallac 2480 Wizard2 Automatic Gamma Counter (PerkinElmer, Groningen, the Netherlands). 

 

2.6 Image processing 

MRI and PET images were coregistered using the software package VINCI [17]. 

Individualized, whole-brain masks were manually drawn for each averaged PET image 

(frames 5-16) and for the MRI image of each subject, to ensure coregistration based on brain 

voxels only. Regions-of-interest (ROIs) were automatically delineated onto coregistered MRI 

scans using the INIA19 template for the rhesus monkey brain [18]. The following regions 

were defined for the left and right hemispheres: frontal lobe, temporal lobe, occipital lobe, 

striatum (caudate and putamen), and cerebellum. Whole-brain gray matter voxels were also 
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included. ROIs were projected onto the complete dynamic PET images to extract the 

corresponding time-activity curves, using in-house software written in MATLAB® (R2007b, 

The MathWorks, Natick, MA, USA). The arterial plasma input function was derived from 

continuous and discrete blood samples, which were corrected for parent fraction, whole 

blood/plasma ratio and delay. The 1 minus polar fraction was used as a surrogate of 

unmetabolized [18F]PK-209. Parametric volume-of-distribution (VT) images were used to 

evaluate the VT of [18F]PK-209 at baseline conditions and following the administration of 

MK-801. Images were generated using plasma-input Logan analysis [19].  

 

2.7 Data analysis and statistics 

Radioactivity concentration was expressed as percentage of injected dose per cm3 of brain 

tissue (%ID/cm3). Area under the time-activity curves (AUC0-100.5; frame midpoint times) 

was calculated as a simplified measurement of accumulated brain uptake of [18F]PK-209-

derived radioactivity. The between-subjects coefficient of variation (CV) was calculated as 

the ratio of standard deviation to mean VT values. The systemic clearance of [18F]PK-209 was 

calculated as injected activity, divided by area under the arterial plasma concentration curve 

(extrapolated to infinity). Non-parametric statistics were used to analyse all data sets. 

Friedman tests (χ2) for the factors brain region and treatment were used to compare mean VT 

values of [18F]PK-209 between baseline and blocking conditions in individual brain areas. 

Wilcoxon matched-pairs tests (Z) were used to compare the overall VT of [18F]PK-209 before 

and after the administration of MK-801, at the within-subject level. Where applicable, results 

are presented as mean ± standard error of the mean (SEM). 

 

3. Results 

3.1 In vitro pharmacological selectivity profile of PK-209 
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At a concentration of 10 µM, PK-209 showed no significant binding to 70 of the 79 targets 

tested. Affinity values for targets showing ≥50% inhibition of control specific binding in the 

primary screen are listed in Table 1. PK-209 exhibited >50-fold selectivity for the ion-channel 

of NMDArs over all other targets examined.  

 

3.2 Physiological response to anaesthesia 

The sedative effect of medetomidine/midazolam occurred without excitation. Immobilization 

was induced within 10-15 min of drug administration for all subjects. Animals were breathing 

spontaneously under propofol anaesthesia, at a stable rate of 30-40 breaths/min. Percent 

oxygen saturation (>95%) and heart rate (120-160 beats/min) were not suppressed during the 

baseline or blocking scans. Body temperature decreased gradually during both baseline and 

blocking experiments, from 37.5-38.0°C to 34.5-35.5°C. Full recovery from anaesthesia 

occurred within 4 h of propofol cessation on the day of the baseline scans. Return to pre-

anaesthetic condition was prolonged to >8 h by the administration of MK-801. Recovery from 

anaesthesia was uneventful for subjects 1 and 2. Subject 3 showed symptoms of general 

discomfort, lacrimation, agitation, and loss of appetite following its baseline scan. The animal 

responded to three days of treatment with buprenorphine (0.02 mg/kg, twice daily, IM) and 

meloxicam (0.10 mg/kg, once daily, per os), and was scanned healthy 2 weeks after baseline. 

 

3.3 Metabolism of [18F]PK-209  

Figure 2 shows mean fractions in the plasma of unchanged [18F]PK-209 and its metabolites as 

a function of time. 10 min after the administration of [18F]PK-209, 60±4% of total 

radioactivity in plasma was due to polar metabolites. HPLC analysis of the non-polar fraction 

at the 10 min time-point demonstrated that unchanged [18F]PK-209 and 1 major metabolite 

accounted for 30±6% and 8±3% of total plasma radioactivity, respectively. Retention times 
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were 12.6 min for [18F]PK-209 and 10.1 min for the more-polar metabolite. The recovery of 

radioactivity off the HPLC was >97% over a 15 min run. The mean percentage of plasma 

radioactivity attributable to non-metabolised tracer throughout the 2 h studies was 19.2±0.5%, 

while polar and non-polar metabolites of [18F]PK-209 accounted for 75.0±0.5% and 5.7±0.1% 

of the overall plasma radioactivity, respectively. No radioactivity uptake was observed in the 

jaw and skull in the dynamic PET images (supplementary Figure 1). Wilcoxon matched-pairs 

tests were used to compare parent and metabolite fractions of radioactivity between baseline 

and blocking scans at individual time-points. There was no effect of MK-801 administration 

on the metabolism of [18F]PK-209 (P>0.05 for each time-point). 

 

3.4 Pharmacokinetics of [18F]PK-209 

The parent plasma input function peaked at 37.8±4.2 s post-injection, and decreased to 10% 

of its peak value within 3 min (Figure 3). The mean area under the input function curve was 

20.6±6.6 MBq/mL·min and 18.3±4.6 MBq/mL·min for the baseline and blocking conditions, 

respectively (Z=0.0, P>0.05). Under both conditions, plasma to whole-blood radioactivity 

ratios ranged from 1.0±0.1 at 5 min post-injection, to 1.2±0.0 at 30 min, remaining stable 

thereafter until completion of the 2 h scans. The terminal plasma clearance of [18F]PK-209 

was 6.6±0.5 mL/min at baseline, and did not change after treatment with MK-801 (6.8±0.4 

mL/min; Z=0.0, P>0.05). 

 

3.5 Regional distribution of radioactivity and time-activity curves (TACs), at baseline and 

after MK-801 treatment 

Figure 4 shows TACs of all ROIs examined under baseline and blocking conditions. Uptake 

in the whole-brain peaked at 16.3±1.7 min during the baseline scans, and was equivalent to 

0.029±0.002 %ID/cm3. The rank order of peak radioactivity concentration (%ID/cm3) was 
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striatum (0.036±0.004) = cerebellum (0.036±0.005) > occipital (0.033±0.004), temporal 

(0.029±0.001), and frontal lobes (0.028±0.001). The washout of [18F]PK-209-derived 

radioactivity varied between brain regions. Concentrations at 100.5 min declined to 

37.2±5.0% of the peak value in the cerebellum, to 45.3±5.3% in the striatum, and to 

61.7±6.5% in the frontal lobe. The mean area under the TACs (AUC0-100.5) of all regions 

analysed was 2.31±0.07 %ID/cm3·min for the baseline condition. 

 

Treatment with MK-801 30 min before the administration of [18F]PK-209 decreased the mean 

AUC0-100.5 to 1.97±0.04 %ID/cm3·min, representing a reduction of 14.7% from baseline 

[χ2
(9)=14.8, P=0.09]. The decrease in uptake was noticeable in all ROIs during the washout 

phase of the blocking scans, from 20-100.5 min after the administration of [18F]PK-209. The 

regional rank order and peak values of radioactivity concentration were unaltered by the 

administration of MK-801 [χ2
(9)=16.6, P>0.05]. Peak uptake values, however, were observed 

earlier than baseline during the blocking scans [χ2
(9)=19.6, P<0.05; Friedman test]. For the 

whole-brain, radioactivity uptake under blocking conditions peaked at 8.8±2.6 min, and was 

equivalent to 0.029±0.001 %ID/cm3.  

 

3.6 Effect of MK-801 administration on the VT of [18F]PK-209 

Table 2 shows individual VT values of [18F]PK-209 for all ROIs examined, at baseline and 

after MK-801 administration. Parametric images were obtained by plasma-input Logan 

analysis and are shown for subject 1 in Figure 5a. The rank order of regional VT values 

(mL/cm3) at baseline was striatum (12.9±1.2) and cerebellum (11.5±1.0) > temporal 

(10.9±0.4), occipital (10.9±1.2), and frontal lobes (10.5±0.8). Between-subject variability in 

quantifying the VT of [18F]PK-209 ranged from 19.0% in the occipital, to 8.9% in the frontal 

lobe.  
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Mean VT values in all brain areas analysed decreased from 11.3±0.4 mL/cm3 at baseline to 

9.7±0.8 mL/cm3 after MK-801 administration [χ2
(9)=11.4, P>0.05; Friedman test]. The effect 

of pretreatment with MK-801 on the VT of [18F]PK-209 varied between subjects. Brain 

regional VT values were overall reduced compared with baseline for subjects 1 and 2 (Z=2.0, 

P<0.05), and increased for subject 3 (Z=2.0, P<0.05). In all cases, Logan plots became linear 

from 10 min post injection of [18F]PK-209 (t*=10 min; Figure 5b). 

 

4. Discussion 

The present study was designed to evaluate whether [18F]PK-209 is a suitable tracer for 

imaging the ion-channel site of NMDArs. We show that PK-209 targets the intrachannel site 

with high apparent affinity and selectivity, and provide evidence that PET-measurable 

quantification of the NMDAr is feasible in the rhesus monkey brain using [18F]PK-209.  

 
Only a limited number of ion-channel radiotracers have been tested for their ability to 

visualize NMDArs in the nonhuman primate brain [9-10]. These include radiolabeled 

analogues of MK-801, tenocyclidine (TCP), ketamine, memantine, and the guanidine 

GMOM, a ligand that has been labeled with carbon-11 and is structurally closely related with 

PK-209 [20]. The radiochemical synthesis advantages of [18F]PK-209 over [11C]GMOM 

range from suitability of labeling PK-209 with fluorine-18, to rapidly delivering [18F]PK-209 

in adequate radiochemical yields (>20%, decay-corrected) and with high specific activity 

(≈100 GBq/µmol). From a pharmacological perspective, the minimal off-target effects 

observed on a broad selectivity screen render PK-209 one of the most selective ligands 

available to date for the ion-channel site of NMDArs. The compound’s selectivity profile is 

comparable with that of the reference standard for non-competitive NMDAr antagonism, MK-

801 [21]. In addition, the commercially obtained apparent affinity value for PK-209 (Ki=22 

nM) is in the range previously reported by our group (Ki=18 nM), confirming the ligand’s 
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high affinity for the intrachannel site of NMDArs [12]. Taken together, these in vitro results 

suggest that contrary to 18F-labeled derivatives of MK-801 [22], TCP [23] or memantine [24], 

the use of [18F]PK-209 for PET imaging of the NMDAr is unlikely to be limited by poor 

tracer selectivity and/or potency.  

 

The rate of [18F]PK-209 metabolism was high in the monkey plasma, and similar to that 

reported for enantiomers of [11C]ketamine [25] and [11C]GMOM [20]. 10 min following 

[18F]PK-209 administration, the percentage of plasma radioactivity attributable to unchanged 

tracer was already less than 50%, indicating that rapid metabolism hinders prolonged 

measurements of [18F]PK-209 from arterial plasma. To reduce uncertainty in determining the 

plasma concentration of [18F]PK-209, particularly during later time frames, the 1 minus polar 

radioactivity fraction was used as a surrogate of non-metabolised radiotracer. Two 

assumptions were accepted in taking this approach, namely that polar metabolites of [18F]PK-

209 do not cross the blood-brain barrier, and that the accumulation of lipophilic metabolites of 

[18F]PK-209 in the monkey brain is low, if any at all. Using an identical method of analysis as 

in the present report [11], we have previously shown that polar metabolites of [18F]PK-209 

hardly enter the mouse brain (≈4% contribution to total brain radioactivity, 60 min after 

radioligand injection). Since over the 2 h course of these scans 75.0% and 19.2% of plasma 

radioactivity was associated with polar metabolites and parent tracer, respectively, a potential 

contribution of lipophilic metabolites to the PET signal of [18F]PK-209 is indeed expected to 

be low. The reversible apparent kinetics in the TACs, and the fact that linearity was attained 

from early to late time-points in the Logan plots, further argue against the significant 

accumulation of [18F]PK-209-derived metabolites in the rhesus brain.  
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[18F]PK-209 entered the brain readily, showing a fairly uniform distribution in the brain areas 

examined, namely between the cortex, striatum and the cerebellum. Due to the low signal-to-

noise ratio in the dynamic PET images, and in order to perform a user-independent analysis, 

small ROIs were not delineated in the current study. Instead, the uptake of [18F]PK-209 was 

quantified in large brain areas, which are known to exhibit high (cortex), moderate (striatum) 

and low (cerebellum) levels of NMDAr expression, in vitro [26]. The regional variation of VT 

estimates at baseline was <20%, indicating acceptable between-subject variability in 

quantifying the uptake of [18F]PK-209 using Logan plots. In addition, prolonged retention of 

radioactivity during the baseline scans was clearly observed in NMDAr-rich regions relative 

to the cerebellum, suggesting specific receptor targeting. However, the rank order of regional 

[18F]PK-209 distribution was at odds with the rank order of NMDAr density predicted from in 

vitro studies, since higher VT values were observed in the striatum and the cerebellum rather 

than the cortex.  

 

The discrepancy between the in vitro and PET-measurable distribution of NMDArs has been 

repeatedly noted in the literature [22, 24, 27-28]. Perhaps the most convincing explanation 

hypothesized to account for the discrepant observations relates to the state of NMDAr 

activation. The in vitro preparations used to visualize the localisation of NMDArs are likely to 

contain concentrations of endogenous agonists that are high enough to fully activate the 

receptors. This is evident from autoradiographic experiments, in which exogenously applied 

glutamate and glycine do not enhance the binding of [3H]MK-801 to NMDArs above baseline 

levels [29-30]. Since access to the ion-channel site depends on the concentration of glutamate 

and glycine [7], the in vitro binding of radioligands to maximally activated receptors may not 

necessarily reflect their in vivo uptake, and thus correspond to the PET-measurable 

distribution of NMDArs. In addition, limited access to the intrachannel site in the living brain 
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can be anticipated under physiological conditions, since NMDAr overactivation has been 

associated with several pathological processes. Further explanations for the discrepancies in 

NMDAr distribution between in vitro and imaging studies may include differences in ion-

channel opening times between brain regions [31], which can only influence the uptake of 

radioligands in vivo, the presence of two binding sites within the ion-channel of NMDArs 

[32], which might be differentially available between in vitro and in vivo conditions [33], and 

- less likely - differences in regional NMDAr expression between rodent and primate species. 

In any case, the pattern of NMDAr distribution in the rhesus brain is consistent with that 

observed in humans, using ion-channel tracers such as [123I]CNS1261 [34] or [18F]GE-179 

[28]. Hence, our results confirm the discrepancies between the in vitro and imaging 

experiments, and invite further consideration of the mechanisms that may give rise to them. 

 

Pretreatment with MK-801 30 min before the administration of [18F]PK-209 shifted the peak 

of the time-activity curves to the left compared with baseline, without altering the maximum 

radioactivity concentration values. The increased uptake of radioactivity during the initial 

time frames of the blocking scans could be related to MK-801-induced increases in regional 

cerebral blood flow [35], suggesting that the distribution of [18F]PK-209 may be partially 

perfusion-dependent. However, since there was no change in the peak amplitude of 

radioactivity concentrations compared with baseline, a contribution of tracer efflux to the 

shape of the time-activity curves, alone or in combination with other kinetic parameters, 

cannot be excluded. While these observations require further investigation, the Logan plot 

analysis we employed provides an estimate of VT at equilibrium that is perfusion-independent, 

suggesting that possible MK-801-induced alterations in cerebral blood flow are unlikely to 

have influenced the VT values of [18F]PK-209 under blocking conditions. In support of this 

suggestion, leftward shifts in uptake were consistently observed during the blocking scans, 
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while the effect of pretreatment with MK-801 on the VT of [18F]PK-209 varied between 

subjects.  

 

Logan-derived VT was overall decreased compared with baseline for subjects 1 and 2, and 

increased for subject 3. It is unlikely that these changes are secondary to MK-801-induced 

alterations in the peripheral pharmacokinetics of [18F]PK-209, since the profile of metabolite 

formation, the distribution between plasma and whole-blood, the arterial plasma 

concentration, and the clearance of [18F]PK-209 at baseline were unaffected by the 

administration of MK-801. Moreover, while binding to plasma proteins was not measured in 

this study, it is unclear how pretreatment with MK-801 may both have increased and 

decreased the plasma-free concentration of [18F]PK-209, leading to inconsistent alterations in 

its VT compared with baseline. Therefore, the effects of MK-801 administration on the uptake 

of [18F]PK-209 are probably due to pharmacodynamic, rather than pharmacokinetic reasons. 

To the best of our knowledge, this is the first nonhuman primate study to demonstrate 

decreases in the VT of an intrachannel PET tracer following the administration of the highly 

selective ion-channel blocker MK-801, suggesting that [18F]PK-209 can visualize and 

quantify the NMDAr in vivo. Nevertheless, a note of caution should be inserted in interpreting 

the results of the blocking scans, since the reason for increased VT values in subject 3 is 

unknown.  

 

One possible explanation may involve alterations in the target of interest itself, i.e. changes in 

the functional state of NMDArs, which may have occurred in the interval between the 

baseline and blocking scans of subject 3. Following its baseline scan, subject 3 was 

administered for 3 days with the partial µ-opioid receptor (MOP) agonist buprenorphine, for 

welfare reasons (0.02 mg/kg, twice daily). Agonists and partial agonists at the MOP, however, 
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are known to increase the function of NMDArs [36], in brain regions where the two receptors 

colocalise and may physically interact, including the striatum, cortex, and - to a smaller extent 

- the cerebellum [37]. Moreover, it is relatively well-established that the potentiating effects 

of MOP agonism on the function of NMDArs persist long after the end of opioid 

administration, both at the neurochemical and behavioural levels. For example, the binding of 

[3H]MK-801 is increased in the brain of rats that have been withdrawn from treatment with 

partial MOP agonists [38], while the persistent functional potentiation of NMDArs plays a 

central role in opioid-induced analgesic tolerance and physical dependence [39]. Therefore, 

the increase in the VT of [18F]PK-209 in the buprenorphine-treated subject may be associated 

with opioid-induced increases in NMDAr function. In support of this suggestion, confounding 

effects of MOP agonism on blocking the uptake of ‘state-dependent’ NMDAr tracers have 

been documented previously in fentanyl-anaesthetized mice [40]. In addition, the relatively 

low blocking dose of MK-801 used in the present study is unlikely to have produced free 

brain concentrations of the drug that are high enough to occupy the entire population of 

NMDArs, thereby compensating for any potential increases in the receptor’s function after the 

administration of buprenorphine [41]. Thus, it is intriguing to speculate that the increased 

uptake of [18F]PK-209 compared with baseline in subject 3 may actually reflect the 

radioligand’s ability to quantify alterations in the functional state of NMDArs.  

 

Conclusions 

PK-209 binds to the ion-channel site of NMDArs with high apparent affinity and selectivity.  

Although the rate of metabolism is high, the regional VT of [18F]PK-209 can be quantified in 

the primate brain with acceptable between-subject variability. Evidence for specific targeting 

of the NMDArs in vivo is modest but present in the current study, both at baseline and after 

the administration of MK-801. Further evaluation of [18F]PK-209 in humans is warranted. 
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Tables 

Table 1 Affinity values of PK-209 (IC50/Ki) and slope of the inhibition curves (Hill 

coefficient, nH) for targets showing ≥50% inhibition of control specific binding in the 

primary screen assays.   

Target IC50 (M)a Ki (M)b nH

1 Adrenergic alpha 1A 6.2·10-6 3.1·10-6 1.1

2 Muscarinic M1 5.3·10-6 4.6·10-6 1.0

3 Muscarinic M2 4.2·10-6 2.9·10-6 0.8

4 Opioid κ (KOP) 7.5·10-6 5.0·10-6 1.0

5 Opioid µ (MOP) 2.8·10-6 1.2·10-6 0.8

6 NMDA (PCP site) 4.0·10-8 2.2·10-8 1.5

7 sigma (1 and 2) 2.2·10-6 1.8·10-6 0.9

8 Ca2+ channel  (L, verapamil site)  4.1·10-6 2.0·10-6 0.7

9 Na+ channel (site 2) 5.2·10-6 4.6·10-6 1.0
 

 
a IC50 is the concentration of PK-209 inhibiting 50% of reference radioligand binding to the 

target of interest, and was obtained in assay conditions as described in the Cerep catalogue 

(Cerep, Poitiers, France). 

b Ki values were obtained by transforming IC50 values according to the Cheng & Prusoff 

equation. For the transformation, KD values of the reference radioligands were measured in 

parallel experiments.  
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Table 2 VT of [18F]PK-209, at baseline and after the administration of MK-801 (0.3 mg/kg).  

 
 

a Individual values from left and right ROIs were derived separately, and averaged within each 

subject before calculating mean±SEM values of VT in each brain region.  

* P<0.05 vs. baseline condition, Wilcoxon matched-pair tests. 

 
 

Brain Area Volume (cm3)
Baseline VT 

(mL/cm-3)
Blocked VT 

(mL/cm-3)
Baseline VT 

(mL/cm-3)
Blocked VT 

(mL/cm-3)
Baseline VT 

(mL/cm-3)
Blocked VT 

(mL/cm-3)

Frontal Lobe 5.1 ± 0.4 10.8 8.9 11.7 7.3 9.0 10.6

Occipital lobe 7.2 ± 0.8 8.8 7.9 10.9 6.7 12.9 14.0

Temporal lobe 3.7 ± 0.3 10.2 9.0 11.3 6.9 11.3 12.8

Striatum 
(Caudate&Putamen)

1.3 ± 0.1 11.3 9.3 12.2 7.1 15.2 16.2

Cerebellum 4.0 ± 0.1 10.4 7.7 10.6 6.4 13.5 14.9

Whole Brain 97.0 ± 2.5 10.1 9.6 11.3 6.9 13.2 15.2

10.3±0.4 8.6±0.3* 11.3±0.3 6.9±0.2* 12.4±1.1 13.7±1.0*
Mean VT in frontal, occipital, temporal 
lobes, the striatum and the cerebellum

aREGION OF INTEREST SUBJECT 1 SUBJECT 2 SUBJECT 3
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Titles and legends to Figures 

Figure 1 Chemical structure of [18F]PK-209 [3-(2-chloro-5-(methylthio)phenyl)-1-(3-

([18F]fluoromethoxy)phenyl)-1-methylguanidine].  

 

Figure 2 Fractions of the plasma 18F activity of unchanged PK-209 and its metabolites as a 

function of time  

Blood samples were collected at 5, 10, 15, 30, 60, 90 and 120 min after the administration of 

[18F]PK-209. The mean percentage of plasma radioactivity attributable to parent [18F]PK-209, 

polar, and non-polar metabolites during the 2 h scans was 19.2±0.5%, 75.0±0.5%, and 

5.7±0.1%, respectively. Due to rapid metabolism, the 1 minus polar fraction was used as a 

surrogate of unchanged tracer. Results at each time-point are presented as the mean±SEM of 

the parent, polar and non-polar radioactivity fractions from 3 monkeys/scanning condition.  

 

Figure 3 Mean decay- and metabolite-corrected [18F]PK-209 plasma input function 

Blood from the femoral artery was manually sampled at 5-10 s intervals for a period of 5 min, 

beginning simultaneously with an injection of [18F]PK-209. The manual blood time-activity 

curve was calibrated using the radioactivity concentrations in the discrete blood samples. 

Parent plasma input functions were then calculated for each subject by multiplying the 

calibrated manual curve with the fits to the plasma/whole-blood radioactivity ratios and parent 

fractions. The plasma [18F]PK-209 input function peaked at 37.8±4.2 s post-injection, and 

decreased to 10% of its peak value within 3 min, both under baseline and blocking conditions. 

 

Figure 4 Decay-corrected time-activity curves of [18F]PK-209 in different brain regions, at 

baseline and after treatment with MK-801 
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Regions-of-interest (ROIs) were automatically defined using the INIA19 template for the 

rhesus monkey brain. ROIs were projected onto the complete dynamic PET images in order to 

extract time-activity curves. Radioactivity concentrations were calculated separately in areas 

of the left and right hemisphere, and expressed as percentage of injected dose per cm3 of 

tissue (%ID/cm3). Individual values from left and right ROIs were averaged within each 

subject, before calculating mean±SEM values of radioactivity concentration at the mid time-

point of each frame. The rank order of peak radioactivity concentration was striatum and 

cerebellum > occipital, temporal, and frontal lobes, under both baseline and blocking 

conditions. At baseline, the washout of [18F]PK-209-derived radioactivity was slower from 

NMDAr-rich brain regions relative to the cerebellum. Pretreatment with MK-801 (0.3 mg/kg), 

30 min before the administration of [18F]PK-209 reduced the mean area under the time-

activity curve from 2.31±0.07 at baseline to 1.97±0.04 %ID/cm3·min. Peak uptake values 

were observed earlier than baseline during the blocking scans.  

 

Figure 5 Total distribution volume (VT) images (A) and whole-brain Logan plots (B) of 

[18F]PK-209 for subject 1, at baseline and after the administration of MK-801 

Dynamic PET scans from propofol-anaesthetised monkeys were acquired over a period of 120 

min. Parametric images were generated using plasma-input Logan graphical analysis, and are 

presented through the transaxial plane from areas of the cortex to the cerebellum. Images have 

been smoothed by isotropic Gaussian filter of 2 mm at full width at half maximum. Brain 

regional VT values were overall reduced compared with baseline for subjects 1 and 2, and 

increased for subject 3. 
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