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            Abstract
Although aberrations in the number and function of glutamate AMPA (Î±-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors are thought to underlie neuropsychiatric disorders, no methods are currently available for visualizing AMPA receptors in the living human brain. Here we developed a positron emission tomography (PET) tracer for AMPA receptors. A derivative of 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-phenoxyacetamide radiolabeled with 11C ([11C]K-2) showed specific binding to AMPA receptors. Our clinical trial with healthy human participants confirmed reversible binding of [11C]K-2 in the brain according to Logan graphical analysis (UMIN000020975; study design: non-randomized, single arm; primary outcome: dynamics and distribution volumes of [11C]K-2 in the brain; secondary outcome: adverse events of [11C]K-2 during the 4â€“10â€‰d following dosing; this trial met prespecified endpoints). In an exploratory clinical study including patients with epilepsy, we detected increased [11C]K-2 uptake in the epileptogenic focus of patients with mesial temporal lobe epilepsy, which was closely correlated with the local AMPA receptor protein distribution in surgical specimens from the same individuals (UMIN000025090; study design: non-randomized, single arm; primary outcome: correlation between [11C]K-2 uptake measured with PET before surgery and AMPA receptor protein density examined by biochemical study after surgery; secondary outcome: adverse events during the 7â€‰d following PET scan; this trial met prespecified endpoints). Thus, [11C]K-2 is a potent PET tracer for AMPA receptors, potentially providing a tool to examine the involvement of AMPA receptors in neuropsychiatric disorders.
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                    Fig. 1: Identification of [11C]K-2 and PET imaging of rat brains with [11C]K-2.[image: ]


Fig. 2: PET imaging characteristics of [11C]K-2 in healthy human participants.[image: ]


Fig. 3: PET imaging characteristics of [11C]K-2 in patients with epilepsy.[image: ]
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Extended data

Extended Data Fig. 1 [11C] K-2 and [99mTc] HMPAO uptake in shRNA-injected rats.
(a) [11C] K-2 representative image obtained 20â€“40 min after radiotracer injection in the shRNA (shRNA targeting AMPARs and scramble construct)-injected rat. This experiment was repeated independently with similar results using 6 animals. (b) Representative SPECT image of the brain with [99mTc] HMPAO obtained 15â€“60 min after radiotracer injection in the shRNA-injected rat presented in (a). This experiment was repeated independently with similar results using 3 animals. (c) [99mTc] HMPAO uptake in the shRNA-injected rats. Data are presented after normalizing the radiotracer retention in the shRNA targeting to AMPARs-injected sides, with values from the scramble construct-injected sides. n = 3 animals. *P = 0.50 (Wilcoxon signed-rank test with two-tailed). Data are shown as the meanâ€‰Â±â€‰SEM.


Extended Data Fig. 2 Identification of a metabolized form of K-2 (K-2OH).
(a) Radio-HPLC analysis of [11C] K-2 metabolites in the rat brain homogenate (incubation: 37â€‰Â°C, 60 min). The HPLC chart shows K-2 and major metabolite (K-2 metabolite) peaks. (b) HPLC analysis (UV, 254 nm) of a non-labelled K-2 metabolite in the rat brain homogenate (incubation: 37 Â°C, 30 min). The HPLC chart shows K-2 and major metabolite (K-2 metabolite) peaks. (c) HPLC analysis (UV, 254 nm) of K-2. (d) MS spectra of a major metabolite of K-2 in the rat brain homogenate (incubation: 37 Â°C, 60 min). Red arrowheads indicate peaks at 418, 440 and 456 m/z corresponding to M+H+, M+Na+ and M+K+, respectively. (e) The structure of K-2OH (major metabolite of K-2) was determined by HPLC, radio-HPLC and LC-MS analysis of the rat brain homogenate. (f) Synthetic scheme for the chemical conversion from K-2 to K-2OH. (g) HPLC analysis (UV, 254 nm) of synthesized K-2OH. (h) MS spectra of synthesized K-2OH. Red arrowheads indicate peaks at 418, 440 and 456 m/z, corresponding to M+H+, M+Na+ and M+K+, respectively. The HPLCs for (a) to (c) and (g) were as follows: column: Waters Atlantis T3 Analytical Columns 5 Âµm 4.6 Ã— 250 mm, mobile phase A: 0.1% formic acid water, mobile phase B: 0.1% formic acid acetonitrile, gradient: 0 min 20% of B, 8 min 80% of B, 13 min 80% of B, 16 min 20% of B, 25 min 20% of B. All experiments in these figures were performed once.


Extended Data Fig. 3 Identification of structures of K-2 and K-2OH with NMR.
(a) 1H NMR chart of K-2. (b) 13C NMR chart of K-2. (c) 1H NMR chart of K-2OH. (d) 13C NMR chart of K-2OH. These chemical shifts of (a) to (d) are described in the Methods section. All experiments in these figures were performed once.


Extended Data Fig. 4 Temporal metabolic rate of K-2 and affinity of K-2 and K-2OH.
(a) Fractions of non-metabolized (black line) and metabolized (grey line) K-2 in the rat brain 3-20 min after intravenous injection. n = 4 animals at each time point. Data are shown as the meanâ€‰Â±â€‰SEM. (b) Non- metabolized (black line) and metabolized (grey line) [11C] K-2 in the human plasma 0â€“60 min after radiotracer injection for 6 participants. Data are shown as the meanâ€‰Â±â€‰SEM. (c) Typical saturation curve for [11C] K-2OH binding to acute striatum slices. Nonspecific binding was calculated in the presence of 400 ÂµM K-2OH. This experiment was repeated independently with similar results twice. (d) Typical saturation curve for [11C] K-2 binding to acute striatum slices. Nonspecific binding was calculated in the presence of 100 ÂµM PEPA. This experiment was repeated independently with similar results twice.


Extended Data Fig. 5 The effect of K-2 on NMDA and Kainate receptor-mediated synaptic currents.
(a) Averaged evoked NMDAR-mediated EPSCs (pA) of pre and post K-2 application at 150 Î¼M. n = 7cells. t (7) =0.5411, *P = 0.6052 (paired two-tailed t-test). (b) Averaged evoked Kainate receptor-mediated EPSCs of pre-and post K-2 application at 150 Î¼M. For n= 6 cells. t (6) =0.6008, *P = 0.5700 (paired two-tailed t-test).


Extended Data Fig. 6 In vitro binding affinity of [11C] K-2 to AMPARs.
Typical saturation curve for [11C] K-2 binding to recombinant GluA1 (a), GluA2 (b), GluA3 (c), GluA4 (d), GluA1/2 heteromer (e), GluA2/3 heteromer (f) expressed in COS cells and (g) comparative table showing relative KD value among these subunits. (h) Typical saturation curve for [11C] K-2 binding to recombinant GluA2/3 heteromer expressed in COS cells under 2 ÂµM glutamate. Nonspecific binding was calculated in the presence of 100 ÂµM K-2. All experiment in these figures were repeated independently with similar results twice.


Extended Data Fig. 7 Relationship between VT with pTAC and BPND with reference.
(a) Linear regression analysis between BPND using white matter as a reference and VT of brain regions (except white matter) computed with pTAC in 6 healthy individuals. (b) Comparison of VT value, which corresponds to the zero point of BPND, using white matter as a reference (X intercept of the plot in (a)) and VT of white matter computed with pTAC for n= 6 individuals. t (5) =0.1291, P = 0.9023 (paired two-tailed t-test). (c) Correlation between BPND using white matter as a reference (without pTAC) and BPND computed with pTAC in 11 brain regions per subject. n= 6 participants (Pearson correlation analysis with two-tailed; correlation coefficient = 0.9844, P < 0.0001, Y = 1.033*X + 0.01463). Individual parametric PET images of [11C] K-2 in healthy participants showing BPND (d, n = 6 participants) and SUVR30-50 min (e, n = 6 participants). (f) Representative orthogonal parametric PET images of SUVR30-50 min presented in Fig. 2e with unadjusted color scale (lowest SUVR value set to be 0). n = 6 participants.


Extended Data Fig. 8 PET imaging characteristics of [11C] K-2 in patients with epilepsy.
(a) Logan graphical analysis (LGA) where the ratio between an integrated tTAC in the reference region (white matter; CR) and a tTAC (C), and an integrated C and C itself, are plotted on x- and y-axes, respectively. LGA of a representative patient with MTLE is shown. (b) Correlation between SUVR30-50 min -1 and BPND obtained from LGA in 11 brain regions per subject. n = 6 patients with epilepsy (Pearson correlation analysis with two-tailed; correlation coefficient = 0.9871, P < 0.0001, Y = 1.018*X + 0.01154). (câ€“f) Individual correlation between SUVR30-50 min for [11C]K-2 and biochemical amount of AMPARs in resected areas of patients with MTLE (Patient 1, n = 10 samples, Pearson correlation analysis with two-tailed; correlation coefficient = 0.6121, P = 0.06, Y = 4.185e-008*X + 1.638: Patient 3, n = 14 samples, Pearson correlation analysis with two-tailed; correlation coefficient = 0.7356, P = 0.0027, Y = 6.532e-008*X + 1.243: Patient 4, n = 13 samples, Pearson correlation analysis with two-tailed; correlation coefficient = 0.5909, P = 0.00334, Y = 6.603e-008*X + 1.45: Patient 8, n = 10 samples, Pearson correlation analysis with two-tailed; correlation coefficient = 0.7577, P = 0.0111, Y = 6.219e-008*X + 1.372).


Extended Data Fig. 9 [11C]K-2 in patients with epilepsy in another color scale.
SUVR30-50 min images of [11C] K-2 were obtained from the six MTLE patients presented in Fig. 2e with unadjusted color scale (lowest SUVR value set to be 0).
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