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Since the cloning of AMPA receptors approximately two 
decades ago, their physiological functions have been exten-
sively studied in various neuronal circuits involving motor 

and sensory systems1–6. Changes in the number of postsynaptic 
AMPA receptors are believed to underlie long-term potentia-
tion and long-term depression in cellular models of learning and 
memory1,2,7. Furthermore, dysfunctions in AMPA receptors lead-
ing to imbalances between excitatory and inhibitory synapses are 
thought to underlie certain neuronal disorders such as epilepsy, 
Alzheimer’s disease, depression and schizophrenia8–11. Despite an 
accumulation of basic research on AMPA receptors suggesting sub-
stantial potential of these receptors as a therapeutic target, clinical 
translation has been limited. This could be attributed to the lack of 
technology to visualize AMPA receptors in the living human brain. 

Thus, there is a need for a technology to visualize AMPA receptors 
in the living human brain to further elucidate the molecular and 
circuit bases of neuronal diseases and to develop novel diagnostic 
and therapeutic options.

PET is widely used in clinical diagnosis, as exemplified by the 
imaging of tumors and epileptic foci with the tracer 2-deoxy-2-[18F]
fluoro-d-glucose ([18F]FDG). Although several compounds have 
been developed as potential PET tracers for AMPA receptors, fur-
ther development of most of the compounds was halted because of 
low brain uptake, rapid clearance or low specific binding in rats12–16. 
Only one compound, a derivative of the antiepileptic drug peram-
panel, was evaluated in humans17. However, this ligand was not 
suitable for practical AMPA receptor PET imaging in the human 
brain because of its small dynamic range and the properties of its 
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metabolites17. Thus, there is currently no radiotracer suitable for 
in vivo PET imaging of AMPA receptors12,13,15.

Here we developed a new AMPA receptor PET tracer named 
[11C]K-2, which is suitable for visualizing AMPA receptors in the 
human brain.

Results
Identification and characterization of [11C]K-2 as a PET tracer 
for AMPA receptors. As candidates of PET tracers for AMPA 
receptors, we focused on non-competitive positive allosteric mod-
ulators (PAMs), which do not compete with glutamate for AMPA 
receptor binding and have high permeability of the blood–brain 
barrier. On the basis of its high affinity and half-maximal effective 
concentration (EC50) for AMPA receptors and its chemical struc-
ture18, we selected the PAM 4-[2-(phenylsulfonylamino)ethylthio]-
2,6-difluoro-phenoxyacetamide (PEPA) for radiolabeling with an 
[11C]methyl group19. We designed an 11C-labeled derivative of PEPA 
that could be radiosynthesized in a short period and with a high 
yield, leading to the production of [11C]K-2 (Fig. 1a). To examine 
whether the additional methyl group in K-2 affects the binding 
of K-2 to AMPA receptors, we compared the electrophysiological 
properties of K-2 and PEPA through whole-cell recordings. Acute 
bath application of both compounds potentiated AMPA receptor-
mediated currents to the same extent at CA3–CA1 pyramidal syn-
apses in acute hippocampal slices (Fig. 1b). This suggests that K-2 
binds to AMPA receptors to the same extent as PEPA.

Next, we intravenously injected rats with [11C]K-2 and per-
formed PET scans. Systemic administration of [11C]K-2 resulted in 
rapid uptake of radioactivity in the brain, corresponding to up to 
200% of the standardized uptake value (%SUV; the ratio of regional 
radioactivity normalized to the injected dose and body weight), with 
regional differences across multiple brain regions over a 40-min 
period (Fig. 1c). To determine the optimal time frame for the PET 
data to reflect AMPA receptor expression, we investigated the cor-
relation between [11C]K-2 uptake and the biochemical quantity of 
AMPA receptors in various brain regions of the rats. On examin-
ing the correlations between these parameters over various time 

scales, we detected the strongest positive correlation of [11C]K-2 
uptake with biochemical AMPA receptor quantity (with actin as a 
reference) during the period 20–40 min after radiotracer injection 
(Fig. 1d,e). To demonstrate that [11C]K-2 retention reflects interac-
tions with the protein target in the brain, we preinjected rats with 
non-labeled K-2 intravenously 3 min before the [11C]K-2 injection. 
We found that [11C]K-2 uptake was blocked by the non-labeled K-2 
in a dose-dependent manner (Fig. 1f,g), suggesting that [11C]K-2 
accumulation reflects interaction with the protein target. To fur-
ther examine whether [11C]K-2 binds specifically to AMPA recep-
tors in vivo, we expressed shRNAs to knock down the expression of 
AMPA receptors (targeting GluA1, GluA2 and GluA3) in the right 
striatum of rats by lentivirus-mediated in vivo gene transfer, while 
the left striatum expressed scrambled control shRNA. Subsequently, 
PET scans of these animals were conducted with [11C]K-2 (Fig. 1h). 
Immunoblot analysis showed that expression of shRNA targeting 
GluA1–GluA3 in the striatum reduced the amount of total AMPA 
receptor protein to 63% of the amount detected on the side express-
ing scrambled RNA (Fig. 1i). In line with this biochemical result, 
[11C]K-2 uptake was significantly decreased in the striatum where 
AMPA receptors were knocked down in comparison to the striatum 
expressing scrambled RNA (Fig. 1h,j,k). We also evaluated cerebral 
blood flow in shRNA-injected animals through single-photon emis-
sion computed tomography (SPECT) with 99mTc-labeled technetium 
hexamethylpropylene amine oxime ([99mTc]HMPAO) to exclude the 
possibility that the results obtained for shRNA-expressing animals 
in Fig. 1h–k were due to differences in blood flow. We detected no 
significant differences in blood flow between the right striatum 
expressing shRNA targeting AMPA receptors and the left stria-
tum expressing scrambled RNA, suggesting that [11C]K-2 uptake 
was independent of blood flow (Extended Data Fig. 1a–c). These 
results suggest that [11C]K-2 specifically detected AMPA receptors 
in in vivo rat brains.

We also elucidated the metabolite of [11C]K-2 in rat brains. A 
radio–high-performance liquid chromatography (radio-HPLC) 
analysis of [11C]K-2 incubated with rat brain homogenates 
implied that [11C]K-2 is rapidly converted into a metabolite in 

Fig. 1 | Identification of [11C]K-2 and PeT imaging of rat brains with [11C]K-2. a, [11C]K-2 is synthesized by addition of 11CHI3 to the sulfonamide of PEPA.  
b, Average evoked AMPA receptor-mediated excitatory postsynaptic currents (EPSCs) recorded with whole-cell recordings before and after the 
application of PEPA or K-2 (left), representative EPSCs during 40 min of whole-cell recording (middle) and comparison of averaged EPSCs before 
(0–10 min) and after (30–40 min) the application of each compound at 150 μM (right). n = 4 animals for each compound; PEPA experiment: t(3) = 3.925, 
*P = 0.0294 (paired two-tailed t-test); K-2 experiment: t(3) = 4.587, *P = 0.0195 (paired two-tailed t-test). Red arrows indicate drug application. Data 
are shown as the mean ± s.e.m. c, Averaged TACs in rat brains. n = 4 animals. Data are shown as the mean ± s.e.m. d, Summation images of [11C]K-2 over 
the 20–40 min after radiotracer injection. This experiment was repeated independently with similar results in four animals. L, left; R, right. e, Correlation 
between [11C]K-2 uptake (%SUV) and the biochemical amount of AMPA receptor (optical density, OD) in eight brain regions per animal. Actin was used 
as a reference. n = 4 animals (two-tailed Pearson correlation analysis: correlation coefficient = 0.6923, P < 0.0001, y = 12.71x + 22.47). f, Summation images 
of [11C]K-2 in the blocking experiment. This experiment was repeated independently with similar results in three animals. g, [11C]K-2 uptake (%SUV) 
under co-administration of different doses of blocking agent (non-labeled K-2) in five rat brain regions. n = 4 animals for the vehicle and 0.5 mg kg–1 
groups and n = 3 animals for the 0.05 mg kg–1 group. Medial prefrontal cortex (mPFC): vehicle versus 0.05 mg kg–1, P = 0.596; vehicle versus 0.5 mg kg–1, 
*P = 0.0304; striatum (STR): vehicle versus 0.05 mg kg–1, P = 0.051; vehicle versus 0.5 mg kg–1, *P = 0.0304; hippocampus (HIP): vehicle versus 0.05 mg kg–1, 
P = 0.116; vehicle versus 0.5 mg kg–1, *P = 0.0304; cerebellum (CER): vehicle versus 0.05 mg kg–1, P = 0.216; vehicle versus 0.5 mg kg–1, *P = 0.0304; cortex 
(CTX): vehicle versus 0.05 mg kg–1, P = 0.052; vehicle versus 0.5 mg kg–1, *P = 0.0304 (Kruskal–Wallis test with Steel–Dwass test). Data are shown as 
the mean ± s.e.m. h, Summation image of [11C]K-2 over the 20–40 min after radiotracer injection in an shRNA-injected rat (shRNA targeted to AMPA 
receptors (shAMPARs) and scrambled construct). This experiment was repeated independently with similar results in six animals. i, Western blot analysis 
using pan-AMPA receptor antibody in the shRNA-injected rats. Top, representative blot bands and size markers (leftmost lane; the size marker for the 
actin blot is not visible because the adequate exposure times were different for actin and the size marker). Actin was used as a reference. Bottom, AMPA 
receptor expression in the shRNA-injected side normalized to expression in the side injected with scrambled RNA. n = 6 animals. *P = 0.0313 (two-tailed 
Wilcoxon signed-rank test). Data are shown as the mean ± s.e.m. j, Averaged TACs in the shRNA-injected rats. The red bar corresponds to the time  
frame (20–40 min) presented in h. n = 6 animals. Data are shown as the mean ± s.e.m. k, [11C]K-2 uptake in the shRNA-injected rats. Data are presented  
as the radioactivity at 20–40 min in the side injected with shRNA targeted to AMPA receptors normalized to the radioactivity for the side injected  
with scrambled shRNA. n = 6 animals. *P = 0.0313 (two-tailed Wilcoxon signed-rank test). Data are shown as the mean ± s.e.m. l, Left, average evoked 
AMPA receptor-mediated EPSCs before and after K-2OH application. Middle, representative EPSCs during 40 min of whole-cell recording. Right, 
comparison of averaged EPSCs before (0–10 min) and after (30–40 min) K-2OH application at 50 μM. n = 4 animals for each drug. t(3) = 3.916,  
*P = 0.0296 (paired two-tailed t-test). The red arrow indicates compound application. Data are shown as the mean ± s.e.m.
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the brain (Extended Data Fig. 2a). The same conversion was also 
observed in HPLC analysis of non-labeled K-2 incubated with 
rat brain homogenates (Extended Data Fig. 2b). K-2 was noted 
at 11 min 24 s of retention time (Extended Data Fig. 2b,c), while 
a substantial amount of metabolite was detected at 12 min 14 s 
(Extended Data Fig. 2b), which corresponded with the major 
metabolite detected by radio-HPLC (Extended Data Fig. 2a).  
A liquid chromatography and mass spectrometry (LC–MS) anal-
ysis showed that the molecular mass of this metabolite was 417 
(Extended Data Fig. 2d: 418 for M+H+, 440 for M+Na+ and 456 
for M+K+). This result indicates that the metabolite is likely to be 
a compound formed by hydrolysis of K-2 at its terminal amide 
(K-2OH; Extended Data Fig. 2e). Indeed, the product of hydroly-
sis of K-2 under acidic conditions (Extended Data Fig. 2f) was 
identical to the major metabolite observed in the HPLC analy-
sis (Extended Data Fig. 2b,g) and MS spectra (Extended Data 
Fig. 2d,h). Furthermore, a nuclear magnetic resonance (NMR) 
analysis also identified K-2OH as a hydrolyzed product of K-2 in 
an acidic condition (Extended Data Fig. 3a–d). Thus, K-2OH is a 
major metabolite of K-2 in the rat brain.

To quantify the content of K-2 and K-2OH in brain tissues, we 
employed an LC–MS/MS-based quantification method. Previous 
studies showed the utility of this method for measuring the brain 
content of non-labeled compounds injected into animals, includ-
ing for raclopride, a PET tracer for dopamine D2 receptors, and 
TASP457, a PET tracer for histamine H3 receptors20,21. We intrave-
nously injected K-2 into rats and analyzed the content of K-2 and 
K-2OH in brain tissue by applying this method. We found that the vast 
majority of K-2 was metabolized to K-2OH in the rat brain beyond 
3 min after injection (Extended Data Fig. 4a). Thus, we hypothe-
sized that [11C]K-2 crosses the blood–brain barrier and is quickly 
metabolized into [11C]K-2OH in the brain tissue and that [11C]K-2OH, 
rather than [11C]K-2, is the primary compound specifically binding 
to AMPA receptors and represents the PET signal in the brains of 
living rats. To test whether K-2OH binds to AMPA receptors, we first 
performed whole-cell recordings as in Fig. 1b and found that K-2OH 
potentiated AMPA receptor-mediated synaptic currents in a man-
ner similar to PEPA and K-2 at CA3–CA1 pyramidal synapses in 
acute hippocampal slices (Fig. 1l). This suggests that K-2OH binds to 
AMPA receptors as potently as PEPA and K-2. To further evaluate 
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the binding properties of K-2OH, in  vitro autoradiography (ARG) 
with [11C]K-2OH was conducted. Region-specific [11C]K-2OH bind-
ing was detected, and this binding was blocked with non-labeled 
K-2OH. Autoradiographic saturation binding studies indicated spe-
cific binding of [11C]K-2OH, with a binding affinity (measured by the 
dissociation constant, Kd) of 4.7 nM and a binding capacity (mea-
sured by Bmax) of 5.5 fmol per mg tissue (Extended Data Fig. 4c). 
Interestingly, in an analogous autoradiographic saturation binding 
study, [11C]K-2 exhibited lower binding affinity (Kd = 48.0 nM) and 
a larger binding capacity (Bmax = 364.6 fmol per mg tissue) than [11C]
K-2OH (Extended Data Fig. 4d). To further demonstrate the binding 
specificity of the tracer for AMPA receptors, we performed off-tar-
get binding assays of K-2OH and K-2 and found no marked binding 
of these compounds to any major receptors in the central nervous 
system other than AMPA receptors (Supplementary Tables 1 and 2). 
Furthermore, we examined whether major drugs for neuropsychiat-
ric disorders interfered with the binding of K-2 to AMPA receptors 
and found that they did not affect binding (Supplementary Table 3). 
To further prove that K-2 does not bind to NMDA (N-methyl-d-
aspartate) receptor as a PAM, we performed whole-cell recordings 
and examined NMDA receptor-mediated synaptic currents before 
and after the application of K-2. We did not observe any differences 
in NMDA receptor-mediated synaptic currents before and after 
the application of K-2 (Extended Data Fig. 5a). We also conducted 
whole-cell recordings to measure kainate receptor-mediated synap-
tic currents before and after K-2 application and did not find any 
alteration of kainate receptor-mediated synaptic currents (Extended 
Data Fig. 5b). These results show that K-2 does not bind to the PAM 
sites of NMDA and kainate receptors.

To investigate [11C]K-2 binding affinity for each subunit of 
AMPA receptors, we expressed each subunit (GluA1–GluA4) on 
COS cells and performed ARG with [11C]K-2. We found the high-
est affinity of [11C]K-2 for GluA2 and GluA4, while [11C]K-2 bound 
to GluA1 and GluA3 with modest affinity. [11C]K-2 binding affin-
ity for GluA2–GluA3 heteromer was comparable to its affinity for 
GluA1–GluA2 heteromer and within the same range as the affinity 
for GluA2 only (Extended Data Fig. 6a–g). Glutamate application 
(2 µM, corresponding to the average extracellular glutamate con-
centration in the brain22,23 and approximately the EC50 of glutamate 
for the activation of AMPA receptors during steady state24,25) did not 
alter the affinity of [11C]K-2 for GluA2–GluA3 complex expressed 
on COS cells (Extended Data Fig. 6f,h).

Taken together, these results suggest that, after intravenous 
radiotracer injection, [11C]K-2 is rapidly incorporated into brain tis-
sue and quickly metabolized to [11C]K-2OH, which binds specifically 
to AMPA receptors and represents the PET signal.

PET imaging characteristics of [11C]K-2 in healthy human par-
ticipants. Six healthy human participants (all male; 20.8 ± 0.8 years 
of age) underwent a PET scan with [11C]K-2. No adverse events 
related to [11C]K-2 were observed. Time–activity curves (TACs) 
from multiple brain regions of [11C]K-2-injected healthy individuals 
showed rapid radiotracer uptake in the brain and regional hetero-
geneity, with the lowest radioactivity observed in the white matter 
(Fig. 2a), where no AMPA receptors were detected (Fig. 3b, lane 5). 
The non-displaceable binding potential (BPND; a quantitative index 
of receptor density used in PET receptor imaging, which is defined 
as the ratio between the apparent Bmax and Kd; ref. 26) for [11C]K-2 
in each region was quantified from the Logan graphical analysis 
(LGA) slope with white matter as the reference region (Fig. 2b)27. As 
presented in Fig. 2b, a good linear relationship was observed in the 
graphical plots, indicating reversible binding kinetics for [11C]K-2.

We calculated the total distribution volume (VT) of various brain 
regions with plasma time–activity curves (pTACs) obtained from 
arterial blood sampling of the six healthy individuals (Fig. 2c).  
Among the brain regions, we found the smallest VT for white matter. 

We plotted the relationship between BPND and VT for brain regions 
except white matter, while using white matter as a reference. VT 
values, which corresponded to the zero point of BPND when using 
white matter as a reference (x intercept of the plot), were almost 
identical to the VT values computed for white matter when using 
the pTAC (Extended Data Fig. 7a,b). These results, in combination 
with biochemical data showing no AMPA receptor expression in 
white matter (Fig. 3b, lane 5), suggested that white matter is an ideal 
reference region for PET analysis of [11C]K-2. In line with this idea, 
BPND computed while using white matter as the reference was iden-
tical to BPND computed from the pTAC (y = 1.03x + 0.01; r2 = 0.97) 
(Extended Data Fig. 7c).

We explored the time frame showing the best correlation between 
BPND and SUV ratio (SUVR) while using white matter as a reference. 
A good linear relationship was found between BPND and the summa-
tion image of SUVR between 30 and 50 min after radiotracer injec-
tion (SUVR30–50 min). The linear relationship between SUVR30–50 min –1  
and BPND was represented by y = 1.1x + 0.0 (r2 = 0.97; Fig. 2d). 
These results suggested that SUVR30–50 min –1 is an appropriate sur-
rogate outcome measure for AMPA receptor density. We therefore 
applied SUVR30–50 min in this investigation. It should be noted that 
the SUVR measure is more viable clinically than BPND, as SUVR can 
be acquired from a static PET scan. An analysis of the inter-individ-
ual variability in SUVR30–50 min found small coefficients of variation 
(5.3% to 13.2% across brain regions) with high radioactivity in the 
cingulate lobe, putamen, thalamus and cerebellum and relatively low 
radioactivity in the hippocampus, caudate and amygdala (Fig. 2e,f  
and Extended Data Fig. 7d–f). These data support the utility of [11C]
K-2 for robust assessment of AMPA receptor status in the brains  
of living patients.

To elucidate the metabolic profile of [11C]K-2 in humans, a 
radio-HPLC analysis of arterial blood samples was performed. 
[11C]K-2 was rapidly metabolized and became undetectable within 
10 min of radiotracer injection (Extended Data Fig. 4b), indicating 
that [11C]K-2 undergoes a similar metabolic conversion in humans 
as in rodents. These results imply that [11C]K-2 is rapidly incorpo-
rated into brain tissue during the early phase after injection and 
is converted to [11C]K-2OH, which binds to AMPA receptors and 
represents the PET signal in humans, similarly to the observations 
in rodents.

PET imaging characteristics of [11C]K-2 in patients with epilepsy. 
To examine whether [11C]K-2 PET provides quantitative measures 
of AMPA receptors, we assayed the amount of AMPA receptor 
protein in surgical specimens obtained from patients with mesial 
temporal lobe epilepsy (MTLE) (one male and five female patients; 
42.5 ± 15.8 years of age) who planned to undergo anterior temporal 
lobectomy (ATL) and correlated the amount of AMPA receptor pro-
tein with the SUVR30–50 min of [11C]K-2 from presurgical PET scans 
of the same individuals. No adverse events related to [11C]K-2 were 
observed. LGA using white matter as a reference showed linearity 
(Extended Data Fig. 8a), suggesting that [11C]K-2 exhibits reversible 
kinetics in patients with MTLE. There was a good linear relation-
ship between BPND and SUVR30–50 min –1 (Extended Data Fig. 8b),  
with the relationship described by the function y = 1.0x + 0.0 
(r2 = 0.97). These findings suggested that SUVR30–50 min –1 could be 
used as a surrogate marker for the density of AMPA receptors in 
patients with MTLE. Thus, we used SUVR30–50 min for further analy-
sis. Before surgery, the patients with MTLE underwent 3-T mag-
netic resonance imaging (MRI) along with [11C]K-2 PET, and we 
defined volumes of interest (VOIs) on presurgical MRI data (Fig. 3a)  
and calculated the SUVR30–50 min of [11C]K-2 for each PET VOI 
coregistered to the MRI data (Fig. 3a, right). After resection of the 
temporal lobe and hippocampus under a brain navigation system, 
we obtained the surgical specimen and collected tissue correspond-
ing to each VOI. We detected higher expression of AMPA receptors 
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in the temporal cortex than in the hippocampus and no expression 
in the white matter (Fig. 3b). We observed a prominent strong posi-
tive correlation between the amount of AMPA receptor protein and 
SUVR30–50 min (Fig. 3c and Extended Data Fig. 8c–f; we normalized the 
protein amount by sample weight), demonstrating that SUVR30–50 min  
(with white matter as a reference region) reflects the regional 
abundance of AMPA receptors.

[11C]K-2 imaging indicates the focus of seizure in patients  
with MTLE. Previous studies indicated that local accumulation of 
AMPA receptors could contribute to development of the epilep-
togenic focus28. We analyzed the SUVR30–50 min with white matter 
as a reference of [11C]K-2 PET images from the six patients with 
MTLE. This exploratory clinical trial of [11C]K-2 in six patients 
with epilepsy revealed that, within the same patient, SUVR30–50 min  
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Data are shown as the mean ± s.d. b, LGA plot showing the ratio between the integrated tissue TAC in the reference region (white matter; CR) and a 
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characteristically increased in the temporal lobe of the epilep-
togenic side as compared to the non-epileptogenic side (Fig. 3d 
and Extended Data Fig. 9). The regions showing increase were all 
included in the areas that were resected in ATL, which contained 
the clinically identified epileptogenic focus. [11C]K-2 uptake 
was not increased in the hippocampus of the resected side, and  
we presume that this was due to pathological cell death. Thus, 
synaptic excitability remains elevated in the epileptogenic focus 
during epilepsy interictal.

These findings indicate that PET imaging with [11C]K-2 can  
provide an additional non-invasive option to identify the epilepto-
genic focus.

discussion
Although vast knowledge on the physiological roles of AMPA 
receptors has been accumulated by using experimental animals 
such as rodents2,5,6,29, the translation of this knowledge to neuro-
logical and psychiatric disorders in humans has been limited,  
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as technology is lacking to measure the dynamics of AMPA recep-
tors in the living human brain. Here we developed a PET tracer 
to visualize AMPA receptors in  vivo in the human brain. As the 
AMPA receptor is a major and central neurotransmitter receptor, 
which has been proven to be related to various neuronal functions, 
[11C]K-2 could be a useful tool to elucidate the molecular and  
circuit mechanisms underlying neuronal disorders.

The pharmacokinetic and metabolic analyses in this study indi-
cate that K-2 is incorporated into brain tissue immediately after 
intravenous injection and is rapidly hydrolyzed at an amide in brain 
tissue, with almost 100% of the parent compound converted to the 
major metabolite K-2OH within 10 min. Interestingly, ARG bind-
ing assays with acute brain slices showed that this metabolite binds 
specifically to AMPA receptors with a Kd that is approximately ten 
times smaller than that of K-2. These experiments also showed that 
the Bmax for K-2 was markedly larger than that for K-2OH. Taking 
into consideration of the polarity of K-2 and K-2OH, one possibility 
is that K-2 binds to both intracellular and cell-surface AMPA recep-
tors, whereas K-2OH can preferentially bind to cell-surface AMPA 
receptors but can barely access intracellular receptors through 
plasma membranes. Despite the unique pharmacodynamics of 
[11C]K-2, LGA using white matter as a reference showed reversible  
binding of the radiotracer.

It remains elusive what fraction of the [11C]K-2 signal represents 
cell-surface AMPA receptors in vivo. In addition to further investi-
gation of the binding profiles of K-2 and K-2OH in vitro, analysis of 
the influx rate constant of K-2 through the blood–brain barrier and 
cell membrane and the rate of K-2 to K-2OH metabolism in neuronal 
tissue could determine the dynamics of [11C]K-2 in vivo.

We also identified subunit specificity of [11C]K-2 binding to 
AMPA receptors. [11C]K-2 exhibited relatively higher affinity for 
GluA2 and GluA4, as compared to GluA1 and GluA3. The affin-
ity of [11C]K-2 for GluA1–GluA2 heteromer was comparable to its 
affinity for GluA2–GluA3. Furthermore, glutamate binding did not 
affect [11C]K-2 binding to GluA2–GluA3 receptors.

It was previously reported that epileptogenic focus tissue con-
tains increased amounts of AMPA receptors30. Furthermore, peram-
panel, an AMPA receptor antagonist, was recently introduced to the 
market as an antiepileptic drug, adding to the evidence that AMPA 
receptors mediate epileptogenesis31. Although surgical removal of 
the epileptogenic focus is effective for drug-resistant focal epilep-
sies, the number of surgical cases is limited, partly owing to the dif-
ficulty in identifying the epileptogenic focus. In contrast to current 
imaging tools that can only detect indirect changes related to the 
epileptogenic focus, such as decreased blood flow in ECD-SPECT 
and reduced glucose metabolism in FDG-PET, [11C]K-2 PET imag-
ing could capture the elevated excitability of the epileptogenic focus 
according to increased radioactivity retention. Hence, [11C]K-2 
could be a complementary tool for detection and localization of the 
epileptogenic focus and could increase the number of patients eli-
gible for surgical treatment. Recently, a new PET tracer that binds 
to synaptic vesicle glycoprotein 2A (SV2A), [11C]UCB-J, was devel-
oped to measure the density of synapses in humans and used for 
a clinical study32,33. Interestingly, [11C]UCB-J depicted synaptic loss 
in the epileptogenic focus of patients with temporal lobe epilepsy. 
Despite the loss of synapses, we detected an elevated [11C]K-2 PET 
signal in the epileptogenic focus. This suggests that the remaining 
synapses possess an increased amount of AMPA receptors, which 
may lead to enhanced excitability in the epileptogenic focus.

[11C]K-2 PET imaging can be used to characterize psychiatric 
disorders such as depression and schizophrenia. On the basis of 
the phenotypes of AMPA receptor distribution, appropriate experi-
mental animal models of these diseases can be optimized with [11C]
K-2 PET imaging and could be used to investigate molecular, cel-
lular and circuit mechanisms underlying the diseases. By using this 
approach, psychiatric disorders could be recategorized on the basis 

of biological mechanisms, that is, AMPA receptor distribution pat-
terns, which could establish a novel synaptic molecule disease con-
cept of ‘AMPA receptor disorders’, leading to the setting of objective 
diagnostics with a biological basis.

Although a number of clinical trials of drugs targeting AMPA 
receptors in patients with neuropsychiatric disorders have been 
conducted, most of these trials have failed, probably owing to the 
heterogeneity of the patients34. Clinical trials of ampakines may 
have been conducted in a mixture of patients with upregulated 
and downregulated AMPA receptor levels. Evaluating the levels of 
AMPA receptors with [11C]K-2 before administration of ampaki-
nes could enable identification of more suitable target populations 
in clinical trials, which in turn would be expected to result in more 
successful clinical trials of AMPA receptor-acting drugs, high-
lighting the importance of [11C]K-2 as a diagnostic companion for 
such drugs.

Taking these findings together, [11C]K-2 is a potent PET tracer 
that can be used to visualize AMPA receptors with high contrast, 
leading to elucidation of the molecular mechanisms of neuronal 
diseases by trans-species approaches and thereby facilitating novel 
drug discovery and alteration of clinical practice.
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Methods
Ethics statement. Animal studies were performed in strict accordance with  
the recommendations in the Guide for the Care and Use of Laboratory  
Animals of Yokohama City University and the National Institute of Radiological 
Sciences. The protocols were approved by the Committee on the Ethics of  
Animal Experiments of Yokohama City University and the National Institute  
of Radiological Sciences.

Clinical studies were performed under protocols approved by the Yokohama 
City University Human Investigation Committee in accordance with the ethical 
guidelines for medical and health research involving human participants drawn up 
by the Japan Ministry of Health, Labor and Welfare. The clinical studies were also 
registered under the following UMIN IDs: UMIN000020975 for the clinical trial 
with healthy individuals (the date of the first treatment was 12 February 2016 and 
that of the last treatment was 28 March 2016) and UMIN000025090 for the clinical 
trial with patients with epilepsy (the date of the first treatment was 27 March 2017 
and that of the last treatment was 7 January 2019). Both trials have already closed 
registration, and the clinical trial including patients with epilepsy is ongoing to 
collect data related to the exploratory outcome. All participants provided written 
informed consent after receiving detailed information about the protocol.

Synthesis of K-2 and K-2OH. K-2 (K2CO3; 21 mg, 0.149 mmol) and CH3I (9.3 µl, 
0.149 mmol) were added to a dimethylformamide (DMF) solution of PEPA 
(20 mg, 0.0497 mmol) in an argon atmosphere. The mixture was stirred at room 
temperature for 1.5 h. The reaction was quenched with 1 M aqueous HCl. The 
product was extracted three times with ethyl acetate and washed with saturated 
aqueous NaHCO3 and brine, dried with Na2SO4 and concentrated in vacuo.  
The residue was purified by PTLC (with hexane and ethyl acetate at a 1:9 ratio)  
to yield K-2 (19.7 mg, 47.3 µmol, 95%) as a colorless solid.

1H NMR (CDCl3, δ): 7.77 (d, J = 7.2 Hz, 2H), 7.60 (t, J = 7.2 Hz, 1H), 7.53  
(t, J = 7.2 Hz, 2H), 6.96 (ddd, J = 8.4 Hz, 8.4 Hz and 3.2 Hz, 2H), 6.80 (broad, 1H), 
6.13 (broad, 1H), 4.58 (s, 2H), 3.23 (dd, J = 9.2 Hz and 6.4 Hz), 3.11 (dd, J = 9.2 Hz 
and 6.4 Hz), 2.83 (s, 3H)

13C NMR (CDCl3, δ): 170.6, 155.4 (dd, J = 250 Hz and 5 Hz), 137.7, 133.1  
(t, J = 15 Hz), 133.0, 132.2 (t, J = 9 Hz), 129.3, 127.3, 72.7 (t, J = 3 Hz), 113.0  
(dd, J = 18 Hz and 7 Hz), 49.7, 35.9, 32.3

MS (QMA) m/z: 417 (M+H+), 439 (M+Na+), 455 (M+K+)
To generate K-2OH, 6 M aqueous HCl (0.7 ml) was added to the solution of K-2 

(153 mg, 367 mmol) in 1,4-dioxane (2 ml). The mixture was heated at 80 °C for 
2.5 h, and the reaction was quenched with water. The product was extracted three 
times with ethyl acetate, washed with brine, dried with Na2SO4 and concentrated  
in vacuo. The residue was purified with a recycling GPC/SEC system to yield K-2OH 
(85.1 mg, 204 mmol, 56%) as a colorless solid.

1H NMR (CDCl3, δ): 8.917 (broad, 1H), 7.76 (d, J = 7.2 Hz), 7.60 (t, J = 7.2 Hz, 
1H), 7.52 (t, J = 7.2 Hz), 6.92 (ddd, J = 8.4 Hz, 8.4 Hz and 3.2 Hz, 2H), 4.78 (s, 2H), 
3.22 (dd, J = 9.6 Hz and 6.4 Hz, 2H), 3.08 (dd, J = 9.6 Hz and 6.4 Hz, 2H), 2.82 (s, 3H)

13C NMR (CDCl3, δ): 173.3, 153.6 (dd, J = 252 Hz, 6 Hz), 137.7, 133.0, 132.9  
(t, J = 14 Hz), 131.3 (t, J = 9 Hz), 129.3, 127.3, 113.2 (dd, J = 17 Hz and 6 Hz), 69.33, 
49.7, 35.9, 32.4

MS (QMA) m/z: 418 (M+H+), 440 (M+Na+), 456 (M+K+)

Compounds and reagents. In the LC–MS/MS experiments, all compounds 
(Tocris) were dissolved at 2.5 mM in 100% DMSO (Nacalai) and then 
resuspended at 6 μM in saline just before intravenous injection into rats. In the 
electrophysiological experiments, PEPA, K-2 (Sundia) and K-2OH (self-prepared) 
were dissolved at 150 mM in 100% DMSO and resuspended at 150, 150 and 50 μM, 
respectively, in artificial cerebrospinal fluid (ACSF; 118 mM NaCl, 2.5 mM KCl, 
26 mM NaHCO3, 1 mM NaH2PO4, 10 mM glucose, 4 mM MgCl2 and 4 mM CaCl2, 
pH 7.4) before each experiment. In the in vivo PET experiments, non-labeled K-2 
was dissolved at 2.5 and 25 mM in 50% DMSO, before being intravenously injected 
into rats. All intravenous injection procedures were performed with a volume of 
1 µl per gram of body weight.

Animals. Sprague–Dawley (SD) rats (Charles River Laboratories) were used  
in the current study, with each colony containing five male and five female rats.  
Rats were housed in plastic Ekon cages and maintained on a 14-h light/10-h dark 
cycle (full light at 5:00 and full dark at 19:00). Constant temperature and humidity 
were maintained at 22 ± 1 °C and 55% ± 5%, respectively. Food and water were 
provided ad libitum.

In the LC–MS/MS experiments, the rats were placed in a box filled with 
isoflurane. After rats fell asleep, anesthesia was maintained with 1.5% isoflurane, 
administered via a vaporizer. Under anesthesia, the jugular was exposed after 
incision of cervical tissue, and the compound was directly injected into the 
jugular vein with a 30-gauge needle. Rats were killed 15 min after injection with 
decapitation under anesthesia, and whole brains were obtained for collection 
of hippocampal tissue. For PET scans, the rats were placed in a box filled with 
isoflurane. After rats fell asleep, anesthesia was maintained with 1.5% isoflurane 
administered via a vaporizer. Under anesthesia, [11C]K-2 and non-labeled K-2  
(in the blocking experiment) were injected into the tail vein. For biochemical 
assays, rats were decapitated after PET scanning and whole brains were obtained.

Measurement of concentrations of compounds in rat brain by LC–MS/MS.  
The collected hippocampal tissues were transferred to conical tubes in 20× 
acetonitrile including 0.1% formic acid to weigh tissues and homogenized with a 
UR-20P sonicator (TOMY SEIKO). After centrifugation at 16,000g, supernatants 
were collected and diluted in accordance with the appropriate measurement range, 
before analysis with a UPLC–MS/MS Xevo TQ-S system (Waters) equipped with 
an HSS T3 C18 column (Waters).

Radiosynthesis of [11C]K-2 and [11C]K-2OH. For [11C]K-2, [11C]methyl iodide 
formed from 11CO2 according to the established method was trapped in a DMF 
solution (300 µl) of PEPA (1.5 mg) and aqueous NaOH (0.5 M, 7 µl). The mixture 
was heated at 80 °C for 3 min. After dilution with 50% acetonitrile in water (1.1 ml), 
the mixture was injected onto a semipreparative HPLC column (XBridge Prep C18 
5 µm; 10 mm × 250 mm, Waters) with a mobile phase consisting of acetonitrile and 
water (50:50) under a flow rate of 4 ml min–1. The desired fraction was diluted with 
0.5% ascorbate saline (15 ml) and trapped on a disposable C18 cartridge (Sep-Pak 
light C18). The product on the cartridge was washed with saline containing 0.5% 
ascorbate (15 ml) and eluted with ethanol (0.6 ml) to a vial with saline containing 
0.5% ascorbate (15 ml). Finally, the solution was passed through a sterilizing filter 
(Milex GV 33 mm, Millipore) into the product vial.

For [11C]K-2OH, [11C]methyl iodide formed from 11CO2 according to the 
established method was trapped in a DMF solution (300 µl) of PEPA (1.5 mg) 
 and aqueous NaOH (0.5 M, 7 µl). The mixture was heated at 80 °C for 3 min,  
6 M aqueous HCl was added to the mixture and the solution was heated at 100 °C 
for 10 min. After dilution with 50% acetonitrile in water (0.8 ml), the mixture 
was injected onto a semipreparative HPLC column (XBridge Prep C18 5 µm; 
10 mm × 250 mm, Waters) with a mobile phase consisting of 0.1% trifluoroacetic 
acid (TFA) in acetonitrile and 0.1% TFA in water (50:50) under a flow rate of 
4 ml min–1. The desired fraction was diluted with saline (15 ml) and trapped on a 
disposable C18 cartridge (Sep-Pak light C18). The product on the cartridge was 
washed with saline containing 0.5% ascorbate (15 ml) and eluted with ethanol 
(0.6 ml) to a vial with saline containing 0.5% ascorbate (15 ml). Finally,  
the solution was passed through a sterilizing filter (Milex GV 33 mm, Millipore) 
into the product vial.

Autoradiography of [11C]K-2 and [11C]K-2OH with acute brain slices. Male SD 
rats (aged 2–3 weeks) were anesthetized with isoflurane, and their brains were 
quickly transferred to ice-cold dissection buffer (25.0 mM NaHCO3, 1.25 mM 
NaH2PO4, 2.5 mM KCl, 0.5 mM CaCl2, 7.0 mM MgCl2, 25.0 mM glucose, 110.0 mM 
choline chloride, 11.6 mM ascorbic acid and 3.1 mM pyruvic acid) and gassed with 
5% CO2/95% O2. While in dissection buffer, 200-µm coronal striatum slices were 
cut with a VT-1200S vibratome (Leica) and then incubated in ACSF (gassed with 
5% CO2/95% O2). After incubation for 60 min in ACSF at room temperature, the 
following procedures were all performed on ice. Striatum slices were reacted with 
[11C]K-2 (50 ± 30 GBq µmol–1) or [11C]K-2OH (55 ± 10 GBq µmol–1) in different 
radiotracer doses. Nonspecific binding of the radiotracer was determined by  
co-incubation with 100 µM non-labeled PEPA ([11C]K-2 experiment) or 400 µM 
non-labeled K-2OH ([11C]K-2OH experiment). After incubation for 20 or 60 min, 
the slices were rinsed twice with ice-cold ACSF, followed by a rinse with ice-cold 
distilled water or ACSF. After washing, the slices were transferred onto an imaging 
plate (Fujifilm) and left in contact for 2 h. The imaging plates were then developed 
with an Amersham Typhoon scanner (GE Healthcare Japan). Autoradiogram data 
were analyzed with Multi Gauge v3.0 (Fujifilm) to calculate the Kd and Bmax with 
nonlinear hyperbolic regression against the saturation plot of [11C]K-2 or [11C]K-2OH.

In vitro binding assays. Assays of COS cells expressing recombinant AMPA 
receptors with [11C]K-2. COS cells (1.5 × 105 cells per well) were transfected 
with 1 µl of DNA encoding GluA1, GluA2, GluA3 and GluA4 (with FuGENE 6 
transfection reagent, Promega). Twenty-four hours after transfection, binding 
assays were performed. Culture medium was removed, amd cells were washed 
once with 1% DMSO in PBS and then reacted with [11C]K-2 (118 ± 24 GBq µmol–1) 
in different radiotracer doses on ice. Nonspecific binding of the radiotracer was 
determined by co-incubation with 100 µM non-labeled K-2. After incubation 
for 10 min, cells were washed three times with ice-cold 1% DMSO in PBS and 
incubated with 0.25% trypsin at 37 °C for 5 min. Cells were then collected in 
Eppendorf tubes. The radioisotope activity of each tube was measured by gamma 
counter to calculate the Kd with nonlinear hyperbolic regression against the 
saturation plot of [11C]K-2. In experiments to assess the effect of glutamate on the 
Kd of GluA2–GluA3 heteromer, 2 µM glutamate was added during the incubation 
with [11C]K-2.

Off-target binding assays with [11C]K-2 and [11C]K-2OH. In vitro binding assays were 
performed by Sekisui Medical to examine the ability of K-2 and K-2OH to interact 
with various receptors and channels (off-target binding assays at a concentration 
of 10 µM; studies AL-6300, AL-6633 and AL-6860). Whether major drugs for 
neuropsychiatric disorders interfered with the binding of K-2 to AMPA receptors 
(study AL-6861) was also examined. In the following detailed procedures, the assay 
solutions and solution volumes were varied depending on the type of receptors or 
channels; in off-target assays, most receptors were human recombinant protein, 
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but some receptors were derived from the organs of rats, rabbits or guinea pigs 
(receptor solution). The replacement substance solution was added to tubes 
for calculation of nonspecific binding, followed by addition of 10% DMSO for 
calculation of total binding. The test substance or positive substance solution was 
added to tubes for calculation of inhibition ratios of the test substance or positive 
substances (final DMSO concentration of 1%). The assay buffer, radiotracer 
solution and receptor solution were then added to each tube in turn. After the 
mixtures were incubated, the incubation mixture was filtered through filter paper 
using a cell harvester (GF/C, Whatman), and the filter paper was washed with 
the assay buffer. In assays for some receptors and channels, the filter paper was 
transferred to an assay vial and 5 ml of liquid scintillator (PICO-FLUOR PLUS, 
PerkinElmer) was added. Radioactivity was measured with a liquid scintillation 
counter for 2 min. In the assay systems using 125I tracer, the filter paper was 
transferred to an assay tube and radioactivity was measured with a gamma counter 
for 2 min. In assays for the other isotopes, a dextran charcoal solution was added 
to the reaction mixtures and mixtures were incubated at 4 °C for 30 min and then 
centrifuged at 1,600g at 4 °C for 15 min. The supernatant was transferred to an 
assay vial, and 10 ml of liquid scintillator was added. Radioactivity was measured 
with a liquid scintillation counter for 2 min. For the GABA B, glutamate (NMDA 
polyamine site) and σ2 assay systems, the incubation mixture was filtered through 
filter paper using a cell harvester and the filter paper was washed three times with 
50 mM Tris-HCl (pH 7.4). The filter paper was transferred to an assay vial, and 
liquid scintillator was added. Radioactivity was measured with a liquid scintillation 
counter for 2 min. In the assay systems using 125I tracer, the filter paper was 
transferred to an assay tube and radioactivity was measured with a gamma  
counter for 2 min.

In competitive binding assays using major drugs for neuropsychiatric 
disorders, hippocampal membrane fractions were extracted from rat brain 
(receptor solution). The replacement substance solution was added to tubes 
for calculation of nonspecific binding, followed by addition of 10% DMSO for 
calculation of total binding. The receptor solution and radiotracer solution were 
then added to each tube in turn. After the mixtures were incubated, the incubation 
mixture was filtered through filter paper using a cell harvester and the filter paper 
was washed with the assay buffer. The filter paper was transferred to an assay vial, 
and 5 ml of liquid scintillator was added. Radioactivity was measured with a  
liquid scintillation counter for 2 min.

Biochemical analysis. Male SD rats (aged 7–10 weeks) were anesthetized with 
isoflurane. After decapitation, brain tissues were quickly transferred to prechilled 
tubes and stored at −80 °C until the subsequent assay was performed. Human brain 
surgical specimens were divided into small blocks according to region and were 
quickly transferred to prechilled tubes and stored at −80 °C until the subsequent 
assay was performed. To obtain crude fraction, these tissues were homogenized 
in IP buffer (150 mM NaCl, 0.5 mM EDTA, 0.1 mM EGTA, 1 mM HEPES and 
20% Triton X-100) with the UR-20P sonicator. After centrifugation at 20,400g, 
supernatants were collected and protein concentrations were measured, followed 
by denaturing of the samples at 100 °C for 5 min. Samples were then separated 
by SDS–PAGE (3–20% gradient gel, Wako). The rat samples were loaded with 
5 µg of protein in each well, while the human samples were loaded with 83.3 µg of 
tissue weight in each well. After transfer onto PVDF membranes (Millipore), the 
membranes were blocked with 1% blocking buffer (Perfect-block, MoBiTec) in 
Triton X-100 in TBS (0.1%) for 1 h. Proteins were detected with relevant primary 
antibodies, including pan-AMPA receptor antibody (1:1,000 dilution; 2460, Cell 
Signaling Technology) and β-actin antibody (1:10,000 dilution; clone AC15, Sigma-
Aldrich). The blots were washed in Triton X-100 in TBS (0.1%) and placed in HRP-
conjugated anti-rabbit or anti-mouse secondary antibody (1:1,000 dilution). After 
another wash, the blots were reacted with enhanced chemiluminescence (ECL) or 
ECL-prime reagents (GE Healthcare). Immunolabeled proteins were detected with 
a LAS-3000 imager (Fujifilm). The data were quantified with Multi Gauge v3.0 
software (Fujifilm). For rat data analysis, AMPA receptor density was calculated 
with normalization to β-actin as a reference, while for human data analysis AMPA 
receptor density was calculated with normalization to sample weight.

Construction of lentivirus and in vivo gene transfer. Previously designed 
oligonucleotides35 were amplified by PCR and subcloned into a FUGW vector 
including the GFP sequence. Then, lentiviruses carrying GFP-shAMPARs were 
generated as previously described.

The sequences of the shRNAs targeting AMPA receptors were as follows:
shRNA targeting GluA1, sense: 5′-cagtaaacctggcagtgtt-3′
shRNA targeting GluA1, antisense: 5′-aacactgccaggtttactg-3′
shRNA targeting GluA2, sense: 5′-ggagcactccttagcttga-3′
shRNA targeting GluA2, antisense: 5′-tcaagctaaggagtgctcc-3′
shRNA targeting GluA3, sense: 5′-caccatatgtgatgtataa-3′
shRNA targeting GluA3, antisense: 5′-ttatacatcacatatggtg-3′
The sequences of the scrambled RNA were as follows:
Scrambled RNA targeting GluA1, sense: 5′-ttgtgacgacaactatcgg-3′
Scrambled RNA targeting GluA1, antisense: 5′-ccgatagttgtcgtcacaa-3′
Scrambled RNA targeting GluA2, sense: 5′-tgattgcccagccgtagat-3′
Scrambled RNA targeting GluA2, antisense: 5′-atctacggctgggcaatca-3′

Scrambled RNA targeting GluA3, sense: 5′-aatatgtatggtatcacca-3′
Scrambled RNA targeting GluA3, antisense: 5′-tggtgataccatacatatt-3′
Male SD rats (aged 7–8 weeks) were anesthetized with isoflurane and fixed on 

a stereotaxic apparatus (Narishige). The skin overlaying the skull was cut, and the 
brain was exposed. Viral injections were performed for 1 min per spot with a 10-µl 
syringe (Hamilton) at a rate of 0.6 µl min–1.

To cover the whole striatum area, the following coordinates were set (distances 
in mm from the bregma are indicated) for injection of the lentiviruses encoding 
the GFP-shAMPAR constructs: (1) anterior, −0.5; lateral, +2.0; ventral, +4.9; (2) 
anterior, −0.5; lateral, +3.0; ventral, +4.8; (3) anterior, −0.5; lateral, +4.0; ventral, 
+4.5; (4) anterior, 0; lateral, +2.0; ventral, +4.9; (5) anterior, 0; lateral, +3.0; ventral, 
+4.9; (6) anterior, 0; lateral, +4.0; ventral, +4.6; (7) anterior, +0.5; lateral, +3.0; 
ventral, +4.3; (8) anterior, 0.5; lateral, +3.0; ventral, +5.1. Lentiviruses encoding 
scrambled RNA were injected into the opposite side. After completing the injection 
procedures, the skin was sutured with a 2.0 silk thread and the rats were allowed  
to recover from anesthesia.

Electrophysiology studies. Male SD rats (aged 7–8 weeks) were anesthetized 
with isoflurane, and after decapitation their brains were quickly transferred to 
ice-cold dissection buffer (gassed with 5% CO2/95% O2). Coronal brain slices 
(400 µm) were cut (VT-1200S, Leica) in dissection buffer and incubated in ACSF 
(gassed with 5% CO2/95% O2). After incubation for 60 min in ACSF at room 
temperature, whole-cell recordings were performed. The recording chamber  
was perfused with ACSF containing 0.1 mM picrotoxin and 0.1 mM d,l-2-
amino-5-phosphonopentanoic acid. Whole-cell recording pipettes (3–5 MΩ) 
were filled with intracellular solution (115 mM cesium methanesulfonate, 
20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl2, 4 mM Na2ATP, 0.4 mM Na3GTP, 
10 mM sodium phosphocreatine and 0.6 mM EGTA at pH 7.25). Whole-cell 
recordings were obtained from CA1 pyramidal neurons, and bipolar tungsten 
stimulating electrodes were placed in the Schaffer collateral fibers ~200–300 µm 
lateral from the recorded cells. Recorded cells were clamped at −60 mV,  
and AMPA receptor-mediated currents were recorded. Basal AMPA  
receptor-mediated currents (pretreatment response) were recorded for 10 min, 
and ACSF was displaced with ACSF containing 150 µM PEPA, 150 µM K-2  
or 50 µM K-2OH. Then, the solution was replaced with ACSF without drugs  
and AMPA receptor-mediated currents were recorded for 30 min  
(post-treatment response).

To test whether K-2 worked as a PAM for NMDA and kainite receptors, we 
examined the effect of K-2 on NMDA and kainite receptor-mediated currents. 
NMDA receptor-mediated current was recorded in CA1 pyramidal neurons at a 
holding potential of –30 mV in low-magnesium (0.5 mM) ACSF containing 10 µM 
NBQX and 50 µM picrotoxin. Kainite receptor-mediated current was recorded in 
CA3 pyramidal neurons at a holding potential of −70 mV, isolated by application 
of 60 µM GYKI52466, 25 µM AP-5 and 50 µM picrotoxin. The basal NMDA and 
kainite receptor-mediated currents (pretreatment response) were recorded  
for 5–10 min, followed by addition of K-2 at a final concentration of 150 µM.  
The pretreatment responses were then compared to the post-treatment responses 
from 20 to 30 min.

In vivo PET imaging of rats. PET with [11C]K-2 using a microPET Focus 220. 
PET scans of male SD rats (aged 7–10 weeks) were performed with a Focus 
220 microPET scanner (Siemens Medical Solutions) providing 95 axial slices 
0.851 mm apart (center to center), a 19-cm axial field of view (FOV) and a 7.6-cm 
axial FOV. Under 1.5% isoflurane anesthesia, rats were fixed and maintained at 
approximately 37 ± 0.5 °C on the scan stage equipped with a BWT-100A thermal 
controller (Bioresearch Center). Transmission scans were performed before PET 
scans. Emission scans were conducted for 90 min in three-dimensional (3D) list 
mode, with an energy window of 350–750 keV at the time of radiotracer injection 
(130–150 MBq). In the blocking experiments, non-labeled K-2 in 50% DMSO 
(Nacalai) or 50% DMSO alone was injected 3 min before administration of [11C]
K-2. All list data were sorted into 3D sinograms, which were then Fourier rebinned 
into two-dimensional sinograms (frames: 10 × 1 min, 6 × 5 min and 5 × 10 min). 
Dynamic images were reconstructed with filtered back projection by using a  
0.5-mm Hanning’s filter.

[99mTc]HMPAO SPECT imaging. [99mTc]HMPAO SPECT imaging was performed 
to compare regional cerebral blood flow (rCBF) differences between the shRNA-
expressing region and the scrambled RNA-expressing region. The SPECT imaging 
system was a small-animal multipinhole VECTor/CT SPECT scanner (MILabs). 
A general-purpose rat and mouse collimator was installed for this study. Rats were 
anesthetized with isoflurane (3% for introduction and 1.5–2% for maintenance). 
The FOV for SPECT data acquisition was determined by X-ray projection. [99mTc]
HMPAO solution was freshly prepared before injection via a commercial kit 
(Cerebrotec kit, Nihon Medi-Physics) and 99Mo/99mTc generator eluent (Nihon 
Medi-Physics). [99mTc]HMPAO was injected into the tail vein (1,427 ± 160 MBq). 
SPECT data acquisition was started 15 min after the injection and lasted for 60 min. 
SPECT images were reconstructed from the projection data by ordered-subset 
expectation maximization with ten iterations and four subsets, using a voxel size  
of 0.4 × 0.4 × 0.4 mm3.
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PET with [11C]K-2 using an Inveon DPET scanner. PET scans of male SD rats  
(aged 7–8 weeks) were performed with an Inveon DPET (Siemens Medical 
Solutions), which provided 159 axial slices with 0.796-mm (center-to-center) 
spacing, a 10-cm axial FOV and a 12.7-cm axial FOV. Before scanning, rats were 
anesthetized with 3% isoflurane and thereafter maintained at 1–2% isoflurane. 
Rats were then fixed and maintained at approximately 37 ± 0.5 °C on the scan 
stage equipped with a T/Pump thermal controller (Stryker). Emission scans were 
acquired for 90 min in 3D list mode, with an energy window of 350–650 keV at the 
time of radiotracer injection (55–65 MBq). After an emission scan, transmission 
scans for attenuation correction were performed for 15 min. All list data were 
dynamically histogrammed into 26 3D sinograms (frames: 4 × 1 min, 8 × 2 min  
and 14 × 5 min). Following Fourier rebinning, the images were reconstructed  
with a 3D ordered-subset expectation maximization/maximum a posteriori 
(OSEM-3D/MAP) algorithm.

By using PMOD image analysis software (PMOD Technologies) with reference 
to the MRI template, VOIs were placed on multiple anatomical structures, 
including the hippocampus, cerebellum, cortex, mPFC, striatum and brain stem.

Human participants. Healthy individuals. A clinical trial with the title ‘Clinical 
trial to evaluate the efficacy and safety of [11C]K-2 in healthy volunteers’ (trial 
registry number UMIN000020975) was carried out to measure [11C]K-2 dynamics 
in healthy human brains. Prespecified outcomes of this study were as follows: 
primary outcome: dynamics and distribution volumes of [11C]K-2 in the brain; 
secondary outcome: adverse events from [11C]K-2 during the 4–10 d following 
dosing. The inclusion criteria were (1) Japanese healthy volunteer, (2) male sex, 
(3) age of 20–40 years, (4) body mass index of 18.5–25.0, (5) laboratory blood 
test results within normal limits, (6) negative blood results for hepatitis B virus, 
hepatitis C virus, HIV and syphilis, and (7) capacity to provide consent. Exclusion 
criteria were (1) incapacity to provide consent, (2) having a past or current history 
of any psychiatric disorder, (3) current or past smoker who quit smoking within 
6 months, (4) presence of pathological finding(s) detected by MRI, (5) having 
a pacemaker or metal object inside the body, (6) having a tattoo, (7) having 
claustrophobia, (8) having participated in any clinical trial that included use of 
nuclear medicine within 6 months, (9) having donated 400 ml or more of blood 
within 12 weeks, 200 ml or more of blood within 4 weeks or any amount of blood 
within 2 weeks, (10) having participated in any clinical trial within 12 weeks, (11) 
use of any drugs or (12) being judged inappropriate for study participation by the 
research medical doctor. Six healthy individuals met the eligibility criteria and  
were registered (six males; 20.8 ± 0.8 years of age). Each participant underwent  
an MRI scan, a PET scan with [11C]K-2 and arterial blood sampling.

Patients with epilepsy. A clinical trial with the title ‘The clinical trial to evaluate 
the efficacy of [11C]K-2 in refractory epilepsy patients undergoing anterior 
temporal lobectomy’ (trial registry number UMIN000025090) was carried out to 
examine the efficacy of [11C]K-2 in measuring the density of AMPA receptors. The 
prespecified outcomes of this study were as follows: 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 occurring during the 7 d following the PET scan. Inclusion criteria 
were (1) refractory epilepsy (MTLE), (2) presence of clinical indication for ATL 
and having a plan to receive the surgery, (3) no history of cerebral surgery on the 
same side as ATL, (4) age of 20 years or older and (5) capacity to provide consent. 
Exclusion criteria were (1) presence of substantial morphological abnormalities 
inside the brain, (2) having received any electric stimulation therapy, (3) receiving 
artificial hemodialysis, (4) presence of severe liver dysfunction, (5) having a 
tattoo, (6) having claustrophobia, (7) breast-feeding mothers, expecting mothers 
or females who wished to be a mother, (8) females who wished to bear a child 
within the study period, (9) receiving treatment with perampanel, (10) having 
participated in any clinical trial that included use of nuclear medicine within 1 
week of the registration, (11) having participated in any clinical trial that included 
use of unapproved nuclear medicine within 6 months of the registration, (12) 
having participated in any clinical trial within 12 weeks of the registration or (13) 
being judged inappropriate for study participation by the research medical doctor. 
Eight patients with refractory MTLE met the eligibility criteria and were registered 
(three male and five female patients; 42.9 ± 13.3 years of age). These patients 
underwent an MRI scan and a PET scan with [11C]K-2, followed by ATL, which 
was performed at either the University of Tokyo Hospital or the National Center  
of Neurology and Psychiatry, Tokyo, Japan. Two patients were excluded from 
analysis for the following reasons: one (patient 5) underwent surgery other than 
ATL and one (patient 6) had severe status epilepticus and became unconscious  
(the study could not be continued).

In vivo PET and MRI imaging. [11C]K-2 was synthesized at Yokohama City 
University Hospital in accordance with GMP ordinance and was certified by the 
Japanese Society of Nuclear Medicine. PET imaging was performed with a Toshiba 
Aquiduo scanner (Toshiba Medical), which provided an axial FOV of 240 mm and 
80 contiguous 2.0-mm-thick slices. A 4.7-s transmission scan was performed for 
attenuation correction and a 60-s intravenous injection of [11C]K-2 (378 ± 19 MBq) 
was given, followed by an emission scan of 90 min (patients with MTLE) or 

120 min (healthy individuals), with frames of 12 × 10 s, 2 × 30 s, 7 × 60 s, 1 × 2 min, 
1 × 3 min, 3 × 5 min and 9 × 10 min. Dynamic images were reconstructed with  
a 2D-OSEM using 4 iterations, 14 subsets, a 128 matrix, a zoom of 2.8 and a  
5.0-mm Gaussian filter. To permit accurate delineation of the brain regions for  
data analysis, each participant underwent an MRI scan on a GE Signal 3.0-T 
scanner (GE Medical Systems). Images were acquired with a proton-density-
weighted sequence (time to echo = 17 ms, repetition time = 6,000 ms, FOV = 22 cm 
(two-dimensional), matrix = 256 × 256, slice thickness = 2 mm, number  
of excitations = 2).

Measurement of arterial contents of unmetabolized and metabolized [11C]K-2. 
During the [11C]K-2 scans of the six healthy individuals, arterial blood sampling 
was performed to analyze the unmetabolized and metabolized fractions at 2, 3, 4, 
5, 6, 7, 9, 10, 12, 15, 20, 30, 40 and 60 min after radiotracer injection. Blood samples 
were centrifuged at 17,800g, and supernatant was collected as the plasma fraction. 
Subsequently, 0.1% TFA in acetonitrile was added to the plasma, followed by 
centrifugation at 17,800g. To measure the unmetabolized and metabolized [11C]K-2 
components, the supernatant was analyzed by radio-HPLC with an ÄKTA Explorer 
10XT (GE) system and a Radiomatic 150TR (PerkinElmer) flow scintillation 
analyzer with a Cadenza CD-C18 3 μm, 10 mm × 50 mm column (Imtakt) using 
a mobile phase consisting of water containing 10 mM ammonium acetate and 
acetonitrile (50:50) under a 4 ml min–1 flow rate. Finally, the ratio of unmetabolized 
and metabolized [11C]K-2 was calculated.

PET imaging analysis. For each participant, the PET data were used to generate 
summed PET images (30–50 min after [11C]K-2 was injected). Each summed 
PET image was coregistered to the T1-weighted MRI. The T1-weighted MRI 
images were segmented into probability maps of gray matter, white matter 
and cerebrospinal fluid (CSF) with Statistical Parametric Mapping 8 (SPM; 
Wellcome Department of Imaging Neuroscience) running within a MATLAB 
9.4 environment (Mathworks). The gray matter and CSF probability maps were 
smoothed with an isotropic Gaussian kernel with FWHM = 8 mm to match the 
spatial resolution of the MRI with that of the PET images. For the purpose of 
measuring the count in a region without specific binding, white matter VOIs free 
from any portion of CSF or gray matter were determined to fulfill the following 
conditions: a voxel probability value of >0.9 for white matter and <0.05 for 
smoothed gray matter or CSF. The VOIs were applied to the summed PET images 
to measure uptake in regions without specific binding. These VOIs composed of 
white matter were defined as reference regions.

For the six healthy individuals, PET images and T1-weighted MRI images 
were normalized to MNI space with the PMOD PNEURO tool v3.7 (PMOD 
Technologies), to allow use of the N30R83 atlas. VOIs were automatically 
obtained according to the most likely localization of brain areas encoded in the 
N30R83 maximum-probability atlas36. Tissue time–activity curves (tTACs) were 
then generated for these regions. SUVs for each VOI were calculated as follows: 
SUV(t) = radioactivity concentration in the region at time t (Bq ml–1)/(injected 
dose (Bq)/body weight (kg)). SUV30–50 min was adopted for further analysis, with 
SUVR30–50 min calculated as SUV30–50 min in these regions divided by SUV30–50 min in the 
white matter where no AMPA receptor was expressed.

For patients with epilepsy, VOIs were manually created for the following 
surgical sites: superior temporal gyrus, middle temporal gyrus, inferior temporal 
gyrus, entorhinal cortex, fusiform gyrus, white matter, perirhinal cortex, 
hippocampus, subiculum and parahippocampal gyrus. Regional SUVR30–50 min 
values were then generated for these regions. Tissue samples were obtained from 
the same surgical sites. The expression level of AMPA receptors was quantified 
with the biochemical analysis method. The correlation coefficient r between 
SUVR30–50 min and expressed levels of AMPA receptors was calculated. The SUV30–50 min  
image was divided by the SUV30–50 min value for white matter (SUVR30–50 min).

Logan graphical analysis. LGA was applied to compute BPND and produce the 
image37,38. BPND is a quantitative unitless index of receptor density that is defined 
as the ratio of the amount of available receptor sites and the disassociation rate 
between an administered radiopharmaceutical and its specific binding sites26. 
Because LGA is implemented as a linear regression, a stable and fast computation 
is expected. It is therefore a commonly used algorithm for PET receptor imaging. 
The tTAC in a reference region, that is, a white matter region, is given to LGA, and 
a no rate constant of clearance for K-2 from brain tissue to the venous system is 
applied. The beginning of the linear regression, t*, is 30 min after administration27 
(equation (7) of ref. 27). VT is computed with metabolite-unadjusted pTAC and 
tTAC (equation (1) of ref. 27).

White matter as a reference region. According to the definition of BPND, we 
assume that the kinetic behavior of K-2 fits a two-tissue-three-compartment model

BPND ¼ VS

VND
¼ VT

VND
� 1 ð1Þ

where VS, VND and VT represent the distribution volume of the specific binding 
compartment, the non-displaceable compartment and the total distribution volume 
in a target region, respectively26. If we can assume white matter as a reference 
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region, VND is equal to the distribution volume in white matter. Note that the 
distribution volume of the specific binding compartment in white matter is zero,  
as presented in Fig. 3b. We can thus compute BPND as

BPND ¼ VT

VWM
T

� 1 ð2Þ

where VWM
T
I

 is the total distribution volume in white matter. Equation (2) means 
that VT and BPND show a linear relationship, and its x intercept corresponds to the 
total distribution volume in white matter. We investigated the correspondence 
with VT derived from pTACs with LGA and BPND computed with white matter as a 
reference region.

Statistics. Statistical analyses were conducted in GraphPad Prism 7  
(GraphPad Software) or IBM SPSS Statistics for Windows v22.0 (IBM), and 
the data are expressed as the mean ± s.e.m. unless otherwise indicated in the 
figure legends. Statistical analyses were performed with the number of animals 
(n) as the number of observations, indicating that measurements were always 
taken from distinct samples. For cell biology experiments, the observations 
from experiments performed on one animal were averaged. Thus, the averaged 
observations from one animal were used as n = 1. To choose appropriate 
statistical tests, the skewness and kurtosis of a sample distribution were 
calculated. If the skewness was less than 2 and the kurtosis was less than 7,  
the data were analyzed with parametric tests. Non-parametric tests were used  
for data with either a skewness of more than 2 or a kurtosis of more than 7. 
Paired two-tailed t-tests were used in the electrophysiology experiments. 
Correlation coefficients were calculated with Pearson’s correlation analysis. 
The results are displayed as an r2 value. For shRNA experiments, the Wilcoxon 
signed-rank test was used. For multiple comparisons in the blocking study 
in rats, the Kruskal–Wallis test with a Steel–Dwass test was used. Statistical 
significance was set at P < 0.05. Detailed statistical information for each 
experiment is provided in the corresponding figure legends.

Sample size estimation. The sample sizes of animal experiments were determined 
according to previous studies our group and collaborators performed. The 
sample size of the experiment with healthy human participants was determined 
according to previous studies our collaborator in QST performed. The sample size 
of the experiment including patients with epilepsy was determined to correspond 
to an expected detection power over 80% with a correlation coefficient of 0.95 
between AMPA receptor protein and [11C]K-2 imaging values, on the basis of  
our previous rat data.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

data availability
All requests for raw and analyzed data and materials are promptly reviewed by the 
Yokohama City University Research Promotion Department to determine whether 
the request is subject to any intellectual property or confidentiality obligations. 
Request for patient-related data may need to be inspected by the Institutional 
Review Board of Yokohama City University Hospital. Any data and materials that 
can be shared will be released via a material transfer agreement. Source data for 
Figs. 1 and 3 are presented with the paper.

Code availability
Program codes running LGA analysis are available and requests for them are 
promptly reviewed by the Yokohama City University Research Promotion 
Department to determine whether the request is subject to any intellectual  
property or confidentiality obligations.
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Extended Data Fig. 1 | [11C] K-2 and [99mTc] HMPAO uptake in shRNA-injected rats. (a) [11C] K-2 representative image obtained 20–40 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 15–60 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 mean ± SEM.
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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: 37 °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 °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 °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 µm 4.6 × 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.
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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.
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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 mean ± SEM. (b) Non- 
metabolized (black line) and metabolized (grey line) [11C] K-2 in the human plasma 0–60 min after radiotracer injection for 6 participants. Data are shown 
as the mean ± SEM. (c) Typical saturation curve for [11C] K-2OH binding to acute striatum slices. Nonspecific binding was calculated in the presence of 
400 µM 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 µM PEPA. This experiment was repeated independently with similar results twice.
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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 μM. 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 μM. For n= 6 cells. t (6) =0.6008, *P = 0.5700 (paired two-tailed t-test).
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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 µM glutamate. 
Nonspecific binding was calculated in the presence of 100 µM K-2. All experiment in these figures were repeated independently with similar results twice.
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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.
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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). (c–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).
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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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Data collection Micro PET scanner: Focus 220 (Siemens Medical Solutions), Inveon DPET(Siemens Medical Solutions)  
Clinical PET scanner: Aquiduo (Toshiba medical) 
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Liquid scintillator: PICO-FLUOR™ PLUS (PerkinElmer) 
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Data analysis PMOD software (version 3.709) was used for the quantitative analysis of PET images. 
Clampfit10.2 software (Axon Instruments) 
Multigauge (version 3.0) was used to analyze the intensity of ARG and Western blotting.  
Waters MassLynx and TargetLynx software (version 4.1) was used for the analysis of LC-MS analysis. 
Bruker TopSpin software (version 3.5) was used for the analysis of 1H-NMR and 13C-NMR. 
GE Healthcare UNICORN software (version 5.10) was used for the analysis of radio-HPLC. 
For white matter VOI application, we used MATLAB (MathWorks, MA, USA; version R2018b) and Statistical Parametric Mapping 8 
(Wellcome Department of Imaging Neuroscience). 
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Sample size The sample sizes of animal experiments were determined according to previous studies our group and collaborator performed before. The 
sample size of the experiment with healthy subjects was determined according to previous studies our collaborator in QST performed before. 
The sample size of the experiment with epilepsy patients was determined to expect detection power over 80% where correlation coefficient 
should be 0.95 between AMPA receptors proteins and [11C]K-2 imaging values based on our previous rat data. 

Data exclusions In the blocking experiment, one rat injected 0.05mg/kg of cold K-2 died during PET scan due to deep anesthesia.  
In the study with epilepsy patients, two patients were excluded from analysis for the following reasons: one patient underwent surgery other 
than anterior temporal lobectomy, and the other prematurely withdrew from the study since he had severe status epilepticus and became 
unconscious.

Replication All biochemical experiments and LC experiments using cold compounds were performed in duplicate and all attempts at replication were 
successful.

Randomization Our study design did not include any randomization procedure because we compared the effects of drugs intra-individually. 

Blinding In animal PET imaging experiments, the experimenters who performed PET scan and calculated imaging values were blinded to the animal 
group information, and the other experimenters performed statistical analysis. In human PET imaging experiments, the experimenters who 
performed PET scan and calculated imaging values were blinded to the subjects’ clinical and demographic information. The experimenters 
who performed clinical assessments were blinded to the PET imaging values.
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Eukaryotic cell lines
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Animals and other organisms
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Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used anti-Pan AMPARs (1:1000: 2460S, Cell Signaling Technology) and anti-beta actin (1:10 000: clone AC15, Sigma Aldrich).

Validation Anti-Pan AMPARs antibody: https://www.cellsignal.jp/products/primary-antibodies/ampa-receptor-glua2-3-4-antibody/2460 
Anti-beta actin: https://www.sigmaaldrich.com/catalog/product/sigma/a1978?lang=ja&region=JP 
Both antibodies have been used in our laboratory and also a number of studies listed in the above information sheets.



3

nature research  |  reporting sum
m

ary
O

ctober 2018
Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Cell line COS-7: RIKEN Cell Bank RBRC-RCB0539

Authentication Cell line used in this study have been authenticated as CVCL_0224(RRID).

Mycoplasma contamination Cell line used in this study have been tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals We used male Sprague-Dawley rats at the age of 7 - 10 weeks except for autoradiography experiment at the age of 2 -3 weeks.

Wild animals We did not use wild animals.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight Animal studies were performed under strict accordance with the recommendation in the Guide for the Care and Use of 
Laboratory Animals of the Yokohama City University and National Institute of Radiological Sciences. The protocols were approved 
by the Committee on the Ethics of Animal Experiments of Yokohama City University and National Institute of Radiological 
Sciences.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics This study consisted of two clinical trials.   
1. Study with young healthy individuals; Six young healthy individuals (20.8 ± 0.8 years of age) who did not have any physical or 
psychiatric condition were recruited for measurement of [11C]K-2 dynamics in human brains.  
2. Study with epilepsy patients; Eight patients with refractory mesial temporal lobe epilepsy who were planned to undergo 
anterior temporal lobectomy were recruited.

Recruitment 1. In the study with young healthy individuals, participants were recruited from a volunteer bank owned by NPO newing.  
2. In the study with epilepsy patients, neurosurgeons at the hospital where the operation was conducted were notified of the 
study and referred patients with refractory mesial temporal lobe epilepsy to us for potential study participation. 
As for recruitment bias, we think that there was no potential selection bias or other biases that would have any impact on the 
results.

Ethics oversight Clinical studies were performed under protocols approved by Yokohama City University Human Investigation Committee in 
accordance with the Ethical guidelines for medical and health research involving human participants drawn up by the Japan 
Ministry of Health, Labour and Welfare.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration 1. The study with young healthy individuals; UMIN000020975 (https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr.cgi?
function=brows&action=brows&type=summary&language=J&recptno=R000024205) 
2. The study with epilepsy patients; UMIN000025090 (https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr_view_his.cgi)

Study protocol The abstracts of these study protocols are available from above URL sites. The full protocols of these studies are also available 
from the corresponding author upon reasonable request (Only Japanese version is available).

Data collection All [11C]K-2 PET scans and clinical assessments were performed in Yokohama City University Hospital. All data were transfered to 
independent data center, named Y-NEXT, who also performed data validation.  
1. the study with young healthy individuals had been completed for registration and data analysis; the time period of 
recruitment from February 10th, 2016 to March 28th, 2016 and the time period of data collection February 12th, 2016 to April 
4th, 2016.  
2. the study with epilepsy patients had been completed for registration and data analysis for primary endpoint; the time period 
of recruitment from November 11th, 2016 to January 7th, 2019 and the time period of data collection from March 27th, 2017 to 
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Outcomes 1. In the study with young healthy individuals, the primary purpose of this trial was to evaluate the efficacy of [11C]K-2 in 
measuring the densities of AMPA receptors. To this end, we measured the dynamics and distribution volumes of [11C]K-2 in the 
brain. Secondly, we assessed adverse events related to the use of [11C]K-2 for 4-10 days after its administration. 
2. In the study with epilepsy patients, the primary purpose was to prove the efficacy of [11C]K-2 in measuring the densities of 
AMPA receptors. To this end, we evaluated the correlation between the AMPA receptors density examined by biochemical study 
and that obtained from [11C]K-2 PET study. Secondly, we assessed adverse events that occurred for 7 days after the PET scan.
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