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SUMMARY
The excitatory glutamate a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs)
contribute to epileptogenesis. Thirty patients with epilepsy and 31 healthy controls are scanned using posi-
tron emission tomography with our recently developed radiotracer for AMPARs, [11C]K-2, which measures
the density of cell-surface AMPARs. In patients with focal-onset seizures, an increase in AMPAR trafficking
augments the amplitude of abnormal gamma activity detected by electroencephalography. In contrast, pa-
tients with generalized-onset seizures exhibit a decrease in AMPARs coupled with increased amplitude of
abnormal gamma activity. Patients with epilepsy had reducedAMPAR levels comparedwith healthy controls,
and AMPARs are reduced in larger areas of the cortex in patients with generalized-onset seizures compared
with those with focal-onset seizures. Thus, epileptic brain function can be regulated by the enhanced traf-
ficking of AMPAR due to Hebbian plasticity with increased simultaneous neuronal firing and compensational
downregulation of cell-surface AMPARs by the synaptic scaling.
INTRODUCTION

Epilepsy is an abnormal neurological condition characterized by

recurrent seizures due to excessive electrical activity in the

brain.1 The most common symptom of epilepsy is convulsions

that involve involuntary muscle contractions. Focal epilepsy is

defined as seizures that initially affect limited brain regions

and, in some cases, they progress to generalized seizures by

the expansion of seizure-related areas and are termed focal-

to-bilateral tonic-clonic seizures (FBTCSs).2,3 The presence of

FBTCS is reportedly the most significant risk factor for sudden
Cell
This is an open access article under the CC BY-N
unexpected death in epilepsy (SUDEP).4–6 On the other hand,

6.4%–34.5% of patients with epilepsy have generalized-onset

seizures that affect the whole or a large part of the brain from dis-

ease onset.7 Moreover, 20%–30% of patients have refractory

epilepsy that is resistant to the currently available pharmacolog-

ical interventions. However, the elucidation of the biological

mechanisms underlying epileptogenesis in humans is still

limited.

Synapses are essential microstructures for the transmission of

information from one neuron to another. Synaptic malfunction is

considered to underlie the pathogenesis of neuropsychiatric
Reports Medicine 4, 101020, May 16, 2023 ª 2023 The Authors. 1
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Table 1. Patient characteristics

Focal-onset seizures

without generalized

seizures (n = 5)

Focal-to-bilateral

tonic-clonic seizure

(n = 17)

Generalized-onset

seizure (n = 8) F value p

Age, years 36.6 ± 7.2 35.71 ± 10.79 30.13 ± 8.52 0.9552 0.3974

Gender (male/female) 5/0 17/0 8/0 – –

Age at epilepsy onset, years 20.4 ± 7.78 17.88 ± 13.39 17.25 ± 5.31 0.1245 0.8834

Duration of epilepsy, years 16.4 ± 9.79 17.41 ± 12.58 11.5 ± 10.42 0.6465 0.5318

Family history 0/3 3/16 3/8 – –

Seizure type

FIAS 2 0 0 –

FIAS/FAS 3 0 0

FIAS + FBTCS 0 12 0

FAS + FBTCS 0 3 0

FIAS/FAS + FBTCS 0 2 0

FBTCS 0 0 0

GOTC 0 0 8

Continuous variables are presented as the mean ± standard deviation. Family history refers to whether a relative has a history of epilepsy or febrile

seizures. The number on the left shows the number of people with a family history and one on the right shows the number of people whose family history

could be obtained (some cases missing family history). For continuous variables, one-way ANOVAs were conducted. There is no significant difference

in age, gender, age at epilepsy onset, or duration of epilepsy among the three groups. FIAS, focal impaired-awareness seizure; FAS, focal aware

seizure; FBTCS, focal-to-bilateral tonic-clonic seizure; GOTC, generalized-onset tonic-clonic.
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disorders.8 Despite a large number of studies on patients with

epilepsy using modalities such as magnetic resonance imaging

(MRI), fluorodeoxyglucose-positron emission tomography, and

electroencephalogram (EEG), the synaptic characteristics of ep-

ileptogenesis are still poorly elucidated.9–11

Hebbianandhomeostatic synapticplasticity aremajor formsof

neuronal plasticity in the brain.12,13 Hebbian forms of plasticity

function in an input-specific fashion by the correlated firing of

pre- and postsynaptic neurons (e.g., long-term potentiation

[LTP] and spike-timing-dependent plasticity).14 On the other

hand, homeostatic synaptic plasticity counteracts the global in-

crease or decrease in neuronal activity and restrains activity

within the physiological range.15,16 The excitatory glutamate

a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid recep-

tors (AMPARs) play a pivotal role in the synaptic plasticity of the

brain.17,18 For example, the induction of LTP, one of the most

well-characterized forms of Hebbian synaptic plasticity, drives

AMPARs into specific synapses activated during LTP, and the

same molecular synaptic modification occurs in experience-

dependent synaptic plasticity in vivo.18–28 The homeostatic regu-

lation of synaptic function and scaling is induced as a compensa-

tory change in the synaptic content of AMPARs in response to

global upregulation or downregulation of neuronal activity.17,29

Malfunctionof synapticplasticity is considered tounderlie epilep-

togenesis.30 In fact, AMPARs are known to be involved in epilep-

togenesis. It was previously reported that epileptogenic focus tis-

sue contains an increased amount of AMPARs.31 Furthermore,

perampanel, a selective non-competitive antagonist of

AMPARs, decreased seizure frequency.32,33 However, the dy-

namics of AMPARs in living patients with epilepsy have not

been elucidated due to the lack of technology to visualize and

quantify the density of AMPARs in the living human brain. We

have recently developed a positron emission tomography (PET)
2 Cell Reports Medicine 4, 101020, May 16, 2023
tracer for AMPARs that can quantify the density of AMPARs in

the living human brain ([11C]K-2).34,35 This tracer enables us to

investigate the relationship between the density of AMPARs

and the dynamic electrical activity in the brain as measured by

EEG. The tracer has been proven to be safe for application in hu-

mans.36Moreover, the imagesof the tracer represent cell-surface

AMPARs, which contribute to crucial physiological functions.37

Here, we investigated epileptic brain functions using cross-

sectional PET imagingwith [11C]K-2 to assess AMPAR-mediated

synaptic functions and scalp EEG under resting closed-eye con-

ditions, which reflects the ongoing dynamism of neuronal activ-

ity. We imaged 30 patients with epilepsy and 31 healthy controls

using [11C]K-2, which represented the density of cell-surface

AMPARs (Table 1). In patients with focal-onset seizures, patho-

logically increased trafficking of cell-surface AMPARs enhances

the amplitude of gamma activity detected by scalp EEG in the

resting state, which is assumed to be pathophysiological brain

activity related to epileptic seizures.38–42 This pathological in-

crease in the trafficking of AMPARs could result from Hebbian-

type plasticity due to the potential simultaneous activation of

multiple neurons. On the other hand, there was a decrease in

AMPARs on the cell surface coupled with increased amplitude

of gamma activity in patients with generalized-onset seizures,

which could be due to compensational synaptic scaling to down-

regulate the neuronal overactivation. Interestingly, brain areas

with AMPAR-coupled changes in the amplitude of theta activity,

which is also assumed to be another brain activity associated

with pathophysiological neural conditions at rest (i.e., at eyes

closed condition), were apparently larger in patients with

FBTCSs than in those with focal-onset seizures without general-

ized seizures. Compared with healthy controls, cell-surface

AMPARs were decreased in larger areas of the cortex in patients

with generalized seizures than in those with focal-onset seizures,
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Figure 1. PET imaging characteristics of [11C]K-2 and positive correlation between the amount of cell-surface AMPARs and the amplitude of

gamma activity in patients with the focal-onset seizures
(A) Averaged TACs in the brains of patients with the focal-onset seizures (n = 22). The analysis was performed on 10 brain regions from a whole brain region, of

which 6 representative regions are shown. Data are shown as the mean ± SD.

(B) Logan graphical analysis (LGA) plot showing the ratio between an integrated tissue TAC in the reference region (white matter; CR) and a tissue TAC (C) (x axis)

plotted against the ratio of integrated C with C itself (y axis).

(C) Correlation between SUVR30–50 min � 1 and BPND obtained from LGA in 10 brain regions with focal-onset seizures (n = 22; two-tailed Spearman correlation

analysis: correlation coefficient = 0.996, p < 0.0001, y = 0.9866x � 0.02555). Each spot represents BPND (x axis) and the SUVR30–50 min � 1 (y axis), which was

obtained from 10 brain regions of each patient.

(D) The EEG law data in the patients with the focal-onset seizures with the highest (top) and lowest (bottom) gamma power at the F8 electrode that correlated with

SUVR30–50 min.

(E) The power spectrum density in the patients with the focal-onset seizures with the highest (left) and lowest (right) gamma power at the F8 electrode that

correlated with SUVR30–50 min. The power spectral density of the EEG was calculated by averaging short-time Fourier transforms of 2-s moving windows.

(F) SPM analysis of [11C]K-2 in patients with the focal-onset seizures identifies the brain regions showing a significant positive correlation between SUVR30–50 min

with whitematter as a reference and the amplitude of gamma activity in the F8 electrode site (p < 0.05, T > 1.72, one-tailed, FDRc [false discovery rate correction]).

Color scale bar indicates T value of this correlation. R, right side; L, left side; A, anterior side; P, posterior side.

(G) Scatterplot analysis of [11C]K-2 in patients with focal-onset seizures shows strong positive correlation between [11C]K-2 SUVR30–50 min of colored region in (F)

and the amplitude of gamma activity in the F8 electrode site (n = 22, Spearman correlation analysis; correlation coefficient = 0.4828, p = 0.0229). Each spot

corresponds to SUVR30-50 min (x axis) and the amplitude of the gamma activity at F8 (y axis) of a single patient, and 22 spots obtained from 22 patients are

displayed.
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Figure 2. Positive AMPAR-gamma and theta activity couplings are observed in patients with focal-onset seizures without generalized seizure

(A) The EEG law data in the patients with the focal-onset seizures without generalized seizure with the highest (top) and lowest (bottom) gamma power at the Cz

electrode that correlated with SUVR30–50 min.

(B) The power spectrum density in the patients with the focal-onset seizures without generalized seizure with the highest (left) and lowest (right) gamma power at

the Cz electrode that correlated with SUVR30–50 min. The power spectral density of the EEG was calculated by averaging short-time Fourier transforms of 2-s

moving windows.

(C) SPM analysis of [11C]K-2 in patients with the focal-onset seizures without generalized seizure identifies the brain regions showing a significant positive

correlation between SUVR30–50 min with white matter as a reference and the amplitude of gamma activity in the Cz electrode site (p < 0.05, T > 2.35, one-tailed,

FDRc). Color scale bar indicates T value of this correlation. R, right side; L, left side; A, anterior side; P, posterior side.

(D) Scatterplot analysis of [11C]K-2 in patients with focal-onset seizures without generalized seizure shows strong positive correlation between [11C]K-2

SUVR30–50 min of the colored region in (C) and the amplitude of gamma activity in the Cz electrode site (n = 5, Pearson correlation analysis; correlation coefficient =

0.9668, p = 0.0072). Each spot corresponds to SUVR30–50 min (x axis) and the amplitude of the gamma activity at Cz (y axis) of single patient, and five spots

obtained from five patients are displayed.

(E) SPM analysis of [11C]K-2 in patients with focal-onset seizures without generalized seizure identifies brain regions showing a significant positive correlation

between SUVR30–50 min with white matter as a reference and the amplitude of theta activity in the Cz electrode site (p < 0.05, T > 2.35, one-tailed, FDRc). Color

scale bar indicates T value of this correlation. R, right side; L, left side; A, anterior side; P, posterior side.

(legend continued on next page)
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which can also be due to the homeostatic synaptic scaling

induced by neuronal overactivation. Therefore, Hebbian plas-

ticity to increase trafficking of AMPARs and homeostatic scaling

for the compensatory downregulation of synaptic function in sei-

zures could regulate epileptic brain function.

RESULTS

Positive correlation between cell-surface AMPAR
density and the amplitude of gamma activity in focal
epilepsy
To investigate the synaptic basis of epilepsy, we first performed

PET scan for 22 patients with focal-onset seizures using [11C]K-

2, in combinationwith scalp EEGusing 19electrodes in the resting

state (eyes closed). As previously observed for healthy controls,34

time-activity curves (TACs) frommultiple brain regions of [11C]K-2-

injected patients with focal-onset seizures showed rapid radio-

tracer uptake in the brain and regional heterogeneity. The lowest

radioactivity was observed in the white matter (WM), where no

AMPARs were detected (Figure 1A).34 Logan graphical analysis

(LGA) using WM as a reference showed linearity, indicating the

reversible binding kinetics of [11C]K-2 in patients with focal-onset

seizures, as observed in healthy controls in our previous study34

(Figure 1B). Based on LGA, we calculated the non-displaceable

binding potential (BPND), which is a quantitative index of receptor

density utilized in PET receptor imaging.43 To investigate the

regional uptake of [11C]K-2 in patients with focal-onset seizures,

we utilized the standardized uptake value ratio (SUVR)30–50 min

with WM as a reference. There was a good linear relationship be-

tween BPND and SUVR30-50 min � 1 (Figure 1C). Thus, we utilized

SUVR30-50 min for further analysis. Voxel-wise analysis was per-

formed using Statistical ParametricMapping (SPM) 12. In patients

with focal-onset seizures, we found a significant positive correla-

tion between SUVR30-50 min and the amplitude of gamma activity

(positive AMPAR-gamma activity coupling) in a large part of

cortical areas such as the precentral gyrus, supplementary motor

area, superior parietal lobule, precuneus, thalamus, and cingulum

(Figures 1D–1G and S1).

Spread of AMPAR-coupled theta activity changes
underlies progression to FBTCS
Next, we investigated the mechanisms underlying progression to

FBTCSs from focal-onset seizures without generalized seizures.

In 22 patientswith focal-onset seizures, we comparedPET images

with [11C]K-2 of 5 patients without generalized seizures and 17 pa-

tientswithFBTCSs in relation to theelectrical activity obtained from

scalp EEG (Tables S1 and S2). In 5 patients with focal-onset

seizures without generalized seizures, we detected brain areas

with positive AMPAR-gamma activity coupling similar to those

observed in the 22 patients with focal-onset seizures

(Figures 2A–2D and S2). In these patients, we observed a signifi-
(F) Scatterplot analysis of [11C]K-2 in patients with focal-onset seizures witho

SUVR30–50 min of colored region in (E) and the amplitude of theta activity in the C

0.9862, p = 0.002). Each spot corresponds to SUVR30–50 min (x axis) and the ampl

from five patients are displayed.

(G) The brain regions of positive AMPAR-gamma activity coupling shown in (C) a

(highlighted by green color without scale) in patients with focal seizures without g
cant positive correlation between SUVR30–50 min and the amplitude

of the theta activity (positive AMPAR-theta activity coupling) in

almost overlapping brain areas with positive AMPAR-gamma

activity coupling (at multiple electrodes such as Cz and T5)

(Figures 2C–2G, S2, and S3). By scanning 17 patients with

FBTCSs, we detected positive AMPAR-gamma activity coupling

at the F8 electrode site in brain areas similar to those observed in

the analysis of 5patientswith focal-onset seizureswithoutgeneral-

ization (Figures 2A–2Dand3A–3D). Interestingly,we founda signif-

icant negative correlation between SUVR30–50 min and the ampli-

tude of theta activity (negative AMPAR-theta activity coupling) in

the brain areas at the T5 electrode site, complementary to the

above-mentioned brain areas that exhibited positive AMPAR-

gammaactivity coupling at the F8 electrode site (these two regions

were minimally overlapped; Figure 3G), while no brain areas with

positive AMPAR-theta activity coupling were detected in patients

with FBTCSs. Further, abnormal gamma and theta activities were

detected in different electrode sites in accordance with the spread

of epileptic electrical activity in the FBTCS (Figures 3A–3G). These

results suggest that the disappearance of positive AMPAR-theta

activity coupling and the spread of negative AMPAR-theta activity

coupling underlie the transition from focal to generalized seizures.

Generalized-onset seizure downregulates AMPAR
levels
A total of eight patientswith generalized-onset seizureswerePET

scanned using [11C]K-2 (Table S3). TACs from multiple brain re-

gions of [11C]K-2-injected patients with generalized-onset sei-

zures showed rapid radiotracer uptake in the brain and regional

heterogeneity, with the lowest radioactivity observed in the WM

(Figure 4A). LGA using WM as a reference showed linearity,

indicating the reversible binding kinetics of [11C]K-2 in patients

with generalized-onset seizures (Figure 4B). Based on LGA, we

calculated the BPND. Furthermore, patients with generalized-

onset seizures showed a good linear relationship between

BPND andSUVR30–50 min (Figure 4C).We found a significant nega-

tive correlation between SUVR30–50 min and the amplitude of

gamma activity (negative AMPAR-gamma activity coupling) in a

large part of cortical areas, such as superior frontal gyrus, angular

gyrus, precuneus, superior parietal lobule, middle frontal gyrus,

postcentral gyrus, and inferior parietal lobule occipital, with mul-

tiple electrode sites (Figures 4D–4G and S4). Multiple electrodes

detected negative AMPAR-gamma activity coupling in almost

identical areas. We did not observe any brain areas with a corre-

lation between SUVR30–50 min and the amplitude of theta activity.

Regional decrease in AMPARs in patients with epilepsy
compared with healthy controls
To compare AMPAR distributions in patients with epilepsy with

those in healthy controls, we used voxel-wise analysis using

SPM to compare the SUVR30–50 min of [11C]K-2 using WM as a
ut generalized seizure shows strong positive correlation between [11C]K-2

z electrode site (n = 5, Pearson correlation analysis; correlation coefficient =

itude of the theta activity at Cz (y axis) of single patient, and five spots obtained

nd positive AMPAR-theta activity coupling shown in (E) are mostly overlapped

eneralized seizure. R, right side; L, left side; A, anterior side; P, posterior side.
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Figure 3. Spread of AMPAR-coupled theta activity changes underlies the progression to FBTCS

(A) The EEG law data in the patient with FBTCs with the highest (top) and lowest (bottom) gamma power at the F8 electrode that correlated with SUVR30–50 min.

(B) The power spectrum density in the patient with FBTCSs with the highest (left) and lowest (right) gamma power at the F8 electrode that correlated with

SUVR30–50 min. The power spectral density of the EEG was calculated by averaging short-time Fourier transforms of 2-s moving windows.

(C) SPM analysis of [11C]K-2 in patients with FBTCSs identifies the brain regions showing a significant positive correlation between SUVR30–50 min with white

matter as a reference and the amplitude of gamma activity in the F8 electrode site (p < 0.05, T > 1.49, one-tailed, FDRc). Color scale bar indicates T value of this

correlation. R, right side; L, left side; A, anterior side; P, posterior side.

(D) Scatterplot analysis of [11C]K-2 in patients with the FBTCSs shows strong positive correlation between [11C]K-2 SUVR30–50 min of colored region in (C) and the

amplitude of gamma activity in the F8 electrode site (n = 17, Spearman correlation analysis; correlation coefficient = 0.5074, p = 0.0397). Each spot corresponds to

SUVR30–50 min (x axis) and the amplitude of the gamma activity at F8 (y axis) of a single patient, and 17 spots obtained from 17 patients are displayed.

(E) SPM analysis of [11C]K-2 in patients with FBTCSs identifies the brain regions showing a significant negative correlation between SUVR30–50 min with white

matter as a reference and the amplitude of theta activity in the T5 electrode site (p < 0.05, T > 1.49, one-tailed, FDRc). Color scale bar indicates T value of this

correlation. R, right side; L, left side; A, anterior side; P, posterior side.

(F) Scatterplot analysis of [11C]K-2 in patients with FBTCSs shows strong negative correlation between [11C]K-2 SUVR30–50 min of colored region in (E) and the

amplitude of theta activity in the T5 electrode site (n = 17, Pearson correlation analysis; correlation coefficient =�0.5764, p = 0.0154). Each spot corresponds to

SUVR30–50 min (x axis) and the amplitude of the theta activity at T5 (y axis) of single patient, and 17 spots obtained from 17 patients are displayed.

(legend continued on next page)

6 Cell Reports Medicine 4, 101020, May 16, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
reference. We scanned 31 healthy controls and constructed the

SUVR30–50 min using WM as a reference. In patients with focal-

onset seizures, we detected a decrease in cell-surface AMPARs

in large cortical areas compared with those in healthy controls

(Figures 5A–5D). Only limited areas with decreased cell-surface

AMPARs overlapped with those exhibiting positive AMPAR-

gamma activity coupling or positive AMPAR-theta activity

coupling in patients with focal-onset seizures without generalized

seizure (Figure 5E). Similarly, in patients with FBTCSs, brain areas

with decreased cell-surface AMPARs were minimally overlapped

with thosewithpositiveAMPAR-gammaactivitycouplingornega-

tive AMPAR-theta activity coupling (Figure 5F). Thus, cell-surface

AMPARs were reduced compared with healthy subjects in brain

areas that did not produce AMPAR-mediated epileptic activity.

In patients with focal-onset seizures, we observed larger brain

areas with decreased cell-surface AMPARs in patients with

FBTCSs than in thosewithout progression to generalized seizures

(Figures 5A and 5C). In patients with generalized-onset seizures,

we observed decreased cell-surface AMPARs in large cortical

areas compared with healthy controls, and these areas overlap-

ped well with the negative AMPAR-gamma activity coupling re-

gions (Figures 5G–5I). The areas of reduced cell-surface

AMPARs in patients with generalized-onset seizures were larger

than those in patients with focal-onset seizures (Figures 5A, 5C,

and 5G). We did not detect any brain regions with higher

AMPAR levels in patients with epilepsy compared with healthy

controls, which also indicates that the physiological fraction of

AMPARs can be widely decreased in the epileptic brain. Based

on these results, we hypothesized that, in patients with focal-

onset seizures, functional (physiological) AMPARs (which can

control normal brain functions such as learning, behavior, and in-

formation processing) can be downregulated for compensation

potentially via homeostatic scaling without couplingwith epileptic

activity, while compensational decrease in cell-surface AMPARs

cancouplewith abnormal electrical activity in patientswith gener-

alized-onset seizures for whom epileptic discharge can be

induced by other causes, such as abnormal sodium, potassium,

or calcium channel functions, rather than the abnormality in

AMPAR-mediated excitatory synapses.44,45 In line with our

hypothesis, we wondered if homeostatic scaling-induced down-

regulation of cell-surface AMPARs also occurs in brain areas

with positive AMPAR-gamma activity coupling in patients with

focal-onset seizures. We estimated the physiological fraction of

cell-surface AMPARs in brain areaswith positive AMPAR-gamma

activity coupling. We compared SUVR30–50 min values between

patients with focal epilepsy and healthy controls after adjusting

for the gamma activity amplitude. Using data from 31 healthy

controls and 22 patients with focal epilepsy, we performed multi-

variate regression analysis with SUVR30–50 min as the objective

variable and disease status (healthy or epileptic) and gamma ac-

tivity amplitude as explanatory variables. In this regression anal-

ysis, the gamma activity amplitudes for all healthy controls were

considered to be zero.46,47 Thus, the SUVR30–50 min of patients
(G) The brain regions of positive AMPAR-gamma activity coupling shown in (C)

(note that overlapped regions highlighted by green color are limited) in patie

gamma activity coupling and blue scale bar indicates T value of negative AMPAR

side.
with focal epilepsy when the gamma activity amplitudes were

adjusted tozerocouldbe interpretedas the fractionofcell-surface

AMPARs that contributed to physiological function in these re-

gions of the patients (Figure 5J). We found that the estimated

physiological fraction of cell-surface AMPARs in the brain regions

generating gamma activity was significantly lower than that of

healthy controls in the same brain regions.

DISCUSSION

Here, we revealed the biological basis of epilepsy by

combining PET imaging for AMPARs and EEG in 30 patients

with epilepsy. In patients with focal-onset seizures, a patho-

logical increase in cell-surface AMPARs in large parts of

cortical areas enhanced excitatory epileptic activity. Hebbian

plasticity to induce trafficking of AMPARs caused by potential

simultaneous firing of multiple neurons could underlie the

accumulation of pathological cell-surface AMPARs, resulting

in the increase in the amplitude of gamma activity, which re-

flects augmentation of excitability in patients with focal-onset

seizures. In contrast, patients with generalized-onset seizures

had negative AMPAR-gamma activity coupling in the cortex,

which could result from compensatory downregulation of

AMPAR via internalization (potential homeostatic scaling)

due to epileptic long-term global neuronal firing.

We detected a reduction in cell surface AMPARs in various

brain regions in patients with focal- and generalized-onset sei-

zures compared with healthy controls. Reduced AMPARs in

epileptic brains could be compensational synaptic changes to

downregulate global neuronal activity in the epileptic brain. The

areas of decreased cell-surface AMPARs in patients with gener-

alized-onset seizures comparedwith healthy controlswere larger

than those in patients with focal-onset seizures. This indicates

that increased compensation in generalized-onset seizures

compared with focal-onset seizures could induce widespread

reduction in AMPARs in the generalized-onset seizures. Further-

more, while the reduction in cell-surface AMPARs was not

coupled with the amplitude of gamma activity in patients with

focal-onset seizures, we detected negative AMPAR-gamma ac-

tivity coupling in brain areas of patients with generalized-onset

seizures and observed a reduction in cell-surface AMPARs

compared with those in healthy controls. Thus, in generalized-

onset seizure, global elevation of activity presumably due to

causes other than post-synaptic increase in AMPARs, such as

malfunction of sodium channels,48,49 can lead to an enhance-

ment in the amplitude of gamma activity by the augmented pre-

synaptic inputs. This may induce compensative reduction of

post-synaptic AMPARs, resulting in a negative AMPAR gamma

activity coupling. The involvement of interneuron activity could

contribute to this correlation in the generalized-onset seizure.

For example, if excitatory inputs onto interneurons are reduced,

the activity of the interneurons is decreased and could result in

an increase in the amplitude of gamma waves. Considering the
and negative AMPAR-theta activity coupling shown in (E) are complementary

nts with FBTCSs. Orange scale bar indicates T value of positive AMPAR-

-theta activity coupling. R, right side; L, left side; A, anterior side; P, posterior
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Figure 4. Generalized-onset seizure downregulates AMPAR levels
(A) Averaged TACs in the brains of patients with the generalized-onset seizures (n = 7). The analysis was performed on 10 brain regions in thewhole brain, of which

6 representative regions are shown. Data are shown as the mean ± SD.

(B) Logan graphical analysis (LGA) plot showing the ratio between an integrated tissue TAC in the reference region (white matter; CR) and a tissue TAC (C) (x axis)

plotted against the ratio of integrated C with C itself (y axis).

(C) Correlation between SUVR30–50 min� 1 and BPND obtained from LGA in 10 brain regions with generalized-onset seizures (n = 7; two-tailed Pearson correlation

analysis: correlation coefficient = 0.9932, p < 0.0001, y = 0.955x + 0.02278). Each spot represents BPND (x axis) and the SUVR30–50 min � 1 (y axis) that was

obtained from 10 brain regions of each patient.

(D) The EEG law data in the patients with the generalized-onset seizures with the highest (top) and lowest (bottom) gamma power at the F7 electrode that

correlated with SUVR30–50 min.

(E) The power spectrum density in the patients with the generalized-onset seizures with the highest (left) and lowest (right) gamma power at the F7 electrode that

correlated with SUVR30–50 min. The power spectral density of the EEG was calculated by averaging short-time Fourier transforms of 2-s moving windows.

(F) SPM analysis of [11C]K-2 in patients with the generalized-onset seizures identifies the brain regions showing a significant negative correlation between

SUVR30–50 min with white matter as a reference and the amplitude of gamma activity in the F7 electrode site (p < 0.05, T > 1.94, one-tailed, FDRc). Color scale bar

indicates T value of this correlation. R, right side; L, left side; A, anterior side; P, posterior side.

(G)Scatterplot analysis of [11C]K-2 inpatientswith generalized-onset seizures showsstrongnegativecorrelationbetween [11C]K-2SUVR30–50min of thecolored region in

(F) and theamplitude of gammaactivity in theF7 electrode site (n =8,Pearson correlation analysis; correlation coefficient =�0.851, p=0.0074). Eachspot corresponds

to SUVR30–50 min (x axis) and the amplitude of the gamma activity at F7 (y axis) of a single patient, and eight spots obtained from eight patients are displayed.
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small fractionofAMPARs in interneurons (approximately>80%of

excitatory inputs are onto pyramidal neurons in humans50), these

two events could contribute to the negative correlation between

the amplitude of the gamma wave and the density of AMPARs

in the generalized-onset seizure.
8 Cell Reports Medicine 4, 101020, May 16, 2023
Physiological and pathological fractions of AMPARs can be

found in patientswith epilepsy. In epilepsy, we only detected brain

areas with reduced cell-surface AMPARs compared with those in

healthy controls. Thus, compensational downregulation of

AMPARs in epilepsy might occur in the physiological fraction of
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Figure 5. Regional decrease in AMPARs in patients with epilepsy compared with healthy controls

(A) SPM analysis of [11C]K-2 in patients with focal-onset seizures without generalized seizure identifies the brain regions showing a significant reduction in

SUVR30–50 min with white matter as a reference compared with those of healthy controls (highlighted by purple color; p < 0.05, T > 1.69, one-tailed, FDRc). Color

scale bar indicates T value of the difference between two groups. R, right side; L, left side; A, anterior side; P, posterior side.

(legend continued on next page)
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AMPARs, which could lead to disturbance in normal brain func-

tions and result in intellectual disability of some patients with epi-

lepsy.51,52 Using [11C]K-2-PET imaging, we recently reported

that electric current dipoles (ECDs), identified bymagnetoenceph-

alography in surgical cases with mesial temporal lobe epilepsy,

were colocalized with a high accumulation of AMPARs in brain re-

gions showing epileptic discharges in comparison with the non-

epileptic hemisphere.35Althoughwedidnot analyze thesesurgical

cases in this study, asymmetrical upregulation of AMPARs colo-

calized with ECDs might be within the normal range due to the

compensatory reduction of the physiological fraction of AMPARs

in these brain regions. In patients with focal-onset seizures, we

estimated the physiological fraction of cell-surfaceAMPARs using

the plot of the correlation between SUVR30–50 min and the ampli-

tude of gamma activity. The estimated physiological fraction of

AMPARs in brain regions generating gamma activity was signifi-

cantly decreased in patients with focal-onset seizures compared

with healthy controls. These could bedue to homeostatic synaptic

scaling in the physiological fraction of AMPARs in response to the

epileptic excitation of the pathological fraction of AMPARs that

could result from Hebbian plasticity-induced trafficking of

AMPARs by the increased simultaneous neuronal firing. This sug-

gests that two major synaptic plasticities, Hebbian plasticity and

homeostatic synaptic scaling, occur in the same brain regions.

This synaptic event could result in a normal range of the amount

of total cell-surface AMPARs in the majority of the brain regions

generating gamma activity in patients with focal-onset seizures.

Decreased physiological fractions of AMPARs can lead to various

neuronal dysfunctions in patients with epilepsy.53,54 Despite po-

tential reduction in the physiological fraction of AMPARs, downre-

gulation of pathological AMPARs can reduce epileptic discharges

and can be a potential therapeutic strategy for epilepsy.
(B) SUVR30–50 min in reduced regions of patients with focal-onset seizures withou

shown as SUVR30–50 min with patients with focal-onset seizures without generalized

Whitney U test). Data are shown as the mean ± SEM.

(C) SPM analysis of [11C]K-2 in patients with FBTCSs identifies the brain regions s

compared with those of healthy controls (highlighted by purple color; p < 0.05, T

between two groups. R, right side; L, left side; A, anterior side; P, posterior side.

(D) SUVR30–50 min in reduced regions of patients with FBTCSs compared with heal

FBTCSs and SUVR30–50 min with healthy controls. *p = 0.0039 (two-tailed Mann-W

(E) In patients with the focal-onset seizures without generalized seizures, the brain

and 2E (highlighted by orange color) and reduced AMPARs compared with healt

(highlighted by green color without scale). Orange scale bar indicates T value of

value of the difference between patients and healthy controls. R, right side; L, le

(F) In patients with FBTCSs, the brain regions of positive AMPAR-gamma or nega

orange color) and reduced AMPARs compared with healthy controls shown in (C

color without scale). Orange scale bar indicates T value of positive AMPAR-gam

value of the difference between patients and healthy controls. R, right side; L, le

(G) SPM analysis of [11C]K-2 in patients with the generalized-onset seizures identifi

matter as a reference compared with those of healthy controls (highlighted by purp

of the difference between two groups. R, right side; L, left side; A, anterior side;

(H) SUVR30–50 min in reduced regions of patientswith the generalized-onset seizures

patientswith thegeneralized-onsetseizuresandSUVR30–50minwithhealthycontrols.

(I) In patients with the generalized-onset seizures, the brain regions of negative A

and reducedAMPARs comparedwith healthy controls shown in (G) (highlighted by

Blue scale bar indicates T value of negative AMPAR-gamma activity coupling a

healthy subjects. R, right side; L, left side; A, anterior side; P, posterior side.

(J) Scatterplot showing gamma activity amplitude and [11C]K-2 SUVR30–50 min in p

from patients with focal-onset seizures, and blue dots represent imputed data fro

(mean difference 0.388; 95% CI 0.16–0.61; p = 0.00136).
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While patients with focal-onset seizures without generalized

seizure exhibited positive AMPAR-gamma and -theta activity

coupling in almost overlapped brain regions, in patients with

FBTCSs, we observed negative AMPAR-theta activity coupling

in the brain areas complementary to regions that exhibited pos-

itive AMPAR-gamma activity coupling. The biological basis for

the generation of theta activity has not been well characterized.

A previous study has suggested that theta activity reflects inhib-

itory function on the neuron.55–58 Based on this hypothesis, we

considered the following mechanism of progression to FBTCS:

in patients with focal-onset seizures without generalized seizure,

pathological increase in AMPARs enhanced both excitatory and

inhibitory neuronal activity in the cortical area, which could pre-

vent progression to generalized seizures. This excitatory and

inhibitory balance is disrupted in patients with FBTCSs. Brain

areas with AMPAR-coupled enhancement of excitatory neuronal

activity did not exhibit augmentation of inhibitory neuronal activ-

ity in accordance with the elevation of AMPARs. Furthermore, in

patients with FBTCSs, large brain regions other than the areas

with positive AMPAR-gamma activity coupling exhibited nega-

tive AMPAR-theta activity coupling, indicating that the spread

of disinhibition was the underlying mechanism for generalized

seizures that developed from focal-onset seizures (Figure 6).

Taken together, Hebbian plasticity and homeostatic synaptic

scaling may differentially regulate the functions of an epileptic

brain and provide a cohesive biological mechanism of

epileptogenesis.

Limitations of the study
In this study, we characterized only male patients. It will be

crucial to perform a similar clinical study with female patients,

which can be an important addition to the current study.
t generalized seizure compared with healthy controls (mapped in A). Data are

seizure and SUVR30–50 min with healthy controls. *p = 0.0041 (two-tailedMann-

howing a significant reduction in SUVR30–50 min with white matter as a reference

> 1.68, one-tailed, FDRc). Color scale bar indicates T value of the difference

thy controls (mapped in C). Data are shown as SUVR30–50 min with patients with

hitney U test). Data are shown as the mean ± SEM.

regions of positive AMPAR-gamma/theta activity coupling shown in Figures 2C

hy controls shown in (A) (highlighted by purple color) are minimally overlapped

positive AMPAR-gamma/theta activity coupling and blue scale bar indicates T

ft side; A, anterior side; P, posterior side.

tive AMPAR-theta activity coupling shown in Figures 3C and 3E (highlighted by

) (highlighted by purple color) are moderately overlapped (highlighted by green

ma/negative AMPAR-theta activity coupling and purple scale bar indicates T

ft side; A, anterior side; P, posterior side.

es the brain regions showing a significant reduction in SUVR30–50 min with white

le color; p < 0.05, T > 1.69, one-tailed, FDRc). Color scale bar indicates T value

P, posterior side.

comparedwith healthy controls (mapped inG). Data are shown as SUVR30–50 min

*p=0.0053 (two-tailedMann-WhitneyU test).Dataareshownas themean±SEM.

MPAR-gamma activity coupling shown in Figure 4F (highlighted by blue color)

purple color) are broadly overlapped (highlighted by green color without scale).

nd purple scale bar indicates T value of the difference between patients and

atients with focal-onset seizures and healthy controls. Red dots represent data

m healthy controls whose gamma activity amplitudes are assumed to be zero



Figure 6. A potential mechanism for the pro-

gression to FBTCS: Spread of disinhibition

can underlie the generalized seizure devel-

oped from focal-onset seizure

(Left) In patients with focal-onset seizures without

generalized seizure, excitation is under control to

some degree by the inhibition augmented by

increased AMPARs in the same region where

AMPAR-coupled pathological upregulation of exci-

tation is observed. (Right) In patients with FBTCSs,

AMPAR-coupled disinhibition is considered to

spread in the brain, which can shift from focal to

generalized seizures.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
This clinical study was 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 (trial registry number jRCT1030220299). This study was composed of three independent clinical trials

that have already completed patient or healthy control enrollment (two trials for epilepsy and one trial for healthy subjects). Data were

analyzed comprehensively in this study to elucidate the biological characteristics of four seizure types i.e., focal onset seizure without

generalized seizure, FBTCS, focal onset seizure (including focal onset seizure without generalized seizure and FBTCS), and gener-

alized onset seizure. The inclusion criteria were as follows: (1) male individuals in their 20-49 years old whose [11C]K-2 data were

obtained from the jRCTs031200083 trial; (2) male individuals whose [11C]K-2 and scalp-EEG data were obtained from the

UMIN000025132 trial; and (3) male individuals whose [11C]K-2 and scalp-EEG data were obtained from the UMIN000031624 trial.

The exclusion criteria were as follows: (1) patients with epilepsy who did not have seizures for 1 year prior to the [11C]K-2 PET

scan, (2) patients with epilepsy whose EEGs under resting closed-eye conditions were recorded for less than 1 min; and (3) patients

with epilepsy whose seizure types could not be classified by their histories. All participants provided written informed consent after

receiving detailed information about the study protocol.

Human participants
This study was composed of three clinical trials involving patients with epilepsy and healthy controls.

Clinical trial 1 for patients with epilepsy

A clinical trial (trial registry number wasUMIN000031624) with the title ‘‘The clinical trial to examine the densities of AMPA receptors in

epilepsy patients with [11C]K-2’’ was carried out to examine the differences in the distributions of AMPARs among the groups divided

by seizure pattern in comparisonwith those of healthy controls. The date of the first treatment was August 27, 2018 and that of the last

treatment was August 3, 2020. Patients whomet the following criteria were included in the study: (1) being diagnosedwith epilepsy on
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the basis of the International League Against Epilepsy (ILAE) criteria,59 (2) having seizures 12months prior to registration, (3) no history

of neurosurgery, (4) ages of 20-59 years, and (5) being capable of providing informed consent. Patients were excluded if theymet any

of the following criteria: (1) having experienced electric stimulation therapy, (2) having severe renal dysfunction (serum

creatinine > 1.5mg/dL), (3) having severe liver dysfunction (serumAST andALT > 150 IU/L), (4) having severe cardiovascular disorder,

(5) having tattoos, (6) having claustrophobia, (7) being unable to agree to use contraception within 7 days of [11C]K-2 PET imaging , (8)

taking perampanel or topiramate within 1 month before the trial registration, (9) undergoing nuclear medicine examination within

1 week before this registration, (10) participating in other clinical trials using unapproved nuclear medicine examination within

6 months before this registration, (11) participating in other clinical trials within 12 weeks before this registration, and (12) being

deemed by doctors to be inappropriate for other reasons. Finally, 33 patients met the eligibility criteria and were registered for

the trial (all males; 33.6 ± 10.0 years of age). These patients were scheduled to undergo scalp EEG, MRI, and PET scans with

[11C]K-2, which were performed at the Yokohama City University Hospital, Keio University Hospital, or FukushimaMedical University

Hospital. A total of five patients were excluded from the analysis for the following reasons: one patient complained of mood discom-

fort during PET imaging, two patients had severe status epilepticus immediately prior to the PET scan, and two patients had exces-

sive head movements during PET imaging.

Clinical trial 2 for patients with epilepsy

The other clinical trial (trial registry number UMIN000025132) with the title ‘‘The clinical pilot study to examine the distribution of [11C]

K-2 in depression, bipolar disease, schizophrenia, addiction, ASD, epilepsy, and FTD patients in order to develop the novel diag-

nostic method in cross-sectional way toward these diseases.’’ The date of the first treatment was November 20, 2016, and that

of the last treatment was December 28, 2020. The trial was carried out to explore specific brain regions which differed with respect

to accumulation of [11C]K-2 for each disease such as depression, bipolar disease, schizophrenia, addiction, ASD, epilepsy, and FTD

and healthy controls. Patients who met the following criteria were included in the study: (1) being diagnosed with epilepsy using In-

ternational Classification of Diseases (ICD-10) and ILAE definition,59,60 (2) male individuals at the ages of 30–49 years, and (3) being

capable of providing informed consent. Subjects excluded from the study if they met any of the following criteria: (1) undergoing he-

modialysis, (2) having severe liver dysfunction, (3) having neurological disorders except for neurodegenerative diseases and stroke,

(5) were consuming perampanel, (6) having a history of substance abuse, (7) a positive result in a urine screening test for addictive

substances, (8) using addictive substances within the past 2 weeks, (9) having experienced any of the following neuromodulation

therapies: repetitive transcranial magnetic stimulation, deep brain stimulation, transcranial direct current stimulation), and multiple

subpial transection, (10) having metals or a pacemaker inside their body, (11) having a large head, neck, or body which did not allow

them to fit in an MRI scanner, (12) having tattoos, (13) having claustrophobia, (14) having significant abnormalities in the brain, (15)

showing serum Creatinine > 1.5 mg/dL or serum aspartate aminotransferase (AST) and alanine transaminase (ALT) > 100 IU/L, (16)

having undergone any examination with unapproved nuclear medicine in clinical trials within the past 6 months before this registra-

tion, (17) participating in other clinical trials within the past 12 weeks before this registration, or (18) being deemed by doctors to be

inappropriate for other reasons. Regarding patients with epilepsy, 10 patientsmet the eligibility criteria andwere registered (all males;

39.4 ± 6.87 years of age). These patients underwent scalp EEG, MRI, and PET with [11C]K-2, which was performed at the Yokohama

City University Hospital.

Clinical trials with healthy controls

A clinical trial (trial registry number jRCTs031200083) with the title ‘‘A clinical trial to examine age-and-sex-related changes in AMPA

receptor density in healthy volunteers.’’ The date of the first treatment was October 9, 2020, and that of the last treatment was March

7, 2022. The trial was carried out to determine whether AMPA receptor density changes with age and sex in healthy controls. Healthy

individuals who met the following criteria were included in the study: (1) male individuals at the age of 20–49 years at the time of

obtaining informed consent, (2) having no history of mental or neurological disease, (3) having sufficient judgment ability to provide

consent as per the evaluation byMacArthur Competence Assessment Tool for Treatment, and (4) having no current mental disorders

based on any criteria in the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, DSM-5, and ICD-

10.60,61 Subjects who were excluded met the following criteria: (1) taking psychotropic, antidepressant, hypnotic, anxiolytic, or

antipsychotic drugs, (2) being pregnant or lactating, (3) being hypersensitive to ethanol, (4) having neurological diseases (neurode-

generative disease, minor cerebral hemorrhage or cerebral infarction), (5) having a history of malignant brain tumor, (6) having a

history of epilepsy, (7) receiving medical treatment for other diseases, (8) having substance-related disorders except for nicotine

and caffeine within 6 months from this registration, (9) a positive result for urine screening for recreational drugs, (10) having a pace-

maker or any other metal devices in the body, (11) having a large head, neck, and body size for MRI scanner, (12) having tattoos on

their skin, (13) having severe claustrophobia, (14) having congenital or traumatic brain abnormalities, (15) showing serum

Creatinine > 1.5mg/dL or serum AST and ALT > 150 IU/L, (16) having undergone [11C] K-2 PET in other clinical trials, (17) participating

in unapproved nuclear medicine tests or other clinical trials within 6months before registration, (18) participating in other clinical trials

within 12 weeks prior to enrollment (limited to those with invasion/intervention) or other clinical trials, (19) being deemed by the inves-

tigator to be inappropriate for other reasons. A total of 33 healthy controls met the eligibility criteria and were registered (33 males;

33.52 ± 8.85 years of age). Each participant underwent an MRI scan and a PET scan with [11C]K-2, which was performed at the Yo-

kohamaCity University Hospital, Kyushu University Hospital or University of Fukui Hospital. Two healthy controls were excluded from

the analysis for the following reasons: one could not undergo PET scan due to failure in synthesis of the PET compound, and one was

found to have a history of epilepsy after registration.
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Scalp-electroencephalogram
Resting, wakeful, and interictal scalp EEG were recorded for each subject while the participants were seated comfortably with their

eyes closed. A Neurofax EEG-1524Ver.05-74 system (Nihon Kohden Corp., Tokyo, Japan) was used at the YokohamaCity University

Hospital for 17 patients.

For four patients at the Fukushima Medical University Hospital, a Neuro fax EEG-1200 Ver.05-04 system (Nihon Kohden corp.,

Tokyo, Japan) was used. EEG data at both facilities were recorded using 19 electrodes according to the international 10-20 system

at a sampling rate of 500 Hz, and the impedance levels were set to less than 10 kU.

For nine patients at Keio University Hospital, EEG was recorded with a TruScan EEG system (Deymed Diagnostic s.r.o., Hronov,

Czech) at a sampling rate of 3000 Hz using a 62-channel electrode cap. The impedance levels were set at less than 5 kU, and the data

from 19 electrodes corresponding to the international 10-20 system were used for analysis.

All data processing was performed using house-made programs in R (version 4.0.0,R Core Team,2021). The recorded resting EEG

was visually checked, and a wakeful period of 1–5 min without paroxysmal activities was extracted for analysis. The signals were

band-pass filtered between 1–100 Hz. Blink, eye movement, and muscular artifacts were removed using independent component

analysis. The signal was then divided into delta (1-3 Hz), theta (4-7 Hz), alpha (8-13 Hz), beta (14-29 Hz), and gamma (30-70 Hz) fre-

quency ranges using Butterworth bandpass filters. The root-mean-square amplitude was calculated for each frequency band.

In vivo PET and MRI imaging
[11C]K-2 was synthesized in accordance with GMP ordinance and was certified by the Japanese Society of Nuclear Medicine.

Yokohama City University Hospital

PET scans were performed using a Toshiba Aquiduo scanner (TOSHIBA Medical, Gunma,324-8550,Japan ) and Celesteion

PCA-9000A/2A (Canon Medical, Gunma,324-8550,Japan). Aquiduo provided an axial field of view (FOV) of 240 mm and 80 contig-

uous 2.0 mm thick slices. A 4.7 s transmission scan was performed for attenuation correction (AC), and a 60 s intravenous injection of

[11C]K-2 (375 ± 8.4 MBq) was administered, followed by an emission scan for 60 min with frames of 183 10 s, 23 30 s, 73 60 s, 13

2 min, 13 3 min, 33 5 min, and 33 10 min. Dynamic images were reconstructed with 2D-OSEM using four iterations, 14 subsets, a

128matrix, a zoom of 2.8, and a 5.0 mmGaussian filter. Celesteion provided an axial FOV of 240mm and 96 contiguous 2.0 mm thick

slices. A 15.2 s transmission scanwas performed for attenuation correction (AC), and a 60 s intravenous injection of [11C]K-2 ( 376.2 ±

10.1 MBq) was administered, followed by an emission scan of 60 min with 35 frames. Dynamic images were reconstructed with TOF

3D-OSEM using two iterations, 20 subsets, 128matrix, zoom factor 1.0, and 5.0 mmGaussian filter. Each participant underwent MRI

using a GE DISCOVERY MR750 (General Electric Medical Systems). 3D-T1-weighted (T1WI) anatomical MRI scans were acquired

using the following parameters: voxel size = 0.93 0.93 0.9 mm, repetition time (TR) / time to echo (TE) = 7.016/3.056 ms, flip angle

(FA) = 8�, FOV = 220 mm, matrix = 256 3 256.

Keio University Hospital

PET scanswere performedwith a BiographmCT Flow (SiemensMedical Solutions USA), which provided an axial FOV of 300mmand

111 contiguous 2.0 mm-thick slices. A 6.56 s transmission scan was performed for AC, and a 60 s intravenous injection of [11C]K-2

(367.8 ± 9.5 MBq) was administered, followed by an emission scan of 60 min with 35 frames. Dynamic images were reconstructed

with 3D-OSEM using four iterations, 24 subsets, a 200 matrix, a zoom factor 2.0, and a 3.0 mm Gaussian filter. Each participant un-

derwent MRI with the 3D MPRAGE protocol on a MAGNETOM Prisma (SIEMENS Healthineers) at the University of Tokyo. 3D-T1WI

images were acquired using the following parameters: voxel size = 0.8 3 0.8 3 0.8 mm, TR/TE = 2400/2.22 ms, FA = 8�, FOV =

208 mm, matrix = 300 3 320.

Fukushima Medical University

PET scans were performed with a Biograph mCT (Siemens Healthcare), which provided an axial FOV of 221 mm and 148 contiguous

3.0 mm-thick slices. A transmission scan was performed for AC, and a 60 sec intravenous injection of [11C]K-2 (378 ± 5.5 MBq) was

administered, followed by an emission scan of 60min with frames of 183 10 s, 23 30s, 73 60 s, 13 2min, 13 3min, 33 5min, and

3 3 10 min. Dynamic images were reconstructed with TOF 3D-OSEM using five iterations, 21 subsets, a 400 matrix, a zoom of 2.0,

and a 2.0 mm Gaussian filter. Each subject underwent MRI with the 3D MPRAGE protocol on a Biograph mMR (SIEMENS Healthi-

neers). 3D-T1WI images were acquired using the following parameters: voxel size = 0.93 0.93 0.9 mm, TR/TE = 1900/3.08ms, FA =

9�, FOV = 192 mm, matrix = 265 3 265.

Kyushu university hospital

PET scans were performed using a Biograph Vision (Siemens Healthcare) and a Biograph mCT scanner (Siemens Healthcare). Vison

provided an axial FOV of 357 mm and 263 contiguous 1.0 mm-thick slices. A 26.67 s transmission scan was performed for AC, and a

60 s intravenous injection of [11C]K-2 (385.3 ± 2.0 MBq) was administered, followed by an emission scan of 60 min with 35 frames.

Dynamic images were reconstructed with a 3D-OSEM + TOF using eight iterations, five subsets, and a 5.0 mm Gaussian filter. mCT

provided an axial FOV of 250 mm and 165 contiguous 1.0 mm-thick slices. A 9.38 s transmission scan was performed for AC, and a

60 s intravenous injection of [11C]K-2 (388.8MBq) was administered, followed by an emission scan of 60min with 35 frames. Dynamic

images were reconstructed with 3D-OSEM + TOF using five iterations, 21 subsets, and a 5.0 mm Gaussian filter. Each participant

underwent MRI with the 3D MPRAGE protocol on an Ingenia 3.0 T scanner (Phillips). 3D-T1WI images were acquired using the

following parameters: voxel size = 1.2 3 1.0 3 1.0 mm, TR/TE = 6.8/3.1 ms, FA = 9�, FOV = 170 mm, matrix = 256 3 256.
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University of Fukui Hospital

PET andMRI were performedwith Signa PET/MRI (GE Healthcare) for simultaneous PET andMRI acquisition. During the PET scan, a

60 sec intravenous injection of [11C]K-2 ( 355.5 ± 14.8MBq) was administered, followed by an emission scan of 60minwith 35 frames,

and a 3D radial MR acquisition for the zero-echo time (ZTE) method in the axial direction was performed for AC of PET data with the

following parameters: FOV 256 mm, 89 contiguous 2.78 mm thick slices, bandwidth ± 62.5 kHz, and acquisition time of 41 s. In the

ZTE-AC method, the following process was used to create the MR-AC map based on a previous study.62

Dynamic imageswere reconstructed with 3D-OSEM+ TOF using three iterations, 28 subsets, a 128matrix, and a 5.0mmGaussian

filter. High resolution 3D-T1WI were acquired using the following sequence: voxel size = 0.9 3 0.9 3 0.9 mm, TR/TE = 8.5/3.3 ms,

FA = 8�, FOV = 196 mm, Matrix = 256 3 256.

METHOD DETAILS

Acquisition of tissue time activity curve
For each participant, PET and T1WI images were normalized to theMNI (Montreal Neurological Institute) standard space. The PMOD

PNEURO tool version 3.709 (PMOD Technologies) was used for normalization. The volume of interest (VOI) of the white matter (WM)

that was used as the reference region was calculated using SPM 8. It was obtained by satisfying the following conditions for voxel

values: the probability of presence of WM>0.9, the 8 mm-smoothed grey matter (GM) <0.05, and the 8mm-smoothed cerebrospinal

fluid (CSF) <0.05 using SPM 8.34 Time-activity curves (TACs) were created using the VOI of these brain regions. The standardized

uptake value (SUV) for each brain region was calculated as the radioactivity concentration in the region at time t (Bq ml-1)/(injected

dose (Bq)/body weight [kg]).

Logan graphical analysis
We applied the binding potential to a reference region, non-displaceable binding potential (BPND), to quantify the receptor density of

AMPAR. BPND is defined as the ratio of the receptor density to the disassociation rate of K-2 and AMPAR compounds; therefore, it is

proportional to the density of receptor.43 We computed BPND using the Logan Graphical Analysis (LGA) method with a reference re-

gion and without the clearance rate of K-2 in the reference region, where BPND could be estimated using a linear regression.63 The

beginning of the linear regression, t*, was 20 min after the administration of K-2, and the white matter was utilized as the reference

region.34,64 All cases except one contained five data points for the regression—one case had only two points due to headmovement.

We could not derive statistically reliable estimates; therefore, we excluded this case.

PET and MRI imaging procedure
Summed images of [11C]K-2 PET–30-50 min after the radiotracer injection were obtained for all the participants. SUVR30-50 min im-

ages were obtained by dividing the value of the WM as a reference region. SUVR30-50 min images were co-registered with the T1WI

images using SPM 12. In 31 healthy controls and 21 patients with epilepsy, T1WI images were segmented into probability maps of

GM, WM, and CSF using a unified framework for tissue segmentation.65 Owing to artifacts at the bottom of the frontal lobe, multi-

spectral segmentation was performed using T1- and T2-weighted MRI in nine patients with epilepsy. The DARTEL algorithm was

then applied to the segmented GM and WM images to calculate the spatial transformation required for transforming each individual

image into a study population template.66 The transformation was then applied to individual SUVR30-50 min images with additive linear

transformation from the study population template to theMNI standard space. The spatially normalized images were then processed

with an 8 mm full width-half maximum (FWHM) Gaussian filter.

Imaging data analysis
To eliminate inter-subject variation and noise from outside the brain, an explicit mask was applied before the statistical analysis.

Mask image was composed of a region containing GM with a probability of 10% or more equipped in SPM12.

QUANTIFICATION AND STATICAL ANALYSIS

Correlation between SUVR30-50 min and EEG amplitude
The correlation between SUVR30-50 min values and the amplitudes of the gamma/theta activity in each electrode site was assessed

using multiple regression analysis for four groups (1. focal onset seizure without generalized seizure, 2. FBTCS, 3. focal onset seizure

(including focal onset seizure without generalized seizure and FBTCS), and 4. generalized onset seizure). Statistical significancewas set

at p < 0.05 (peak-level uncorrected), and the false discovery rate (FDR) was corrected at p < 0.05 (cluster-level inference) for multiple

comparisons across all in-mask voxels. Peak-level uncorrected P-value was noted in figure legend. Figure panels are composed of

consecutive six pictures in each plane (axial, coronal and sagittal) and anatomical positions of six pictures are same in all figure panels.

The correlation coefficient of the scatter plots between amplitude and SUVR30-50 min in clusters by SPManalysis was calculated. To

determine whether the samples showed normal distribution, the Shapiro-Wilk normality test was performed, and correlations were

calculated by Pearson correlation analysis for normal distribution and by Spearman correlation analysis for non-normal distribution,

respectively.
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Comparison of SUVR30-50 min values between healthy controls and patients with epilepsy
Comparison of SUVR30-50 min values between healthy controls and patients with epilepsy was performed using a two-sample t-test

for four groups (1. focal onset seizure without generalized seizure, 2. FBTCS, 3. focal onset seizure (including focal onset seizure

without generalized seizure and FBTCS), and 4. generalized onset seizure). Statistical significance was set at p < 0.05 (peak-level

uncorrected), and the false discovery rate (FDR) was corrected at p < 0.05 (cluster-level inference) for multiple comparisons across

all in-mask voxels. Peak-level uncorrected P-value was noted in figure legend. Figure panels are composed of consecutive six

pictures in each plane (axial, coronal and sagittal) and anatomical positions of six pictures are same in all figure panels.

Elucidation of physiological fraction of AMPARs in patients with focal onset seizures

To compare gamma activity amplitude-adjusted [11C]K-2 SUVR30–50 min values between patients with focal onset seizures and

healthy controls, we performed multivariable regression analysis with [11C]K-2 SUVR30–50 min as the objective variable, and the med-

ical condition (patients with focal onset seizures or healthy controls) and gamma activity amplitude as the explanatory variables.

Because the gamma activity amplitude values were not measured in healthy controls, we imputed the values as 0 in the multivariable

regression analysis, which was performed using R statistical software, version 4.2.0 (R Foundation for Statistical Computing, Vienna,

Austria).

ADDITIONAL RESOURCES

The clinical pilot study to examine the distribution of [11C]K-2 in depression, bipolar disease, schizophrenia, addiction, ASD, epilepsy

and FTD patients in order to develop the novel diagnostic method in cross-sectional way toward these diseases (registry number

UMIN00002513: https://rctportal.niph.go.jp/en/detail?trial_id=UMIN000025132)

The clinical trial to examine the densities of AMPA receptors in epilepsy patients with [11C]K-2 (registry number UMIN000031624:

https://rctportal.niph.go.jp/en/detail?trial_id=UMIN000031624)

A clinical trial to examine age-and-sex-related changes of AMPA receptor density in healthy volunteers (registry number

jRCTs031200083: https://rctportal.niph.go.jp/en/detail?trial_id=jRCTs031200083)
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