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Introduction
The magnetoencephalography (MEG) signal arises from synchro-
nous activity within neuronal assemblies, in particular the summed 
post-synaptic potentials of cortical pyramidal cells (Lopes de Silva, 
2010). By logical extension, MEG data are influenced by a complex 
interplay of neurochemical systems. Activity across the frequency 
range typically measured using MEG (0≥100 Hz) can be selectively 
modified by pharmacological agents acting on neurotransmitters 
including γ-aminobutyric acid (GABA; Hall  et al., 2010; Saxena  
et al., 2013) serotonin (Muthukumaraswamy  et al., 2013) and dopa-
mine (Moran  et al., 2011), among others. Further, this pharmaco-
MEG approach can be applied to the study of varied cognitive 
processes (Hall  et al., 2011; Linssen  et al., 2014), and a number of 
neuropsychological diseases and neuropsychiatric disorders (Bajo  
et al., 2015; Franzen  et al., 2013; Heinrichs-Graham  et al., 2014; 
Wilson  et al., 2013). Whereas GABA is the primary inhibitory neu-
rotransmitter in the human brain, glutamate is the primary excitatory 
neurotransmitter. Ionotropic glutamate receptors, particularly 
N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) subtypes, are of fundamental 
importance in neuronal signalling. Both AMPA and NMDA recep-
tors co-exist on most excitatory synapses within the central nervous 
system, but crucially possess differing kinetic properties that cou-
pled together define the time course of synaptic transmission 
(Traynelis  et al., 2010). Activation of the AMPA receptor is a rapid 
process whereby channels allowing influx of sodium ions open and 
close within 2–3 ms (Dingledine  et al., 1999). NMDA receptors, 

however, are more permeable to calcium ions and possess a slower 
rise time (~20 ms), with a several-hundred-millisecond delay in 
closing (Dingledine  et al., 1999). Voltage-dependent regulation of 
the glutamate receptors by endogenous ions not only defines the 
time course of synaptic transmission but is also thought to be key in 
synaptic plasticity (Traynelis  et al., 2010). Furthermore, dysfunction 
in glutamatergic systems is implicated in many neurological and 
neuropsychiatric disorders including schizophrenia (Goff and Coyle, 
2014; Olney and Farber, 1995), mood disorder (Sanacora  et al., 
2012) and Alzheimer’s disease (Hynd  et al., 2004).

There have been various neuroimaging studies of compounds 
acting on the GABAergic system using both functional magnetic 
resonance imaging (fMRI) (Licata  et al., 2011) and electroenceph-
alography (EEG)/MEG (Ahveninen  et al., 2007; Lozano-Soldevilla  
et al., 2014; Saxena  et al., 2013). Fewer studies have investigated 
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the glutamate system and of those, most have focused on agents 
which interact with NMDA receptor (Downey  et al., 2016; 
Korostenskaja  et al., 2007; Northoff  et al., 2005; Sanacora  et al., 
2014; Shaw  et al., 2015). But there are, to our knowledge, no neu-
roimaging studies to-date that have used a selective AMPA recep-
tor drug. Until recently, such a compound was not available for use 
in humans. Perampanel is a new anti-epileptic drug (approved 
2012) that acts as a non-competitive antagonist of the AMPA 
receptors, and so reduces the actions of glutamate at the synapse. 
The compound is highly-selective, and at therapeutic doses dis-
plays no affinity to the other ionotropic glutamate receptors 
(NMDA or kainate; Rogawski and Hanada, 2013). This drug has 
been licensed in the USA and EU since 2012 as an adjunctive med-
ication in the treatment of refractory partial-onset epileptic 
seizures.

Conducting non-clinical intervention studies with pharmaco-
MEG not only enables study of the actions of pharmacological 
agents non-invasively in humans, but also helps to develop 
understanding of the neurotransmission dynamics underlying the 
MEG signal (Muthukumaraswamy, 2014). Using a task-free par-
adigm enables us to investigate the effects of different com-
pounds across a variety of frequency bands within one recording. 
Previous animal studies suggest that both low and high frequency 
oscillations are affected by AMPA receptor activity. For example, 
an EEG study in conscious rats demonstrated dose-dependent 
increases in power across the 1–30 Hz spectrum following 
administration of two AMPA antagonists (Sebban  et al., 2002). 
At higher frequencies, Oke  et al. (2010) showed that application 
of the AMPA antagonist SYM-2206 to slice preparations taken 
from rat visual cortex almost abolished both low (~50 Hz) and 
high (~80 Hz) gamma oscillations. Furthermore, concurrent 
increases in low frequency oscillatory power (1–4 Hz and 7–13 
Hz) and decreases in high frequency power (30–60 Hz) have 
been found in a task-driven study following administration of 
AMPA antagonists to the visual cortex of monkeys in vivo 
(Herrero  et al., 2013).

Therefore, the present study aimed to investigate the actions 
of glutamate in the human brain, by utilising the interaction 
between perampanel and AMPA receptors at the synapse. Here, 
we describe the oscillatory profile of perampanel during task-free 
MEG recordings in a group of healthy volunteers. Further, we 
reconstruct source locations of drug-effects and investigate drug-
related changes to broadband functional connectivity. Based on 
previous in-vivo (Herrero  et al., 2013; Sebban  et al., 2002) and 
in-vitro work (Oke  et al., 2010), we expected to see an increase 
in power in low frequency bands, coupled with a decrease in 
power of gamma band activity.

Methods and materials

Participants

Twenty healthy volunteers (mean age 22.9 years, standard devia-
tion (SD) 3.75; mean weight 75.6 kg, SD 8.2) participated in the 
study. Inclusion criteria were that participants be males between 
18–45 years old, non-smokers, with a body mass index of 18–30 
kg/m². We restricted participation to males only due to prior 
instances of adverse events in pharmaco-MEG studies with 
female participants (Hamandi  et al., 2014) and to avoid poten-
tially confounding effects of the menstrual cycle, which is known 

to affect resting EEG (Creutzfeldt  et al., 1976; Solis-Ortiz  et al., 
1994). Exclusion criteria included personal history of neuropsy-
chiatric or neurological disorder, current recreational or prescrip-
tion drug use, ongoing health problems (including liver and 
cardiovascular function) and contraindications for MEG/mag-
netic resonance imaging (MRI). Participants were additionally 
screened for alcohol misuse with the Alcohol Use Disorders 
Identification Test (AUDIT; Saunders  et al., 1993); all partici-
pants scored below the threshold for alcohol dependence (≥16; 
mean score 7.1, SD 3.9). Participants were required to abstain 
from alcohol for 72 h prior to study sessions, and from use of 
illicit substances and ‘legal highs’ for seven days prior. All proce-
dures were approved by the UK National Research Ethics Service 
(South East Wales), and a description of task-related MEG activ-
ity from the same recording days is available elsewhere 
(Muthukumaraswamy  et al., 2016).

Design and procedure

Participants were scanned on two separate days in a single-blind, 
placebo-controlled crossover design. Study sessions were sepa-
rated by a minimum period of 14 days to allow for drug washout. 
Each session took place at approximately the same time of day, 
and session order (drug/placebo) was counterbalanced across 
participants. During each study session a ‘pre-dose’ MEG record-
ing was obtained, following which participants orally ingested a 
capsule containing either 6 mg of perampanel (Fycompa) or an 
unmarked vitamin E placebo. A further ‘post-dose’ MEG record-
ing was obtained two hours after ingestion, at which time peram-
panel is expected to have reached peak plasma level (Templeton, 
2010). As part of each MEG scan a 10-minute resting recording 
was obtained, during which time participants were instructed to 
remain relaxed but alert with their eyes open and fixated on a red 
circle presented at the centre of the screen. The fixation point was 
displayed on a Sanyo PLC-XP41 projector with a screen resolu-
tion of 1024×768 and refresh rate of 60 Hz. All recordings were 
made with participants lying supine in the scanner. Just prior to 
each MEG recording, participants completed a battery of psycho-
logical questionnaires including the Subjective High Assessment 
Scale (SHAS; Schuckit, 1980) and Biphasic Alcohol Effects 
Scale (BAES; Martin  et al., 1993) to measure subjective drug 
experience, and the State Hostility Scale (SHS; Anderson  et al., 
1995) to quantify experience of potential side effects.

MEG recordings

Whole-head MEG recordings were made using a CTF-Omega 
275 channel system, sampled at 1200 Hz and analysed in third-
order gradiometer mode. Four of the 275 channels were turned 
off due to excessive sensor noise. An additional 29 reference 
channels were recorded for noise cancellation purposes. Eye 
movements and blinks were monitored using vertical and hori-
zontal electrooculogram (EOG) recordings, and an electrocardio-
gram (ECG) was also recorded.

For source localisation, a 1 mm isotropic fast spoiled gradient 
echo (FSPGR) anatomical MRI scan was obtained, either on a 
different day to the MEG study days or available from previous 
study participation at the Cardiff University Brain Research 
Imaging Centre (CUBRIC). To achieve MEG/MRI co-registration, 
electromagnetic coils were placed at fixed distances from 
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anatomical landmarks (10 mm anterior to left and right tragus, 10 
mm superior to nasion) and localised immediately before and 
after each recording. Fiduciary locations were later manually 
marked on the anatomical MRI.

Sensor level analysis

Offline, the data were downsampled to 600 Hz. A band-pass filter 
of 1–150 Hz was applied to the continuous data in order to mini-
mise edge effects, and the data was then epoched into two-second 
segments. Each epoch was visually inspected and those contain-
ing gross muscle artifacts (e.g. jaw clenches) were removed from 
subsequent analysis. To complete pre-processing we applied 
independent component analysis to the data and rejected artifacts 
including eye movements and cardiac noise, based on topogra-
phy and waveform patterns of each component. For the following 
analysis, the frequency bands used were: delta (1–4 Hz), theta 
(4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), low gamma (30–50 
Hz) and high gamma (50–100 Hz). These bandings are consistent 
with similar previous work (Nutt  et al., 2015).

We examined the power spectra of various frequency bands in 
sensor space, using the FieldTrip toolbox (Oostenveld  et al., 
2011). The analysis pipeline is similar to that described previously 
(Nutt  et al., 2015) and uses a dose subtraction approach to probe 
drug-induced changes. The pre-processed data were first con-
verted to planar gradient formation and frequency analysis was 
conducted using Hanning-windowed fast Fourier transforms. The 
gradients over both planar directions were then combined to 
obtain a single positive-valued number under each sensor. In this 
sensor configuration, sources can be assumed to lie directly 
underneath local maxima on field maps, thus allowing the results 
of this analysis to be more easily interpretable (Bastiaansen and 
Knosche, 2000). Difference images were then created by subtract-
ing the pre-dose spectra from the post-dose spectra for each condi-
tion (drug/placebo) and participant, according to the frequency 
bands defined above. Statistical differences between the drug and 
placebo conditions were determined used Monte-Carlo permuta-
tion testing of t-statistics on these difference images (5000 permu-
tations, cluster-based multiple comparisons correction applied).

Visual inspection of the power spectra indicated that there 
may be a drug-related slowing of alpha oscillations. So, in addi-
tion to changes in oscillatory power we also chose to selectively 
examine the effects of perampanel on alpha frequency. We used 
an approach to peak frequency estimation with quality control 
that has previously been described for gamma oscillations 
(Magazzini  et al., 2016). Here, the single trial spectra were aver-
aged separately for each condition and time-point (pre-placebo, 
post-placebo, pre-drug and post-drug) and the channel with 
greatest alpha power in each case selected. Single-trial spectra in 
the peak channel were then resampled (with replacement) using 
10,000 iterations of bootstrapping, re-averaged, and peak alpha 
frequency for each participant was defined as the bootstrapped 
mode in the 8–13 Hz range. To control for data quality, we used 
the distribution of peak frequency estimations generated by the 
bootstrapping, and included data for any participant only when at 
least 50% of bootstrap iterations occurred within a frequency 
window of ±1Hz around the bootstrapped mode, for all four con-
ditions. No participants were excluded under this criterion. 
Differences in peak frequency were then analysed using a 2×2 
repeated measures analysis of variance (ANOVA), using factors 

drug (placebo and perampanel) and time (pre-dose and 
post-dose).

Source level analysis

We additionally investigated drug-related changes in source space 
power and connectivity patterns. For these analyses we used the 
preprocessed data previously described and applied a series of lin-
early constrained minimum variance (LCMV) beamformers 
implemented in Fieldtrip (Oostenveld  et al., 2011) to reconstruct 
sources on a 6 mm grid using covariance matrices derived from 
six frequency bandpass filtered versions of the datasets: 1–4 Hz, 
4–8 Hz, 8–13 Hz, 13–30 Hz, 30–50 Hz and 50–90 Hz. For each 
band, the beamformer weights were normalised using a vector 
norm (Hillebrand  et al., 2012). The band limits here are consistent 
with the sensor-space analysis previously described, and with pre-
vious work investigating resting state MEG (Brookes  et al., 2011; 
Hall  et al., 2013; Muthukumaraswamy  et al., 2013). The data 
were normalised to the Montreal Neurological Institute (MNI) 
template, and reduced to 90 nodes according to the automatic ana-
tomical labelling (AAL) atlas (Hillebrand  et al., 2012). We opted 
for a single representative in each of the 90 regions of interest 
(ROIs) by automatically selecting the virtual sensor with the 
greatest percentage change in power over the recording.

For the connectivity analysis, we used an amplitude coupling 
approach that assesses temporal interactions between the ampli-
tude envelopes of brain sources. In such an approach, stronger 
correlations between the time series of two regions is taken as 
indication of stronger functional connectivity between those 
areas. We used the 90 virtual sensor time series in an atlas-based 
approach to connectivity estimation (Hillebrand  et al., 2012). In 
order to correct for source leakage and minimise the effect of 
spurious correlations, we applied a symmetric orthogonalisation 
procedure (Colclough  et al., 2015). This two step approach first 
finds the set of orthonormal vectors that are closest to the original 
set of ROI time series. Then, the magnitude and orientation of 
these vectors is iteratively adjusted to reach a corrected solution 
that varies minimally from the original uncorrected time series. 
Ultimately, this produces a mutually orthogonal set of time series 
for the included ROIs where zero-lag correlations have been 
removed and remaining correlations are assumed to reflect true 
biological coupling (Colclough  et al., 2015). A Hilbert transform 
is computed on these orthogonalised time series and the ampli-
tude envelope extracted. The orthogonalised envelopes are 
despiked and downsampled to 1Hz. We then cross-correlate all 
90 envelopes to derive a connectivity matrix based on amplitude 
coupling across regions. Correlation coefficients within this 
matrix, for each dataset, are then transformed to a normalised 
z-scores using Fisher’s transform and an estimate of the effective 
degrees of freedom from the raw time series. These normalised 
z-scores are then suitable for taking forward for statistical analy-
ses. We sum along the rows of this z matrix to derive a measure 
of ‘connection strength’, representing in a single metric how con-
nected each region is to every other region. As in the sensor space 
analysis, we create difference scores for each participant by sub-
tracting the pre-dose connection strength measures from the post-
dose measures for both perampanel and placebo. We then conduct 
a randomisation test (10,000 permutations) on the difference 
between these vectors, with omnibus correction for multiple 
comparisons (Nichols and Holmes, 2002).
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In order to generate a candidate source distribution for drug-
related power changes, we projected raw power values through 
the previously generated beamformer weights to derive source 
power in each of the 90 AAL regions, for each participant. To test 
for statistical significance, we followed the same steps as the prior 
analysis and first subtracted the pre-dose from the post-dose 
source power values for both perampanel and placebo in each fre-
quency band. We then used randomisation testing on the differ-
ences to determine areas of significant drug-related power change.

Results

Subjective experience of drug

The behavioural measures indicate changes to subjective experi-
ence following dosage of the drug, particularly increased feelings of 
drowsiness or sedation. Descriptive statistics for all scales can be 
found in the Supplementary Material, along with group averages 
for the individual scale items on the BAES and SHAS. In the 
BAES, there was an average 13.5 point increase on the sedative 

subscale following perampanel dosage (compared to 0.6 point 
increase on placebo), with the greatest increase seen on the ‘sedated’ 
item (2.75 point increase, maximum score per item is five points). 
Similarly, in the SHAS, many items increased by an average of 10 
points or more following drug dose (maximum score per item is 
100), with the greatest increase reported in feelings of sleepiness 
and concentration (31.1 and 24.8 point average change, respec-
tively). As well as somnolence, perampanel has significant associa-
tion with adverse events of dizziness and irritability (Zaccara  et al., 
2013). Reports of dizziness on the SHAS were increased by 18.9 
points following perampanel administration in this study, but there 
was no increase on the ‘irritable’ item of the SHS.

A series of 2×2 ANOVAS revealed significant drug-time 
interactions in both the sedative scale of the BAES (Figure 1(a); 
F(1,19)=28.4, p<0.01), and the SHAS (Figure 1(c); F(1,19)=23.7, 
p<0.01). There were no significant interaction effects in the stim-
ulant scale of the BAES (Figure 1(b); F(1,19)=0.8, p=0.37), or 
the SHS (Figure 1(d); F(1,19)=2.4, p=0.14). All participants 
were able to correctly identify the session order following com-
pletion of the study.

Figure 1. Differences in mean scores on psychometric scales between ‘pre’ and ‘post’ time points for drug and placebo, (a) and (b) for the Biphasic 
Alcohol Effects Scale (BAES), (c) Subjective High Assessment Scale (SHAS) and (d) State Hostility Scale (SHS). *Indicates significant interaction 
terms (p<0.01).

http://journals.sagepub.com/doi/suppl/10.1177/0269881117736915
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Power and frequency changes in sensor space

Following artefact rejection from the original trials, there 
were comparable trial numbers left in each condition: placebo 
pre-dose=293 (SD=8.1), placebo post-dose=292 (SD=6.4), 
drug pre-dose=294 (SD=4.5), drug post-dose=293 (SD=8.9) 
indicating preserved data quality following drug 
administration. 

Drug-induced changes in power were observed in almost all fre-
quency bands. In the lower bands (δ–β) we found a significant 
increase (p<0.01) in power focused around posterior sensors. There 
were no significant changes to power in the low gamma range, but 
a significant decrease in power (p<0.01) over central parietal sen-
sors in the high gamma range. Figure 2 topographically shows the 
drug-related effects on the power spectrum in each frequency band.

The broadband effects of perampanel on oscillatory power at 
single sensor locations around the head are shown in Figure 3(a). 
Inspection of these plots indicates that in addition to increasing 
power at low frequencies and decreasing power at higher fre-
quencies, perampanel may also cause frequency slowing in the 
alpha band. Subsequent analysis of peak frequency using the 
bootstrapping with quality control method detailed above con-
firmed this, with the drug×time interaction term of a 2×2 
repeated measures ANOVA showing a relative decrease in fre-
quency following the 6 mg dose of perampanel (Figure 3(b); 
F(1,19)=5.444, p=0.03).

Power and connectivity changes in source 
space

Following source estimation, we identified a candidate source 
distribution for drug-induced power changes using the power 
values for single virtual sensors in 90 AAL regions. Significant 

increases in source power were observed in low frequencies 
(delta-alpha) following perampanel compared to placebo (Figure 4).  
In the delta band, significantly increased power was observed in 
the right precuneus and left middle temporal gyrus. For the theta 
band, there were widespread statistically significant drug-related 
power increases (right olfactory cortex, left posterior cingulate 
gyrus, right posterior cingulate gyrus, right cuneus, left inferior 
occipital cortex, right paracentral lobule, left Heschl gyrus). In 
the alpha band, drug-induced power increases were significant in 
the right precentral gyrus and right paracentral lobule. There 
were no statistically significant drug-related changes of source 
power in the beta or gamma bands. This pattern of source local-
ised power changes is somewhat consistent with power changes 
in the sensor space analysis but effects are less pronounced.

We also assessed drug-related changes to connectivity in each 
of the frequency bands. The average adjacency matrices (90×90 
regions) for each frequency band are shown in Figure 5(a). In 
both the drug and placebo conditions, the connectivity takes on 
most structure in the alpha beta ranges, with a ‘hub’ region of 
increased connectivity in occipital and parietal areas. Stronger 
colouration in the post-drug matrices indicates that amplitude 
coupling is increased across the low frequency ranges following 
perampanel dose. However, the only connectivity increases that 
survive statistical testing with multiple comparisons correction 
can be seen in the alpha and beta bands (Figure 5(b)). In both 
cases, these changes localise mainly to parietal regions. For the 
alpha band, significantly increased connectivity is observed fol-
lowing drug dose in the left superior parietal lobule (area 59, 
p=0.04). For the beta band, this increased connectivity is observed 
in the left postcentral gyrus (area 57, p<0.01), right inferior pari-
etal gyrus (area 62, p<0.01) and left caudate (area 71, p=0.04). 
The regions that are most strongly coupled to these significant 
areas are shown in Figure 5(c).

Figure 2. Contrast performed on drug-placebo difference spectra, in the frequency bands: δ, θ, α, β, low γ, high γ. Red indicates a relative increase 
in power following drug and blue indicates relative decrease. Units are t statistics and * indicates significant sensor clusters (p<0.01, corrected for 
multiple comparisons).
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In order to ensure that drug-related changes to power could 
not account for drug-related changes to connectivity, we corre-
lated mean drug-effects on source power with mean drug-effects 
on connection strength. For each participant, we subtracted pre-
dose from post-dose values of source power and connection 
strength. We then subtracted the placebo dose-difference values 
from perampanel dose-difference values and averaged across 
participants to derive a single value of drug-related power and 
connectivity in each AAL region. These mean drug-effects for 
each frequency band are plot in Figure 6. There were no signifi-
cant correlations between mean effects in source power and con-
nection strength for any frequency band: delta (r=−0.06, p=0.5), 
theta (r=0.19, p=0.07), alpha (r=0.18, p=0.08), beta (r=0.17, 
p=0.1), low gamma (r=0.03, p=0.7) or high gamma (r=0.11, 
p=0.3).

In order to relate neural measures with measures of subjective 
wellbeing, we correlated the average power and connection 
strength for each participant at the post-perampanel time point 
with individual scores on the SHAS. There were no significant 
correlations between either measure in any frequency band. 

Power: Delta (r=0.09, p=0.7), theta (r=−0.05, p=0.8), alpha 
(r=−0.13, p=0.5), beta (r=−0.18, p=0.4), low gamma (r=−0.16, 
p=0.4), high gamma (r=−0.13, p=0.5). Connection strength: 
Delta (r=0.07, p=0.7), theta (r=0.18, p=0.4), alpha (r=−0.04, 
p=0.8), beta (r=−0.04, p=0.8), low gamma (r=−0.16, p=0.4), 
high gamma (r=−0.13, p=0.5).

Discussion
We report here for the first time the impact of the AMPA antago-
nist perampanel on signal power across 1–100 Hz in resting-state 
EEG/MEG recordings in humans. We predicted that dosage of 
perampanel would increase MEG power in low frequency bands 
and decrease power in higher bands, and this hypothesis was sup-
ported. Following perampanel administration, we saw an increase 
in posterior power in lower frequency bands, but decreased 
power in the high gamma range over parietal sensors. Further, we 
also investigated the effect of perampanel on functional connec-
tivity in source space. We found selective increases in functional 

Figure 3. (a) Power-frequency plots for post-dose conditions at single sensors in the occipital, temporal, parietal and frontal regions. Frequency 
is plotted on the x-axis and power on the y-axis. Sensor locations are shown in the bottom-left schematic. Shaded bars are standard errors. Inset 
plots show 50–100 Hz on a log-scale. (b) Changes to peak frequency in the alpha (8–13 Hz) band, for pre-dose and post-dose drug and placebo 
conditions. Bars show standard error. *Indicates significant interaction. PMP: perampanel; PLA: placebo.
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connectivity following drug dose. Analysis of psychometric 
scales confirmed increased subjective ratings of intoxication fol-
lowing the dose of perampanel compared to placebo.

Participants reported feeling more intoxicated following per-
ampanel dose compared to placebo, and on completion of the 
study all were able to correctly guess their session participation 
order. The significant effect of perampanel on the SHAS is con-
sistent with these subjective reports, and findings of significant 
drug effects in the sedative but not stimulant scale of the BAES 
is consistent with the drug’s mechanism of action. In some cases 
perampanel can have psychiatric side effects including increased 
aggression and hostility (FDA, 2012). However, the results of the 
SHS suggest that there were no such side effects in the present 
study, likely due to only a single administration of the drug. 
Although the experiment was run under single-blind conditions 
the subjective effects participants’ experienced effectively 
unblinded them from the intervention. This is a common issue in 
many psychopharmacology experiments. That said, given the 
basic physiological measures reported here (as opposed to clini-
cal responses), and the similar data quality between conditions, 
we would argue that the effective unblinding is unlikely to have 
affected our central results.

Figure 4. Areas of significant drug-induced power increase (delta-
alpha frequencies). Source localised power was compared at a single 
virtual sensor for each of the 90 automatic anatomical labeling (AAL) 
regions studied using randomisation testing, and only those regions 
that show significant (p<0.05) drug induced-changes following 
correction for multiple comparisons are displayed here.

Figure 5. (a) Post-dose connectivity matrices for each of the frequency bands studied. Each point in the plot indicates the correlation of one 
automatic anatomical labeling (AAL) region with another (90×90). (b) For alpha (8–13 Hz; top) and beta (13–30 Hz; bottom), difference scores 
(post dose - pre dose) for z-corrected mean connection strength for all AAL regions. (c) Connectivity plots for AAL regions that exhibit significant 
drug-induced changes in connection strength, in the alpha band (left superior parietal lobule) and beta band (left postcentral gyrus, right inferior 
parietal gyrus and left caudate). Grey circles indicate AAL nodes. Increased coupling between nodes is plot on red-yellow scale and stronger 
connections have greater line thickness. PMP: perampanel; PLA: placebo.
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To the best of our knowledge this is the first human neuroim-
aging study of the effects of a selective AMPA compound and as 
such the results cannot be compared to previous human studies. 
However, our results are consistent with previous animal work 
showing suppression or near elimination of gamma oscillations 
and increase in low frequency oscillations following administra-
tion of AMPA antagonists (Herrero  et al., 2013; Oke  et al., 2010; 
Sebban  et al., 2002). The reduction in gamma oscillations found 
in the sensor space analysis did not carry over into the source 
localised power effects, perhaps due to the low SNR of gamma 
frequency oscillations and additional processing required to 
move to source space. Nevertheless, the source localised power 
measures also show drug-related increases in low frequencies, 
consistent with animal work (Sebban  et al., 2002).

It becomes more difficult to compare the connectivity analy-
ses to previous literature. It is worthwhile to note that the regions 
showing increases in connectivity following perampanel dose are 
distinguishable from those which showed a straightforward 
power increase in the sensor analysis. Generally speaking, we 
found that connectivity was higher in parietal regions in all con-
ditions. This is reflective of previously documented fMRI con-
nectivity hubs in parietal regions, including the inferior parietal 
cortex and postcentral gyrus (Buckner  et al., 2009; Tomasi and 
Volkow, 2011). There is some evidence that focal epilepsies are 
associated with reductions in connectivity in various networks, 
including those recruiting parietal regions (e.g. sensorimotor net-
works; Liao  et al., 2010; Luo  et al., 2012). So, the increase in 

connectivity following perampanel dose may relate to the seizure 
controlling mechanism of the drug.

We found no relationship between a subjective measure of 
wellbeing (SHAS) and MEG results, perhaps indicating that gen-
eral feelings of sedation cannot account for drug-related changes 
to the MEG signal. However, subjective measures are problem-
atic in that each participant has their own internal ‘yardstick’ 
which could make it difficult to tease out brain-psychometric 
relationships. Given that the glutamatergic system plays a key 
role in synaptic plasticity (McEntee and Crook, 1993) it is plau-
sible to assume that manipulation of AMPA-R may affect learn-
ing and memory processes, though the precise role of this 
receptor in learning is still unclear (Riedel  et al., 2003). Specific 
study of behaviours and cognitions related to altered glutamate 
levels were beyond the scope of the present work, so additional 
research is needed to disentangle these processes further.

Interestingly, NMDA antagonists (e.g. ketamine) seem to 
exhibit almost the opposite pattern of effects from the present 
study. Compounds of this type increase fast- and decrease slow 
background rhythms in both in-vivo mouse recordings 
(Lazarewicz  et al., 2009) and human EEG (Hong  et al., 2009). 
Furthermore, AMPA and NMDA signalling pathways have been 
shown to have differential effects on fMRI signals in rodents 
(Gsell  et al., 2006). This suggests that it is too simplistic to con-
sider generic glutamate effects on oscillatory activity, but rather 
the separation of specific receptors is critical to understanding the 
generation of EEG/MEG signals.

Figure 6. Scatter plots of the mean effects of drug administration connection strength and power in each frequency band (perampanel – placebo). 
Each point plotted represents the drug-induced change to power and connectivity for one automatic anatomical labeling (AAL) region, averaged across 
participants. Correlations between the mean effects were not statistically significant in any frequency band. Units are arbitrary due to the beamformer 
weights normalisation process that is needed to correct for biases introduced by non-uniform sensor-noise projection (Hillebrand  et al., 2012).
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The similarities of the perampanel spectra to those of tiagabine 
reported by Nutt  et al. (2015) is notable. Both drugs increase slow 
wave activity and decrease faster rhythms, thus shifting the brain 
to a less excitable state, but have marked differences in their 
mechanism of action. Whereas perampanel decreases the actions 
of glutamate at the synapse via allosteric blockade of AMPA 
receptors, tiagabine is a GABAergic drug that is thought to poten-
tiate GABAergic inhibition by blocking reuptake (Meldrum, 
1996). Both drugs are most commonly used as an adjunctive treat-
ment for refractory partial seizures in epilepsy, so the similarities 
in spectral power changes may reflect the seizure-controlling 
mechanisms of both compounds. However, there are also differ-
ences apparent between the profiles of the two drugs, with effects 
of tiagabine being more spatially diffuse in the delta and theta 
bands and more frontally focused in alpha and beta bands, com-
pared to the overall posterior pattern observed with perampanel.

We chose to complete the second MEG recording two hours 
after dosage, as a single dose <8 mg is expected to have reached 
maximum blood plasma level by this time (Templeton, 2010), but 
with a range from 30 min to 2 h, it is possible that we missed the 
peak for some participants. This being said, the combined effects 
of fast absorption rate and long terminal half-life of perampanel 
suggests that we would be unlikely to be more than 50 ng/mL 
from peak concentration for any given participant. Measuring 
plasma concentrations following dosage with the drug might have 
ensured the post-dose time points were collected at the optimum 
time. Additionally, collecting multiple post dose time points as 
has been done previously (Nutt  et al., 2015) would give a more 
comprehensive picture of the full effects of the pharmokinetic 
profile on oscillatory activity, though the terminal half life range 
from 53–123 h means that collecting data over the full range 
would be difficult in practical terms. Furthermore, it would be 
interesting to study the oscillatory effects of perampanel at sus-
tained doses, for example in epilepsy patients prior to commence-
ment of perampanel and again at steady-state dose. However such 
studies in patient populations present practical difficulties through 
disease heterogeneity and variable concomitant medications.

In conclusion, the results reported here demonstrate that per-
ampanel has widespread effects on MEG spectral power and 
functional connectivity at rest. This may be of interest when con-
sidering the seizure-controlling mechanism of the drug, particu-
larly in view of the similarity with the tiagabine profile. 
Furthermore, the results taken with previous work on NMDA 
receptor antagonists highlight the sensitivity of MEG to specific 
receptor level changes within the glutamatergic system. Taken 
together, the findings indicate that MEG may be useful in deter-
mining the specific cortical effects of new and established drugs, 
and relating these to clinical or behavioural outcomes.
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