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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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