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Abstract

Familial adult myoclonus epilepsy (FAME) management relies on antisei-
zure medications (ASMs), which inadequately address myoclonus and cortical
tremor. This study evaluates Perampanel (PER), an AMPA-receptor antago-
nist, for treating FAME symptoms. Fifteen FAME2 patients participated in an
observational prospective study. They received up to 6 mg daily of PER and
underwent Unified-Myoclonus-Rating-Scale (UMRS) before and after treat-
ment. Neurophysiological evaluations, including somatosensory evoked po-
tentials (SEPs) and transcranial magnetic stimulation (TMS), assessed PER's
impact on cortical glutamatergic excitatory and GABAergic inhibitory circuits.
PER treatment significantly reduced UMRS total scores (p =0.001) and action-
myoclonus subscores (p =0.002), irrespective of disease duration, age at onset,
or testing time (p >0.05). Patients with more severe baseline myoclonus dem-
onstrated significant improvements. Neurophysiological assessments revealed
a PER-induced decrease in sensorimotor hyperexcitability, characterized by di-
minished N33 amplitudes, attenuated glutamatergic facilitation, and enhanced
GABAergic inhibition in the motor cortex. In conclusion, low-dose PER is well
tolerated and effective in alleviating myoclonus in FAME?2 patients, supported
by its modulatory effects on glutamatergic and GABAergic neuronal circuits.
Plain Language Summary: This study investigated the effects of low-dose perampanel
in individuals with Familial Adult Myoclonus Epilepsy2 (FAME2), a hereditary condi-
tion characterized by epilepsy and tremors. Perampanel, an antiepileptic drug, blocks
AMPA receptors in the brain, reducing excessive neural activity that causes seizures and
abnormal movements. The results showed significant symptom improvement, which cor-

related with changes in brain activity as measured by neurophysiological tests. This study
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FAME2 symptoms.
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1 | INTRODUCTION

Familial Adult Myoclonus Epilepsy (FAME) is an autoso-
mal dominant condition presenting with cortical tremor,
myoclonus and epilepsy.! The association between corti-
cal tremor, myoclonus and epilepsy was first recognized
in Japanese families and named BAFME (Benign Adult
Familial myoclonic epilepsy). This condition is now in-
creasingly reported worldwide, and although it is de-
scribed using different acronyms is mostly referred to by
the acronyms FAME/BAFME.

The treatment is based on Antiseizure Medications
(ASMs)* that combine antiseizure and antimyoclonic
properties. Valproate, levetiracetam, and benzodiazepines
are the first-line treatments that completely control sei-
zures while having a limited effect on myoclonus and cor-
tical tremor.>*

Importantly, sodium-channel-blockers and gabapen-
tin can potentially lead to severe reactions.>® Perampanel
(PER) is a selective noncompetitive AMPA-antagonist
that demonstrated anti-myoclonic efficacy in different
epilepsies.”® Lately, our group demonstrated an imbal-
ance between excessive motor cortex facilitation and re-
duced cortical inhibition in FAME2 patients. Exaggerated
motor facilitation was indexed by reduced motor thresh-
olds and increased short-interval-intracortical-facilitation
(SICF), both paradigms partly underpinned by glutama-
tergic NMDA-type and AMPA-type receptors’ while im-
paired cortical inhibition was indexed by the reduction
of short-interval-intra-cortical-inhibition (SICI), long-
interval-intra-cortical-inhibition (LICI) and short-latency
afferent inhibition (SAI) together with a shortening of
the cortical silent period, all these protocols underpinned
by GABAergic networks.” These experimental findings
provide a rationale for treatment targeting glutamatergic
receptors. Thus, PER could represent an ideal there in
FAME.

We conducted a real-world study aiming at evaluating
the effectiveness of PER in a cohort of FAME2 patients
from Italian descendants by means of clinical and electro-
physiological assessment.

suggests that perampanel helps regulate abnormal brain signals and may help managing

myoclonus, Perampanel, somatosensory evoked potentials, transcranial magnetic stimulation

Key points

« Low-dose Perampanel (PER) effectively re-
duces myoclonus and tremor in FAME2
patients.

« PER modulates glutamatergic and GABAergic
circuits, as shown by SEPs and TMS.

« Significant reduction in myoclonus scores, in-
dependent of disease duration or onset age.

« Low-dose PER is well-tolerated, providing a
new therapeutic option for FAME2.

« PER decreases sensorimotor hyperexcitabil-
ity, enhancing inhibitory control in the motor
cortex.

2 | METHODS

This is a prospective, observational, single-center cohort
analysis. Fifteen genetically confirmed expanded STARD7
patients (9 men; 6 women), ranging in age from 15 to
70years (mean: 49.5years) were recruited. The molecular
characterization was performed according to the methods
previously described by Corbett et al.'®!! Clinical data are
presented in Table S1.

To evaluate the severity of myoclonus, we employed
prior to and following the addition of PER the Unified-
Myoclonus-Rating-Scale (UMRS), a statistically validated
clinical instrument.'* We utilized the UMRS total score as
an indicator of overall myoclonus severity, and section 4
sub-score to measure action myoclonus.

COVID-19-related restrictions impacted hospital visit
schedules, leading to delays in completing the study vis-
its. Consequently, some participants who began PER
treatment per the protocol could not attend in-person
visits at the specified intervals of 3 and 6 months. Their
treatment continued until these visits were feasible. As a
result, the post-PER follow-up analysis was conducted at
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two time points: POST-1 (3.6 +1.32months) and POST-2
(9.38 £1.03 months).

3 | ELECTROPHYSIOLOGICAL
EVALUATION

Electrophysiological assessment was performed in eight
patients at baseline and at POST-1. The electrophysiologi-
cal battery consisted of C-reflex, somatosensory evoked
potentials (SEPs) and TMS protocols to assess PER's im-
pact on cortical excitatory and inhibitory circuits.>"?
Neurophysiological protocols are described in supplemen-
tary files.

4 | TREATMENT DESIGN

PER was integrated into the existing treatment regimen.
Initially, PER was administered at 2mg once/day for
1week and increased to 4mg/day and maintained until
the first follow-up. Subsequent adjustments were made
according to clinical assessments. If intolerable side effects
occurred, PER administration was ceased. The dosages of
concomitant ASMs were kept unchanged throughout the
study.

5 | STATISTICAL ANALYSIS

Data were analyzed using SPSS v. 29.0 (SPSS Inc.) and
GraphPad Prismv.8.4.2 for Windows. Normal distribu-
tion was verified using the Shapiro Wilk test. Repeated-
measure ANOVA was applied to assess any difference
of UMRS total scores and UMRS subscore (section 4)
over time, setting TIME (baseline vs. POST1 vs. POST2)
as within-subject factor. If a significant main effect was
obtained in the ANOVA model, group differences were
examined with post hoc tests (Bonferroni correction for
multiple comparisons). Different paired t-tests were ap-
plied to assess differences before and after PER for neu-
rophysiological measures (i.e., SEP amplitudes, motor
thresholds, grand mean SICI, intracortical facilitation-
ICF, SAI, LICI, SICF). Correlations between clinical
variables (disease duration, age at onset and age at test-
ing, number of ASMs at baseline, UMRS total score and
subscore at baseline) and the clinical improvement at
both UMRS scales (delta score indexed by the difference
between baseline scores and follow-ups scores) were
evaluated using Pearson's correlation coefficient. Effects
were considered significant if P <0.05. All data are pre-
sented as mean + SD (standard deviation) if not stated
otherwise.
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6 | RESULTS

6.1 | Clinical evaluation

Of the 15 patients enrolled in the trial, 13 completed POST-
1, and eight completed POST-2. None of the patients dis-
continued PER. At POST-1, all participants were on PER
4mg/day. At POST-2, three patients maintained 4 mg/day;
five increased to 6 mg/day (average dose: 5.25mg/day).

In all patients, add-on PER was associated with clinical
improvement of myoclonus with a reduction of UMRS total
score both at POST-1 and at POST-2 (Figure S1 and S2).
This clinical improvement was also confirmed by repeated-
measure ANOVA with a significant effect of TIME for the
total score (F [2, 10]=13.2, p=0.001) and for the action
myoclonus subscore (F [2, 10] =11.9, p=0.002). Post-hoc
analysis revealed that the UMRS total score and action
myoclonus subscore were significantly reduced at POST1
(p=0.008, p=0.031) and POST2 (p=0.006, p=0.006), see
Figure 1A,B. The clinical improvement is also highlighted
by Video S1 and spiral drawings (Figure 2).

The effect of PER was not related to disease duration
as highlighted by the lack of significant correlations be-
tween disease duration and delta score of UMRS total and
action myoclonus subscore at POST-1 (¥=0.109, p=0.722;
r=0.261, p=0.390) and POST-2 (r=-0.424, p=0.295;
r=0.308, p=0.458). Same results were obtained for the
correlations between delta scores and age at onset (all
p>0.07) and age at testing (all p>0.2). In contrast, we
found that patients with a more severe disease at baseline
showed the greatest improvement at both follow-ups, in-
dexed by the significant positive correlation between the
UMRS total score at baseline and the delta score at POST-1
(r=0.952, p<0.001) and POST-2 (r=0.746, p=0.034),
and between action myoclonus subscore and delta score
at POST-1 (r=0.886, p<0.001) and POST-2 (r=0.882,
p=0.004). Similarly, patients taking more ASMs at base-
line had the greatest clinical improvement at follow-ups,
although significant only for UMRS total delta score at
POST-1 (r=0.651, p=0.016).

None of the patients reported seizures during the study.
PER was well tolerated. One patient (NA10) reported ag-
gressiveness and dysphoria at 4mg/day, which resolved
splitting the dose in two daily administrations.

6.2 | Electrophysiological study
At POST-1, the C-reflex disappeared in one patient, re-
maining stable in the others (Table S1).

Regarding SEP amplitude, we found a significant re-
duction of the N33 (p=0.028) but not for P25 (p=0.124)
and N20 (p=0.372) components (see Figure 1C). No
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FIGURE 1 The UMRS total score (A) and the action myoclonus subscore (B) were significantly reduced following PER (PER) treatment
at both follow-up assessments: POST1 (total score: p=0.008; subscore: p=0.031) and POST?2 (total score: p =0.006; subscore: p=0.006).

(C) Somatosensory evoked potentials showed a significant reduction in the amplitude of the N33 component (p =0.028), with no significant
changes in the P25 (p=0.124) or N20 (p=0.372) components. (D) The administration of PER induced a significant decrease in motor cortex
facilitation, as indicated by increased motor thresholds (RMT: p=0.013; AMT: p=0.019; MEP1mV: p <0.001), and (E) the reduction in SICF
(p=0.048), along with (F) a significant increase in motor cortex inhibition, as evidenced by reductions in SICI (p =0.001) and SAI (p =0.022)
protocols. No significant effects were found for the ICF (E) and LICI (F) paradigms. *Statistical significance set at p<0.05.

significant difference was observed for N20, P25 and N33 evoked potentials-MEP1mV: p<0.001), and the reduc-
latency after treatment (all p>0.174) (Table S1). tion of SICF (p=0.048), along with a significant increase

Interestingly, the administration of PER induced a  of motor cortex inhibition, evaluated by the reduction of
significant reduction of motor cortex facilitation, in- SICI (p=0.001) and SAI (p=0.022) protocols. No signif-
dexed by the increase of resting (RMT) and action (AMT) icant effects were observed for ICF (p=0.463) and LICI
motor thresholds (RMT: p=0.013; AMT: p=0.019; motor  (p=0.335) protocols. See Figure 1D-F.
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FIGURE 2 (A) Spiral Archimedes
drawing executed at baseline and (B) at
POST-1. Right-hand drawing is on the
right and left-hand drawing is on the left.
Note that subject NA10 could not initiate
the task for the right hand at baseline.
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7 |

Myoclonus and cortical tremor occur in FAME as chronic
symptoms doomed to get worsen over the years.'* Chronic
myoclonus, which impinges on all aspects of the patient's
life, can be the main cause of disability.

We report the largest real-world study evaluating the
effectiveness of PER in a FAME2 cohort.

PER at the maximum dose of 6 mg/day resulted in a
significant improvement of myoclonus over time. Total
and action myoclonus UMRS scores were significantly
reduced at both follow-ups. Two patients did not show a
sustained effect at second follow-up suggesting that indi-
vidual variability in response to treatment might reflect
differences in disease progression or tolerance to the drug.
The effect of PER was not related to disease duration, age
at onset of cortical tremor and age at evaluation suggest-
ing that PER is effective at any stage of the condition. In
addition, those patients with more severe myoclonus at
baseline showed the greatest improvement at both follow-
ups, reassuring that PER is effective even for the more
disabling myoclonus. The clinical improvement was also
supported by a reduction of the N33 component of the
SEP, thus confirming the findings by Oi et al."®

We previously demonstrated that FAME2 patients
have significantly larger N33 compared with healthy con-
trols and juvenile myoclonic epilepsy patients, suggesting
that PER normalizes this electrophysiological marker of
FAME2. While the present study demonstrated that SEP
amplitude decreased following PER administration, there
was no significant change in SEP latency. This result con-
trasts with previous studies'® reporting a prolongation of
SEP latency as an effect of PER, consistent with its known
action on AMPA receptors. Differences in patient popu-
lations, the specific methodology used for SEP measure-
ment, or variability in the dosage and duration of PER
treatment may contribute to these divergent findings. We
also hypothesized that the enhanced efficacy in these pa-
tients could be related to the drug's action on AMPA re-
ceptors, which play a key role in modulating excitatory
neurotransmission in the brain. In cases of more severe
myoclonus, where cortical excitability is likely to be higher,
PER's inhibitory effect on these receptors may be more
pronounced, leading to greater clinical improvement.

Noteworthy, the PER effect was associated with a sig-
nificant reduction of motor cortex facilitation, indexed by
motor thresholds and the reduction of SICF. These results
were accompanied by a significant increase of motor cor-
tex inhibition (reduction of SICI) and sensory motor cor-
tex interaction (reduction of SAI).’

We showed that PER positively affects the motor cortex
excitability in FAME2 by improving the excitatory/inhibi-
tory imbalance. Interestingly, previous studies in healthy

controls'’” and patients with amyotrophic lateral sclerosis'®
showed that PER was able to increase motor thresholds in
both cohorts, suggesting its effect on glutamatergic neu-
rotransmission through antagonism of AMPA receptors.
This result is also corroborated by the significant reduction
in SICF protocol, that is underpinned by glutamatergic”"’
and GABAergic circuits.”” In addition to reducing hyper-
facilitation, PER also boosted motor cortex inhibition by se-
lectively enhancing GABA-A-mediated protocols (i.e., SICI
and SAI) but not GABA-B protocols (i.e., LICI). Preclinical
studies in animal models have suggested that PER might in-
crease GABA-Aergic tone through AMPA receptor antago-
nism and thereby mediate anxiolytic activity in mice.*"

Likewise, the antiseizure activity of PER was recently
demonstrated in a patient with myoclonic epilepsy related
to a mutation in the alphal subunit of the GABA-A recep-
tor (GABRA1), through increasing inhibitory GABA in-
puts into neurons and thus reducing the excitability.”* The
results of the electrophysiological study coincide with the
mean clinical improvement in our patients as evaluated
by the UMRS. In most patients, however, giant SEPs did
not necessarily become smaller even when the drug was
associated with significant improvement of myoclonus.

This suggests that PER's antimyoclonic effect is not
necessarily mediated through the mechanisms by which
SEPs are enhanced. On the contrary, PER may exert its ef-
fect by reducing the exaggerated cortical facilitation and
boosting cortical inhibition through NMDA-type and or
AMPA-type glutamate transmission in FAME patients."’

PER was well-tolerated across our cohort. We acknowl-
edge the lack of follow up at 6 months for certain individuals.
Beyond the COVID-19 restrictions which rendered difficult
the hospital visits this may be partly due to unreported side
effects. PER blood concentration were not evaluated in this
study. Although PER concentration has a linear regression
relationship with PER dose, the lack of correlation data
between PER blood concentrations and clinical outcomes
might be a limitation of the present study. Furthermore,
given the uncontrolled nature and short duration of this
trial, these findings on PER’s efficacy are preliminary and
should be interpreted with caution. The limited follow-up
period also precludes any assessment of the treatment's
long-term stability. Future studies should address these as-
pects to provide a more comprehensive understanding of
the drug's long-term efficacy and pharmacokinetics.

In addition, while the UMRS is a valuable tool for as-
sessing action myoclonus, it does not specifically quantify
cortical tremor. This limitation highlights the need for
more precise measurement tools to evaluate the specific
impact of PER on cortical tremor, which may be underrep-
resented in the current analysis. Yet, the enduring impact
of this treatment warrants further exploration in more ex-
tensive, long-term controlled trials.
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