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EXCITABILITY OF THE CORTEX, PERIPHERAL
NERVES, AND SKELETAL MUSCLES

The human cortex, peripheral nerves and skeletal muscles are excitable
tissues. Excitability is defined as the characteristic of certain cells to
react to stimuli through fluctuations in membrane potential 3° thereby
allowing our cell membranes to carry electrical signals throughout the
body.! These electrical signals facilitate the transmission of impulses and
are therefore critical to the function of neuronal and muscular tissues.
Membrane potential changes are caused by fluctuations in permeability
to sodium-, potassium-, calcium- and chloride-ions.! Ion channels are
responsible for those changes in membrane permeability and the function
of electrically excitable cells therefore largely relies on those channels.
Voltage-gated ion channels open and close due to changes in membrane
potential, neurotransmitter-gated ion channels function in response
to neurotransmitters.? A wide range of neurological, (neuro-)muscular,
and psychiatric diseases is related to abnormalities in excitability. For
example, abnormalities in cortical excitability are found in epilepsy;3
abnormalities in cortical*~® and nerve excitability?~'* in amyotrophic
lateral sclerosis (ALs); and abnormalities in skeletal muscle excitability
in myotonia congenita.'* Potential treatments for disorders related to
excitability of neurons and muscle cells lie in the modulation of these
voltage-gated and neurotransmitter-gated ion channels, which makes
these proteins highly interesting as pharmacological targets.?

For development of novel drugs targeting excitability, it is critical
to have biomarkers for pharmacodynamic effects in the early phase of
drug development. Conventional clinical drug development relies on
four different phases, starting with testing of safety and tolerability in
healthy human subjects. For novel compounds with pioneering biological
or therapeutic mechanisms, this linear approach may be unsuitable.
Although assessment of safety is crucial, a pharmacological approach to
early phase drug development can greatly improve the developmental
process.’s A drug can be confirmed safe and tolerable in a small group of
healthy subjects, but the administered dose range may not be pharmaco-
logically active, leading to negative therapeutic findings in patient studies.
Alternatively, when a drug is dosed above the therapeutic window, the
early studies may show serious safety concerns, leading to discontinuation
of further development, although the pharmacological mechanism may
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have been of great therapeutic value. Solely testing safety and tolerability
in early phase studies, without evaluation of pharmacological action of
the drug, may therefore lead to risks for study participants and increased
developmental costs.'¢ Valid biomarkers of pharmacodynamic effects
could help determine the likely pharmacologically active dose range.
Firstly, such a measure could help translation from preclinical studies to
the first administration in humans. Pharmacokinetic-pharmacodynamic
modelling then could assist in the prediction of (minimally) pharma-
cologically active dose between species. Secondly, a pharmacodynamic
biomarker could show target engagement in healthy subjects, and there-
by provide proof-of-pharmacology, in studies with novel biological
mechanisms. Early detection of pharmacological effects could reduce
uncertainty and could thereby improve the safety of study participants
and add financial value. If such a biomarker responds in a dose-dependent
manner, it could also guide dose-escalation studies in healthy subjects
alongside safety measures. Lastly, a biomarker for pharmacodynamic ef-
fects may assist adequate dose-finding in the translation to patient studies.

Clinical drug research focused on the field of neuronal and skeletal
muscle excitability currently lacks reliable (translational) biomarkers for
pharmacological target engagement and would therefore benefit greatly
from development of these tools. This thesis describes the validation and
implementation of three existing clinical measurements of excitability
for use in clinical drug development: transcranial magnetic stimulation
(T™MS) combined with electromyography (EMG) and electroencephalog-
raphy (EEG) for the evaluation of cortical excitability; nerve excitability
threshold tracking (NETT) to determine peripheral nerve excitability;
and muscle velocity recovery cycles (MVRC) to explore skeletal muscle
membrane excitability.

CORTICAL EXCITABILITY

TMS is a non-invasive brain stimulation technique (Figure 1). Strong
electrical currents in the TMS coil generate a magnetic pulse, which
can generate a cortical action potential by activation of voltage-gated
sodium channels.” When directed at the motor cortex, this action po-
tential can lead to muscle activation in a target muscle. To quantify this
response, TMS-EMG can be used to measure a motor-evoked potential
(MEP), as a measure of cortico-spinal excitability.’® The MEP is quantified
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by measuring the peak-to-peak amplitude of the muscle action potential.
Moreover, long- and short intracortical inhibition (LicI and sicI) can
be evaluated by measuring the MEP amplitude after paired T™MS pulses
at different interstimulus intervals (Is1). Alternatively, TMS-EEG can be
used to assess the direct brain response as a TMs-evoked potential (TEp).”?
These responses are quantified using amplitudes of positive (p) and
negative (N) deflections in the TEP, at set timepoints after stimulation.
N15, P30, N45, P55, N100 and P18o therefore reflect positive and negative
amplitudes 15, 30, 45, 55 100 and 180 ms after the test pulse.

FIGURET Transcranial magnetic stimulation (TMs) combined with electro-encephalography to
explore the cortical response using a TMs-evoked potential (TEP) (upper graph). TMs combined
with electromyography to evaluate the motor-evoked potential (MEP) and short- and long
intracortical inhibition (sic1/ricr) at the abductor digiti minimi (lower graph). Created
with Biorender.com.

TEP
P180
P30
P55
N45
N15
N100
MEP
SICI/LICI

A multitude of studies has been performed evaluating pharmacological
effects on cortico-spinal excitability using TMS-EMG.7 Drug targets
investigated using TMS-EMG include (but are not limited to) sodium
channel blockers, potassium channel modulators, and y-aminobutyric
acid-A (GABA,) and GABA agonists.20 These studies show that TMS-EMG is
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sensitive to pharmacological effects of drug targeting cortical excitability.
Studies to investigate pharmacodynamic effects on TMS-EEG are more
limited, and the knowledge of the neurophysiology behind the TEP is yet
largely unclear. Pharmacological challenges using registered drugs, such
as benzodiazepines and levetiracetam/brivaracetam, help to identify the
meaning of the different TEP components.?! To our knowledge, studies
using TMS-EMG/EEG as biomarker in early phase drug development with
novel compounds are scarce. However, effects of a novel potassium chan-
nel opener 22 and a a5-GABA, receptor antagonist 23 were investigated
in the early development phase using TMS-EMG/EEG, and these studies
support the use of this biomarker for this purpose.

The first study that we performed using T™s, contributes to the grow-
ing body of evidence by repeating results from previous TMS-EMG/EEG
studies on pharmacodynamic effects of levetiracetam and lorazepam,
and adds to existing literature as the first study to evaluate effects of
valproic acid on TMS-EEG. Moreover, we evaluated the variability of the
measure and feasibility for use in studies to investigate novel drug
molecules. The second study applies the technique in early-phase drug
development, by exploring effects of a novel a-amino3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) glutamate receptor positive
allosteric modulator on TMs-EEG. The latter study also included T™MS-
EMG, of which the results are published separately.2* This study demon-
strates that TMS-EMG may also be used as translational biomarker of
pharmacological effects in animals to humans.

PERIPHERAL NERVE EXCITABILITY

NETT provides information on axonal membrane excitability and ion
channel properties at the site of stimulation (Figure 2).2 In our study,
the median nerve was stimulated using electrical currents at the wrist.
For evaluation of motor nerve excitability, compound muscle action
potentials (cMAP) were recorded in the abductor pollicis brevis; for
sensory nerve excitability, sensory nerve action potentials (SNAP) were
measured at digit two or three. The technique uses a ‘threshold tracking’
stimulation paradigm, which means that the stimulus intensity is adjusted
based on a set threshold.?s Threshold is defined as 40% of the maximum
CcMAP. Using four different stimulation protocols, the method explores
different properties of the axonal membrane potential.26
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FIGURE 2 Nerve excitability threshold tracking (NETT) uses electrical stimulation of the
median nerve (red electrodes) to measure the amplitude of the compound muscle action
potentials (cMAP) at the abductor pollicis brevis; and peak-to-peak amplitude of the sensory
nerve action potentials (SNAP) at digit three (upper graph). A stimulation paradigm is used
to evaluate different excitability properties (lower graph shows NETT recording). Created
with Biorender.com.

CMAP/SNAP

In contrast to the extensive literature describing drug effects on TMS-EMG,
only a handful of studies describe pharmacological effects on NETT in
humans. Previous studies describe the effects of sodium channel blockers,
namely tetrodotoxin due to accidental puffer fish intoxication;?” effects
of aregional nerve block by lidocaine;?® and effects of mexiletine in pa-
tients with chronic pain? and Machado-Joseph disease.3® Moreover, acute
pharmacological effects of retigabine and riluzole in patients with ALS
have been described.?3? In healthy subjects, neuronal excitability during
general anaesthesia using propofol and sevoflurane have been studied.’
Another example where NETT has been used to measure treatment effects,
was with nusinersen in patients with spinal muscular atrophy.3* To our
knowledge NETT has not been used as biomarker in early phase drug
development. No previous study compared acute, systemic, sodium
blocking effects on NETT to placebo in healthy subjects. Therefore, our
study evaluates the test-retest reliability, and effects of two registered
sodium channel blockers-mexiletine and lacosamide- on both motor- and
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sensory nerve excitability. Such a study is crucial as proof-of-concept, to
explore whether NETT would be valuable as pharmacodynamic biomarker
in early phase drug development.

SKELETAL MUSCLE EXCITABILITY

The measurement of MVRC provides a surrogate measure of muscle cell
membrane excitability (Figure 3).3° By direct electrical stimulation of the
tibial muscle using a needle electrode, the muscle fibres are activated
independent of neuromuscular transmission. The method uses the la-
tency from stimulus to muscle action potential as a measure of velocity.
A stimulation paradigm is applied with single stimuli, as well as (1, 2 and
5) conditioning pulses, followed by a test pulse at different 1SIs. The
physiological muscle action potential consists of a refractory period,
followed by two periods of depolarization and increased excitability.
MVRC can be used to quantify these two periods of supernormality as
an increase in velocity due to conditioning pulses.’®

FIGURE 3 For muscle velocity recovery cycles (MVRC) electrical stimulation of the tibial
anterior muscle fibres using a needle electrode (yellow) creates a muscle action potential, which
isrecorded using a second needle electrode (red). The latency of the muscle action potential
is measured after single test pulses (blue), and (1, 2 and 5) conditioning pulses (red) followed
by a test pulse (blue) at different interstimulus intervals (is1). Created with Biorender.com.

Muscle action potential

Y

——
ISI Latency

CHAPTER 1 — INTRODUCTION

13



MVRC has been used in previous research to discriminate between health
and disease, such as myotonic dystrophy 3¢ and myotonia congenita.'* No
previous studies report the use of MVRC as a pharmacological biomarker.
The only article to secondarily describe treatment effects, compares
patients with myotonia congenita using sodium channel blocking med-
ication, to patients off treatment, with significant findings.™ Therefore,
this thesis is the first to describe the capabilities of MVRC as pharmaco-
dynamic biomarker and its implementation in an early phase drug study.
First, we performed a study to evaluate the variability of MVRC, and to
explore whether effects of mexiletine —a sodium channel blocker —can
be detected in healthy subjects using MVRc. Mexiletine was chosen as
proof-of-concept because it is known to decrease muscle excitability
by inhibition of voltage-gated sodium channel subtype 1.4 in muscle
fibres.?”,3% After validation of the method, we used MVRcC as a pharma-
codynamic biomarker in a Phase I trial with a muscle-specific clc-1
inhibitor — a novel drug developed to enhance muscle excitability in
patients with neuromuscular disease. MVRC was implemented in the first-
in-human single- and multiple-ascending dose study in healthy subjects
to confirm target engagement. After that, effects of clC-1 inhibition on
muscle excitability were evaluated using MVRC in the first-in-patient
trial in patients with myasthenia gravis.

AIMS OF THIS THESIS

In conclusion, with the research presented in this thesis we evaluate the
potential of TMS-EMG/EEG, NETT, and MVRC, as measures of excitability in
early phase clinical drug development. For this purpose, each of the three
measurements is first tested in a proof-of-concept study using registered
drugs, that are known to influence excitability through ion channel
modulation. We assessed whether significant treatment effects could be
detected using these techniques. Moreover, we evaluated feasibility and
test-retest reliability of the measurements. Secondly, after validation of
the methods, and confirmation of their sensitivity to pharmacodynamic
effects, we implemented the measurements in early-phase clinical drug
studies, which are described in this thesis.
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ABSTRACT

The purpose of this study was to investigate pharmacodynamic effects
of drugs targeting cortical excitability using transcranial magnetic
stimulation (TMs) combined with electromyography (EMG) and electroen-
cephalography (EEG) in healthy subjects, to further develop T™MS outcomes
as biomarkers for proof-of-mechanism in early phase clinical drug devel-
opment. Anti-epileptic drugs presumably modulate cortical excitability.
Therefore, we studied effects of levetiracetam, valproic acid and lorazepam
on cortical excitability in a double-blind, placebo-controlled, four-way
cross-over study. In 16 healthy male subjects, single- and paired-pulse
TMS-EMG/EEG measurements were performed pre-dose and 1.5, 7, and
24 hours post-dose. Treatment effects on motor-evoked potential (MEP),
short (s1c1) and long intra-cortical inhibition (L1c1) and T™Ms-evoked
potential (TEP) amplitudes, were analysed using a mixed model ANcova
and cluster-based permutation analysis. We show that MEP amplitudes
decreased after administration of levetiracetam (estimated difference
(ED) -378.4 1V; 95% confidence interval (95%CI): -644.3 uV, -112.5 pV;
p<o.o1), valproic acid (ED -268.8 nV; 95%CI: -532.9 uV, -4.6 nV; p=0.047)
and lorazepam (ED -330.7 uV; 95%CI: -595.6 uV, -65.8 uV; p=0.02) when
compared with placebo. L1c1 was enhanced by levetiracetam (ED -60.3%;
95%CI: -87.1%, -33.5%; p<0.001) and lorazepam (ED -68.2%; 95%CI: -94.7%,
-41.7%; p<0.001) at a 50 ms interstimulus interval. Levetiracetam increased
TEP-component N45 (p=0.004) in a central cluster and decreased N1oo
(p<o.001) in a contralateral cluster.

In conclusion, this study shows that levetiracetam, valproic acid and
lorazepam decrease cortical excitability, which can be detected using
TMS-EMG/EEG in healthy subjects. These findings provide support for
the use of TMs excitability measures as biomarkers to demonstrate
pharmacodynamic effects of drugs that influence cortical excitability.
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INTRODUCTION

Transcranial magnetic stimulation (TMS) is a non-invasive technique
which can be used to investigate corticospinal excitability. Stimulation
targeted at the motor cortex generates motor evoked potentials (MEP) and
TMS-evoked potentials (TEP), that can be quantified by electromyography
(EMG)'and electroencephalography (EEG),>? respectively. TMS-EMG and
TMS-EEG facilitate assessment of different measures of cortical excitabil-
ity, using a single pulse (sp) and paired pulse (pp) stimulation paradigm,
of which the latter facilitates assessment of intra-cortical inhibition.**
This study is intended to broaden and deepen the knowledge about effects
of anti-epileptic drugs (AEDs) on TMS-EMG/EEG outcomes, to further
develop these outcomes as biomarkers for pharmacodynamic effects on
cortical excitability. Although TMS-EMG has been widely used to assess the
effects of drugs targeted at cortical excitability,® the number of research
groups investigating pharmacological effects on TEPs is limited.”"3 There
is abundant space for further progress in replicating and extending the
current knowledge about cortical excitability and in showing the value
of T™Ms to measure biomarkers for pharmacodynamic effects in early
phase drug development.” Before being able to use TMs-related outcomes
in clinical drug development with new pharmacological targets, it is of
importance to determine the sensitivity of the measurement to detect
pharmacological effects in healthy subjects, and the typical effect size
of regularly used drugs administered at a dose within the therapeutic
range. Areliable biomarker is a valuable investigative tool in clinical drug
development, particularly in the development of new pharmacological
treatments for diseases with underlying pathology related to cortical
excitability, such as epilepsy'4®® and amyotrophic lateral sclerosis.'¢
The goal would be to use TMS-EMG/EEG outcomes as biomarkers for
proof-of-mechanism.

Therefore, the primary objective of this study was to evaluate effects
of three commonly prescribed AEDs (levetiracetam, valproic acid, and
lorazepam) on cortical excitability in a placebo-controlled, cross-over
fashion in healthy subjects. These AEDs are expected to decrease cortical
excitability with distinct mechanisms of action. The secondary objective
was to evaluate intra- and inter-subject variability of cortical excitability
measures.
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MATERIALS AND METHODS

This study was approved by the Ethics Committee ‘Stichting Beoordeling
Ethiek Biomedisch Onderzoek’, Assen, The Netherlands. The trial was
executed in accordance to the Declaration of Helsinki at the Centre
for Human Drug Research (CHDR), Leiden, The Netherlands, between
September 2017 and February 2018. The study is registered in the Dutch
Trial Registry (NTR) under NL6638.

SUBJECTS Subjects gave written informed consent. Healthy male sub-
jects between 18 and 45 years were recruited using online advertisements
and CHDR’s subject database. Eligibility was confirmed by a medical
screening up to 30 days before the first dose, consisting of evaluation
of medical history, physical examination, electrocardiogram, blood
chemistry, haematology, and urinalysis. Subjects with contra-indications
according to the T™Ms safety questionnaire!” were excluded, as well as
subjects with an abnormal sleeping pattern, (history of) illicit drug
or alcohol abuse or a positive test for such substances, nicotine use a
month before dosing, or a resting motor threshold (rMT) of >83% of the
maximum stimulator output (Ms0). Use of medication was prohibited
from 14 days prior to the first dose. Use of caffeine was prohibited from
24 hours before dosing.

EXPERIMENTAL DESIGN Thisis arandomized, double-blind, dou-
ble-dummy, placebo-controlled, cross-over study. On four visits, subjects
received a single dose of levetiracetam 2000 mg (Levetiracetam, oral
solution 1oomg/mL, Aurobindo) and placebo capsules; valproic acid
1000 mg (Depakine sugarfree oral solution 200 mg/smL, Sanofi-aventis)
and placebo capsules; lorazepam 2 mg (Lorazepam, 2 tablets of 1 mg,
Apotex Europe Bv) and placebo solution; or placebo solution and placebo
capsules. Lorazepam tablets were encapsulated, and matching placebo
capsules and solutions were produced. Drug doses were chosen within
the therapeutic range. A Williams design was used to balance first-order
carry-over effects.’® The randomization of the treatment order was
generated in SAS (version 9.4, SAs Institute Inc., Cary, UsA) by a statistician
uninvolved with data collection. The randomization remained blinded
for all staff, apart from the statistician and the pharmacy preparing the
medication. Subjects were enrolled by a blinded physician.
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Subjects remained fasted from minimally eight hours before until two
hours after dosing. TMS-EMG-EEG measurements were performed before
dosing and 1.5, 7 and 24 hours after dosing, based on the pharmacoki-
netic (PK) profile of the study drugs. The first post-dose measurement
was performed around Ty,y, the second when an intermediate plas-
ma concentration was expected, and the third at low concentrations.
Measurements were performed at approximately the same clock time
for all subjects, to minimize potential effects of diurnal variation on T™MS
outcomes. Samples for PX analysis were drawn directly before all T™MS
measurements and directly after the measurement at 1.5 hours post-dose.
Additionally, samples were obtained at o.5, and 3.5 hours post-dose.
Between each study visit was a wash-out of at least seven days. There was
a safety follow-up seven to ten days after the last dose.

TRANSCRANIAL MAGNETIC STIMULATION Sp and ppTMS were
applied according to guidelines by Rossi and colleagues,”” using a
MagPro R3o with MagOption stimulator and a MCF-B65 butterfly coil
(MagVenture GmbH, Hiickelhoven, Germany).

Stimulation was performed at the motor hotspot of the dominant
abductor digiti minimi (ApM) muscle as determined by the Edinburgh
Handedness questionnaire.?? The TMS coil was fixated using a frame at an
angle of 45° from the midline, in direct contact with the EEG cap. At the
start of each measurement, rMT was determined as the lowest stimulus
intensity at which a minimum of 5 out of 10 TMs pulses elicited a MEP
with a peak-to-peak amplitude of at least 5o pV.21,22 Hereafter, 50 single
pulses were applied at 120% rMT. This was followed by 50 paired pulses
at different inter-stimulus intervals (1s1), namely 2, 5, 50, 100, 150, 200,
250 and 300 ms, applied in randomized order (total 400 paired pulses).
Conditioning and test pulses were applied at 120% rMT, except for ISIs
2 and 5 ms, where conditioning pulses were applied at an intensity of
80% rMT. The duration between single pulses and pairs of paired pulses
was randomized between 3.5 and 4.5 seconds.

EMG and EEG acquisition EMG and EEG were registered simultaneously
during T™s stimulation using NeuroCenter software (Clinical Science
Systems, Leiden, The Netherlands). EMG was recorded with Ag/AgCl
surface electrodes (Blue Sensor N, AMBU, Denmark) on the AbM and
corresponding tendon. TEPs were registered using a TMS-compatible 32-
leads EEG cap (ANT Neuro, Enschede, The Netherlands) and EEG amplifier
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(T™si, Oldenzaal, The Netherlands). The ground electrode, used for both
EEG and EMG, was located between cz and Fpz. Electrode impedances
were below 5 kQ and signals were amplified at a frequency of 2048 Hz.
During the TMS measurements, subjects received in-ear headphones
with masking noise to minimize auditory evoked potentials.2? Adapted
noise, based on the frequencies of the Tms click, was played at an inten-
sity individualized for each subject with a maximum volume of 95 dB.
Masking of auditory components appears to be sufficient as represented
by lateralized responses in the topographical plots even at late latencies,**
see Supplementary Figure 1.

DATA PROCESSING AND ANALYSIS The following parameters were
extracted from the TMS-EMG data: single pulse rMT (% of Ms0) and mean
peak-to-peak MEP amplitude (uV); long intra-cortical inhibition (L1cI)
at ISIs of 50-300 ms, defined as the percentage ratio of the mean MEP
amplitude after the test pulse and the mean MEP amplitude after the
conditioning pulse; short intra-cortical inhibition (s1c1) at 18Is of 2 and
5ms, defined as the percentage ratio of the mean MEP amplitude after
the test pulse and the mean amplitude of the unconditioned spMEPs.
MEP amplitude, sict and LicI were calculated using in-house written
MATLAB (version R2o15a, The Mathworks, Natick, usa) scripts. To correct
for pre-existing muscle activation, responses were excluded if muscle
activity was >50 pVin the 50 ms before each single or conditioning pulse.
TEPs were determined at all 32 EEG leads. EEG responses were analysed
in common average montage and were baseline corrected by subtracting
the average EEG amplitude 500-50 ms before applying the single or con-
ditioning pulse. Individual EEG trials were defined from 100 ms before
until 650 ms after each single or conditioning pulse. Principal component
analysis (PcA) was used to reduce artefacts caused by T™Ms stimulation and
muscle activation on the scalp.? The first four of 25 principal components
were removed, after which individual trials were filtered (4th order
Butterworth bandpass filter;1-35 Hz) and averaged over 5o repetitions to
create the TEP for each EEG lead. Per condition (placebo, levetiracetam,
valproic acid and lorazepam) TEP responses after artefact removal are
shown for each individual subject in the Supplementary Figures 2-5.
After all data was collected, review of the blinded TMs-EMG data was
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performed as per standard operating procedure at CHDR. Measurements
with technical errors were removed from analysis.

PK ANALYSIS Serum concentrations of levetiracetam were measured
by a validated high-performance liquid chromatography diode array
detection method at the 150 15189 certified Clinical Pharmaceutical
Laboratory of the Leiden University Medical Centre. Serum concentra-
tion of valproic acid were measured using an in vitro chemiluminescent
microparticle immunoassay (CMIA) using an Abbott Architect system.
The lower limit of quantification (LLOQ) was determined at 2.5 pug/
mL for levetiracetam and 2 pg/mL for valproic acid. Serum lorazepam
concentrations were analysed using an immunoassay at University
Medical Centre Groningen. The LLOQ was 5.21 ng/mL. All assays were
validated in accordance to the EMA bioanalytical method development
guideline (all coefficients of variation (cv%) below 15%).

STATISTICAL ANALYSES Treatment effects were analysed up to 7
hours post-dose. We predefined that measurements performed at 24
hours after dosing would not be included due to the expected low drug
concentrations at this time point but were measured for pharmacokinet-
ic-pharmacodynamic (PKpD) modelling. Due to the exploratory nature
of the study, no calculation of sample size was performed. Sample size
was based on a previous pharmaco-TMSs study in 15 healthy subjects.'®

Statistical analysis of rMT, MEP and TEP endpoints was performed
using a mixed model analysis of covariance (ANCcovA), with treatment,
time, period, and treatment by time as fixed factors and subject, subject
by treatment and subject by time as random factors, and the baseline
measurement per period as covariate. Estimated differences between
placebo and the AEDs were reported and statistical significance was
defined at the 5% level. Analysis of effects on TMS-EMG endpoints was
performed in sAs (version 9.4, sAs Institute Inc., Cary, UsA).

Statistical analysis of TMS-EEG outcomes was performed using clus-
ter-based permutation analysis (CBPA) incorporating all leads. cBpA
was performed in Fieldtrip (Nijmegen, The Netherlands, downloaded
13-08-2015; http://fieldtrip.fcdonders.nl).26 Comparison of drug versus
placebo was performed using dependent samples t-tests, for each EEG
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lead and time sample between o-300 ms after the test pulse (both for
sp- and ppTMS). To compensate for handedness, topographical plots of
left-handed subjects were mirrored. Clusters were formed by t-values
with a p-value <o.05, based on neighbouring leads (n>2) and adjacent
time samples. A permutation test (1500 times) was used to determine
significance at the 5% level 26 Additionally, we applied a Bonferroni cor-
rection (N=3) to compensate for multiple testing (three active conditions).
Besides analysing the entire time sample of 300 ms after the test pulse,
we applied the same analysis to time periods of interest (TO1s) around
the TEP components (N15: 0-20 ms; P30: 20-40 mS; N45: 40-55 ms; P60:
55-80 ms; N100: 80-130 ms; PI180: 130-230 mS).

For the purpose of evaluating repeatability, intra- and inter-subject
variability were calculated, represented by cv%s. cv%s were calculated
within the placebo visit, including measurements up to 7 hours post-
dose, using estimates of covariance parameters produced by the mixed
model analysis. The serum concentration of the AEDs was analysed using
anon-compartmental analysis.

PKPD ANALYSIS Concentration-effect relationships between MEP
amplitude and treatments (including all timepoints up to 24 hours
post-dose) were investigated with non-linear mixed effects (NLME)
modelling, using Px data linked to the closest available pharmacodynamic
measurement in time. Tested PKPD-model structures included intercept
(no effect), linear and non-linear (E,x) relationships, with additional
inter-individual variability (11v) and/or between-occasion variability
(Bov) for the baseline parameter. Initial analysis was performed in r
(version 4.0.3, R Foundation for Statistical Computing, Vienna, Austria),
where models were compared with an analysis of variance for nested
models (p-value < 0.05) or with the Akaike Information Criterion (a1c,
lowest value is favoured) for non-nested models. Treatments for which
concentration-effect relationships other than intercept were selected,
were also analysed using NONMEM (version 7.4, ICON Development
Solutions, Hanover, UsA), where models were compared based on drop
in objective function value (DOFv>3.84, p<o0.05) for one additional pa-
rameter for nested models or A1c for non-nested models.
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NOMENCLATURE OF TARGETS AND LIGANDS Key protein targets
and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, and are permanently archived
in the Concise Guide to Pharmacology 2021/22.27-2°

RESULTS

Seventeen subjects were enrolled in the study, of whom sixteen completed
all study visits, for demographics see Table 1. One subject was excluded
after one study visit, due to positive illicit drugs testing.

TABLE1 Sample characteristics.

N=17 Mean SD Median Range
Age (years) 25 6 24 20-44
Height (cm) 183 8 184 167-194
Weight (kg) 75 13 74 54-109
BMI (kg/m?) 22 4 21 19-32

BMI = body mass index; sp = standard deviation.

The AEDs and TMs measurements were well tolerated. Individual, and
mean + standard deviation serum concentrations of the AEDs are shown in
Figure 1. Mean maximum concentrations (Cp,,x) were 45.92 ug/mL (range
32.10 — 67.60) for levetiracetam, 70.69 ng/mL (range 58.00 — 86.00) for
valproic acid and 19.79 ng/mL (range 14.99-24.84) for lorazepam. Mean
serum concentrations per timepoint are also listed in Supplementary Table 1.
Median Ty, was 0.51 hours for levetiracetam (range 0.5-1.47 hours), and
0.53 hours for valproic acid (range 0.5-2.25 hours), corresponding to the
first sampling point. The median Tpy,x was 1.91 h (range 1.37-3.52 hours)
for lorazepam, with 10 of 16 subjects showing a lag time of 30 minutes.

CORTICAL EXCITABILITY ASSESSED BY TMS-EMG In total, 192 mea-
surements were recorded up to 7 hours post-dose. During blinded data
review, six EMG recordings were excluded because of absence of MEPs
(indicating there was no motor hotspot stimulation) or clipping of the
EMG signal.
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FIGURET Individual and mean + standard deviation (sD) serum concentrations of
levetiracetam, valproic acid and lorazepam.
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Estimated mean post-dose MEP amplitudes were 889.3 pV (placebo),
510.9 nV (levetiracetam), 620.5 pV (valproic acid) and 558.6 pV (loraze-
pam). All AEDs significantly decreased MEP amplitude after spTMS when
compared to placebo, with an estimated difference of -378.4 nV (95%cI:
-644.3, -112.5; p<o.o1) for levetiracetam, -268.8 pV (95%CI: -532.9, -4.6;
p=0.047) for valproic acid, and -330.7 pV (95%CI: -595.6, -65.8; p=0.02)
for lorazepam, see Figure 2. Intra-subject cv% of MEP amplitude was 35%,
inter-subject cv% 84%.

FIGURE 2 Change from baseline of the least square means (LsM) of the MEP amplitude (uV),
using single pulse T™MsS, for levetiracetam, valproic acid, lorazepam and placebo.
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Estimated mean post-dose rMT was 55.3%, 55.7%, 54.3% and 55.5% of MsO
for placebo, levetiracetam, valproic acid and lorazepam, respectively. No
significant treatment effects on rMT were detected when compared to
placebo, with estimated differences of 0.4% for levetiracetam (95%cI:
-1.1%, 1.9%; p=0.61), -1.0% for valproic acid (95%CI: -2.5%, 0.5%; p=0.19)
and 0.2% for lorazepam (95% CI: -1.3%, 1.7%; p=0.78). Intra-subject cv%
of rMT was 4%, inter-subject cv% 14%.

Levetiracetam and lorazepam both significantly enhanced LicI
compared to placebo at 1sI 50 ms (i.e. the percentage ratio decreased,
indicating more intra-cortical inhibition). No significant effects on LICI
were detected at the other 1SIs, nor on sic1. Results and cv%s for s1c1
and r1c1 are listed in Table 2.
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TABLE 2 Estimated mean (%) up to 7 hours of placebo, levetiracetam, valproic acid and
lorazepam for long intra-cortical inhibition (L1cr) and short intra-cortical inhibition (s1c1)
using paired-pulse TMS-EMG at 8 different interstimulus intervals (1s1). Estimated difference
of placebo versus treatment (%), with 95% confidence interval (c1) and p-value. Intra-subject
cv% (%) and inter-subject cv% (%) within the placebo occasion are listed.

IS (ms) Estimated Estimated difference Intra- Inter-
mean relative  with placebo (%) subject subject
amplitude of  (95% CI), p-value cv%  cv%
conditioned
pulse to
unconditioned
pulse (%)

2 Placebo 35.7 50% 58%

Levetiracetam 42.4 6.7 (-6.5,20.0), p= 0.31
Valproic Acid 48.5 12.8 (0.4, 26.0), p= 0.06
Lorazepam 47.4 11.7, (-1.5, 24.9), p= 0.08
5 Placebo 74.0 45% 48%
Levetiracetam 78.5 4.5 (-20.9,29.9), p= 0.72
Valproic Acid 88.7 14.7 (-10.4, 39.8), p=0.24
Lorazepam 90.4 16.4 (-9.1, 41.8), p= 0.20
50 Placebo 102.9 85% 103%
Levetiracetam 42.6 -60.3 (-87.1, -33.5), p<.00I
Valproic Acid 78.0 -24.9 (-51.2,1.4), p= 0.06
Lorazepam 34.7 -68.2 (-94.7, -41.7), p <.001I
100 Placebo 9.9 134% 172%
Levetiracetam 7.3 -2.6 (-10.9, 5.6), p= 0.52
Valproic Acid 8.9 -1.0 (-9.2,7.2), p= 0.81
Lorazepam 4.9 -5.0 (-13.3, 3.2), p= 0.22
150 Placebo 19.9 92% 121%
Levetiracetam 21.0 1.1 (-11.2, 13.5), p= 0.86
Valproic Acid 18.1 -1.8 (-14.0,10.4), p= 0.77
Lorazepam 14.7 -5.2 (-17.6, 7.2), p= 0.40
200 Placebo 64.4 38% 60%
Levetiracetam 70.6 6.2 (-10.3, 22.8), p= 0.45
Valproic Acid  63.4 -1.0 (-17.6, 15.6), p= 0.91
Lorazepam 56.8 -7.6 (-24.1, 8.8), p=0.36
250 Placebo 64.7 47% 45%
Levetiracetam 73.8 9.0 (-8.5,26.6), p=0.31
Valproic Acid  77.7 13.0 (-4.3, 30.3), p= 0.14
Lorazepam 78.9 14.2 (-3.3, 31.6), p= 0.11
300 Placebo 55.3 34% 49%
Levetiracetam 54.4 -0.9 (-12.7,10.9), p= 0.88
Valproic Acid  52.9 -2.4 (-14.0, 9.3), p= 0.68
Lorazepam 66.6 11.3 (-0.4, 23.1), p= 0.06
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CORTICAL EXCITABILITY ASSESSED BY TMS-EEG Of192 TMS-EEG
recordings, three were excluded after blinded data review of the EMG
data, because of absence of MEPs.

For spTMS, levetiracetam significantly increased the N45 compared to
placebo (p=0.004) in a centrally located cluster (Figure 34). Furthermore,
levetiracetam significantly decreased the N100 in a contralateral cen-
tro-parietal cluster (p<o.oor) (Figure 3B).

FIGURE 3 Significant clusters found using cBPA of TEPs, comparing placebo (PLCB; in blue) to levetiracetam
(LEVE; in red). A) single pulse (N45 cluster), B) single pulse (N1oo cluster), €) 151 150 ms (N45/P60 cluster), D)
1s1 2 ms (N1oo cluster), E) 1sI 300 ms (N10o cluster), F) 1sI 50 ms (N45/P60/N10o0 cluster), and G) 11 150 ms
(p180 cluster). For each cluster the grand average (mean + standard error of the mean (sEm)) over all significant
electrodes is presented, as well as the difference in topographical distribution at the time of the cluster. The
colors of the topographical plot of the cortex show the increase or decrease of amplitude (uV) of the response.
The black cross represents the stimulation site, the red dots significant electrodes and the thick black bar
below the average TEP response corresponds to the time interval with significant differences.
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In line with the results for spTMS, levetiracetam significantly increased
the N45 and P60 in a similar centro-parietal cluster at 151 150 ms (p<o.001
and p=0.004, respectively) (Figure 3¢). In addition, we found that leve-
tiracetam significantly decreased N1oo clusters at ISIs 2 and 300 ms
(p=0.003 and p=0.003, respectively) (Figure 3D and 3E), these clusters
are comparable to the N100 cluster found using spTMS. Furthermore,
we found a significant N45, P60 and N100 cluster (p=0.004, p<o0.001 and
P=0.004, respectively) at 151 50 ms (Figure 3F). A significant p18o cluster
(p=0.006) was detected at 1s1 150 ms (Figure 3G).

Valproic acid significantly increased the N15 amplitude (p=0.005) at
ISI 50 ms in a contralateral cluster (Figure 4). Lorazepam significantly
decreased the N1oo (p=0.001) at ISI 300 ms in a contralateral parietal
cluster (Figure 5).

FIGURE 4 Significant N15 cluster comparing paired pulse TEPs of placebo (PLCB; in blue) with
valproicacid (VALP; in red) for 151 50 ms. The grand average (mean + (SEM)) over all significant
electrodes is presented, as well as the difference in topographical distribution at the time of
the cluster. The colors of the topographical plot of the cortex show the increase or decrease of
amplitude (V) of the response. The black cross represents the stimulation site, the red dots
significant electrodes and the thick black bar below the average TEP response corresponds
to the time interval with significant differences.
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CONCENTRATION-EFFECT RELATIONSHIP OF MEP AMPLITUDE
A concentration-effect relationship between MEP amplitude and leve-
tiracetam could be characterized with a proportional effect on baseline,
described with an E,,x-equation (p<o.oo1 compared to intercept only).
11v and Bov on the baseline parameter was log-normally distributed and
statistically preferred over either 11v or BOov alone, although shrinkage
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for Bov was moderate (25% and 33%). Parameters were estimated with
small uncertainty (i.e. relative standard error, RSE<50%), except for EC50
which was estimated with an RSE of 90.38%. Inclusion of 11v for ECc50
or Enax did not improve the model in terms of OFv nor RSE%. Residual
unexplained variability (RUV) was best described with a proportional
error structure. Model parameters from analysis in NONMEM are listed
in Supplementary Table 2 and a model simulation for the typical individual
is shown in Supplementary Figure 6. Based on available data, no concentra-
tion-effect relationships could be found for valproic acid and lorazepam
on MEP amplitude.

FIGURE 5 Significant N1oo cluster comparing paired-pulse TEPs of placebo (PLCB; in blue) with
lorazepam (LORA; in red) for 151 300 ms. The grand average (mean + SEM) over all significant
electrodes is presented, as well as the difference in topographical distribution at the time of
the cluster. The colors of the topographical plot of the cortex show the increase or decrease of
amplitude (uV) of the response. The black cross represents the stimulation site, the red dots
significant electrodes and the thick black bar below the average TEP response corresponds to
the time interval with significant differences.
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DISCUSSION

In this study, the effects of three AEDs on cortical excitability were
assessed using sp- and ppTMS-EMG and TMS-EEG. All drugs decreased
cortical excitability. Levetiracetam, valproic acid and lorazepam all
significantly decreased MEP amplitude. Additionally, levetiracetam
and lorazepam enhanced LICI at ISI 50 ms. Levetiracetam affected the
amplitude of TEP components N45 and N10o in EEG clusters after spTMS.
The mechanism through which these drugs inhibit cortical excitability
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differ, which is reflected by the distinguishing fingerprints that were
detected on TEP components. This finding gives new insights into phar-
macological effects on TEPs, in addition to the existing literature.3° In
this discussion, we compared our results to placebo-controlled trials,
to facilitate accurate comparison to our results.

TMS AS A PHARMACODYNAMIC BIOMARKER We assessed the
variability of TMS-EMG and the feasibility of TMS-EMG/EEG for the
purpose of using it in early phase clinical drug development. The main
goal would be to use TMS-EMG/EEG outcomes as pharmacodynamic
biomarkers for proof-of-mechanism of novel compounds that modulate
cortical excitability. In our opinion, TMS-EMG and TMS-EEG are suitable
to be used for this purpose. This is supported by our observed significant
effects of single doses of three AEDs with different mechanisms of
action, in a sample size that is typically used in early phase proof-
of-mechanism-like drug studies. Moreover, TMS-EMG/EEG embodies
certain qualities that are favourable to pharmacodynamic biomarkers:
the method is non-invasive and relatively quick to perform, which
allows for multiple measurements at different drug concentrations.

Although it should be noted that the variability of the outcome pa-
rameters is relatively high, the effect size was large enough to generate
significant results in a small number of subjects. Therefore, we consider
TMS-EMG/EEG outcomes as useful biomarkers for proof-of-mechanism
of new compounds. In our opinion TMS-EMG can be used in Phase 1 dose
escalation study designs, to evaluate target engagement and to aid in
dose finding for further studies. Because the inter-subject variability of
TMS-EMG was higher than the intra-subject variability, we would propose
to use TMs to demonstrate pharmacological effects in a cross-over rather
than a parallel study design.

As an exploratory outcome of this study, we have evaluated the concen-
tration-effect relationship between the study drugs and MEp amplitude.
A significant PKPD relationship was detected for levetiracetam, but not
for valproic acid and lorazepam. It should be noted that the design of
our study was not ideal for the assessment of PKPD relationships, because
the concentration range observed in this study is relatively small and the
number of post-dose measurements is limited. This is also demonstrated
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by the high uncertainty around the estimated Ec50 parameter for leve-
tiracetam. Whether TMS-EMG/EEG, despite the high variability of the
outcomes, can be used for evaluation of concentration-effect relations
therefore remains to be confirmed in future studies. Administration of
multiple dose levels of the same compound can inform this concentra-
tion-effect relationship across a wider range of concentrations which
would lower the parameter uncertainty currently observed in the model.

EFFECTS OF LEVETIRACETAM Levetiracetam targets synaptic vesical
glycoprotein sv2a, which decreases central neurotransmitter release3!
and therefore theoretically decreases cortical excitability. We showed a
significant decrease of MEP amplitude induced by levetiracetam, indi-
cating reduced excitability, in line with previously reported results.32
Other studies showed a non-significant decrease of MEP amplitude after
administration of levetiracetam,333¢ and brivaracetam, an AED with a
closely related mechanism of action.”

With use of cBPA of spTEPs, our study demonstrated that levetiracetam
increased the amplitude of the N45 component in a central cluster and
decreased the N1oo amplitude contralateral to the stimulation site. The
decrease in N100 is consistent with changes caused by brivaracetam.” The
increase in N45 is also in line with literature.l®* We found the effect in a
contralateral cluster, whereas the N45 component showed widespread
negativity in the study by Premoli et al., with the maximum effect in the
ipsilateral hemisphere.1°

To our knowledge, our study is the first to evaluate effects of levetirac-
etam on paired pulse TMS-EEG. Interestingly, the effect we observe on the
Nr1oo cluster following spTMS, is very similar in shape and localization
to the significant N1oo clusters detected at ISIs 2 and 300 ms.

There is substantial evidence that the N45 component represents
y-aminobutyric acid-A (GABA,) mediated inhibition, whereas GABAg
receptor activity is reflected by the N1oo component.! Our findings
on the N45 component may therefore provide further indication that
levetiracetam indirectly affects GABA ergic inhibition.1%% The effect of
levetiracetam on N1oo in the contralateral hemisphere may be caused
by inhibition of cortico-cortical connections, as previously suggested
for brivaracetam.’
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EFFECTS OF VALPROIC ACID The anti-epileptic mechanism of action
of valproic acid has not been completely clarified. It induces inhibition
through the increase of GABA availability. Furthermore, valproic acid
blocks voltage-gated sodium channels, affects neuronal potassium
and calcium regulation, and inhibits N-methyl-D-aspartate (NMDA)
transmission.36

To our knowledge this is the first study to report that valproic acid
decreased MEP amplitude in healthy volunteers. A previous study did
not report an effect on MEP amplitude, but this study was not place-
bo-controlled.?” The effect on MEP amplitude confirms that valproic acid
decreases cortical excitability, as can be expected based on the mechanism
of action.

To the best of our knowledge, no previous studies using TMS-EEG
were performed to investigate the effect of valproic acid in healthy
volunteers. Using TMS-EEG, we detected a significant N15 cluster at 151
50 ms. Interestingly, considering the proposed mechanisms of action
of the drug, our results indicate that valproic acid does not induce the
same effect on the N45 and N1oo components as lorazepam and other
positive allosteric modulators (PAM) of GABA , receptors.! The effect also
does not bear resemblance to the effect of sodium channel blockers, such
as lamotrigine which increased N45 and decreased p180,!° nor NMDA-
receptor antagonists, such as dextromethorphan which increases the
N45 component.’® The effects of valproic acid on TEPs will need to be
repeated to confirm if the effects on N15 can be reproduced.

EFFECTS OF LORAZEPAM Lorazepam is a GABA, receptor PAM and
stimulates GABAergic inhibition.3* Our study demonstrated a decrease in
MEP amplitude by lorazepam, in line with previous findings on stimulus
response curves,*%,4! indicating reduced excitability. LICI at ISI 50 ms
was enhanced by lorazepam, which is associated with GABAg receptor
mediated inhibition,*? similar to the N1oo component. No effect on
sicI was detected, corresponding to results of other studies.*0,43
Previous studies using spTMS showed effects of other GABA ,-PAMS
on N45 and N100, leading to the hypothesis that the N45 component
is correlated to GABA, receptor mediated inhibition."! It is therefore
unexpected that we did not replicate these findings with lorazepam,
which may be explained by a smaller number of subjects and relatively
large variability in the measurements, indicating that our study is possibly
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underpowered for demonstrating this effect. In our study, lorazepam
did induce a significant cluster with a decrease of N1oo using ppTMS
(151 300 ms).

RECOMMENDED STATISTICAL ANALYSIS IN PLACEBO CONTROLLED
TMS TRIALS Previous studies often assessed drug effects on cortical
excitability by comparing pre-dose and post-dose outcomes in treatment
and placebo condition separately. However, in a placebo-controlled
trial, a more appropriate analysis would be to compare the treatment
effect to placebo.#* In the current study, an ANCOVA was used, because
it can provide a comparison between treatment and placebo, using the
baseline measurement per period as covariate. This analysis takes into
account the inter-subject variability by introducing a random subject
effect, while the intra-subject variability is given by the residual error
term. Time effects, such as diurnal variation, are taken into account by
including time effect in the model, while the subject by time interaction
allows for different time effect between subjects. Similarly, the subject
by treatment interaction included in the model allows for different
treatment effect across subjects. Finally, potential pre-treatment differ-
ences are corrected by including the baseline as covariate. Due to these
advantages over pre-dose versus post-dose comparison, we strongly
recommend direct comparison of treatment versus placebo in future
placebo-controlled pharmaco-TMs studies.

POSSIBLE LIMITATIONS Theuse of a 32-lead EEG cap, as opposed to
64-leads, could have impacted results and could explain why certain
treatment-induced EEG clusters detected in previous studies were not
confirmed in this study. A cluster, consisting of a minimum of three
leads with significant signal changes in the same direction, covers a
relatively larger area using 32-lead EEG and therefore needs to be more
extensive than with 64-lead EEG.

Single trial pcA was applied to reduce artefacts caused by TMS stim-
ulation and muscle activation on the scalp. pcA has shown to be an
effective method to reduce both artefacts simultaneously, as seen for
example in subjects 4, 5 and 8 in the Supplementary Figures 7-10. However,
in others (e.g. subjects 2, 6 and 11) the final TEP is still contaminated
by residual artefacts. Since no consensus has been reached within the
TMS-EEG community on a common ‘gold standard’ analysis approach,
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numerous alternative artefact rejection methods exist with each their
own advantages and disadvantages.* As the final TEP is most likely largely
influenced by the applied preprocessing pipeline,* we chose to use pcA
making our results comparable with previous own findings, although
this method may not always perform optimally.

Although not a limitation on itself, it should be noted that the stimu-
lation intensity was adjusted prior to each TMS session, based on the rMT
at the start of each measurement. This is in contrast to some previous
studies, such as a study analysing levetiracetam effects on TMS-EEG.1° We
chose this approach to make sure that stimulation intensity was always
related to the rMT, and that changes in rMT (e.g., due to drug effects)
would not lead to subthreshold stimulation. Importantly, we did not
observe a significant change in rMT and therefore this should not have
impacted the comparison of the results of our study to previous studies.

CONCLUSIONS

The aim of this study was to show the value of TMS-EMG and TMS-EEG in
determining effects of drugs targeting cortical excitability, for the purpose
of developing these measurements as pharmacodynamic biomarkers for
use in early phase clinical drug development. Pharmacodynamic effects
on TMS-EMG have been intensively studied, but studies that assess drug
effects on TMS-EEG are limited. Therefore, we investigated the sensitivity
of TMS-EMG/EEG to detect effects of three commonly prescribed AEDs
on cortical excitability in a double-blind, placebo-controlled, four-way
cross-over study in healthy subjects. Our study shows that a single doses
of levetiracetam, valproic acid and lorazepam decrease cortical excit-
ability, as expected from anti-epileptic drugs. These findings support
the development of TMS-EMG and TMS-EEG as a suitable biomarkers
for proof-of-mechanism of new treatments in the early clinical phase.
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY TABLE I Mean serum concentrations of levetiracetam, valproic acid and
lorazepam at the scheduled sampling times.

Treatment Time after dosing Mean serum SD Median
concentration

Levetiracetam o opug/mL o o

(2000mg) 30 min 44-45 pg/mL 10.37 46.25
1h22 min 39.68 ng/mL 5.76 39.4
2h15min 36.64 png/mL 4.6 37.95
zhzom 32.61 ug/mL 4.28 32.95
6 h 52 min 23.37 ug/mL 2.53 23.5
23 h 52 min 5.03 pg/mL 1.28 4.75

Valproic acid o opg/mL o o

(1o0omg) 30 min 68.12 pg/mL 8.59 66.5
1h 22 min 65.25 pg/mL 7.73% 65
2h 15 min 59.81 pg/mL 7.84 60
z3hzom 54.31 ug/mL 8.26 54
6 h 52 min 40.88 ng/mL 5.88 40.5
23 h 52 min 15.25 pg/mL 4.52 14

Lorazepam (2mg) o ong/mL o o
30 min 4.11ng/mL 6.24 o
1h 22 min 18.75 ng/mL 3.27 18.76
2h 15 min 18.79 ng/mL 3.09 19.2
zhzom 17.32 ng/mL 3.0I 16.56
6 h 52 min 13.69 ng/mL 2.69 13.35
23 h 52 min 4.42ng/mL 4.17 5.31
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SUPPLEMENTARY TABLE 2 PKPD-model parameters to describe the proportional effect of

levetiracetam on MEP amplitude.

Parameter Estimate RSE(%)
POPULATION PARAMETERS

Baseline (uV) 633.5 18.35
ECsp (mg/L) 6.069 90.38
Eppax (%) -43.35 26.35
VARIABILITY ON BASELINE (VARIANCE)

v 0.1287 41.13
BOV 0.4290 35.25
RESIDUAL UNEXPLAINED VARIABILITY (RUYV, 0%)

Proportional error 0.1246 20.97

RSE = relative standard error, EC50 = concentration at which 50% of the maximum effect is achieved,
E,,qx = maximum effect, 11v = inter-individual variability, BOv = between-occasion variability.

MEASUREMENT OF CORTICAL, NERVE, AND MUSCLE EXCITABILITY IN EARLY PHASE CLINICAL DRUG DEVELOPMENT

40

SUPPLEMENTARY FIGURE I Average single pulse TEP and topographical plots of the characteristic TEP
components at pre-dose (in grey and top row) and post-dose 1.5 hours (in blue and middle row) and 7 hours
(in red and bottom row) for the placebo condition. Masking of auditory components appears to be sufficient
as represented by lateralized responses in the topographical plots even at late latencies. Each TEP is the average
over all subjects (mean + SEM) at electrodes cz, c4, FC2, CP2, CP6 and P4 (similar to significant clusters found for
levetiracetam). The topographical plots show the distribution of the P30, N45, P60, N100 and P180 components,
where the black cross represents the stimulation site and the grey dots the 32 electrodes. The colours of the
topographical plot of the cortex show a positive (in yellow) or negative (in blue) amplitude (uV) of the response.
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SUPPLEMENTARY FIGURE 6 PKPD-relationship between levetiracetam and MEP amplitude
change from baseline. Measured data is shown as dots. The solid line shows the E, ;x-model
simulation for a typical individual and the dotted line is a smooth curve (loess-regression,
span width =1).
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ABSTRACT

Selective voltage-gated sodium channel blockers are of growing interest as
treatment for pain. For drug development of such compounds, it would be
critical to have a biomarker that can be used for proof-of-mechanism. We
aimed to evaluate whether drug-induced changes in sodium conductance
can be detected in the peripheral nerve excitability profile in 18 healthy
subjects. In arandomized, double-blind, three-way crossover study, ef-
fects of single oral doses of 333 mg mexiletine and 300 mg lacosamide
were compared to placebo. On each study visit, motor- and sensory
nerve excitability measurements of the median nerve were performed
(pre-dose; 3- and 6-hours post-dose) using Qtrac. Treatment effects
were calculated using an ANCOVA with baseline as covariate. Mexiletine
and lacosamide had significant effects on multiple motor- and sensory
nerve excitability variables. Depolarizing threshold electrotonus (TEdso
(40-60ms)) decreased by mexiletine (estimated difference (ED) -1.37%
(95% confidence interval: -2.20, -0.547); p=0.002) and lacosamide (ED
-1.27% (-2.10, -0.443); p=0.004) in motor nerves. Moreover, mexiletine
and lacosamide decreased superexcitability (less negative) in motor
nerves (ED 1.74% (0.615, 2.87); p=0.004, and 1.47% (0.341, 2.60); p=0.013,
respectively). Strength-duration time constant decreased after lacosamide
in motor- (ED -0.0342 ms (-0.0571, -0.0112); p=0.005) and sensory nerves
(ED -0.0778 ms (-0.116, -0.0399); P<0.00I).

Concluding, mexiletine and lacosamide significantly decrease ex-
citability of motor- and sensory nerves, in line with their suggested
mechanism of action. Results of this study indicate that nerve excitability
threshold tracking can be an effective pharmacodynamic biomarker. The
method could be a valuable tool in clinical drug development.
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INTRODUCTION

Selective voltage-gated sodium channel (Nay) blockers are subject to
growing interest as treatment for pain.! It is of importance that pharma-
codynamic (pD) effects of such treatments are detected in the early phase
of clinical development, preferably in healthy subjects. Detection of PD
effects early in the development program is useful as proof-of-mecha-
nism, to show target engagement, to aid in dose escalation study designs
and to assist dose finding for the translation to patient studies. A reliable
clinical biomarker for effects of drugs that target Nay-channels is lacking,
so development of such a Pb biomarker would be highly valuable.

Nerve excitability threshold tracking (NETT), also called nerve excit-
ability testing, is a non-invasive peripheral nerve stimulation technique,
which can be used to estimate axonal excitability of motor- and sensory
nerves.>3 Excitability of the axonal membrane is largely dependent on Nay
and potassium channel conductance,* and pharmacological modulation
of these channels influences axonal excitability. Therefore, we performed
a study aimed to evaluate whether pharmacologically induced changes
in Nay-conductance can be detected using NETT in healthy subjects. As a
proof-of-concept, effects of a single dose of mexiletine and lacosamide,
two Nay-blockers that are expected to decrease axonal excitability based
on their mechanism of action, were compared to placebo in double-blind
fashion. To our knowledge, this is the first placebo-controlled study
in which effects of Nay-blockers were investigated on NETT in healthy
human subjects and our results encourage the use of NETT as a biomarker
in early phase clinical drug development.

METHODS

The study (Netherlands Trial Registry: NL7327) was conducted at Centre
for Human Drug Research, Leiden, The Netherlands, in accordance with
the Declaration of Helsinki after approval by Ethics Committee Stichting
‘Beoordeling Ethiek Biomedisch Onderzoek’, The Netherlands.

SUBJECTS Subjects gave signed informed consent before commence-
ment of study activities. Medical screening was performed to determine
eligibility. Healthy, male subjects, 18 to 45 years old, with body mass
index (BMI) between 18-30 kg/m?, were included. Health status was
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confirmed by evaluation of medical history, physical examination, and
laboratory tests. Nicotine users and subjects with a history of drug or
alcohol abuse, or a positive test for these substances, were excluded.
Subjects with conditions considered to influence electrophysiological
measurements were excluded. Use of medication, dietary supplements,
CYP450 iso-enzyme modulating products, alcohol, caffeine, and nico-
tine was prohibited. Strenuous physical activity was prohibited from
48 hours before each study day.

STUDY DESIGN This was arandomized, double-blind, double-dummy,
placebo-controlled, three-way crossover study. On three separate study
visits, subjects received a single dose of mexiletine, lacosamide or placebo
in randomized order. Between each visit was a wash-out period of seven
days. On each visit, three motor- and sensory NETT measurements
were performed: pre-dose, and three- and six-hours post-dose. Blood
samples for pharmacokinetic (PK) analysis were drawn pre-dose, and
before and after each post-dose NETT measurement. Evoked pain tests,
and intraepidermal electrical stimulation, were performed before and
after dosing, these results will be reported separately. Measurements and
meals were at approximately the same clock-time, to prevent influence
of diurnal variation or food.

Primary objectives were to evaluate the sensitivity of NETT to detect
effects of mexiletine and lacosamide, and to evaluate the test-retest
reliability of NETT. These outcomes were evaluated with motor- and
sensory NETT endpoints, and variability was expressed in coefficients of
variation (cv%), respectively. The exploratory objective was to determine
concentration-effect relations between the drug concentrations and
NETT variables.

No important changes to study methods or trial outcomes were made
after first subject, first dose.

STUDY DRUGS Mexiletine (Namuscla, 167 mg, Lupin Europe GMBH)
capsules and lacosamide (Vimpat, 100 mg, ucs Pharmas.A.) filmcoated
tablets were over-encapsulated. For both treatments, matching pla-
cebo was produced, enabling double-blind and double-dummy drug
administration.

A dose of 300 mg of mexiletine hydrochloride for a duration of three
months has been reported to exhibit significant effects on nerve ex-
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citability in patients with neuropathic pain.’ Therefore, a similar dose
of 333 mg mexiletine was selected for this study, to reach therapeutic
plasma concentrations with a single dose. Moreover, 333 mg mexiletine
was deemed to have an acceptable safety profile, as single doses up to 600
mg mexiletine have been administered to healthy subjects.

A single dose of 300 mg lacosamide was chosen, because it would
lead to therapeutic concentrations for the treatment of epilepsy and
was considered safe for healthy subjects. The suggested reference range
based on effect and tolerability is 10-40 pmol/L, or 2.5-10 mg/L.”,# Mean
Chmax after a single dose of 300 mg lacosamide was 7.366 mg/L.°

Study staff and subjects remained blinded until database lock. The
block-randomization was produced using SAs version 9.4 by a statisti-
cian uninvolved in the clinical study conduct. Subjects were randomly
assigned to one of six treatment sequences in a balanced study design.
Randomisation numbers were assigned to participants sequentially after
medical screening by blinded study staff.

PK ANALYSIS Plasma concentrations of the study drugs were analysed
using a validated Lc-Ms/Ms method. Mexiletine concentrations were
evaluated by Leiden University Medical Centre (Leiden, The Netherlands)
laboratory; lacosamide concentrations by the laboratory of Apotheek
Haagse Ziekenhuizen (The Hague, The Netherlands). Lower limit of
quantification (LLOQ) was 0.06 mg/L for mexiletine and o0.75 mg/L for
lacosamide. Reproducibility of the assays was in line with the EMaA
bioanalytical method development guideline, with cv%s <15%.

NERVE EXCITABILITY THRESHOLD TRACKING Motor- and sensory
nerve excitability of the median nerve was measured using NETT. The
nerve was stimulated using surface electrodes (Red Dot, 3M, St. Paul,
UsA), with the active electrode located at the wrist and the reference
10 cm proximal to the active electrode on the radial side. Electrical
stimulation was induced using an isolated bipolar constant current
stimulator (Dss, Digitimer, Hertfordshire, uk). Compound muscle
action potentials (CMAP) were recorded from the abductor pollicis
brevis, using a belly-tendon montage (Disposable Tab Electrodes, Natus
Medical, Pleasanton, USA). Sensory nerve action potentials (SNAP) were
recorded antidromically using ring electrodes (Disposable Wide Ring
Electrode, Natus Medical, Pleasanton, UsA) on digit three. When no
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SNAP could be recorded from digit three, digit two was used. cMAP and
SNAP signals were amplified using an EMG amplifier (D440-2, DigiTimer,
Hertfordshire, UK), gain 10.000 for sensory measurements and 300 for
motor measurements, bandpass filter 3 to 3000 Hz. Signals were digitized
using an analog-digital convertor (NI-UsB-6341, National Instruments,
Austin, usa). Hum Bug (Quest Scientific Instruments, North Vancouver,
Canada) was used to minimize 50 Hz noise. To maintain stable tem-
perature conditions, the hand and forearm were warmed using a heat
blanket (Norm-O-Temp with Maxi-Therm Lite infant hyper-hypothermia
blanket, Cincinnati, UsA) programmed at 35°C, from 30 minutes prior
stimulation until the end of the measurement. Skin temperature was
registered before and after the measurement using a temperature probe
(BioSignals Plux, Arruda dos Vinhos, Portugal).

Stimulation was guided by QTRAC-s software (version 28-5-2018,
Institute of Neurology, London, UK) with the TRONDNF stimulation
paradigm (Institute of Neurology, London, UK). This paradigm and corre-
sponding variables were described previously.2,3 Each NETT measurement
consists of four protocols:1 stimulus response curve (relationship between
stimulus current and amplitude of the muscle/sensory action potential);
strength-duration relationship (relationship between stimulus duration
and stimulus charge); threshold electrotonus (threshold changes during a
depolarizing or hyperpolarizing conditioning currents of 10-300 ms, the
current set to 20% or 40% of the current needed for the unconditioned
target response); current-voltage (1/v) relationship (threshold changes
due to conditioning currents, currents are between +50% depolarizing
and -100% hyperpolarizing); and recovery cycle (threshold changes due
to supramaximal conditioning pulses at interstimulus intervals (1s1) of
200 to 2 ms between the conditioning- and test pulse). For this study,
the following changes were made to TRONDNE. First, for motor- and
sensory measurements the maximal delay in threshold electrotonus was
increased from 200 to 300 ms, to evaluate the full accommodation to
hyperpolarization. Additionally, changes were made to allow for direct
comparison between the motor- and sensory nerve endpoints. Test-
stimulus duration of sensory measurements was increased from o.5to1
ms (with exception of the strength-duration paradigm) and for sensory
recovery cycles measurements the conditioning width was changed
from o.5 to 1 ms. Stimulus duration in the sensory strength-duration
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measurements was programmed to decrease with steps of 0.2 ms instead
of o.1 ms. Finally, fraction of the peak (window fraction) was set from
40% to 10%.

QTRAC-P (version 26-10-2018, Institute of Neurology, London, UK) was
used to process data and generate the following endpoints (description
based on previous publications):1%,1 threshold for 50% cMAp/sNAP
(current required for 50% of maximal cMAP/SNAP), rheobase (slope of
strength-duration relation), strength-duration time constant (SDTC)
(negative x-intercept of the strength-duration relation), TEds peak and
TEd;o peak (peak threshold decrease due to depolarizing currents set to
40% and 20% of the resting threshold), TEdso (X-X ms) and TEd, (X-X ms)
(mean threshold decrease due to 40% and 20% depolarizing currents,
with conditioning stimulus latency between brackets (X-X ms)), S2-
accommodation (difference between TEds peak and TEd4o (90-100ms)),
accommodation half-time (time when TEdy, is halfway between TEd4o
peak and TEd4o (90-100ms)), TEh4 (X-Xms) (mean threshold decrease due
to 40% and 20% hyperpolarizing currents, with conditioning stimulus
latencies between brackets (X-Xms)), fanning (sum of values of TEd4o
(190-200ms) and TEhy, (190-200ms)), hyperpolarizing 1/v-slope (slope
between 100% and 80% hyperpolarizing currents), minimum 1/v slope
(smallest slope in the 1/v curve), resting 1/v slope (slope between -10%
and +10% conditioning stimuli), relative refractory period (1s1 at which
threshold returns to baseline), refractoriness at 2 ms (threshold change
due to conditioning stimulus with 151 2 ms), subexcitability (peak thresh-
old change (highest value) after superexcitability), superexcitability (peak
threshold change (lowest value) after refractory period).

Ablind data review was performed before statistical analysis, to exclude
measurements with technical errors.

STATISTICAL ANALYSIS Treatment effects (placebo vs. mexiletine;
placebo vs. lacosamide) on NETT outcomes were calculated using a
mixed model analysis of variance (ANcova), with baseline as covariate.
Time, period, treatment, treatment by time were used as fixed factors.
Subject, subject by treatment and subject by time were implemented
as random factors. Normal distribution of the residuals was checked
graphically, and in case of log-normal distribution variables were log
transformed before analysis. The between-day intra-subject variability
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and inter-subject variability of NETT, expressed in cv%s, were calcu-
lated from the baseline values of each visit, and were derived from
the model covariate variables (the random factors subject, subject by
time and subject by treatment). For statistical significance, 5% level
was used. Sample size was based on a previous NETT study,’® which
showed significant pD effects of retigabine in ALS patients in a similar
cross-over design.

CONCENTRATION-EFFECT RELATIONSHIPS For analysis of concen-
tration-effect relationships, Px data was linked to PD measurements,
based on closest available clock-time. Each variable was modelled
with an intercept only, a linear concentration-effect relationship and
non-linear (E,5) concentration-effect relationship in a mixed effects
model with random effects by subject and subject by treatment on
baseline to evaluate the potential concentration-effect relationships.
Linear and non-linear relationships were compared with the intercept
only model with an analysis of variance, fits of linear and non-linear
relationship were compared based on the Akaike information criterion
(a1c), in which the model with the lowest A1c or a p-value of <o0.05 was
selected. Concentration-effect models were estimated in R (version 3.6.1).

RESULTS

The clinical phase of the study ran from September 2019 to February
2020. Eighteen subjects were enrolled, demographics are listed in
Supplementary Table 1. Supplementary Figure 1 shows individual —and mean
+ standard deviation-plasma concentrations of mexiletine and lacos-
amide. No observations in the absorption phase are available. Mean
concentrations ranged between 5.88 mg/L and 4.83 mg/L for lacosamide,
and o0.903 mg/L and 0.639 mg/L for mexiletine. The summary plas-
ma concentrations by protocol time are listed in Supplementary Table 2.
All adverse events in this study were mild and transient.

EXCITABILITY MEASUREMENTS A total of 162 motor and 162 sensory
NETT measurements were performed. As a result of the blinded data
review, subexcitability was excluded from 19 measurements; super-excit-
ability, accommodation half-time and minimum- and hyperpolarizing 1/v
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slope from one measurement; refractoriness from three measurements;
and all threshold electrotonus variables from five measurements.

Raw baseline excitability variables before administration of the study
drugs, and post-dose estimated means, are shown in Supplementary Table 3.
Test-retest reliability (cv%) is listed in Supplementary Table 4.

PHARMACODYNAMIC EFFECTS ON MOTOR NERVE EXCITABILITY
Effects of mexiletine and lacosamide on motor nerve excitability are
listed in Table 1. A representative selection of significant variables from
each NETT paradigm is shown in Figure 1, depicted as the estimated mean
change from baseline. Furthermore, to visualize effects on NETT record-
ings, average recordings of three- and six-hours post-dose (treatment
vs. placebo, without baseline correction) are shown in Figure 2 and Figure
3, for mexiletine and lacosamide respectively.

MEXILETINE  Significant effects of mexiletine were observed on threshold
electrotonus with depolarizing conditioning currents 40% of threshold
(TEd4o). Mexiletine decreased the peak in threshold reduction due to
the depolarizing currents (TEds peak). Furthermore, it lowered the
threshold reduction induced by depolarizing conditioning pulses of
40-200 ms (TEdso (40-60ms) (Figure 1B); TEdso (90-100ms); TEd4o (190-
200ms)). Thus, there was a shift to lower values for the TEdso curve
without s2-accommodation.

In the recovery cycles, different phases of excitability after an action
potential are measured, namely the relative refractory period (RRP),
followed by a period of superexcitability (increased excitability, char-
acterized by a threshold reduction) and subexcitability (decreased
excitability, characterized by a threshold increase). Superexcitability
significantly decreased (less negative) after mexiletine administration
(Figure 1D). Moreover, a small, but significant increase in RRp duration
was observed when comparing mexiletine to placebo.

LACOSAMIDE  SDTC was significantly shortened by lacosamide compared
to placebo (Figure1a). Additionally, similar to mexiletine, lacosamide in-
duced a shift to lower values for TEdo: it lowered TEd4o peak and decreased
TEd4o with conditioning stimulus durations 10-200 ms (TEd4 (10-20ms);
TEd4o (40-60ms) (Figure 1B); TEd4o (90-100mS); TEd4o (190-200ms)).
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FIGUREI Estimated mean change from baseline of motor nerve excitability threshold tracking variables. Every
graph shows one selected variable with significant treatment effects from each threshold tracking paradigm:
A) strength duration time constant (SDTC), B) TEd40 (40-60ms), C) Resting 1/V slope, D) Superexcitability.
Error bars indicate the 95% confidence interval. The time after dosing (hours) is indicated on the x-axis.
Significant effects of mexiletine and/or lacosamide versus placebo in the treatment period are highlighted
with an asterisk. N=18.
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Accommodation half-time and s2-accommodation were significantly
reduced by lacosamide. Furthermore, lacosamide had significant effects
on threshold electrotonus with 20% depolarizing currents (TEdzo): TEd2o
peak and TEd, (10-20ms) were lowered compared to placebo.
Lacosamide induced a significant increase in resting 1/v-slope (Figure
1€) and lastly, we found a significantly reduced superexcitability (less
negative) (Figure 1p) and refractoriness at 151 2 ms by lacosamide.

DRUG EFFECTS ON SENSORY NERVE EXCITABILITY Effects of
mexiletine and lacosamide on sensory nerve excitability are shown
in Table 1. Estimated mean change from baseline of one representative
variable from each stimulation paradigm is shown in Figure 4. Moreover,
average post-dose NETT recordings (treatment vs. placebo, without base-
line correction), are shown in Figure 5 and Figure 6, for mexiletine and
lacosamide respectively.
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FIGURE 2 The average post-dose (three and six hours) motor nerve excitability threshold tracking recordings
of placebo (black) vs. mexiletine (green). Variables that were significantly affected by mexiletine are highlighted
with 1 (for increase) and | (for decrease). Subgraphs of excitability recordings are as follows: A) 1/v relationship;
B) strength-duration relationship; c) threshold electrotonus; p) recovery cycles. Graph E) is zoomed in on the
depolarizing threshold electrotonus with 40% depolarizing currents. Indication of variables is reproduced
from Kiernan et al.3 Note that these graphs show mean combined post-dose measurements for placebo vs.
active treatment and baseline measurements are not considered, therefore these do not exactly match the
statistical analysis. Moreover, these figures include all measurements including the minimal amount of data
excluded in the blinded data review.
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MEXILETINE  Mexiletine significantly reduced sNAP amplitudes.
Consistent with motor nerves, mexiletine decreased superexcitability
(less negative) (Figure 4D). Moreover, hyperpolarizing 1/v slope was
significantly increased by mexiletine (Figure 4¢).

LACOSAMIDE Lacosamide significantly shortened sprc (Figure 4A).
Additionally, lacosamide significantly reduced TEd4 peak, TEd4o (10-20ms)
(Figure 4B), accommodation half-time and s2-accommodation. These
results are in line with our findings in motor nerves. Hyperpolarizing
1/v-slope (Figure 4¢) and minimum 1/v-slope were significantly increased
by lacosamide. Furthermore, lacosamide decreased refractoriness at 151
2ms and subexcitability.
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FIGURE 3 Theaverage post-dose (three and six hours) motor nerve excitability threshold tracking recordings
of placebo (black) vs. lacosamide (red). Variables that were significantly affected by lacosamide are highlighted
with 1 (for increase) and | (for decrease). Subgraphs of excitability recordings are as follows: A) 1/V relationship;
B) strength-duration relationship; c) threshold electrotonus; D) recovery cycles. Graph E) is zoomed in on the
depolarizing threshold electrotonus with 40% depolarizing currents. Indication of variables is reproduced
from Kiernan et al.> Note that these graphs show mean combined post-dose measurements for placebo vs.
active treatment and baseline measurements are not considered, therefore these do not exactly match the
statistical analysis. Moreover, these figures include all measurements including the minimal amount of data
excluded in the blinded data review.
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FIGURE 4 Estimated mean change from baseline of sensory nerve excitability threshold tracking variables.
Every graph shows one selected variable with significant treatment effects from each threshold tracking
paradigm: A) strength duration time constant (SDTC), B) TEd40 (10-20ms), ¢) Hyperpolarizing 1/v slope, D)
Superexcitability. Error bars indicate the 95% confidence interval. The time after dosing (hours) is indicated
on the x-axis. Significant effects of mexiletine and/or lacosamide versus placebo in the treatment period are
highlighted with an asterisk. N=18.
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FIGURE 5 The average post-dose (three and six hours) sensory nerve excitability threshold tracking recordings
of placebo (black) vs. mexiletine (green). Variables that were significantly affected by mexiletine are highlighted
with 1 (for increase) and | (for decrease). Subgraphs of excitability recordings are as follows: A) 1/V relationship;
B) strength-duration relationship; ¢) threshold electrotonus; p) recovery cycles. Graph E) is zoomed in on the
depolarizing threshold electrotonus with 40% depolarizing currents. Indication of variables is reproduced
from Kiernan et al.> Note that these graphs show mean combined post-dose measurements for placebo vs.
active treatment and baseline measurements are not considered, therefore these do not exactly match the
statistical analysis. Moreover, these figures include all measurements including the minimal amount of data
excluded in the blinded data review.
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FIGURE 6 The average post-dose (three and six hours) sensory nerve excitability threshold tracking recordings
of placebo (black) vs. lacosamide (red). Variables that were significantly affected by lacosamide are highlighted
with 1 (for increase) and | (for decrease). Subgraphs of excitability recordings are as follows: A) 1/v relationship;
B) strength-duration relationship; ) threshold electrotonus; D) recovery cycles. Graph E) is zoomed in on the
depolarizing threshold electrotonus with 40% depolarizing currents. Indication of variables is reproduced
from Kiernan et al.> Note that these graphs show mean combined post-dose measurements for placebo vs.
active treatment and baseline measurements are not considered, therefore these do not exactly match the
statistical analysis. Moreover, these figures include all measurements including the minimal amount of data
excluded in the blinded data review.
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TABLE I

Treatment effects of mexiletine vs. placebo, and lacosamide vs. placebo, on motor- and sensory

nerve excitability threshold tracking endpoints (estimated mean difference with placebo, 95% CI, p-value).

Motor nerve excitability

Sensory nerve excitability

Estimated Estimated difference P value Estimated Estimated difference P
mean  treatment vs. placebo mean treatment vs. placebo value
treatment (95%CI) treatment (95%CI)
period period
cMAP (mV)/ Placebo 13.4 442
SNAP (V) Mexiletine 3.1 -0.351 (-1.05, 0.346) 0.312 79.2 -4.95 (-8.62, -1.29) 0.010
Lacosamide 13.7 0.249 (-0.447,0.946)  0.469 44.1 -0.0664 (-3.74,3.61)  0.971
Threshold for Placebo 4.18 2.64
50% CMAP/ SNAP \exiletine 4.33 0.147 (-0.128,0.423)  0.285 2.74 3.7% (-5.6%,14.0%)  0.434
(mA) Lacosamide 4.14 -0.0406 (-0.312,0.231)  0.763 2.77 4.8% (-4.6%,15.2%)  0.314
Rheobase (mA) Placebo 2.57 1.54
Mexiletine 2.63 0.164 (-0.0422,0.370)  0.115 1.67 8.0% (-4.0%,21.5%)  0.190
Lacosamide 2.54 0.0609 (-0.143,0.265)  0.547 1.72 11.6% (-0.8%, 25.6%)  0.065
Strength- Placebo 0.394 0.537
durationtime  pfeyiletine 0.378  -0.0167 (-0.0397, 0.0062) 0.147 0.516  -0.0218 (-0.0597, 0.0161) 0.251
constant (ms) Lacosamide 0.360  -0.0342 (-0.0571, -0.0I12) 0.005 0.460 -0.0778 (-0.116, -0.0399) <0.001
TEdyo Placebo 66.0 58.1
E‘I;:)_ZomS) Mexiletine 64.9 -1.11 (-2.33, 0.0997) 0.070 56.9 -1.15 (-3.05, 0.747) 0.225
Lacosamide 63.8 -2.21 (-3.41, -1.00) 0.001 55.9 -2.17 (-4.09,-0.247)  0.028
TEdygo Placebo 49.4 45.8
(40-60ms) Mexiletine 48.0 -1.37 (-2.20, -0.547) 0.002 45.0 -0.816 (-2.70, 1.07) 0.382
%) Lacosamide 48.1 -1.27 (-2.10, -0.443) 0.004 45.5 -0.285 (-2.19, 1.62) 0.761
TEdy Placebo 45.5 415
(90-100ms) (%)  Mexiletine 444 -1.06 (-1.95, -0.179) 0.020 40.7 -0.784 (-2.74, 1.17) 0.419
Lacosamide 442 -1.28 (-2.16, -0.395) 0.006 41.4 -0.0998 (-2.08,1.88)  0.919
TEdyo Placebo 45.8 40.7
(190-200ms) (%) Mexiletine 44-4 -1.35 (-2.25, -0.452) 0.005 39.9 -0.782 (-2.73, 1.17) 0.418
Lacosamide 43.7 -2.04 (-2.94, -1.14) <0.001 39.7 -0.968 (-2.94, 1.00) 0.322
TEd4 Placebo 65.1 58.1
peak (%) Mexiletine 63.9 -1.19 (-2.18, -0.195) 0.023 56.6 -1.46 (-3.36, 0.446) 0.128
Lacosamide 62.8 -2.35 (-3.34, -1.36) <0.001 55.9 -2.16 (-4.10,-0.222)  0.030
TEdy Placebo 19.9 16.7
accommodation \feyiletine 19.6 -0.27 (-1.19, 0.64) 0.547 16.0 -0.75 (-1.78, 0.27) 0.144
half-time (ms) .
Lacosamide 18.7 -1.25 (-2.15, -0.34) 0.009 14.5 -2.21 (-3.26, -1.16) <0.001
S2 Placebo 19.6 16.5
accommodation \feyiletine 19.5 -0.182 (-1.14, 0.778) 0.702 15.9 -0.682 (-1.77,0.402)  0.209
(%) Lacosamide 18.6 -1.04 (-2.00,-0.0893)  0.033 14.4 -2.12 (-3.22, -1.0I) 0.001
TEdy Placebo 34.0 -32.0
(10-20ms) (%) Mexiletine 33.8 -0.13 (-0.81, 0.55) 0.700 -3L.4 -0.61 (-2.11, 0.88) 0.410
Lacosamide 33.0 -0.95 (-1.62, -0.28) 0.008 -31.6 -1.13 (-2.65, 0.38) 0.136
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(Continuation Table 1)

Motor nerve excitability

Sensory nerve excitability

Estimated Estimated difference P value Estimated Estimated difference P

mean  treatment vs. placebo mean treatment vs. placebo value
treatment (95%CI) treatment (95%CI)
period period
TEdy peak (%) Placebo 36.4 317
Mexiletine 35.9 -0.521 (-1.23,0.186)  0.1406 30.7 -1.02 (-2.62, 0.569) 0.198
Lacosamide 34.9 -1.57 (-2.26,-0.868)  <o.001 30.2 -1.55 (-3.17, 0.0739) 0.061
TEhyo Placebo -73.7 -66.0
(10-20ms) (%)  Mexiletine -74.0 -0.323 (-2.03, 1.39) 0.702 -65.9 0.0958 (-2.04,2.24)  0.928
Lacosamide -72.3 1.34 (-0.368, 3.05) 0.120 -64.8 1.25 (-0.910, 3.41) 0.247
TEhyg Placebo -124 -85.2
(90-100ms) (%)  Mexiletine -123 0.386 (-4.23, 5.00) 0.865 -87.1 -1.84 (-4.92,1.24) 0.233
Lacosamide -122 1.98 (-2.61, 6.57) 0.384 -85.6 -0.349 (-3.48, 2.78) 0.821
TEhyo Placebo -123 -78.7
(190-200ms) (%) Mexiletine -124 -0.299 (-4.88, 4.29) 0.894 -78.9 -0.164 (-2.98,2.65)  0.906
Lacosamide -121 2.64 (-1.92,7.20) 0.244 -77.9 0.813 (-2.04, 3.67) 0.565
Fanning, sum of Placebo 169 119
TEds-and TEhs Mexiletine 168 -1.14 (-6.07, 3.80) 0.638 119 -0.443 (-4.64, 3.76) 0.831
(190-200 ms) Lacosamide 164 -4.65 (-9.56, 0.258) 0.062 118 -1.86 (-6.12,2.40) 0.380
Hyperpolarizing Placebo 0.345 0.322
1/v-slope Mexiletine 0.330 -4.2% (-9.6%, 1.5%) 0.138 0.345  0.0230 (0.0033, 0.0427) 0.024
Lacosamide 0.347 0.5% (-5.2%, 6.6%) 0.851 0.358  0.0358 (0.0158, 0.0558) 0.001
Minimum Placebo 0.240 0.309
1/v-slope Mexiletine 0234  -0.0063 (-0.0152, 0.0025) 0.153 0.318  0.0084 (-0.0038, 0.0206) 0.171
Lacosamide 0.248 0.0072 (-0.0017, 0.0161)  0.107 0.328  0.0182 (0.0056, 0.0307) 0.006
Resting Placebo 0.580 0.768
1/v-slope Mexiletine 0.586 0.0051 (-0.0164, 0.0265) 0.630 0.778 1.3% (-5.1%, 8.1%) 0.688
Lacosamide 0.606 0.0258 (0.0043,0.0474) 0.021 0.760 -0.9% (-7.3%,5.8%)  0.771
Relative Placebo 2.57 3.33
refractory period pfeyiletine 2.63 0.0532 (0.0013, 0.105)  0.045 3.35 0.0188 (-0.142,0.180)  0.812
(ms) Lacosamide 2.54 -0.0323 (-0.0840, 0.0193) 0.211 3.18 -0.152 (-0.313, 0.0089)  0.063
Refractoriness at Placebo 35.0 64.6
1s1 2 ms (%) Mexiletine 38.1 3.06 (-0.568, 6.69) 0.095 62.9 -1.70 (-8.77, 5.37) 0.626
Lacosamide 31.0 -4.02 (-7.64, -0.395) 0.031 50.9 -13.71 (-20.75,-6.66)  0.001
Subexcitability Placebo 11.6 10.4
(%) Mexiletine 12.1 0.480 (-1.05, 2.01) 0.520 10.6 0.280 (-1.30, 1.86) 0.718
Lacosamide LI -0.483 (-2.06, 1.10) 0.533 7.74 -2.62 (-4.21, -1.03) 0.002
Superexcitability Placebo -24.3 -18.5
(%) Mexiletine -22.6 1.74 (0.615, 2.87) 0.004 -16.9 1.58 (0.609, 2.56) 0.002
Lacosamide -22.8 1.47 (0.341, 2.60) 0.013 -17.8 0.714 (-0.260, 1.69) 0.145

cI, confidence interval; cMAP, compound muscle action potential; 151, interstimulus interval; SNAP, sensory nerve action potential.
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DISCUSSION

This study was performed to evaluate whether NETT is a useful tool
to determine PD effects of Nay-blockers in early phase clinical drug
development. As a proof-of-concept, we evaluated effects of mexiletine
and lacosamide on motor- and sensory NETT. We found a significant
reduction of nerve excitability by both study drugs, indicating that NETT
is sensitive to detect drug-induced changes in Nay-conductance.

EFFECTS OF NAy-BLOCKERS ON NETT To our knowledge this is
the first study to demonstrate effects of oral Nay-blockers on NETT
in healthy subjects. However, proposed effects of reduced Nay-
conductance by tetrodotoxin (TTX) on NETT have been evaluated
previously using theoretical nerve modelling.”? Kiernan et al. con-
cluded that TTx-effects are mainly caused by a threshold increase
and flattening of the threshold/potential relationship. This in turn
results in a decrease in SDTC and an increase in rheobase. SDTC is a
membrane-time constant derived from the rate of decline of current
strength required at increasing stimulus durations, thought to be
dependent on persistent Nay-channel properties.* Our study, with
Nay-blockers with different modes of action than TTX, also showed
a decrease of spTC by lacosamide, but interestingly not by mexile-
tine. Rheobase was unaffected. Threshold electrotonus examines the
threshold reduction due to depolarizing and hyperpolarizing condi-
tioning currents, to demonstrate internodal membrane properties.*
The model by Kiernan et al. also predicts a clear decrease in depo-
larizing threshold electrotonus and an increase in hyperpolarizing
threshold electrotonus. Our results are in line with the TTX-effect
on depolarizing threshold electrotonus, but not with the TTX-effect
on hyperpolarizing threshold electrotonus. Furthermore, the nerve
model by Kiernan et al. shows a reduction of all phases of the recov-
ery cycles by Nay-blockade, resulting in a flattening of the recovery
cycles curve, corroborating our findings. Lastly, the model predicts an
increased hyperpolarizing 1/v-slope, which is explained by Kiernan
et al. as activation of hyperpolarization mediated Iy currents, corre-
sponding to our findings for both mexiletine and lacosamide.

Based on the resemblance between the theoretical nerve model
with TTX 2 and our findings, we conclude that the significant effects
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of mexiletine and lacosamide on nerve excitability are in line with ex-
pected effects of Nay-blockade. Above-described differences between
the TTx-model and mexiletine and lacosamide (rheobase, hyperpolar-
izing threshold electrotonus), may be explained by the difference in
mechanism of action. TTX binds to Nay extracellularly at the outer pore,
preventing access of cations,”? whereas mexiletine binds to the inner pore
and exhibits a state-dependent Nay-block.?* The binding site and action
mechanism of lacosamide is much less clear. Lacosamide was originally
suggested to selectively enhance slow Nay-inactivation without affecting
fast inactivation, through an unknown binding site.!4'> More recent
findings suggest that lacosamide does bind to fast-inactivated state of so-
dium channels, but with slow binding and unbinding kinetics.’¢ Another
possible explanation for the lack of effects of mexiletine and lacosamide
on rheobase and hyperpolarizing threshold electrotonus, may be a larger
reduction of Nay-conductance by TTX. Overall, this data supports the
hypothesis that the observed effects are a result of direct Nay-blockade,
however, it should be noted that additional (indirect) effects for example
on membrane potential or other ion channels could also contribute to
the observed pattern of NETT effects, as was described for lidocaine.'” To
better understand the exact mechanisms for the observed NETT effects,
in future work it would be of interest to perform nerve modeling with
our data to clarify this further, as described above for TTX.22

When comparing effects between the Nay-blockers —mexiletine and
lacosamide — within our study, many observed effects are similar, such
as effects on depolarizing threshold electrotonus and superexcitability.
However, lacosamide affected a more extensive set of variables than
mexiletine, often with larger effect sizes. Difference in target site con-
centration and/or potency at the relevant involved ion-channels are
potential causes for these discrepancies. A difference in mechanism of
action or binding kinetics of the drugs is another possible explanation.

Apart from theoretical model simulations, there is a limited amount of
prior clinical data investigating Nay-blocking effects on NETT in humans
available to place our findings into context. Effects of a high dose of
lidocaine (5-6 ml of a 50 mM solution lidocaine) administered as local
nerve block (not placebo-controlled)'” and human intoxication with TTx?
have been previously evaluated. After the conduction block of anaesthetic
lidocaine perfusion, when force had recovered, profound effects on nerve
excitability were still measured. Consistent results between lidocaine
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and TTX were a decreased depolarizing threshold electrotonus, spTC, and
superexcitability, which is in line with our findings on these variables.
It should be noted however, that at high concentrations lidocaine de-
creased hyperpolarizing electrotonus and left-shifted the depolarizing
1/v relationship, which was opposite to effects of TTX poisoning. This
discrepancy indicates there may be other factors than Nay blockade
driving these changes, and the authors indeed showed with nerve mod-
elling that (indirect) effects on membrane potential and other channels
contributed to the observed lidocaine effect.!21” Of course, this setting
with high local drug concentrations might not be fully comparable to
our setting with oral administrations.

A final relevant study examined chronic effects of mexiletine in pa-
tients with neuropathic pain: mexiletine decreased refractoriness and
spTC after three months of use,’ in line with our reported effects of
lacosamide but not mexiletine.

DIFFERENT EFFECTS ON MOTOR- AND SENSORY NERVES We found
different effects of Nay-blockade on motor vs. sensory nerve excitability.
In general, effects we found on depolarizing threshold electrotonus were
more apparent in motor nerves, whereas effects on 1/v (hyperpolarizing
and minimum 1/V slope) were only significantly affected in sensory
nerves. These disparate effects may be explained by a physiological
difference in nerve excitability profile between motor- and sensory axons
of the median nerve.'8,” There are differences in expression of persistent
Nay-channels between motor- and sensory nerves.2® Moreover, within
each group there are further differences of motor axons innervating fast
or slow muscles, whereas cutaneous sensory neurons contain 4 types
of afferents which could be differentially affected by Nay-blockade.
This could include:
+ differences in resting membrane potential
+ expression differences of transporters such as the sodium/
potassium ATPase pump
+ qualitative and quantitative differential ion-channel expression
profiles.”®
There may also be technical limitations that could explain these differ-
ences: recording of SNAPs is more challenging than cmaPps. However,
the cv%s were not much higher in sensory- than motor recordings
and it is therefore likely that the observed excitability changes reflect
mechanistic differences.
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CONCENTRATION-EFFECT RELATIONSHIPS The majority (90%)
of variables with significant treatment effects also have significant
concentration-effect relationships, pointing towards concentration-de-
pendent treatment effects in the studied concentration-range. The fact
that we prove drug concentration to be the driver for detected treatment
effects encourages the use of NETT as biomarker for pharmacological
effects of Nay modulators. A substantial additional set of 25 variables
that did not show significant treatment effects, also had a significant
linear concentration-effect relationship. This may hint at an underlying
concentration-dependent effect, although not sufficiently robust to be
demonstrated in the treatment effect analysis and a larger sample size
might be required to identify significant treatment effects on these
variables.

NERVE EXCITABILITY THRESHOLD TRACKING AS PD BIOMARKER
Areliable biomarker of Nay blocking effects for use in early phase clinical
drug development is lacking. Given the results of this study, we conclude
that NETT is a suitable biomarker for pD effects of Nay-blockers. Most
importantly, in a relatively small number of healthy subjects, significant
effects of Nay-blockade can be detected at plasma concentrations within
the therapeutic range. Moreover, NETT has favourable characteristics
for a PD biomarker. It is non-invasive and relatively quick to perform,
allowing evaluation of nerve excitability several times a day at different
drug plasma concentrations. Intrasubject variability is low, as cv%s
(estimated from the statistical model) were below 10% for most vari-
ables, which indicates high test-retest reliability (Supplementary Table 4).
These characteristics indicate that NETT can be considered a valuable
tool for determining target engagement in early phase clinical studies in
a healthy population. Furthermore, the significant concentration-effect
relations found in our study could indicate that the method is suitable
for detecting dose-related effects in first-in-human ascending dose
studies, as a signal for receptor occupancy. This should be confirmed
in future studies. Moreover, the biomarker could potentially be used
as a translational tool, for the translation from preclinical (animal)
data to human effective doses, as also suggested previously for local
anaesthetic nerve blocks.?! Also, NETT could aid dose finding in the
translation from healthy subjects to patients.
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POSSIBLE LIMITATIONS A limitation for the concentration-effect
relationship analysis, was the limited number of PD measurements and
corresponding PK samples. Because of the long half-life of the study
drugs, both measurements were performed at high plasma concentra-
tions. To confirm the potential of NETT to detect concentration-effect
relationships, a wider range of plasma concentrations would be desirable.

Statistical analysis performed in our study was not corrected for mul-
tiple testing, because of the exploratory nature of the study. However,
there is a clear consistency in the significant effects and most significant
effects are accompanied by a significant linear concentration-effect rela-
tionship, strongly indicating that pharmacological effects are underlying
these results.

cONCLUSION To our knowledge, this is the first published random-
ized, placebo-controlled trial to evaluate acute effects of Nay-blockers
(mexiletine and lacosamide) on NETT in healthy subjects. This study
shows that NETT can be used to detect a decrease in peripheral nerve
excitability exhibited by both mexiletine and lacosamide. Therefore,
NETT can be considered a valuable PD biomarker for effects of Nay-
modulation. This could be a useful tool in early phase clinical drug
development for proof-of-mechanism, and potentially to assist in dose
finding for patient studies.
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY TABLEI Demographics.

Demographics N 18
Age (years) Mean 25
SD 5
Median 24
Range 19,36
Height (cm) Mean 184
SD 8
Median 184
Range 170, 202
Weight (kg) Mean 80
SD 13
Median 80
Range 60,100
BMI (kg/m?) Mean 23
SD 3
Median 23
Range 19, 30

BMI = body mass index; sp = standard deviation.

SUPPLEMENTARY TABLE 2 Plasma concentrations (mg/L) of mexiletine and lacosamide at
the scheduled sampling times (minutes after dosing). Additionally, this table lists median
concentration in pM, based on molecular weight 250.29 g/mol for lacosamide! and molecular
weight 179.26 g/mol for mexiletine.?

Time after ~ Mean plasma Standard  Median plasma Median plasma
dosing concentration  deviation  concentration concentration
(minutes) (mg/L) (mg/L) (uM)
Lacosamide o o o o o
(300 mg) 160 5.88 1.18 5.89 23.51
204 5.69 1.12 5.70 22.75
335 4.98 1.01 494 19.72
379 4.83 0.988 4.87 19.44
Mexiletine o 0.00 0.00 0.00 0.00
(333 mg) 160 0.903 0.214 0.855 4.77
204 0.835 0.195 0.787 439
335 0.653 0.155 0.618 3-45
379 0.639 0.187 0.590 329

1. National Center for Biotechnology Information. PubChem Compound Summary for c1p 219078, Lacosamide.
2005-08-09 updated 2022-01-29. Available from: https://pubchem.ncbi.nlm.nih.gov/compound/Lacosamide.
2. National Center for Biotechnology Information. PubChem Compound Summary for 1D 4178, Mexiletine
2005 06-24 updated 2022-01-29. Available from: https: //pubchem.ncbi.nlm.nih.gov/compound /Mexiletine.
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SUPPLEMENTARY TABLE 3 Raw baseline and estimated means (three- and six-hours post-dose) of excitability (Continuation Supplementary Table 3)

variables for placebo, mexiletine and lacosamide.

Motor nerve excitability Sensory nerve excitability
Motor nerve excitability Sensory nerve excitability Rawmean Estimated Estimated Rawmean Estimated Estimated
Rawmean Estimated Estimated Rawmean Estimated Estimated baseline mean+3h mean+6h  baseline mean+3zh mean+6h
baseline mean+3h mean+6h  baseline mean+3zh mean+6h TEhyo Placebo -73.0 -73.9 -73.4 -66.5 -66.5 -65.5
cMAP (mV)/ Placebo 13.0 13.5 13.4 37.8 43.8 44.6 10-20ms (%) Mexiletine -73.6 -74.4 -73.6 -66.3 -66.5 -65.3
SNAP (V) Mexiletine 12.5 13.1 13.0 40.3 417 36.8 Lacosamide -73.7 -72.2 -72.5 -66.2 -63.7 -65.8
Lacosamide 12.6 13.7 13.7 41.3 46.0 42.3 TEhy Placebo -123 -125 -122 -89.7 -85.8 -84.7
Threshold for 50% Placebo 4.34 4.16 4.20 3.02 2.65 2.63 9o-tooms (%) Mexiletine -124 -124 -123 -87.4 -86.9 -87.2
CMAP/ SNAP (mA) Mexiletine 4.81 4.20 4.45 2.88 2.77 2.71 Lacosamide -122 121 -122 -89.0 -84.6 -86.5
Lacosamide 423 414 414 2.96 2.74 2.80 TEhyo Placebo -124 -124 -123 -81.0 -78.7 -78.8
Rheobase (mA) Placebo 3.06 2.59 2.56 1.86 1.54 1.55 190-200ms (%) Mexiletine -127 -124 -123 -79.9 -78.6 -79.1
Mexiletine 3.41 2.65 2.61 1.74 1.67 1.67 Lacosamide -123 -121 -121 -81.3 -76.8 -79.1
Lacosamide 2.94 2.56 2.52 1.81 1.71 1.74 Fanning sum of TEd,e- Placebo 169 170 168 122 119 120
Strength-duration Placebo 0.379 0.401 0.388 0.520 0.549 0.526 and TEhyo Mexiletine 173 169 167 121 119 119
time constant (ms) Mexiletine 0.374 0.390 0.365 0.514 0.534 0.497 190-200 ms Lacosamide 169 164 165 123 116 119
Lacosamide 0.383 0.362 0.359 0.505 0.462 0.457 Hyper- Placebo 0.347 0.356 0.334 0.334 0.325 0.318
TEdy Placebo 65.7 66.2 65.7 58.1 58.4 57.8 polarizing 1/v-slope Mexiletine 0.356 0.338 0.323 0.330 0.337 0.352
to-20ms (%) Mexiletine 66.5 65.3 64.5 57-9 57-9 559 Lacosamide 0.364 0.346 0.348 0.349 0.360 0.355
Lacosamide 65.6 63.9 63.6 57.0 55-7 56.1 Minimum 1/v-slope Placebo 0.240 0.241 0.240 0.304 0.311 0.307
TEdygo Placebo 49.6 49.5 49.3 46.9 46.1 45.5 Mexiletine 0.236 0.236 0.232 0.305 0.316 0.319
40-6oms (%) Mexiletine 49.6 483 477 45.9 45.6 44-4 Lacosamide  0.249 0.249 0.246 0.316 0.335 0.320
Lacosamide 49-4 48.4 478 457 453 457 Resting 1/v-slope Placebo 0.538 0.579 0.582 0.725 0.771 0.765
TEdyo Placebo 458 453 45.6 42-4 41.6 415 Mexiletine 0.585 0.579 0.592 0.742 0.777 0.779
9o-rooms (%) Mexiletine 457 44-3 44-5 42.0 409 40.6 Lacosamide 0.575 0.607 0.605 0.775 0.779 0.742
Lacosamide 457 44-0 44-4 41.8 40.7 422 Relative refractory Placebo 2.52 2.59 2.56 3.18 3.38 3.28
TEdy Placebo 45.6 45.7 45.9 415 40.4 41.0 period (ms) Mexiletine 2.56 2.65 2.61 3.24 3.37 3.33
190-200ms (%) Mexiletine 45.6 445 444 40.6 403 39.6 Lacosamide 2.52 2.56 2.52 3.15 3.27 3.09
Lacosamide 457 43.7 43.8 41.6 395 39.9 Refractor-iness at 18T 2 Placebo 32.2 36.5 33.6 55.2 66.5 62.6
TEdy Placebo 64.9 65.3 64.9 58.4 58.4 57.8 ms (%) Mexiletine 33.8 40.6 35.6 56.3 65.2 60.5
peak (%) Mexiletine 65.5 64.4 63.5 58.1 57.6 55.6 Lacosamide 3LI 33.2 28.8 53.2 54.2 475
Lacosamide 64.7 63.0 62.5 56.9 55.7 56.1 Sub-excitability (%) Placebo 1.9 11.7 115 9.72 10.5 10.2
TEdy accommodation Placebo 19.4 20.2 19.6 16.1 17.1 16.3 Mexiletine LI 12.1 12.1 8.87 10.7 10.6
half-time (ms) Mexiletine 20.1 20.1 19.2 16.2 16.6 15.3 Lacosamide 10.4 L5 10.8 9.20 8.09 7.40
Lacosamide 19.3 19.0 18.3 15.2 14.9 14.1 Super-excitability (%) Placebo -24.9 -24.7 -23.9 -19.5 -18.6 -18.4
S2 accommodation (%) Placebo 19.1 20.0 19.2 16.1 16.8 16.3 Mexiletine -24.4 -22.9 -22.2 -19.1 -17.7 -16.2
Mexiletine 19.8 20.0 18.9 16.1 16.8 15.0 Lacosamide -24.9 -23.2 -22.4 -19.9 -17.6 -18.0
Lacosamide 19.0 19.1 18.1 15.2 15.0 13.9
TEdy Placebo 33.8 33.9 34.0 29.7 -32.2 -31.9
10-20ms (%) Mexiletine 34.3 33.9 33.7 29.6 -32.0 -30.9
Lacosamide 34.0 33.0 33.1 29.1 -31.0 -32.2
TEdy Placebo 36.2 36.5 36.4 31.4 31.8 31.6
peak (%) Mexiletine 37.0 36.1 35.7 31.2 31.4 30.0
Lacosamide 36.3 35.0 34.8 30.7 30.0 30.4
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SUPPLEMENTARY TABLE 4 Inter- and intrasubject coefficient of variation (cv%) based pre-dose values at SUPPLEMENTARY TABLE 5 Concentration-effect relationship relationships of excitability threshold
each visit, and intrasubject cv% based on the statistical model. tracking endpoints. The slope and p-value of the linear effect relations are reported. Baseline was estimated
as a separate variable in the model.

Motor nerve excitability Sensory nerve excitability
Inter- Intra- Model-based Inter- Intra- Model-based Motor nerve Sensory nerve
subjectcv  subjectcv  intrasubject  subjectcv subjectcv intrasubject Estimated Slope P value Estimated Slope P value
(%) (%) cv (%) (%) (%) cv (%) o o
population  (/ug/L) population  (/ug/L)
CMAP (mV)/SNAP (V) 26.7 12.8 8.9 34.3 16 16.9 baseline baseline
Threshold for 50% cMAP/SNAP 32.9 3.2 12.7 33.9 32.9 18.20 CMAP (mV)/SNAP Mexiletine 13.14 40.38
(mA) (V) Lacosamide 13.13 0.15 0.001 40.9 0.862 0.004
Rheobase (mA) 358 344 4.1 38.9 37:5 22.10 Threshold for 50% Mexiletine 4.39 2.89
Strength-duration time 22.9 13 0.1 19.7 16.2 13.9 CMAP/ SNAP (mA) Lacosamide 412 2.92
onstant (ms o
¢ ant (ms) Rheobase (mA) Mexiletine 3.08 1.75
TEdso 6 37 3 8 55 54 Lacosamide 2.88 1.78
(10-20ms) (%) - 7
TEdy 73 36 27 9.8 1 6.6 S.trength—duratlon Mexiletine 0.38 0.53
(40-60ms) (%) time constant (ms) Lacosamide 0.39 -0.004 0.002 0.52 -0.011 <0.001
TEdy 8.1 41 32 101 5.4 7.9 TEdyo Mexiletine 65.68 57.8
(90-100ms) (%) (t0-20ms) (%) Lacosamide* 65.7 1.02/-2.56  <o0.001 57.8 -0.385 <0.001
TEdy 8.2 4.2 3.2 10.9 5.4 7.6 TEdy Mexiletine 49.46 -1.732 <0.001 46.14 -1.508 0.037
(190-200ms) (%) (40-60ms) (%) Lacosamide 49.43 -0.248 <0.001 45.87
TEdyo peak (%) 6 34 2:5 8.2 48 52 TEdyo Mexiletine 45.61 -1.582 <0.001 41.84 -1.502 0.037
TEdy accommodation half- 12.3 6.5 7.9 16.1 10.6 1.4 (90-100ms) (%) Lacosamide 45.64 ~0.282 <0.001 41.63
time (ms) o
TEd4o Mexiletine 45.58 -1.39 <0.001 40.73 -1.487 0.038
- i % . . B . .
S2-accommodation (%) 2.4 7 8.4 16 97 21 (190-200ms) (%) Lacosamide 45.7 -0.352 <0.001 41.2 -0.24 0.002
TEdy 6.6 4.6 32 91 6.8 8.6 TEdy, peak (%) Mexiletine 64.99 -0.893 0.043 57.84
(10-20ms) (%) L d 608 P
acosamide .82 -0.40 <0.001 . -o. <0.001
TEd,, peak (%) 8 5 3.3 9.1 6 8.2 — 4 4 S7-29 433
TEdy accommoda- Mexiletine 19.76 16.48
TEhyo 72 4.5 3.8 6.5 4.1 53 tion half-time (ms) i
(10-20ms) (%) Lacosamide 19.44 -0.167 0.001 16.05 -0.285 <0.00I
TEhy 153 8.6 59 161 7.2 5.9 Soz—accommodation Mexiletine 19.5 16.38
(90-100ms) (%) (%) Lacosamide 19.19 -0.122 0.022 15.99 -0.29 0.001
TEhyo 18.1 10.1 6.1 16.2 6.7 5.8 TEdyo Mexiletine 33.93 29.29
(190-200ms) (%) (10-20ms) (%) Lacosamide 33.84 -0.171 <0.001 29.29
Fanning 14.6 7.7 4.8 13.5 5 5.6 TEd;o peak (%) Mexiletine 36.35 3L32
Hyperpolarizing 1/v-slope 15.8 8.5 9.90 16.3 10.2 10.1 Lacosamide* 36.29 1.57/-2.01  <0.001 31.37 -0.239 0.005
Minimum 1/v-slope 17.3 8.4 6.1 14.2 7.9 7.3 TEhyo Mexiletine -73.58 -66.23
Resting 1/v-slope 12.7 6.5 5.8 15.5 9.3 11.60 (ro-20ms) (%) Lacosamide -73.41 0.193 0.025 -66.27 0.313 0.016
Relative refractory period (ms) 8.2 4.3 3.5 15.9 6.3 7.7 TEhyo Mexiletine -124.36 -87.01
- 0, .
Refractoriness 405 22.6 19.1 38.9 17.7 19.2 (90-100ms) (%) Lacosamide -122.07 -88.12 0.59 0.001
at1s1 2 ms (%) TEhy Mexiletine -124.64 -79.81 2.37 0.037
Subexcitability (%) 35.7 24 20.1 43.6 16.3 26.2 (190-200ms) (%) Lacosamide -123 0.635 0.042 -80.27 0.503 <0.001
Superexcitability (%) 21 7.7 7.9 31.4 8.7 9.6 Fanning Mexiletine 169.87 120.48 -3.721 0.017
Lacosamide 168.71 -0.989 0.003 121.5 -0.763 <0.001
Hyperpolarizing Mexiletine 0.34 0.33
1/v-slope Lacosamide 0.35 0.33 0.004 0.002
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(Continuation Supplementary Table 3)

Motor nerve Sensory nerve
Estimated Slope P value Estimated Slope P value
population  (/ug/L) population  (/ug/L)
baseline baseline
Minimum 1/v-slope Mexiletine 0.24 -0.008 0.025 0.31
Lacosamide 0.24 0.001 0.029 0.31 0.004 <0.001
Resting 1/v-slope Mexiletine 0.59 0.75 0.051 0.025
Lacosamide 0.58 0.004 0.002 0.76 0.007 0.019
Relative refractory Mexiletine 2.56 0.102 <0.001 3.29 0.155 0.007
period (ms) Lacosamide 2.54 3.23
Refractoriness at 1S1 Mexiletine 34.14 5.963 0.007 60.05 5.675 0.035
2ms (%) Lacosamide 32.21 57.85 -1.102 0.019
Subexcitability Mexiletine 11.95 9.91
(%) Lacosamide 11.26 10.06 -0.443 <0.001
Superexcitability Mexiletine -24.37 2.421 <0.001 -18.81 2.418 <0.001
(%) Lacosamide -24.66 0.311 <0.001 -19.26 0.256 <0.001

*Emax variables presented as EC50/Ep gy, EC50 is reported as ug/L.
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SUPPLEMENTARY FIGUREI Individual and mean + standard deviation plasma concentrations of mexiletine
and lacosamide, at all four post-dose sampling timepoints before and after the nerve excitability threshold
tracking measurements at three and six hours after dosing. N=18.
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ABSTRACT

Measuring muscle velocity recovery cycles (MVRC) is a method to obtain
information on muscle cell excitability, independent of neuromuscu-
lar transmission. The goal was to validate MVRC as pharmacodynamic
biomarker for drugs targeting muscle excitability. As proof-of-concept,
sensitivity of MVRC to detect effects of mexiletine, a voltage-gated sodium
channel (Nay) blocker, was assessed. In a randomized, double-blind,
two-way crossover study, effects of a single pharmacologically active
oral dose of 333 mg mexiletine was compared to placebo in 15 healthy
male subjects. MVRC was performed pre-dose, 3- and 5-hours post-dose
using QTrac. Effects of mexiletine vs. placebo were calculated using a
mixed effects model with baseline as covariate. Mexiletine had significant
effects on MVRC when compared to placebo. Early supernormality after
five conditioning stimuli was decreased by mexiletine (estimated differ-
ence (ED) -2.78% (95% confidence interval (CI): -4.16, -1.40); p=0.0003).
Moreover, mexiletine decreased the difference in late supernormality
after five vs. one conditioning stimuli (5XLSN) (ED -1.46% (95% CI: -2.26,
-0.65); p=0.001). These results indicate that mexiletine decreases the
percentage increase in velocity of the muscle fiber action potential after
five conditioning stimuli, at long and short interstimulus intervals, which
corresponds to a decrease in muscle membrane excitability. This is in
line with the pharmacological activity of mexiletine, which leads to
use-dependent Nay1.4 blockade affecting muscle membrane potentials.
This study shows that effects of mexiletine can be detected using MVRC
in healthy subjects, thereby indicating that MVRC can be used as tool
to demonstrate pharmacodynamic effects of drugs targeting muscle
excitability in early phase drug development.
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INTRODUCTION

Neuromuscular diseases (NMDs) have received growing attention in
preclinical and clinical research in recent decades, which has led to
increased understanding of these disorders. However, significant progress
is still to be made where it comes to developing treatment options for
these patients. An essential part of advancing treatments through (pre)
clinical drug development towards therapy is the use of biomarkers,
especially for these often complex disorders.! Such biomarkers should be
tailored to specific NMDs, as they are a collection of rare disorders with a
broad spectrum of underlying pathophysiology. However, despite their
heterogeneity, a common feature for many of these diseases is direct or
indirect muscle pathology, resulting in symptoms of muscle weakness and
other muscle pathology. A biomarker that can characterize these defects
and allows quantification of pharmacological effects, would therefore
be of great value in drug development for a relevant subset of NMDs.
Muscle velocity recovery cycle (MVRC) measurements could be such
a pharmacodynamic biomarker, as they evaluate muscle cell excitability
invivo and are considered to be independent of neuromuscular transmis-
sion.2 The physiological muscle action potential is followed by early and
late depolarizing afterpotentials, resulting in two periods of increased
excitability. By applying one or more conditioning pulses before the
test pulse, MVRC can indirectly quantify these afterpotentials as peri-
ods of increased velocity (supernormality).2 Previous studies showed
that MVRC was able to distinguish different types of NMD from healthy
controls, indicating that the method has analytical and clinical validity.
Abnormalities in MVRC endpoints were detected in critical illness neu-
ropathy, Anderson Tawil syndrome, channelopathies, erythromelalgia,
myotonic dystrophies, inclusion body myositis, hypo- and hyperkalemic
periodic paralysis, sodium channel myotonias and myotonia congenita.3-12
However, to our knowledge, sensitivity of MVRC to detect (acute)
pharmacodynamic effects has not been evaluated. Therefore, the pri-
mary aim of this study was to investigate whether MVRc could detect
pharmacologically induced changes in muscle excitability in healthy
subjects. As a proof-of-concept, we selected mexiletine as pharmacolog-
ical intervention. Mexiletine is a use-dependent voltage-gated sodium
(Nay) channel blocker, thought to influence muscle excitability through
blocking Nay channels subtype 1.4 in skeletal muscle fibers.13-15 As a
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secondary objective, this study was set up to evaluate the feasibility and
repeatability of MVRc for use in an early phase clinical drug study.

MATERIALS AND METHODS

This trial was approved by the Foundation ‘Beoordeling Ethiek Biome-
disch Onderzoek’, an independent Ethics Committee based in Assen,
The Netherlands. The trial was executed between January 2020 and
March 2020, in accordance with the Declaration of Helsinki. The study
was registered in the Dutch Trial Registry (Nederlands Trial Register,
registration number NL8084).

STUDY DESIGN This was arandomized, double-blind, placebo-con-
trolled, two-way cross-over study in healthy subjects. Subjects received
a single dose of mexiletine 333 mg and matching placebo in random-
ized order on two separate study visits. Drug administrations were
separated by a wash-out period of seven days. MVRC measurements
were performed pre-dose and at two post-dose timepoints based on
the pharmacokinetic (Pk) profile of mexiletine. The first post-dose
measurement was performed three hours post-dose (approximately
Tmax), the second at five hours post-dose (another measurement at
expected high plasma concentrations of mexiletine), maximizing the
power to detect a pharmacodynamic effect. Measurement conditions
and mealtimes were standardized, and measurements were performed
at approximately the same clock time, to avoid interference of diurnal
variation or effects of food. A follow-up visit was performed five to nine
days after the last dose administration.

No important changes were made to the methods or trial outcomes
after study commencement.

STUDY POPULATION All subjects signed written informed consent
before participation in the study. To confirm eligibility and health status,
subjects were screened before participation, based on an interview
of medical history, physical examination (including vital signs and
electrocardiogram), and laboratory tests. Subjects were aged between 18
and 45 years, with a BMI between 18 and 30 kg/m? and a minimum weight
of 50 kg. Subjects with active or chronic disease that could interfere
with the safety or conduct of the study were excluded, particularly
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history of trauma to the lower extremities or other conditions that
could interfere with the MVRc measurements. The use of medication,
dietary supplements, cYp-enzyme containing products, alcohol and
caffeine were prohibited during the study. Subjects with history of
addictive substance abuse were excluded, and drug- and alcohol tests
were performed to determine current use of these substances. Excessive
exercise was prohibited within 72 hours before dosing.

STUDY DRUGS, RANDOMIZATION, AND BLINDING Mexiletine
(Namuscla, 167 mg, Lupin Europe GMBH) and matching placebo were
administered as capsules. The matching placebo was indistinguishable
from the active drug. A dose of 333 mg mexiletine was chosen as it was
thought to be pharmacodynamically active, because the recommended
therapeutic dose for patients with myotonia congenita is between 200
and 600 mg mexiletine hydrochloride daily (167 — 500 mg mexiletine).
Moreover, a dose of 333 mg mexiletine was considered safe for healthy
subjects — doses up to 600 mg mexiletine have been administered.6

The randomization schedule was generated using SAs version 9.4 (SAS
Institute, Inc., Cary, NC, USA) by an unblinded statistician, who was not
involved in the clinical execution of the study. A balanced treatment
allocation (two sequences, each for 6 subjects) was chosen to control for
first-order carry-over effects. Blinded study staff enrolled subjects and
assigned participants to interventions. All participants and study staff
remained blinded during the study.

MUSCLE VELOCITY RECOVERY CYCLES Practical details of the MVRC
procedure were described previously.2!” We performed the measurements
in the distal tibialis anterior muscle. A monopolar needle electrode (Natus
Dantec DCN, 25mmx26G) for stimulation was inserted approximately
one centimetre proximal to the distal end of the muscle. The anode
surface electrode (BlueSensor NF, Ambu, Ballerup, Denmark) was placed
distal to-and in near proximity of-the monopolar needle. A concentric
recording needle electrode (25mmx30G, TECA elite, Natus, Middleton,
UsA) was placed two cm proximal to the monopolar electrode. Needles
were inserted perpendicular to the skin, to a depth of approximately
one cm. A ground electrode (Red dot, 3M, St. Paul, usa) was placed on
the medial malleolus. Stimulation was computer guided by QTracS
software (protocol M3REC6, Institute of Neurology, London, UK). Pulses
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were applied by an isolated bipolar constant-current stimulator (Dss,
Digitimer, Hertfordshire, Uk). The recordings were amplified (gain
1000, bandpass filter 3 Hz to 3 kHz) using an EMG amplifier (D440-2,
DigiTimer, Hertfordshire, UK). An analog-digital convertor (NI-USB-6341,
National Instruments, Austin, Texas) digitized the signal at a sampling
frequency of 20 kHz. Hum Bug (Quest Scientific Instruments, North
Vancouver, Canada) was used to minimize 50 Hz noise. Skin temperature
was held between 32-36° Celsius by an infrared lamp (Daylight heat lamp,
General Electronic). Skin temperature was recorded at the beginning
and end of the measurement.

Two stimulation paradigms were applied: recovery cycles with one,
two, and five conditioning stimuli; and frequency ramp. In the first
paradigm, conditioning pulses are applied at interstimulus intervals
(181s) of 10 ms. After the last conditioning pulse, a test pulse is applied
at a decreasing 1SI between 1000 and 1.8 ms in 33 steps: 1000, 900, 800,
700, 600, 500, 450, 400, 350, 300, 260, 220, 180, 140, 110, 89, 71, 56, 45, 35,
28, 22,18, 14,11, 8.9, 7.1, 5.6, 4.5, 3.5, 2.8, 2.2, and 1.8 ms. In the frequency
ramp paradigm, a train of conditioning pulses is applied with a frequency
ranging between 1 and 30 Hz."!

Moreover, 15-point repeated recovery cycles measurements before,
during and after 5 minutes of ischemia induced by a blood pressure cuff
around the upper leg. Execution of this complex measurement proved
challenging which led to limited data quality; therefore, it is not reported.

DATA HANDLING MVRC variables were generated using QTracP
(Institute of Neurology, London, UK), details described previously.2
From the recovery cycles recordings, latency from test stimulus to peak
muscle action potential is measured. The effect of conditioning stimuli
on the latency after the test pulse are estimated as the percentage change
compared to an unconditioned test pulse.?'* As published previously,!
the following endpoints were generated for recovery cycles with one, two
and five conditioning stimuli. Muscle relative refractory period (MRRP):
interpolated 151 at which the latency of the unconditioned response, and
latency of the response after one conditioning stimulus, are the same.
Early supernormality (ESN): peak percentual latency change induced by
one conditioning stimulus at ISIs <15 ms. Early supernormality is also
calculated for five conditioning pulses: 5ESN. Time to peak ESN (ESN@) is
the 151 corresponding to ESN. SN20 is the supernormality at 1S1 20 ms. Late
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supernormality (LSN) is defined as the mean percentage latency change
due to one conditioning stimulus, at ISIs between 50 and 150 ms. XLSN:
the difference in LSN between two and one conditioning stimuli, and
5XLsN: the difference in LSN between five and one conditioning stimuli.
Residual supernormality (RSN) is the percentage latency change between
ISIs 9oo and 1000 ms, and 5XRSN is the difference in RSN between five
and one conditioning stimuli.

For frequency ramp, latency change is calculated as the percentage
of unconditioned action potentials recorded before the ramp.!! Latency
changes after stimulus trains with pulse frequencies of 15 Hz (Lat[15Hz])
and 30 Hz (Lat[30Hz]) were calculated, as well as percentage change
in amplitudes of the action potentials after 15 Hz (Peak[15Hz]) and 30
Hz (Peak[30Hz]) trains. The minimal latency (expressed as percentage
of the unconditioned pre-ramp potential) measured during the ramp
is LatMin, the corresponding frequency when latency is minimal is
FreqLatMin. Latency and amplitude changes are calculated for the first
and last potential in each train, and these are indicated as ‘First’ and ‘last’.
Percentage change in amplitude between 30 and 15 Hz (Peak[30-15Hz])
is calculated, as well as percentage latency and peak change 30 seconds
after the ramp (Lat[30Hz30s] and Peak[30Hz30s], respectively).

Before generation of the endpoints, raw data was visually inspected by
blinded study staff, and interpolation of single datapoints was performed
in case of single outliers with an abnormal muscle response. Additionally,
a blinded data review was performed to remove measurements with
technical abnormalities from analysis.

STATISTICAL ANALYSIS Statistical analysis was performed in sAs
version 9.4 (SAs Institute, Inc., Cary, Nc, UsA). Visual evaluation of normal
distribution was performed during analysis, and no variables needed
log-transformation to correct for log-normal distribution. Repeatedly
measured MVRC data are analysed with a mixed effects model with
fixed factors: treatment, period, time and treatment by time, random
factors: subject, subject by treatment and subject by time, and the average
pre-value as covariate. The contrast calculated within the model is
placebo versus mexiletine. To indicate inter- and intrasubject variability
of MVRc, coefficients of variation (cv%) were calculated from placebo
measurements (within-day variability) and derived from the raw data
as well as model covariate variables. Statistical significance was defined
at the 5% level.
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We used previously published variability data of MVRc in healthy sub-
jects'® to estimate the required sample size. Because no pharmacodynamic
effects on MVRC had been reported previously in healthy subjects, ex-
pected effect sizes for this study were based on those observed with
ischemia.? A sample size of twelve subjects in a cross-over design would
be able to detect a difference in MRRP of 0.37 ms, and difference in ESN
of 1.16%. with a power of 0.8.

RESULTS

A total of 15 subjects were enrolled, of which 14 subjects completed the
study. This includes three replacement subjects enrolled due to insuf-
ficient quality of MVRC measurements in three of the first 12 subjects.
Demographics are summarized in Supplementary Table 1.

A total of 85 measurements were performed in 15 subjects. One subject
only underwent two measurements and was subsequently excluded.
One measurement in another subject was not obtained for technical
reasons. Additionally, the following measurements were excluded from
analysisin a blinded data review (see chapter Data handling): for eleven
measurements the recovery cycles were (partially or fully) excluded, for
eight measurements frequency ramp was (partially or fully) excluded.
Individual and mean plasma concentrations of mexiletine are shown
in Supplementary Figure 1, mean concentrations per protocol time are in
Supplementary Figure 2. Adverse events reported in the study were mild to
moderate in intensity, and transient.

TEST-RETEST RELIABILITY Test-retest reliability, estimated in cv%s,
of all MVRc variables is shown in Supplementary Table 3. Raw baseline
MVRC endpoints and estimated means of measurements 3- and 5-hours
post-dose, are shown in Supplementary Table 4.

EFFECTS OF MEXILETINE ON RECOVERY CYCLES Effects of mex-
iletine on recovery cycles are listed in Table 1. Mexiletine significantly
decreased early supernormality after five conditioning stimuli (5ESN)
compared to placebo (Figure 1). Moreover, difference in late supernormal-
ity after five versus one conditioning stimuli (5XLSN) was significantly
decreased (Figure 2).
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To visualize these treatment effects, average post-dose recovery cycles
recordings with five conditioning stimuli are shown in Figure 3, for mex-
iletine and placebo. Average post-dose recovery cycles recordings with
one conditioning stimulus and two conditioning stimuli are shown in
Supplementary Figure 2 and Supplementary Figure 3, respectively.

FIGURET Effects of mexiletine versus placebo on early supernormality after five conditioning
stimuli (5ESN), shown as the estimated mean change from baseline (cF¥B) at three- and five-
hours post-dose. Error bars indicate the 95% confidence interval of the estimated mean.
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FIGURE 2 Effects of mexiletine versus placebo on the difference in late supernormality of
five versus one conditioning stimuli (5XLSN), shown as the estimated mean change from
baseline (CFB) at three- and five-hours post-dose. Error bars indicate the 95% confidence
interval of the estimated mean.
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TABLE 1 Effects of mexiletine versus placebo on MvRc endpoints, shown as the estimated

mean of the treatment period (post-dose) and the estimated difference of mexiletine
versus placebo, reported with 95% confidence interval and p-value.

Treatment Estimated Estimated 95% P value
mean treatment difference confidence
period interval
MRRP (ms) Placebo 3.03

E Mexiletine 3.09 0.058 (-0.250, 0.365) 0.702
2 | EsN (%) Placebo 12.40
g
g Mexiletine 1L.55 -0.854 (-2.760, 1.051) 0.328
Z | ESN@ (ms) Placebo 6.27
z .
S Mexiletine 6.62 0.34 (-0.48,1.17) 0.401
E 5ESN (%) Placebo 13.41
% Mexiletine 10.64 -2.78 (-4.157, -1.396) <o.oor*
:, sN20 (%) Placebo 6.42
2 Mexiletine 5.92 -0.497 (-1.33, 0.340) 0.230
& | LSN (%) Placebo 3.19
é Mexiletine 3.26 0.075 (-0.527, 0.676) 0.797
g |2XLSN (%) Placebo 2.47
" Mexiletine 2.08 -0.39 (-0.811, 0.032) 0.068
=)
3 | 5XLsN (%) Placebo 6.95
>
: Mexiletine 5.49 -1.46 (-2.258, -0.653) o.001*
E RSN (%) Placebo 0.166
e Mexiletine 0.165 -0.001 (-0.331, 0.330) 0.997
2 | sxrsN (%) Placebo 0.888

Mexiletine 0.717 -0.171 (-0.573, 0.231) 0.388
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(Continuation Table 1)
Treatment Estimated Estimated 95% P value
mean treatment difference  confidence
period interval
Lat[15Hz] s (%) Placebo 96.3
Mexiletine 96.5 0.20 (-0.69, 1.10) 0.650
Lat[15Hz]},s (%) Placebo 86.6
Mexiletine 89.3 2.77 (0.99, 4.55) 0.004*
Lat[30Hz],s (%) Placebo 97.2
Mexiletine 98.2 0.98 (-0.75, 2.71) 0.252
Lat[30Hz], (%) Placebo 87.4
Mexiletine 95.0 7.58 (3.80,11.4) <o.oor*
Lat[30Hz+30s] (%) Placebo 101.6
Mexiletine 100.7 -0.90 (-2.30, 0.49) 0.190
Peak[15Hz]q, (%) Placebo 110.5
Mexiletine 109.5 -1.02 (-9.24, 7.19) o.801
; Peak[15Hz], (%) Placebo 107.5
; Mexiletine 110.4 2.84 (-12.45,18.14) 0.692
E Peak[30Hz]g, (%) Placebo 112.8
& Mexiletine 112.6 -0.13 (-13.48, 13.21) 0.983
< | Peak[30Hz];, (%) Placebo 88.3
£ Mexiletine 89.5 1.20 (-19.45, 21.84) 0.903
Peak[30-15Hz] (%) Placebo .80
Mexiletine 4.49 2.69 (-3-49, 8.86) 0.376
Peak[30Hz+30s] Placebo 98.1
(%) Mexiletine 97.8 -0.23 (-7.28, 6.82) 0.948
LatMing,, (%) Placebo 95.4
Mexiletine 95.9 0.45 (-0.80,1.70) 0.435
LatMiny,; (%) Placebo 85.01
Mexiletine 88.76 3.75 (1.55, 5.95) 0.002*
FreqLatMing, Placebo 20.12
(Hz) Mexiletine 18.54 -L.57 (-5.48, 2.33) 0.412
FreqLatMin,, (Hz) Placebo 21.61
Mexiletine 17.79 -3.82 (-6.09, -1.54) 0.002*

Significant results are highlighted with *. ESN, early supernormality; ESN@, time to peak early supernormality;

LsN, late supernormality; MRRP, Muscle relative refractory period; MVRc, muscle velocity recovery cycle;

RSN, Residual supernormality; SN20, supernormality at interstimulus interval 20 ms.

CHAPTER 5 - MUSCLE VELOCITY RECOVERY CYCLES AS PHARMACODYNAMIC BIOMARKER

1



FIGURE 3 Mean post-dose recordings of recovery cycles with five conditioning stimuli, for
mexiletine (black, filled) and placebo (grey, empty). Error bars show the standard error. The
upper graph shows the percentual latency change after five conditioning stimuli at different
interstimulus intervals. The lower graph shows the additional change in latency of five versus
one conditioning stimuli. Variables with significant effects (mexiletine versus placebo) are
visualized by indicating the name of the variable. Variable visualization is reproduced from™.
Note this graph is meant to visualize treatment effects, but does not fully reflect the statistical
analysis, because the statistical model includes baseline as a covariate which is not reflected
in the graph.
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EFFECTS OF MEXILETINE ON FREQUENCY RAMP Effects of mexile-
tine versus placebo on frequency ramp are listed in Table 1. Mexiletine
significantly increased the percentual latency after the last pulse of a 15
Hz train (Lat[15Hz],5) and a 30 Hz train (Lat[30Hz]j,g), as shown in
Figure 4 and 5, respectively. Moreover, mexiletine increased the minimal
latency during the ramp (LatMiny,s) and decreased the frequency at
which the latency was minimal (FreqLatMiny,) (Supplementary Figure 4
and Supplementary Figure 5, respectively).
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Average post-dose frequency ramp recordings (Figure 6) visualize these
effects, showing that the latency decrease due to the 15 Hz and 30 Hz
trains is reduced by mexiletine.

FIGURE 4 Effects of mexiletine versus placebo on the latency change after a 15 Hz train of
stimuli (Lat[15Hz][,¢), shown as the estimated mean change from baseline (CFB) at three and
five hours post-dose. Error bars indicate the 95% confidence interval of the estimated mean.
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FIGURE 5 Effects of mexiletine versus placebo on the latency change at the end of a 30 Hz
train of stimuli (Lat[30Hz]|,4¢), shown as the estimated mean change from baseline (CFB)
at three and five hours post-dose. Error bars indicate the 95% confidence interval of the
estimated mean.
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FIGURE 6 Mean post-dose recordings of frequency ramp, for mexiletine (black) and placebo
(grey). Dotted lines show the standard error. The upper graph shows the percentual latency
(compared to unconditioned latency) by a train of pulses (stimulation rate shown in the lowest
graph). The middle graph shows the percentual amplitude change (compared to unconditioned
amplitude values). Both graphs show the last-in-train values. Variable with significant effects
(mexiletine versus placebo) is visualized by indicating the name of the variable. Variable
visualization is reproduced from™. Note this graph is meant to visualize treatment effects,
but does not fully reflect the statistical analysis, the statistical model includes baseline as a
covariate which is not reflected in the graph.
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DISCUSSION

The aim of this study was to investigate the use of MVRC as a tool to
demonstrate pharmacodynamic effects on muscle excitability. As a proof-
of-concept we compared effects of mexiletine to placebo in healthy
subjects and were able to demonstrate significant effects of mexiletine
on several MVRC variables. The recovery cycles variables sESN and 5XLSN
were decreased by mexiletine, indicating that mexiletine decreases
supernormality of the muscle action potential after five conditioning
stimuli, at long and short 1SIs. Moreover, we detected a significant in-
crease of Lat[15Hz]j,5¢, Lat[30Hz] a5, LatMin, g and FreqLatMiny,g by
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mexiletine using the frequency ramp paradigm. In this paradigm, a train
of conditioning stimuli physiologically results in an increase in latency
at the end of the train —we show that mexiletine suppresses this latency
increase after a 15 Hz and 30 Hz stimulus train.

These results indicate that MVRC endpoints are sensitive to detect
effects of pharmacological interventions on muscle excitability. The
effects on 5ESN and 5XLSN, and Lat[15Hz],s, Lat[30Hz ], LatMinp,gc and
FreqLatMinyj,g, can be explained by the mechanism of action of mexile-
tine. Mexiletine reduces muscle cell excitability through a use-dependent
block of Nay1.4, with higher affinity for Nay channels in the open and
inactivated state.’3"5 This pharmacological property may explain why
mexiletine significantly reduces early and late supernormality after five
conditioning pulses, as an increased number of Nay1.4 channels will
be in the open or inactivated state after previous activations shortly
before the test pulse. Additionally, our finding that ESN is only affected
by mexiletine after five conditioning stimuli, and not after one or two
conditioning stimuli, may be explained by the use-dependence of the
Nay blockade, as fewer conditioning stimuli would result in a relatively
lower availability of inactivated Nay channels that can be bound by
mexiletine. When observing effects of mexiletine on post-dose recovery
cycles recordings of one (Supplementary Figure 2) and two conditioning
stimuli (Supplementary Figure 3), there is no effect on recovery cycles with
one conditioning stimulus, and a small (non-significant) effect on su-
pernormality after two conditioning stimuli, in the same direction as
the effect seen with five conditioning stimuli (Figure 3). This appears to
indicate that the effect of mexiletine indeed increases with an increasing
number of conditioning stimuli. The effects on frequency ramp — signifi-
cant decrease in supernormality due to stimulus trains at high frequencies
(Lat[15Hz]j,5¢ and Lat[30Hz]j,) — also corresponds to effects expected
from a use-dependent Nay block: effects of mexiletine are larger after
repetitive stimulation. Additionally, the difference between mexiletine
and placebo is much larger after 30 Hz trains than 15 Hz trains, suggesting
an increasing effect at higher stimulation frequencies.

To our knowledge, this is the first study to evaluate effects of Nay
blockers on muscle excitability using MVRc in placebo-controlled man-
ner. An interesting report in this context however, evaluated effects of
a gain-of-function mutation in Nay1.4 channels on MVRC in patients
with sodium channel myotonia.® This mutation results in slowed Nay
inactivation,® which should theoretically exhibit somewhat opposite
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effects to mexiletine as Nay1.4 blocker. Indeed, ;ESN and 5XLSN (amongst
others) were significantly increased, and Lat[15Hz]j,c and Lat[30Hz]j,¢
significantly decreased in sodium channel myotonia, strengthening our
results and confirming the mechanism involved in influencing MVRc.

Another relevant paper in this context describes muscle excitability
in myotonia congenita patients. Patients with myotonia congenita carry
amutation in CIC-1, resulting in an increase in muscle excitability. The
authors compared MVRC of myotonia congenita patients off-treatment,
to patients using Nay blockers (mainly mexiletine).! Tan et al. showed
that the presence of myotonia congenita (in patients who are not on
treatment) results in an increase in ESN, 5ESN, LSN and 5XLSN compared
to healthy subjects. The authors showed that patients on-treatment with
Nay blockers have a significant decrease in all these variables (a change
in the direction of normal controls). This suggests a (partial) reversing
of the effects of myotonia congenita by Nay blockers. Although the
results cannot directly be compared to our study because Tan et al. did
not measure the effects within a patient on- and off-drug, but between
patients using or not using Nay blockers chronically, their findings do
corroborate the decrease of 5ESN and 5XLsSN due to mexiletine that we
found. Moreover, although no significant difference in Lat[15Hz]j,5c was
found between myotonia congenita and healthy subjects, patients using
Nay blockers did have a significant increase in Lat[15Hz]},5, in line with
our results. FreqLatMinyj,g is significantly decreased in patients using
Nay blockers when compared to patients without these drugs, in line
with our findings for mexiletine.

MVRC AS A BIOMARKER IN DRUG DEVELOPMENT Our study
shows that MVRC endpoints are suitable to detect drug effects on muscle
excitability, even in a small number of healthy subjects, with a limited
number of post-dose measurements. The sample size used here is a
typical sample size used in phase I studies. Additionally, the MVRC
measurement was safe and well-tolerated in this study. The duration of
one measurement allows for pre-dose and multiple post-dose measure-
ments: the stimulation protocol used in this study takes approximately
7 minutes. In addition, the intra-subject variability derived from the
model is acceptable, reflected by cv%s below 20% for 17 of 25 variables,
which supports the use of MVRC as a biomarker in a cross-over study
design. As these test-retest reliability results are based on the data in
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the placebo treatment, this indicates that the endpoints were rather
stable under placebo, i.e. there was no apparent placebo response. These
properties are a prerequisite for a valuable biomarker in early phase
clinical trials. Whether effects of compounds developed for various
NMDs can be detected using MvRc will have to be confirmed in future
studies. However, we propose the use of MVRC as a biomarker for target
engagement of drugs developed to influence muscle excitability, such
as novel (subtype-specific) Nay blockers,!?,2° or existing sodium- or
potassium channel modulating therapies proposed as new treatments
for myotonia.?!=23 This biomarker may therefore be used for proof of
target engagement but may also facilitate an informed choice of the
dose level in the translation from Phase 1 studies in healthy subjects
to Phase 2 and 3 studies in patient populations. Furthermore, MVRC
may also be used in the translational phase between preclinical and
clinical studies because the measurement can also be performed in
animal studies.?+25

For further development of MVRC as pharmacodynamic biomarker,
it would be of interest to explore concentration effect relationships on
MVRC. The current study is not set up to reliably evaluate this, because
the spread in plasma concentrations is insufficient: we only performed
two post-dose PD measurements, both at high plasma concentrations.

LIMITATIONS Due to potential effects of oedema or bleeding around
the needle electrodes on consecutive measurements, the insertion
location of the needle varied slightly (approximately o.5 cm) between
measurements on the same day. This may influence the conduction
distance slightly between measurements performed on the same day.
However, intra-subject variability was low, suggesting that this was not
a major problem. Moreover, a previous variability study did not report
a significant effect of conduction distance on the MVRC endpoints
calculated as percentage latency change.!®

A potential limitation of MVRCc is that it can be challenging to find
suitable muscle responses to perform the MVRC measurement. This can
lead to technically aberrant measurements that have to be removed
from analysis, although this occurred rarely in our dataset (see section
Data handling).

The analyses presented here were not corrected for multiple testing,
due to the exploratory nature of the study.
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CONCLUSION The aim of this study was to evaluate MVRC as a biomarker
for pharmacodynamic effects on muscle excitability. We demonstrated
significant effects of the use-dependent Nay channel blocker mexiletine
on MVRC in healthy subjects. The results indicate a reduction of muscle
excitability by mexiletine, in line with its suggested mechanism of
action. Whether MvRc can detect pharmacodynamic effects of other
(novel) treatments for NMDs remains to be determined in future work.
However, this study encourages the use of MVRC as a tool to demonstrate
pharmacodynamic effects of drugs targeting muscle excitability in early
phase clinical drug development.

MEASUREMENT OF CORTICAL, NERVE, AND MUSCLE EXCITABILITY IN EARLY PHASE CLINICAL DRUG DEVELOPMENT

118

SUPPLEMENTARY MATERIAL

SUPPLEMENTARY TABLE I Demographics of the study population.

N 15
Age (years) Mean (D) 24 (5)
Median 22
Range 19-41
Height (cm) Mean (sD) 179 (8)
Median 179
Weight (kg) Mean (sD) 74 (12)
Median 73
BMI (kg/m?) Mean (sD) 23 (2)
Median 22

BMI = body mass index; sD = standard deviation.

SUPPLEMENTARY TABLE 2 Mean, standard deviation (sp), and median plasma concentrations
of mexiletine at each protocol time.

Time after dosing Mean concentration  SD Median concentration
(mg/L) (mg/L)

2h 39m 1.34 0.27 1.27

4h 39m 1.16 0.27 1.16
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SUPPLEMENTARY TABLE 5 Coefficients of variation (cv%) of MVRC endpoints. Intrasubject SUPPLEMENTARY TABLE 4 Raw mean baseline (pre-dose) values of MVRc endpoints, and

cv% is calculated within-da lacebo occasion), from the raw data as well as the estimated estimated means of post-dose measurements at three- and five-hours post-dose, are listed.
y (P P P
values from the model (corrected for baseline). Intersubject cv% is calculated from estimated
values from the model. Treatment Raw mean Estimated Estimated mean
baseline mean 3h post-dose  sh post-dose
Raw Intrasubject cv%, Model Intrasubject = Model Intersubject MRRP (ms) Placebo 3.03 2.84 323
within-day cv%, within-day cv% Mexiletine 342 2.99 219
0y 0y 0y

« E MRRP 13.80% 13.80% 13.80% ESN (%) Placebo 3.1 13.1 .y

; E ESN 18.90% 16.80% 20.40% Mexiletine 12.9 12.1 11.0

E E ESN@ 15.30% 15.60% 15.60% v | ESN@ (ms) Placebo 6.57 5.98 6.57

0y 0y 0y

o z SESN 18.80% 18.80% 21.90% ;, Mexiletine 7.57 6.52 6.72

0y 0y 0y

§ E SN20 18.0% 16.0% 16.0% 5 SESN (%) Placebo 13.3 143 2.5

: E LSN 28.60% 25.60% 25.60% N: Mexiletine 12.8 3 9.9

0, 0, 0, -

5 Z |2XLSN 25.10% 22.90% 22.90% o | SN20 (%) Placebo 6.60 6.77 6.07

2 & 5XLSN 16.40% 15.50% 15.50% E Mexiletine 652 639 .46

S . . .

& % RSN 429.10% 277.30% 287.90% @ | LSN (%) Placebo 3.49 3.55 2.83
5XRSN 57.10% 79-40% 79-40% § Mexiletine 3.32 3.55 2.98
Lat[15Hz] g/ 1.20% 1.50% 1.50% E 2XLSN (%) Placebo 2.28 2.49 2.44
Lat[15Hz] )5 2.70% 3.00% 3.00% S Mexiletine 2.37 2.29 1.86
Peak[15Hz], 23.20% 20.60% 21.10% § 5XLSN (%) Placebo 6.58 7.13 6.77
Peak[15Hz]g 12.40% 12.10% 12.30% & Mexiletine 6.93 5.97 5.02

o Lat[30Hz]gg 1.70% 1.70% 1.70% RSN (%) Placebo 0.01 0.12 0.22
5 Lat[30Hz]j,5 6.0% 4.4% 4.4% Mexiletine 0.31 0.19 0.14
o
% Peak[30Hz]gyy 12.90% 15.10% 15.10% 5XRSN (%) Placebo LII 0.98 0.80
E Peak[30Hz]), 31.90% 27.30% 27.30% Mexiletine 1.26 0.87 0.56
g Peak[30-15Hz] 507.20% 385.90% 385.90%
E Lat[30Hz+30s] 1.50% 1.00% 1.00%
Peak[30Hz+30s] 13.50% 11.80% 11.80%
LatMing 1.8% 1.6% 1.7%
LatMin 3.4% 3.6% 3.6%
last
FreqLatMin, 25.3% 28.6% 28.6%
q first
FreqLatMin, 14.7% 17.8% 187%
q last 7 7
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(Continuation Supplementary Table 4) SUPPLEMENTARY FIGURE I Individual and mean + sp plasma concentration of mexiletine,
before the start of the post-dose MVRC measurements (2 hours and 39 minutes post-dose,

Treatment Raw mean Estimated Estimated mean and 4 hours and 39 minutes post-dose).
baseline mean 3h post-dose  sh post-dose
Lat[15Hz] g, Placebo 95.6 96.2 96.4
(%) Mexiletine 95.9 96.3 96.7
Lat[15Hz]), Placebo 86.2 85.9 87.2
(%) Mexiletine 86.2 89.0 89.6
Lat[30Hz]g, Placebo 95.8 96.8 97.5 T
(%) Mexiletine 97.0 98.2 98.2 1.5
Lat[30Hz], Placebo 88.3 86.5 88.4 -
(y . .
(%) Mexiletine 87.4 95.6 94.5 —
Lat[3oHz+30s] Placebo 102 101 101 <|
(%) Mexiletine 102 102 100 g
Peak[15Hz]g Placebo 113 113 11 S— _I=
(%) Mexiletine 114 108 108 5 1.0 -
E Peak[15Hz],,, Placebo 119 113 102 © 1
s (%) Mexiletine 114 119 102 -E
E Peak[30Hz]g Placebo 116 116 115 8
g (%) Mexiletine 121 109 111 8
E Peak[30Hz],,, Placebo 95.6 92.6 84.1 O
& | (%) Mexiletine 102.6 93.0 86.0 0.5 -
Peak[30-15Hz] Placebo 2.73 2.13 1.48
(%) Mexiletine 5.76 4.98 4.00
Peak[30Hz+30s] Placebo 98.3 101 97.6
(%) Mexiletine 100 95.0 98.1
LatMing Placebo 94.4 95.4 95.5
(%) Mexiletine 94.8 95.6 96.2 0.0
LatMiny, Placebo 84.9 84.3 85.7
T T T T T T
*) Mexiletine 847 88.7 88.9 0 60 120 180 240 300
FreqLatMing, Placebo 20.6 18.6 21.7 Tlme after dose (mln)
(Hz) Mexiletine 21.9 18.4 18.7
FreqLatMin, Placebo 20.8 21.2 22.1
(Hz) Mexiletine 20.7 17.7 17.9
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SUPPLEMENTARY FIGURE 2 Mean post-dose recordings of recovery cycles with one condi-
tioning stimulus, for mexiletine (black, filled) and placebo (grey, empty). Error bars show
the standard error. The graph shows the percentual latency change after one conditioning
stimuli at different interstimulus intervals. Note this graph is meant to visualize treatment
effects, but does not fully reflect the statistical analysis, because the statistical model includes
baseline as a covariate which is not reflected in the graph.
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SUPPLEMENTARY FIGURE 3 Mean post-dose recordings of recovery cycles with two condi-
tioning stimuli, for mexiletine (black, filled) and placebo (grey, empty). Error bars show the
standard error. The upper graph shows the percentual latency change after two conditioning
stimuli at different interstimulus intervals. The lower graph shows the additional change in
latency of two versus one conditioning stimuli. Note this graph is meant to visualize treatment
effects, but does not fully reflect the statistical analysis, because the statistical model includes
baseline as a covariate which is not reflected in the graph.

o

Latency change
(2 CS) (%)

!

Ay

=)
l

—&— Mexiletine (post-dose)

Inter-stimulus interval (ms)

MEASUREMENT OF CORTICAL, NERVE, AND MUSCLE EXCITABILITY IN EARLY PHASE CLINICAL DRUG DEVELOPMENT

124

Difference

2-1CS (%)

Placebo (post-dose)

r |||||||I T |||||||I T |||||||I

10 100 1000
Inter-stimulus interval (ms)

CHAPTER 5 - MUSCLE VELOCITY RECOVERY CYCLES AS PHARMACODYNAMIC BIOMARKER

125



SUPPLEMENTARY FIGURE 4 Effects of mexiletine versus placebo on the minimal latency SUPPLEMENTARY FIGURE 5 Effects of mexiletine versus placebo on the frequency at which

(last in train) recorded during the ramp (LatMin], ), shown as the estimated mean change the minimal latency (last in train) was recorded during the ramp (FreqLatMin],), shown
from baseline (CFB) at three- and five-hours post-dose. Error bars indicate the 95% confidence as the estimated mean change from baseline (CFB) at three- and five-hours post-dose. Error
interval of the estimated mean. bars indicate the 95% confidence interval of the estimated mean.
o Placebo 45
© | Mesiics o T -©- Placebo
£ -o- Mexiletine - —_
=T - £ 24 -o- Mexiletine
° =
QW 9 )
S 7}
< IR )] S-S |
% c O
o £ - +
g 8 c§
$3 s 5.
c 2 -
-5 o 2.4+
o £ g
o ES
-6
-4 T i+ 1 T 1
1 T T L] 1
0 vl 4 5 0 1 2 3 4 5
ime (hours) Time (hours)
MEASUREMENT OF CORTICAL, NERVE, AND MUSCLE EXCITABILITY IN EARLY PHASE CLINICAL DRUG DEVELOPMENT CHAPTER 5 - MUSCLE VELOCITY RECOVERY CYCLES AS PHARMACODYNAMIC BIOMARKER

126 127



REFERENCES

10

II

Scotton C, Passarelli C, Neri M, Ferlini A.
Biomarkers in rare neuromuscular diseases. Exp Cell
Res. 2014;325(1). doi:10.1016/j.yexcr.2013.12.020
Z’Graggen W], Bostock H. Velocity recovery cycles
of human muscle action potentials and their
sensitivity to ischemia. Muscle Nerve. 2009;39(5).
doi:10.1002/mus.21192

Boland-Freitas R, Lee J, Howells J, et al.
Sarcolemmal excitability in the myotonic
dystrophies. Muscle Nerve. 2018;57(4). doi:to.1002/
mus.25962

Lee JH, Boland-Freitas R, Liang C, Ng K.
Sarcolemmal depolarization in sporadic
inclusion body myositis assessed with muscle
velocity recovery cycles. Clinical Neurophysiology.
2019;130(12):2272-2281. doi:10.1016/j.
clinph.2019.08.019

Veronica Tan S, Suetterlin K, Mannikko R,
Matthews E, Hanna MG, Bostock H. Invivo
assessment of interictal sarcolemmal membrane
properties in hypokalaemic and hyperkalaemic
periodic paralysis. Clinical Neurophysiology.
2020;131(4). doi:ro.1016/j.clinph.2019.12.414

Tan SV, Z'Graggen W], Boério D, et al. Membrane
dysfunction in Andersen-Tawil syndrome assessed
by velocity recovery cycles. Muscle Nerve. 2012;46(2).
doi:10.1002/mus.23293

Tan SV, Z'graggen WJ, Boério D, Turner C, Hanna
MG, Bostock H. In vivo assessment of muscle
membrane properties in myotonic dystrophy.
Muscle Nerve. 2016;54(2). doi:10.1002/mus.25025
Z’Graggen W], Brander L, Tuchscherer D,
Scheidegger O, Takala J, Bostock H. Muscle
membrane dysfunction in critical illness
myopathy assessed by velocity recovery cycles.
Clinical Neurophysiology. 2011;122(4). doi:10.1016/j.
clinph.2010.09.024

Tan SV, Z'Graggen W], Hanna MG, Bostock H. In
vivo assessment of muscle membrane properties
in the sodium channel myotonias. Muscle Nerve.
2018;57(4). doi:10.1002/mus.25956

Tankisi A, Pedersen TH, Bostock H, et al. Early
detection of evolving critical illness myopathy
with muscle velocity recovery cycles. Clinical
Neurophysiology. 2021;132(6). doi:10.1016/j.
clinph.2021.01.017

Tan SV, Z'Graggen W], Boério D, et al. Chloride
channels in myotonia congenita assessed

12

13

14

15

16

17

18

19

20

21

22

by velocity recovery cycles. Muscle Nerve.
2014;49(6):845-857. doi:10.1002/mus.24069
Z'Graggen W], Aregger F, Farese S, et al. Velocity
recovery cycles of human muscle action potentials
in chronic renal failure. Clinical Neurophysiology.
2010;121(6). doi:10.1016/j.clinph.2010.01.024

Wang GK, Russell C, Wang SY. Mexiletine block
of wild-type and inactivation-deficient human
skeletal muscle hNavr.4 Na+ channels. J Physiol.
2004;554(3):621-633. doi:https://doi.org/10.1113/
jphysiol.2003.054973

Logigian EL, Martens WB, Moxley RT 4th, et

al. Mexiletine is an effective antimyotonia
treatment in myotonic dystrophy type 1.

Neurology. 2010;74(18):1441-1448. doi:10.1212/
WNL.oborze3181dciaza

Lehmann-Horn F, Jurkat-Rott K. Voltage-

gated ion channels and hereditary disease.

Physiol Rev. 1999;79(4):1317-1372. doi:10.1152/
physrev.1999.79.4.1317

Pringle T, Fox J, McNeill JA, et al. Dose independent
pharmacokinetics of mexiletine in healthy
volunteers. Br ] Clin Pharmacol. 1986;21(3):319-321.
doi:ro.1111/j.1365-2125.1986.tbo5196.%

Witt A, Bostock H, Z'graggen W], et al. Muscle
velocity recovery cycles to examine muscle
membrane properties. Journal of Visualized
Experiments. 2020;2020(156). doi:10.3791/60788
Z'Graggen WJ, Troller R, Ackermann KA, Humm
AM, Bostock H. Velocity recovery cycles of
human muscle action potentials: Repeatability
and variability. Clinical Neurophysiology. 2011;122(11).
doi:10.1016/j.clinph.2011.04.010

De Bellis M, De Luca A, Desaphy JF, et al. Combined
Modifications of Mexiletine Pharmacophores for
New Lead Blockers of Navr.4 Channels. Biophys J.
2013;104(2):344-354. doi:https://doi.org/10.1016/j.
bpj.2012.11.3830

de Bellis M, Carbonara R, Roussel J, et al. Increased
sodium channel use-dependent inhibition by a
new potent analogue of tocainide greatly enhances
in vivo antimyotonic activity. Neuropharmacology.
2017;113(Pt A):206-216. doi:10.1016/].
neuropharm.2016.10.013

Ravaglia S, Maggi L, Zito A, et al. Buprenorphine
may be effective for treatment of paramyotonia
congenita. Muscle Nerve. 2021;64(1):95-99.
doi:10.1002/mus.27249

Desaphy JF, Carbonara R, Costanza T, Conte
Camerino D. Preclinical evaluation of marketed

MEASUREMENT OF CORTICAL, NERVE, AND MUSCLE EXCITABILITY IN EARLY PHASE CLINICAL DRUG DEVELOPMENT

128

sodium channel blockers in a rat model of

myotonia discloses promising antimyotonic drugs.

Exp Neurol. 2014;255(100):96-102. doi:10.1016/j.
expneurol.2014.02.023

23 Dupont C, Denman KS, Hawash AA, Voss AA,
Rich MM. Treatment of myotonia congenita
with retigabine in mice. Exp Neurol. 2019;315:52-59.
doi:ro.1016/j.expneurol.2019.02.002

24 Boério D, Corréa TD, Jakob SM, Ackermann KA,

25

Bostock H, Z'Graggen WJ. Muscle membrane
properties in A pig sepsis model: Effect of
norepinephrine. Muscle Nerve. 2018;57(5).
doi:10.1002/mus.26013

Suetterlin KJ, Tan SV, Mannikko R, et al. Ageing
contributes to phenotype transition in a mouse
model of periodic paralysis. JCSM Rapid Commun.
2021;4(2):245-259. doi:https://doi.org/10.1002/
rC02.41

CHAPTER 5 - MUSCLE VELOCITY RECOVERY CYCLES AS PHARMACODYNAMIC BIOMARKER

129



CHAPTER 6

SAFETY, PHARMACOKINETICS,

* AND PHARMACODYNAMICS OF A CLC-I
INHIBITOR — A FIRST-IN-CLASS COMPOUND
THAT ENHANCES MUSCLE EXCITABILITY:
A PHASE I, SINGLE- AND
MULTIPLE-ASCENDING DOSE STUDY

THIS CHAPTER (PAGES 132 TO I61I) IS SUBJECT TO AN
EMBARGO AND IS THEREFORE NOT INCLUDED IN THIS FILE

N A
itiaQ. Ruijs'?, Catherine M.K.E. de Cuba'?, Jules A.A.C. Heuberger?, John Hutchison?, Jane Bold?,
Thomas S. ‘onnebak?, Klaus G Jensen3, Eva Chin3, Jorge A. Quiroz?, Peter Flagstad?, Marieke L. de Kam!,

Ml.ch.lel} v‘an Esdonk!, Erica Klaassen!, Robert J. Doll', Ingrid W. Koopmans'2, Annika A. de Goede!,

NP Y L Thomas H.Pedersen’, Geert Jan Groeneveld'?

P Rl ' a

) T 1. Centre fox Human Drug Research, Leiden, NL
X M “ 3. Leiden University Medical Centre, Leiden, NL
¥ L / Y
<ABi - 3.NMD Pharma A/s, Aarhus N, DK
} ’
» i -
’
.
. s v
.

L 0



» \ I 0

. CHAPTER 7

FIRST IN CLASS‘CLC-I INHIBITOR
“IMPROVES SKELETAL MUSCLE FUNCTION
IN ANIMAL MODELS AND PATIENTS
WITH MYASTHENIA GRAVIS

Submitted to Science Translational Medicine

Martin Skov'*, Titia Q. Ruijs?3*, Thomas S. Grennebzek!, Marianne Skals?, Anders Riisager?,
Jeppe Blichfeldt Winther?, Kamilla Lohde Tordrup Dybdahl', Anders Findsen!,
Jeanette Jeppesen Morgen!, Nete Huus!, Martin Broch-Lips!, Ole Bakgaard Nielsen'?,
Catherine M.K.E. de Cuba?3, Jules A.A.C. Heuberger?, Marieke L. de Kam?,

Martijn Tannemaat, Jan Verschuuren?, Lars J. S. Knutsen', Nicholas M. Kelly?,

Klaus Gjervig Jensen!, William David Arnold®, Arthur H. Burghes 7, Claus Olesen'?,
Jane Bold?, Thomas K. Petersen’, Jorge A. Quiroz!, John Hutchison!, Eva R. Chin!,
Geert Jan Groeneveld23, Thomas H. Pedersen'#. *Shared first author

1. NMD Pharma A/s, Aarhus N, DK
v 2. Centre for Human Drug Research, Leiden, NL
. 3. Leiden University Medical Centre, Leiden, NL
. 4. Aarhus University, Department of Biomedicine, Aarhus C, bk
5. NextGen Precision Health, University of Missouri, Columbia, usa
6. Department of Biological Chemistry and Pharmacology, The Ohio State
- University Wexner Medical Center, Columbus, usa
7. Department of Neurology, Neuromuscular Division, The Ohio State
University Wexner Medical Center, Columbus, usa




ABSTRACT

Myasthenia gravis (MG) is a neuromuscular disease that results in
compromised transmission of electrical signals from motor neurons
to skeletal muscle fibers. As a result, MG patients have reduced skeletal
muscle function and present with symptoms of severe muscle weakness
and fatigue. CIC-1 is a skeletal muscle specific chloride (Cl-) ion channel
that plays important roles for regulating neuromuscular transmission
and muscle fiber excitability during intense exercise. Here we show
for the first time that partial inhibition of clc-1 with a novel, selective,
and orally bioavailable clc-1-inhibiting small molecule (N\MD670) can
restore muscle function in rat models of MG and in MG patients. Thus,
in severely affected MG rats, ClC-1 inhibition enhanced neuromuscular
transmission, restored muscle function, and improved mobility following
both single and prolonged administrations of NMD670. On this basis,
NMD670 was progressed through no\nclinical safety pharmacology and
toxicology studies leading to approval for testing in clinical studies.
After successfully completing Phase I single ascending dose in healthy
volunteers, NMD670 was tested in MG patients in a randomized, place-
bo-controlled, single-dose, three-way cross-over clinical trial. The clinical
study evaluated safety, pharmacokinetics, and pharmacodynamics of
NMD670 in 12 MG patients with mild symptoms. NMD670 had a favor-
able safety profile and led to clinically relevant improvements in the
Quantitative myasthenia gravis (QMG) total score. This study provides the
first indications of ClC-1 inhibition as a novel and highly translational
therapeutic approach to improve symptoms in MG and, potentially, other
diseases with compromised neuromuscular transmission.
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INTRODUCTION

Contractions of skeletal muscle enable activities such as walking,
breathing, and eating. Such complex and essential behavior requires
well-functioning control and coordination of the muscle contractions by
the nervous system. The neuromuscular junction (NMj) is the specialized
synapse where propagating action potentials (APs) are transmitted from
motor neurons to muscle fibers. In healthy muscles, generation of muscle
fiber Aps at the NMJ is highly reliable, even during intense muscle activity.
Contrastingly, in some neuromuscular diseases excitation failures at the
NMJ cause severe muscle weakness that can become life-threatening.
Myasthenia gravis (MG) is one of the most common diseases that com-
promises AP generation at the NMJ resulting in muscle weakness and
excessive fatigability.! In most cases, MG is caused by an autoimmune
response directed against post-synaptic components of NMjJ, e.g.,
acetylcholine receptor (Achgr) (Figure 1). It is a serious and sometimes
life-threatening disease that requires chronic treatment in most patients.
Drugs used in the treatment of MG can be categorized into treatments
that directly enhance neuromuscular transmission (e.g. pyridostigmine,
an acetylcholinesterase inhibitor), and immunomodulatory treatments
that focus on the autoimmune response (e.g. steroids, non-steroidal
immunosuppressants, complement cascade inhibitors, and FCRN an-
tagonists). There is no curative treatment, and most patients are treated
with a combination of drugs from both categories.? While there has been
some important progress in development of new immunomodulatory
MG treatments,>”’ there are still limited treatment options to directly
restore muscle function by enhancing neuromuscular transmission.3,°
clc-1 channel is a skeletal muscle specific member of the family of
nine CIC proteins known in man. The physiological role of clc-1 is to
dampen muscle fiber excitability by stabilizing the resting membrane
potential. Regulation of C1C-1 during intense physical activity via cellular
signals that arise in the active muscle fibers has been shown to be a key
determinant for controlling muscle function.’ Thus, during intense
muscle activity, Cl1C-1 function is partially inhibited via activity-induced
protein kinase C phosphorylation with ensuing enhancement of neuro-
muscular transmission.!? A role of clC-1 for neuromuscular transmission
has been further corroborated by a study showing that pharmacolog-
ical inhibition of ClC-1 can restore nerve-stimulated force in isolated
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FIGURE I Illustration of how low EPP amplitudes results in excitation failures in MG and
the working hypothesis for how CIC-1 inhibition enhances neuromuscular transmission
restoring of AP excitations.
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(a) Neuromuscular transmission in a healthy synapse. Inwardly directed current flow through activated ACHR
causes a local depolarization of the muscle fiber membrane potential at the NMJ that is known as the endplate
potential (EPP). Provided the EPP reaches a sufficient amplitude, the depolarization results in activation of

voltage gated sodium channels with ensuing excitation of a propagating AP in the muscle fiber. Numbers refer to
electrical events at NMJ shown conceptually in the right panel: 1) the neuronal AP in black, 2) the muscle fiber

AP when excited at NMJ in red with the EPP indicated by the dotted line, and 3) the propagating AP in the muscle
fiber membrane in blue. (B) Illustration of the alterations at NMJ in MG including reduced ACHR numbers and
shallow post-synaptic folds. The neuronal AP is unaffected, but the muscle fiber AP is not excited at NmJ due to the
diminished EPP. (C) Partial inhibition of CIC-1 channels enhances neuromuscular transmission by enlarging the
EPP allowing restoration of AP excitation in the muscle fiber at NMJ in MG.
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nerve-muscle preparations from rat during sub-maximal exposure to
ACH receptor antagonists.!* Prompted by these indications of a key role
of clc-1 for NMJ function, the present study explored the hypothesis that
clc-1inhibition may enhance neuromuscular transmission and restore
muscle function in diseases characterized by NMJ transmission failure
eventually leading to improvement in symptoms of weakness and fatigue.

Here we report a comprehensive series of pre-clinical and clinical
studies that were conducted to test the hypothesis that pharmacological
inhibition of ClC-1 with NMD670, a novel first-in-class CIC-1 inhibitor,
can enhance neuromuscular transmission and restore muscle function
in MG patients (Figure 1c). First, using severely affected MG rats, NMD670
was observed to enhance neuromuscular transmission and restore muscle
function when tested at all levels of biological organization from the single
synapse to prolonged dosing. Second, these pre-clinical findings predicted
and translated to clinical observations in patients with MG. Thus, single
dose administrations of NMD670 showed clinically meaningful and statis-
tically significant improvement of muscle function in MG patients while
having a favorable safety profile. The findings provide the first evidence
that clc-1 inhibition can be developed as a new treatment approach in
MG and potentially other diseases with NMJ transmission deficits.

RESULTS

To test the hypothesis that clc-1 inhibition can enhance Nmj transmis-
sion, restore muscle function, and improve symptoms in MG, two small
molecule clc-1 inhibitors were first identified (N\MD670 and NMDo71)
and shown to be selective and orally bioavailable. The effect of clc-1
inhibition was then evaluated in MG rat models at all functional levels
from the single synapse to prolonged dosing in whole animals. Finally,
it was explored whether treatment effects with clc-1 inhibition in MG
rats could translate into clinically meaningful proof-of-mechanism
observations in patients with symptomatic MG.

A screen testing the ability of compounds to inhibit the clc-1 channel
in muscle fibers from healthy rats was used, employing a previously
described electrophysiological technique with three intracellular micro-
electrodes.”? Briefly, clC-1 function was evaluated from measurements
of the resting membrane conductance in individual muscle fibers and
areduction in the membrane conductance reflects clc-1 inhibition.
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FIGURE 2 CIC-1 inhibition increases neuromuscular transmission and restores muscle force and motor
performance in rat models of MG.
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(Continuation Figure 2)

Panels (A, ¢, E, and G) show representative traces of electrophysiological signals or force from healthy rats in grey,
untreated MG rats in red, and MG rats after addition/dosing of the CIC-1 inhibiting agent NMD670 in blue. (a)
Shows EPP recording obtained at the single synapse level with intracellular electrode in response to stimulation of the
motor nerve. Shown is the first EPP in a train of 30 EPPs elicited at 12 Hz in a healthy muscle fiber and in muscle
fibers from MG rats before and after NMD670. (B) Average EPP amplitudes in 68 MG muscle fibers without (red) and
82 MG muscle fibers with presence of NMD670 (blue) during protocol in (). (C) Action potentials recorded from
single muscle fibers with intracellular electrodes inserted at NMj during 30 Hz nerve-stimulation in muscle fibers
from healthy epitrochlearis muscle fibers and from MG muscle fibers before and after adding NMD670. (D) Average
AP excitation success (%) of attempted stimulations at 30 Hz stimulation in MG musclke fibers before and after
addition of NMD670 (n = 74 epitrochlearis MG muscle fibers in both groups). (E) Force from isolated soleus muscle
from healthy and from MG animals during nerve-stimulation at 6o Hz, before and after addition of NMD670. (F)
Average force relative to pre-NMD670 in isolated nerve-stimulated diaphragm (n = 11), soleus (n = 14) and EDL (n =
14) muscles from MG animals. (G) Force (lower panel) and cMAP (upper panel) in tricpes surae muscle from an age-
matched healthy rat and a MG rat with MG score 2. Force and cMAP elicited by stimulation of the sciatic nerve at 8o
Hz for 1 second, before (red traces) and 20 minutes after per oral administration of 40 mg/kg NMD670 (blue traces).
(H) Average muscle force from MG animals (as exemplified in G) before (red) and after (blue) receiving NMD670 per
oral (from 2 to 120 mg/kg), relative to muscle force from healthy age-matched rats plotted against observed total
plasma concentration of NMD670 (uM). n values were (4, 3, 6, 5, 5, 3 and 2), for (2, 5, 10, 20, 40, 60 and 120 mg/
kg), respectively. (1) Percent increase in grip strength force in MG rats 45 mins after treatment, compared to before
treatment, with either vehicle (n = 35), 0.375 mg/kg Pyridostigmine (n = 10), 20 mg/kg NMD670 (n = 17), or a
combination of 0.375 mg/kg Pyridostigmine and 20 mg/kg NMD670 (n = 5). (j) Shows grip strength relative to
bodyweight, and (k) rotarod performance, during 14-day chronic dosing in MG rats receiving vehicle (red lines/
symbols) or NMD670 (blue lines/symbols). (L) Shows rotarod performance in rats injected with mAb 35 antibodies
(passive MG model) subsequently treated with vehicle (red, n = 6) or 30 mg/kg NMDo71 (blue, n = 4). For B, D, F ,H,
1,J, K and L values are shown as mean + SEM. For statistics see (see Supplementary Table ).

NMDoy1 was an early hit with moderate clc-1 potency (Supplementary
Figure 14) and good bioavailability in rat that was suitable for early in
vivo studies. Iterative design and structure-activity analysis resulted in
NMD670 having improved ClC-1 potency, good bioavailability and half-life
in rat and dog and an acceptable off-target profile. NMD670 was tested in
muscle fibers from rats with experimental autoimmune MG and neither
clc-1 function nor the ability of NMD670 to inhibit clc-1 were altered in
muscle fibers from the MG rats (Supplementary Figures. 18 and 2). Inhibition
of clc-1 was also found to increase the excitability of muscle fibers, as
evident from a reduction in the injected current required to trigger a
muscle fiber AP (i.e. reduced rheobase current) (Supplementary Figure 3).

To determine the effect of clc-1 inhibition at the single synapse level,
two series of experiments were conducted using isolated nerve-muscle
preparations from severely affected MG rats. In both series, the motor
nerve was stimulated electrically, and intracellular electrodes were in-
serted in muscle fibers to record the membrane potential at Nmj. First,
the effect of clc-1 inhibition on Epp amplitude was determined. To
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record Epp amplitude without eliciting an interrupting muscle fiber
AP, the experiments were conducted in the presence p-conotoxin to
selectively and fully block the skeletal muscle specific voltage gated
Na* channels. Epp amplitudes were markedly reduced in muscle fibers
from MG rats as compared to EPp amplitudes in fibers from healthy rat
muscles (Figure 24). This is similar to findings in muscle fibers from MG
patients ©* and low Epp amplitude is considered a main contributor to the
NMJ excitation failures that underlie muscle weakness and fatigability in
MG."* With clc-1 inhibition by NMD670, the EPP amplitudes increased
by more than 35% in the MG muscle fibers (Figure 2B). Second, and still at
the single synapse level, it was explored whether clc-1 inhibition could
restore NMJ excitations in the fibers from MG rats. Here we recorded
APs during short trains of nerve-stimulation before and after clc-1
inhibition. Before clC-1 inhibition, excitation failures were frequently
observed in the fibers from MG rats (Figure 2c red trace), clearly contrasting
observations in fibers from healthy rats where excitation failures were
not observed (Figure 2¢ grey trace). As shown by the representative traces
(Figure 2¢) and average data (Figure 2D), the probability of successful aAp
excitations was improved in the MG fibers when subsequently exposed
to NMD670. Taken together, the increased EpP amplitude and restored
NMJ excitation in MG rat muscle fibers upon exposure to NMD670 provide
pre-clinical evidence at the single synapse level that clc-1 inhibition
enhances neuromuscular transmission in an animal model of MG.

To next determine whether enhanced neuromuscular transmission
with clc-1 inhibition could restore muscle function, isolated nerve-mus-
cle preparations from healthy rats and from MG rats were mounted in
tissue baths where force production in response to nerve-stimulation
could be recorded. In contrast to well-maintained force production in
muscles from age-matched healthy rats, muscles from MG rats were unable
to sustain force during short periods of nerve-stimulation (Figure 2E).
Compromised muscle function was prominent in hindlimb muscles from
MG rats and was also observed in diaphragm muscles. In all MG muscles
tested, ClC-1-inhibition by NMD670 restored force production (Figure
2F) to levels that were close to observations in muscles from healthy
animals. NMD670 had no or minimal effect in muscles from healthy
animals where NMj deficits are not present.

The effect of clC-1 inhibition on muscle force was also assessed in vivo
in highly symptomatic MG rats using an experimental setup described
in detail in Supplementary Methods. Briefly, rats were anesthetized, and
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concurrent recordings of electromyography (EMG) and force were ob-
tained from the triceps surae muscle during stimulation of the sciatic
nerve. Measurements were made before and after oral administration of
NMD670, and blood samples were obtained to measure plasma concen-
trations of NMD670. This enabled pharmacokinetic/pharmacodynamic
(px/PD) relationship to be determined between restoration of muscle
force and plasma concentration of the CIC-1 inhibitor. As expected from
the observations in isolated nerve-muscle preparations, both EMG signals
and nerve-stimulated muscle force were greatly depressed (Figure 26
red trace) in MG rats as compared to healthy rats (Figure 2G black trace).
Administration of NMD670 to the MG rats, however, caused rapid and
dose-dependent restoration of both EMG amplitude and force (Figure 26
blue traces, and 2H).

Whether the enhanced neuromuscular transmission and restored
nerve-stimulated muscle force with clc-1 inhibition would translate to
improved muscle strength during voluntary movement in MG rats was next
evaluated. Initially, the effect of a single administration of NMD670 on grip
strength was determined in severely affected MG rats. The experiments
were conducted in a blinded manner and pyridostigmine was included as a
positive control and for comparison to NMD670. MG rats were randomized
to receive vehicle, pyridostigmine, NMD670, or NMD670 combined with
pyridostigmine. As shown in Figure 21, grip strength increased by 15+5%
after NMD670 administration and 5+4% with pyridostigmine. NMD670 and
pyridostigmine act via different mechanisms and grip strength increased
by 24+12% when NMD670 and pyridostigmine were combined. Vehicle
treatment did not affect grip strength (1+2%). Taken together, these data
show that single administration of a ClC-1 inhibitor was able to restore
skeletal muscle function in MG rats.

Given the chronic nature of MG, a novel therapy to enhance neuro-
muscular transmission has to remain efficacious during chronic use. Thus,
the effect of prolonged administration of NMD670 was explored in the
MG rats. Specifically, effects of twice daily dosing of NMD670 or vehicle
for 2 weeks were evaluated on bodyweight, grip strength, and running
(rotarod) in two groups of MG rats expressing stable and severe signs of
the disease. The study was blinded, and all rats had confirmed presence
of antibodies against the Achr (Supplementary Figure 4). Blood sampling
was conducted during the 14 days of study, and muscle biopsies were
taken at study termination to confirm correct dosing and the presence
of NMD670 in the target tissue (Supplementary Figure 5). As shown in
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Figure 2], NMD670-treated MG rats experienced increased grip strength
and higher endurance on rotarod during the entire treatment period
(Figure 2K) as compared to before treatment and when compared to the
vehicle-treated MG rats. For ethical reasons, termination of animals
was required if their body weight declined below 80% of the maxi-
mum body weight observed prior to disease induction. Animals treated
with NMD670 showed attenuated loss of body weight during the study
(Supplementary Figure 6) and therefore showed better survival. Thus, 6 of
the 8 NMD670-treated rats completed the study whilst only 3 out of 8
vehicle-treated rats completed the study due to the bodyweight criteria.
This study indicates that prolonged clc-1 inhibition is well tolerated
and consistently restored muscle function and overall health status of
MG rats during the prolonged dosing.

It was important to ensure that the treatment benefits with NMD670
in MG rats were not due to the specific clc-1 inhibitor or the specific MG
rat model, but, more generally, reflected the novel treatment approach
of clc-1 inhibition to improve myasthenic symptoms. For this reason,
afinal series of pre-clinical experiments was performed with a different
clc-1 inhibitor molecule (NMDo71) in a passive immunization rat MG
model (Figure 21). In passive immunization MG models, the disease onset is
rapid, and the disease progresses rapidly to severe symptoms. This makes
it difficult to treat animals for a prolonged period or even to reach a stable
disease presentation. In the present experiments, disease progression
and treatment effects were monitored using running performance on
rotarod.'s In symptomatic rats showing reasonably stable and depressed
performance within a two-hour interval, a single dose of either vehicle or
30 mg/kg of NMDo71 was administered in a blinded manner. As evident
from Figure 21, and in contrast to vehicle-treated rats, endurance stabilized
or recovered in NMDo7i-treated MG rats.

In summary, the pre-clinical experiments demonstrated that ClC-1
inhibition can enhance neuromuscular transmission, restore muscle
function, and alleviate MG signs in animal models of MG. These findings
prompted the subsequent exploration into whether these pre-clinical
findings would translate into clinically meaningful benefits in patients
suffering from MG.

To this end, NMD670 was taken through a battery of nonclinical safety
pharmacology and toxicology studies including two 28-day 1CH-GLP
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toxicology studies in rat and mini-pig (unpublished data). This non-
clinical development program showed that NMD670 has a favorable
safety profile, and the molecule was approved for clinical testing. The
safety, tolerability, P, and PD of NMD670 were subsequently assessed
in a Phase 1 randomized, placebo-controlled, double-blind, single, and
multiple ascending dose study in healthy male and female subjects (data
in preparation). Based on a favorable safety profile of NMD670, a study
in 12 MG patients was initiated under the same protocol.

The study was a randomized, double-blind, placebo-controlled, three-
way cross-over comparison of two single oral doses of NMD670 and
placebo in male and female patients with symptomatic MG. At three
separate visits, patients received either placebo, NMD670 at 400mg, or
NMD670 at 1200mg (Figure 34).

A total of 12 patients were enrolled and all subjects completed the study
(Supplementary Figure 7). Patients had a mean age of 58 years (range: 36 to
78), 5 were male and 7 were female. Patients had a mean Quantitative
myasthenia gravis (QMG) score of 9.0 points (sD: 3.6) and 75% of patients
had an MGFA Clinical Classification class II, both indicative of mild
weakness. Other baseline demographics are listed in (Figure 34).

Patients treated with pyridostigmine (N=8 of 12) withheld dosing
for at least 14 hours before each visit. Other treatments were allowed if
maintained at stable doses during the study: 9 patients were on prednis-
olone, 5 on azathioprine, and 1 had previously received immunoglobulin.

NMD670 was safe and well tolerated, and the incidence of patients
with treatment emergent adverse events (TEAEs) during the study were
similar between NMD670 and placebo (Table 1 and 2). All TEAEs were mild
in intensity except for one moderate event of gastroenteritis reported for
NMD670 at 400 mg that was considered unrelated to treatment (Table 2).
The most common TEAEs (i.e. TEAEs reported by more than one patient)
were fatigue, headache, gastroenteritis, diplopia, back pain, and dizziness.
There were no relationships between treatments and the incidences of
TEAEs following administration of a single dose of NMD670 or placebo.
Myotonia, a hyperexcitability of skeletal muscle and delayed muscle
relaxation due to ClC-1 inhibition or genetic loss of clc-1 function C,”
was not observed in patients following the administration of NMD670.
Clinical safety laboratory parameters did not reveal clinically meaningful
changes during the study.
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FIGURE 3 Baseline demographics, Pk and pp effects of single tablet administration of NMD670 in patients

with Myasthenia gravis.
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Panel A shows patient baseline demographics and study design. Panels (8,c) show descriptive PK summary statistics (B) and 24-h Px
profiles (c). Panel (b) shows the a priori analyses of QMG total score. Panel (E) shows the post hoc responder analyses of the QMG total
score. For (8), data are mean + SEM except for time of maximal exposure (T,,,,), which is presented as medians with range. For (c), data are
presented as mean : SD. For (D), data are least square means + SEM. For (E), data are percent of subjects responding to treatment. n = 12.
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TABLE 1 Summary of Treatment Emergent Adverse Events (AE) by treatment.

400mg NMD670 1200mg NMD670 Placebo
(N=12) (N=12) (N =12)
Events Subjects Events Subjects Events Subjects
N N (%) N N (%) N N (%)
Any AE 15 8 (66.7) 16 7(583) 13 7(583)
Any SAE - - - - - -
Any AE Leading - - - - - -
to Dropout
Any AE Lading to Death - - - - - -
Any AE Possibly 12 9 (75) 6 3(25) 7 5 (41.6)
or Probably Related
to Treatment
Any AEs of - - - - - -
Severe Intensity
Any AEs of ™ 1(8.3)* - - - -
Moderate Intensity
Any AEs of 14 8 (66.7) 16 7(58.3) 13 7 (58.3)
Mild Intensity

SAE = serious adverse event. *AE of gastroenteritis considered unrelated to treatment
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TABLE 2 Summary of Treatment Emergent Adverse Events by Treatment, System Organ
Class, and Preferred Term

System Organ Class/ 400mg NMD670 1200mg NMD670 Placebo
Preferred Term (N=12) (N=12) (N =12)
Events Subjects Events Subjects Events N  Subjects
N N (%) N N (%) N (%)
EYE DISORDERS 1 1(8.3) 2 2 (16.7) I 1(8.3)
Diplopia - - 1 1(8.3) I 1(8.3)
Eye irritation - - I 1(8.3) - -
Photophobia 1 1(8.3) - - - -
GASTROINTESTINAL - - 2 1(8.3) - -
DISORDERS
Abdominal pain - - 1 1(8.3) - -
Diarrhoea - - I 1(8.3) - -
GENERAL DISORDERS 3 3 (25.0) 5 4 (33.3) 4 3 (25.0)

AND ADMINISTRATION
SITE CONDITIONS

Chest discomfort - - I 1(8.3) - -
Fatigue 3 3 (25.0) 4 4 (33.3) 3 2 (16.7)
Influenza like illness - - - - I 1(8.3)
INFECTIONS AND 1 1(8.3) 3 3 (25.0) I 1(8.3)
INFESTATIONS

Bacteriuria — B I 1(8.3) - —
Corona virus infection - - I 1(8.3) - -
Gastroenteritis 1 1(8.3) 1 1(8.3) I 1(8.3)
MUSCULOSKELETAL 2 2 (16.7) - - 3 2 (16.7)
AND CONNECTIVE

TISSUE DISORDERS

Back pain 1 1(8.3) - - 1 1(8.3)
Muscle spasms - - - - I 1(8.3)
Musculoskeletal pain 1 1(8.3) - - - -
Musculoskeletal - - - - 1 1(8.3)
stiffness

NERVOUS SYSTEM 8 6 (50.0) 3 2 (16.7) 3 2 (16.7)
DISORDERS

Dizziness 1 1(8.3) I 1(8.3) - -
Headache 7 6 (50.0) - - 2 2 (16.7)
Hypoaesthesia - - I 1(8.3) - -
Presyncope - - - - I 1(8.3)
Somnolence - - I 1(8.3) - -
RENAL AND URINARY - - I 1(8.3) - -
DISORDERS

Pollakiuria - - I 1(8.3) - -
VASCULAR DISORDERS - - - - I 1(8.3)
Flushing - - - - I 1(8.3)
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Pharmacokinetic (PK) profiles and descriptive summaries for NMD670
at 400 mg and 1200 mg are provided in Figure 3B, C. Briefly, there was a
clear dose dependent exposure, the time to maximum plasma concen-
tration was observed at approximately 2 hours, and the half-life was
approximately 5 hours for both NMD670 400 mg and 1200 mg. This is
very similar to observations in healthy volunteers.

At all three visits to the clinic when dosing of placebo or NMD670
was scheduled, efficacy outcome measurements were performed in the
morning prior to dosing and at approximately 3- and 5-hours post dose.
Importantly, due to the cross-over design of the study, subjects acted as
their own control. This enabled a direct comparison of read-outs within
patients from days when dosed with NMD670 to observations on the day
when dosed with placebo. Because of the exploratory nature of these
endpoints, p values were not adjusted for multiple comparisons.

An improvement in the QMG total score in favor of the drug vs. placebo
was detected at both dose levels and it was largest after NMD670 at 400
mg; the least mean square (LMs) change from baseline on NMD670 at
4oomg versus placebo was of -1.5 points (95% CI = -2.8, -o0.1; p = 0.03), for
the overall treatment arm, and specifically it was -1.2 points at 3 hours
(95% CI=-2.7,0.3; p = 0.12), and -1.7 points at 5 hours (95% CI = -3.3, -0.2;
p = 0.02) (Figure 3D). The LMs change from baseline on NMD670 at 1200
mg versus placebo was of -1.0 point (95% CI = -2.3, -0.3; p = 0.14) for the
overall treatment arm and, of -0.9 points at 3 hours (95% CI = -2.4, 0.6;
p=0.25), and of -1.1 points at 5 hours (95% CI = -2.6, 0.4; p = 0.14) (Figure 3D).

A post hocresponder analysis was conducted to characterize the clin-
ical relevance of the QMG total score improvements, previously defined
as an improvement equal to or larger than 2 points in patients with mild
to moderate disease (baseline QMG total score up to 9 and up to 16 points,
respectively).’® Importantly, 42% to 50% of the patients were responders
to NMD670 (change form baseline compared to placebo) across dose
levels and time points (Figure 3E and 44). On further investigating the
individual functional tests comprising the QMG total score, improvements
were observed in most patients in continuous measurement including
hand grip strength, dysarthria, ptosis, and double vision (Figure 4B-E).

As a separate indicator of NMJ function and effect of NMD670 in the
patients, repetitive nerve stimulation (RNS) at ;Hz was included as a
PD outcome to evaluate the effect of NMD670 on CMAP decrement, an
indicator of neuromuscular junction transmission dysfunction.’®-2!
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FIGURE 4 Individual treatment responses for QMG Total Score and Ptosis, Double Vision and Right-Hand
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(Continuation Figure 4)

Panel A shows individual changes from baseline over placebo for NMD670 at 400 mg and 1200 mg treatment arms
on QMG total score. Panels B-E show individual changes from baseline over placebo for NMD670 400 mg and 1200
myg treatment arms on ptosis, dysarthria, double vision, and right-hand grip strength (continuous data). n = 12
except for dysarthria where n = 11 as pre-dose data was missing on one subject at the placebo visit. Several subjects
did not develop symptoms of ptosis (n=2), dysarthria (n=3), and double vision (n=1) at any timepoint at any visit.
In these patients there was therefore no potential for improvement with NMD670 on these parameters.

No significant treatment effects were found on RNS at the group level,
across parameters (Supplemental figure 8). However, it should be noted
that effects could only be expected in patients who had cMAP decrement
in the morning of the clinic visits before either drug or placebo was
administered, and that the number of patients with decrement in RNs
was low. Therefore, a post hoc responder analysis was conducted to better
characterize the RNs observations (Supplemental Figure 8) including
only patients who had pre-treatment cMAP decrement as defined by
more than 5% reduction in cMAP amplitude from the first to the fifth
stimulus.?22 The subsets of patients who presented with decrement in
the morning were 3 on the day of placebo treatment, 6 on the day of
400 mg NMD670 administration, and 3 on the day of 1200 mg NMD670
administration. Responders, defined as patients who displayed reversal of
decrement to less than 5% post-dose, were only observed in the NMD670
groups. Thus, after placebo administration 0% of the patients recovered
compared to 83% of patients recovering or normalizing their decrement
after administration of NMD670 at 400 mg, and 33% recovered after
administration of NMD670 at 1200 mg.

DISCUSSION

Transmission failure at the NMjJ is a well-established contributor to
muscle weakness and fatigability in MG."> Here we show for the first
time that NMD670, a novel first-in-class CIC-1 inhibitor can enhance
neuromuscular transmission, restore muscle function in animal models
of MG, and alleviate symptoms in patients with MG.

Pre-clinical investigation in isolated nerve-muscle preparations from
severely affected MG rats showed that clc-1 inhibition enhances NMmj
transmission by increasing Epp amplitude leading to increased probability
of AP generation upon nerve-stimulation. Enhanced neuromuscular
transmission after CIC-1 inhibition was associated with restored muscle
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function as determined both in isolated muscles and in living animals.
In the latter, restored muscle function with NMD670 was furthermore
closely correlated to improvement in cMAP decrement showing that the
restored force resulted from enhanced NMJ transmission. Restored muscle
function with clc-1 inhibition led to functional benefits in the MG rats.
Thus, in a blinded pre-clinical study with repeated dosing of NMD670,
there was a clear restoration of grip strength and reduced loss of body
weight in NMD670-treated MG rats compared to MG rats treated with
vehicle. NMD670-treated rats also showed improved running endurance
when tested on rotarod.

The beneficial effects of NMD670 in MG rats translated to positive
proof-of-mechanism in patients, and NMD670 was found to be safe and
well tolerated during early evaluations. Despite relatively mild symp-
tomatology of the enrolled patients, which may have imposed a ceiling
effect for improvement, findings on the QMG total score showed improve-
ment after single administrations of 400 mg or 1200 mg versus placebo.
Importantly, on the QMG total score, patients experienced a clinically
relevant improvement of 2 points or more compared to their placebo
treatment in 42% to 50% across dose-levels and timepoints. These results
indicate that mean improvements are not due to individual outliers and
are of magnitudes that are clinically relevant for patients suffering from
mild to moderate MG. On investigating individual functional tests that
comprise the QMG total score, continuous measurements including hand
grip strength, dysarthria, ptosis, and double vision, showed improvement
in patients on NMD670 compared to placebo, despite their mild symp-
tomatology at baseline. This reflects improvements in different muscle
groups including distal, bulbar, and ocular regions showing that the
mechanism of clC-1 inhibition restores muscle function across skeletal
muscles, both central and distal.

The effects of NMD670 on QMG were similar for the two doses, and
it was not possible to observe a dose-response relationship, probably
due to the small number of patients enrolled and their mild disease
severity. Future clinical studies with a larger sample size, with repeat-dose
administration and additional dose levels of NMD670 in MG patients
with more prominent disease severity will determine the relationship
between administered dose and QMG improvements.

As only a small subset of patients presented with cMAP decrement at
baseline, a post-hoc responder analysis was conducted revealing higher
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rates of responders with NMD670 versus placebo. However, it is important
to acknowledge that the presence of decrement was variable within
participants and that a regression to the mean phenomenon cannot
be ruled out in the 400 mg group, as a higher percentage of patients
presented the abnormality at baseline on that treatment day.

This study shows for the first time that clc-1 inhibition offers a way
to restore muscle function in MG patients by directly enhancing neuro-
muscular transmission. Given that clc-1 inhibition does not interfere
either with the autoimmune response or with ACH release or metabo-
lism, it is plausible that drugs from this novel family will be additive to
other therapies available for MG patients and to MG treatments in devel-
opment.3~7 In support of this notion, we report here that NMD670 led to
more pronounced increases in muscle force in MG rats compared to pyr-
idostigmine but also that there was an (at least) additive effect when they
were combined. In the clinical study, patients were taken off pyridostig-
mine prior to receiving NMD670 although most of the enrolled patients
were on some form of immunomodulatory treatment that was not dis-
continued during testing. The positive effects of NMD670, on top of the
immunomodulatory treatment, thus further supports that clc-1 inhibi-
tion is additive to other types of MG therapies. In a recent study, patients
with MG reported that the nature of the fluctuating and often unpredict-
able symptom severity necessitates better treatment options that allow
patients to quickly return to symptom stability.?* From the current work,
clc-1inhibition appears to have a fast onset of action and good oral bio-
availability, adding further value to this new treatment approach. The data
presented here supports that ClC-1 inhibitors could be potentially used as
monotherapy in some patients and also be additive to existing treatments.

Our study in patients with MG has several potential limitations, in-
cluding: 1) the small sample size which requires further confirmation
of the results in larger studies; 2) the single administration of the inves-
tigational drug; 3) the exploratory nature and statistical investigation
the pD endpoints, 4) the mild severity of the disease in enrolled pa-
tients that may have limited the magnitude of the true treatment effect.
However, the translational effort and positive proof of mechanism in
patients warrants further investigation in additional controlled stud-
ies in patients with MG, including repeated doses at different levels in
patients with moderate or severe disease to enable the full expression
of the treatment effect.
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Taken together, the observed pD effects of NMD670 in MG patients suggest
a strong translation from pre-clinical to clinical studies, and provides
the first ever proof of mechanism that clc-1 inhibition can enhance
neuromuscular transmission and improve muscle function in patients
suffering from MG. As neuromuscular transmission failure has been
reported in other neuromuscular diseases than Mg, the present study
supports further investigations of the potential benefit of ClC-1 inhibitors
in other diseases with compromised neuromuscular transmission.?

METHODS

INDUCTION AND HANDLING OF RATS WITH ACTIVE EXPERIMENTAL
AUTOIMMUNE MG All handling, use, and housing of animals complied
with European and Danish Animal Welfare regulations, including
euthanasia. Active experimental autoimmune MG rats were produced
as described elsewhere?¢ and in the Supplementary Methods using an
immunogenic antigen derived from human Achr that was supplied
by the Hellenic Pasteur institute. All activities pertaining to handling,
disease induction, disease scoring,”” and testing of novel compounds
in animals were covered by license numbers 2018-15-0201-01408 and
2018-15-0201-01420.

EXPERIMENTS INVOLVING ISOLATED NERVE-MUSCLE PREPARATIONS
FROM HEALTHY AND MG RATS Isolated nerve-muscle preparations
were used for measurements of electrophysiological properties at the
cellular level and for measurements of force. For these experiments,
animals were euthanized, and muscles were dissected out with 1 to
3 cm of intact nerve. The isolated nerve-muscle preparations were
transferred to organ baths for experiments (see below) and were allowed
to recover for at least 30 minutes prior to experiments. The organ baths
were perfused with Normal Krebs-Ringer (NKR) solution, containing
(in mM); 122 NaCl, 25 NaHCO;, 2.8 KCl, 1.2 KH,POy, 1.2 MgSO,4 1.27
CaCl,, and 5 D-glucose. The NKR solution was continuously gassed
with a mixture of 95% oxygen and 5% CO, to maintain pH of approx.
7.4 when at 30-31 °C. In some experiments, methyl-sulphate salts were
used to replace Cl- in the solution (Cl--free solutions). All chemicals
used were of analytical grade.
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MEMBRANE CONDUCTANCE AND RHEOBASE IN MUSCLE FIBERS OF
ISOLATED NERVE-MUSCLE PREPARATIONS Capacity of compounds
to inhibit clc-1 was evaluated in native tissue by measuring their effect on
the resting membrane conductance (Gy,) in single muscle fibers of freshly
dissected intact muscles from adult rats. G, is an electrical measure of
the flow of ions across the surface membrane through the ion channels
that are open at the resting membrane potential. CIC-1 is responsible
for around 80% of Gy, in both rat and man, and it is the only known
surface membrane Cl~ channel in skeletal muscle.?8 Any changes in G,
with a compound can therefore be taken to reflect alterations of clc-1
function. Nevertheless, an effect of a compound on CIC-1, was further
confirmed by comparing recordings of Gy, between experiments with
and without Cl- in the experimental solution.

Experimentally, soleus or diaphragm muscles from healthy rats and
MG rats with scores o, 1 or 2 were used. G, and rheobase was measured
using electrophysiological technique that involves insertion of 3 intra-
cellular microelectrodes into individual muscle fiber as explained in
detail elsewhere.”? See Supplementary Methods for details.

RECORDINGS OF ENDPLATE POTENTIALS AND ACTION POTENTIALS
IN RESPONSE TO NERVE-STIMULATION Endplate potentials (EPPs)
were recorded with intracellular electrodes in isolated nerve-muscle
preparations from healthy and MG rats (score 0-2). Muscle preparations
used in the experiments were diaphragm or levator longus auris (LAL).
Nerve-stimulations were delivered by an external constant current
stimulator (Ds3 Isolated Constant Current Stimulator; Digitimer, U.S.)
controlled by the recording software (Signal version 6.4, Cambridge
Electronics Design Ltd, Cambridge, UK). Stimulation of the nerve was
achieved by applying a small electric field across the isolated nerve with
sufficiently low voltage to exclusively activate the nerve and not the
muscle fibers directly. Positioning of the nerve-stimulating electrodes
was achieved by a micromanipulator. The stimulation protocol for
evoking EPPs consisted of 2 different trains of trigger pulses, first at 12
Hz for 30 pulses, and then a second train at 30 Hz for 30 pulses. There
was 10 s of rest between the two trains. This resulted in recordings of
2 EPP trains per fiber from which Epp amplitudes were analyzed. For
each muscle, a set of control measurements was first obtained from
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approx. 20 fibers before compound addition, and then from approx.
20 fibers starting 20-30 mins after incubation at 20 pM NMD670. See
Supplementary Methods for details.

FORCE MEASUREMENT IN ISOLATED INTACT NERVE-MUSCLE
PREPARATIONS Force production in response to nerve-stimulation
was evaluated in soleus, extensor digitorum longus (EpL), and diaphragm
muscles from healthy rats and from MG rats. After dissection, all muscles
were mounted on force transducers (FORT 250, WPI instruments DE) in
organ baths, each containing 20 mL NXR. The data acquisition program
(Signal version 6.4, Micro 1401, Cambridge Electronics Design Ltd,
Cambridge, UK) was used to control stimulation, delivered by an isolated
stimulator (Isostim o1D NPI electronics, DE). After equilibration in
the organ baths, muscles were stretched to their optimal length and
stimulated at a range of frequencies for 1-2 s using field stimulation. The
field stimulation was used to stimulate the muscles both directly and
via the nerve at 12 V. Separation between direct stimulation of muscle
fibers and indirectly via nerve-stimulation was accomplished by using
different durations of stimulation pulses (0.02 ms for nerve, 0.2 ms for
direct muscle fiber stimulation). During the experiment, the muscles
were stimulated every 10 min at 6o Hz for 1 second, either directly or
via the nerve. Once a steady force production had been observed, which
typically was after 6 contractions, different concentrations of ClC-1
inhibitor were added directly to the organ bath of individual muscles,
and force was allowed to recover to a new elevated level. The increase
in force after adding the compound was measured and compared to
force before adding compound.

FORCE AND EMG IN SEDATED MG RATS An experimental setup was
designed to enable co-temporal measurements of electromyographic re-
cordings of compound muscle action potentials (cMAP) and force from
triceps surae muscle in sedated and mechanically ventilated MG rats in
response to stimulation of the sciatic nerve. Anesthesia was introduced
with a 1:1 mix of Fentanyl (Hypnorm) and Midazolam (Dormicum smg/
mL) (Hameln Pharma Plus gmbh, DE) at a subcutaneous dose of 1 mL/kg.
The rats were then intubated and mechanically ventilated to ensure ade-
quate pulmonary gas exchange (Hallowell MicroVent 1 Rodent Anesthe-
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sia Ventilator, Dre Veterinary, Ky, UsA), and anesthesia was maintained
by mixing isoflurane (2-3%) into the ventilation gas. A tube was inserted
through the esophagus to the ventricle to allow po dosing. The jugular
vein was cannulated for blood sampling. The animals’ core body tempera-
ture was continuously monitored and maintained at 37 °C by a heating
pad upon which the animal was positioned. To measure force produced
by triceps surae in the sedated animals, the Achilles tendon was carefully
cut and connected to a force transducer with a short string (FORT 1000,
World Precision Instruments, FL, UsA). Two stimulation electrodes (Mo-
nopolar EMG Needle Electrode 25mm x 27 g, Chalgren, London, UK) were
inserted to stimulate the sciatic nerve to elicit nerve-stimulated con-
tractile responses of the triceps surae. EMG electrodes (subdermal needle
electrodes, Cadwell Kennewick, wa, UsA) were placed subcutaneously
with the active recording electrode placed distal to the knee joint over
the proximal portion of the triceps surae muscle and the reference elec-
trode was placed over the metatarsal region of the foot. The acquisition
program (Signal version 6.4, Cambridge Electronics Design Ltd, Micro
1401, Cambridge, UK) was used to control stimulation, delivered by an
isolated stimulator (Isostim 01D NPI electronics, DE).

COMBINED PYRIDOSTIGMINE AND CIC-1 INHIBITOR ADMINIS-
TRATION TO MG RATS Inrats with severe MG symptoms, the effects
of clc-1 inhibitor and pyridostigmine bromide (Mestinon®) alone or
in combination were assessed on grip strength. Within 2-4 days after
reaching disease score of 2, MG rats were allocated to treatment groups
such that grip strength relative to bodyweight ratio was comparable
between groups. The study was blinded to both the experimenter
and during subsequent data analysis. Animals were subjected to grip
strength test before compound administration, as described above and
then dosed per oral with either 0.375 mg/kg pyridostigmine bromide
(Mestinon®) (cAs-no 101-26-8), 20 mg/kg NMD670 or a combination of
both pyridostigmine and NMD670. Grip strength was tested 45 minutes
post dosing. The average bodyweight across the groups before dosing
was 190 + 9 grams, and the average grip strength before dosing was
1165+102 grams. The change in grip strengths after dosing was calculated
for individual animals relative to the grip strength obtained prior to
administration of compound.
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IN VIVO 14-DAY DOSING OF NMD670 IN MG RATS Sixteen (16)
rats with an MG score of 2 were allocated to the study and stratified to
one of two treatment groups (vehicle vs. NMD670, 8 rats per group).
Stratification was based on running performance (rotarod) and grip
strength performance to obtain similar average starting points for
the two groups. Grip strength and running performance were mea-
sured prior to treatment (day o) and on days 1, 4, 7, 9, 11 and 14 during
treatment (see details in Supplementary Methods). The treatment was
administered by oral gavage. Dosing was twice daily with 20 mg/kg
NMD670 (40 mg/kg BID) or vehicle (sterile water) for 14 days unless
subjected to premature termination due to reaching humane end-
points. The dose solutions for the treatment groups were blinded.
Thus, experimenters were blinded, and full analysis of data and sta-
tistics were concluded before unblinding the data. Plasma samples
were obtained on days o, 1 and 14, with muscle samples obtained on
day 14 or at termination.

ACETYLCHOLINE RECEPTOR ANTIBODY IN BLOOD SAMPLES, BIO-
ANALYSIS, AND Lc-MS/Ms To determine ACH receptor antibody
titer in blood samples from MG rats a method using displacement of
125]-a-bungarotoxin was used as described elsewhere?” and in Supplementary
Methods. Concentrations of NMD670 were determined in both plasma
and muscles from MG rats. For experiments involving anaesthetized
rats, the blood samples were drawn using jugular vein catheter while
for experiments with rats that were not anesthetized the blood samples
were drawn by sublingual bleeding. Plasma samples were collected
in K3EDTA coated o.5 mL tubes (Sarstedt, DE). Muscle samples were
obtained by surgically removing approx. 250 mg muscle tissue from the
triceps surae, after the animal had been sacrificed, then immediately
SNAP-frozen in liquid nitrogen. Detailed bioanalysis is described in
Supplementary Methods.

PASSIVE TRANSFER MYASTHENIA GRAVIS MODEL WITH MAB35
Production and handling of passive immunization MG rat model was
covered by license number 2014-15-0201-0382. Cages were maintained in
ventilated racks under temperature (20 to 22 °C) and humidity (+ 55%)
control, under a 12-h light/12-h dark cycle with food and water provided
ad libitum. Four-week-old Wistar rats were injected intraperitoneal with
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mADb3s antibodies to induce MG-like signs (0.5 mg/kg of bodyweight,
GeneTex International, Hsinchu, TW).16 Animals were monitored for
signs of muscle weakness and fatigue in the time after injection and
subjected to rotarod test 17 hours after injection of mAb3s antibodies.
If animals displayed reduced albeit consistent performances on rotarod
on two consecutive occasions (2 hours apart) they were included into
the study and received intraperitoneal injections of either vehicle
(n = 6) or 30 mg/ kg NMDo71 (n = 4) (20 mg/mL dose solution). After
administration, the rats were again subjected to test on rotarod every
2 hours for 6 hours. Details on how the rotarod tests were performed
are provided in Supplementary Methods. Animals were euthanized at the
end of the protocol or earlier if they displayed overt signs of discomfort,
lack of mobility, labored ventilation, or sign of cyanosis.

DATA ACQUISITION AND STATISTICAL ANALYSIS For pre-clinical
studies, data was sampled using interfaces from Cambridge Electronic
Design and Signal 6.4 software (CED, Cambridge, UK) or Cadwell Sierra
Summit EMG unit (Cadwell laboratories, Kennewick, wa, usa). Data
was analyzed statistically using GraphPad Prism version 9 (GraphPad
Software, San Diego cA, UsA) applying one-way or two-way ANOVA
with Tukey’s multiple comparison test or students t-test, paired or
unpaired were appropriate. A p-value < 0.05 was considered statistically
significant. Values are mean + SEM and n represents number of animals/
muscles or muscle fibers used depending on the specific experiment.
All statistics are detailed in Supplementary Table 1 with reference to the
figure it relates to.

METHODS — CLINICAL

STUDY DESIGN The study was a randomised, double-blind, place-
bo-controlled, three-way cross-over comparison of two single oral doses
of NMD670 and placebo in men and women with stable symptomatic MG.
The primary purpose was to evaluate safety and tolerability of NMD670
in MG patients. Assessment of pharmacokinetic (PK) parameters was
included as secondary outcome and investigation of pharmacodynamic
(pD) effects was included as exploratory outcome.

The study was conducted at Centre for Human Drug Research
(cHDR), Leiden, The Netherlands and in accordance with International
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Conference of Harmonization Good Clinical Practice and the Declaration
of Helsinki. Before study initiation, approval was obtained from Ethics
Committee Stichting ‘Beoordeling Ethiek Biomedisch Onderzoek’, The
Netherlands, and before any study procedures, each patient provided
written informed consent. The study was registered in the Dutch Trial
Registry (NTR) under number: NL8692.

At three separate visits, patients received either a single dose of NMD670
400 mg or 1200 mg, or placebo. The treatment order was randomized
(see Supplementary Figure 7). For each subject, the total study duration was
up to 66 days and included five visits: screening, three treatment visits
(each consisting of 3 days with a washout period of at least 7 days between
visits) and a follow-up visit. On the three treatment visits, subjects were
admitted to the study unit on Day -1 for baseline eligibility checks. On
Day o, subjects were dosed in the morning. Baseline and post-dose PK and
PD measurements were performed at standardized time points. Subjects
stayed overnight at CHDR and were discharged in the following day on
Day 1, approximately 24 hours post-dose. On each treatment occasion,
patients taking pyridostigmine were asked to refrain from their regular
dose from 14 hours before dosing placebo or NMD670 and until after
the final PD assessment. The follow-up visit was performed 7 to 10 days
after last dose.

PARTICIPANTS Eligible patients included males and females above
18 years of age and with a body mass index (BMI) between 18 and 34 kg/
m?, inclusive at screening, and a minimum weight of 50 kg. Patients
were required to have a diagnosis of myasthenia gravis, MGFA class I, I,
III or IVa, based on characteristic muscle weakness and a positive AChr
or muscle-specific tyrosine kinase (MUSK) antibody test. Subjects with
MGFA o using pyridostigmine were also allowed to participate, if muscle
weakness was present when refraining from pyridostigmine (as assessed
by a medical doctor based on an interview of the patient at screening).
Patients using steroids should be using a stable dose of steroids for at
least 1 month before dosing, and the dose of steroids should be expected
to remain stable for the duration of the study. A detailed list of inclusion
and exclusion criteria are available in Supplementary Materials.

OUTCOME MEASURES Safety and tolerability were assessed by adverse
event (AE) monitoring, assessment of concomitant medication and

MEASUREMENT OF CORTICAL, NERVE, AND MUSCLE EXCITABILITY IN EARLY PHASE CLINICAL DRUG DEVELOPMENT

188

medical history, safety laboratory tests (blood chemistry, hematology,
urinalyses, drugs of abuse, alcohol test, pregnancy test), vital signs,
ECG, physical, and neurological examinations. In addition, muscle re-
laxation was tested (90-5% and 9o0-50% release times) using handgrip
dynamometer (Rs G200, Biometrics, Newport, UK) and wireless data
transmitter (DataLite Pioneer — wso, Biometrics) with the aim to detect
subclinical myotonia.?®

Plasma concentrations of NMD670 were analyzed (treated 1:1 (v/v) with
water: Orthophosphoric Acid (100:2), using EDTA as an anticoagulant)
by a validated method using liquid chromatography tandem mass spec-
trometry (LC-MS/Ms) at Labcorp Early Development Laboratories Ltd,
Harrogate, ux. All plasma samples were analyzed within the validated
storage period. The validated range for NMD670 was 50-50000 ng/mL
in plasma.

Pharmacodynamic effects were assessed by QMG and rRNs. The QMG
score for Disease Severity is a 13-item validated clinical outcome mea-
sure of sentinel muscle groups developed by the myastheniag gravis
Foundation of America and is recommended for all prospective clinical
trials in MG.30-32 The items measure the following symptoms and signs:
ptosis, diplopia, double vision, swallowing, speech (onset of dysarthria),
percent predicted forced vital capacity, grip strength (2 items), arm muscle
endurance (2 items), leg muscle endurance (2 items), and head lifting
endurance. All items are scored on a scale of o to 3, and total scores range
from o to 39; higher scores indicate greater disease severity. A 2-point
change is considered clinically relevant in patients with mild to moderate
severity (QMG total score <16).1® The absolute scores of the individual
data were also available for analysis of continuous measurements.

Repetitive nerve stimulation was performed in accordance with pre-
viously published techniques.’*-2! Briefly, cMAPs were recorded from
nasalis muscle during RNs with a train of 10 supramaximal electrical
stimuli at 5 Hz using a Medelec Synergy 11.0. The optimal stimulation
site on the skin was identified using submaximal stimuli, after which
the limit of supramaximal intensity was established. Decrement was
defined as the percentage change in cMAP amplitude from stimulation 1-5.

DATA ACQUISITION AND STATISTICAL ANALYSIS The per pro-
tocol analyses were preceded by a blinded data review. All data were
summarized using descriptive statistics.
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The number and frequency of treatment emergent adverse events (TEAES)
were summarized by MEDRA system organ class, preferred term, treat-
ment, drug relatedness and severity for the safety population (participants
that received at least 1 dose). A TEAE was defined as an adverse event
observed after starting treatment, or up to 5 days (120 hours) after treat-
ment. If a subject experienced an event both prior to and after starting
administration of a treatment, the event was considered a TEAE (of the
treatment) only if it worsened in severity (i.e., it was reported with a
new start date) after starting administration of the specific treatment,
and prior to the start of another treatment, if any.
Non-compartmental analysis of Pk was performed using R (V4.0.3, R
Core Team, Vienna, Austria) and the PKNcA package (vo.9.4).
Pharmacodynamic outcomes were analyzed with a repeated measures
linear mixed effects model with treatment, time, treatment by time
and visit as fixed factors and subject as random factor and time within
subject by visit as repeated factor, and the baseline (pretreatment value)
as covariate. As this was an exploratory study with no sample size cal-
culation, no correction for multiple comparisons were performed. Post
hoc responder analyses were performed to better characterize the pD
data. For QMG total score, responders were defined as subjects showing
improvement of 2 points or more with NMDb670 versus placebo.
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SUPPLEMENTARY MATERTAL

SUPPLEMENTARY FIGUREI Effect of NMDo71 and NMD670 on cLc-1 function in soleus muscles from healthy
rats and from MG rats.
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(a) The membrane conductance (Gm) measured in soleus muscle fibers from healthy rats before and, subsequently, at increasing
concentrations of NMD670 (green, n = 5), or NMDoy1 (black n = 7). Gm was measured at several concentrations (usually 4) in each
muscle. Data included in the plot is from all muscles for each compound. A four parameter Hill function with variable slope was fitted

to extract an apparent affinity at 50% of the total observed reduction of Gm determined to be .71 pM for NMD670 and 9.18 M for
NMDo71. (B) Membrane conductance in in soleus muscle fibers from healthy rats (n = 20) and from MG rats (n = 12) as the average Gm
measured before (grey/black circles) and after addition of 20 pM NMD670 (red circles for healthy and green for MG). Black overlay bars
show averages + SEM of groups. Addition of NMD670 significantly reduced both parameters in fibers from both healthy rats and from
MG rats (p < 0.05).
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SUPPLEMENTARY FIGURE 2 Effect of NMD670 on membrane conductance (Gm) with and
without CI- in solution.
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Average Gm (pS/cm?) in fibers from isolated soleus muscle from healthy rats in the absence and presence of
different concentrations of NMD670, under physiological conditions (blue circles) at 127 mM ClI- in the bathing
solution, and in the absence of Cl- in the bathing solution (black circles). In the presence of C- in the bathing
solution, Gm was reduced with increasing concentration of NMD670 (o to 10 pM), while in the absence of Cl- there
was no change in Gm at any concentration of NMD670. To avoid spontaneous contractions and thus movement of
the muscle fibers in the absence of C- in the bathing solution, 20 nM of the sodium channel inhibitor Tetrodotoxin
(TTX) was added to the bathing solution.
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SUPPLEMENTARY FIGURE 3 Effect of cLc-1 inhibition on skeletal muscle fiber excitability as
evaluated from rheobase current in skeletal muscle fibers from healthy rats and from MG rats.
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Rheobase current (nA) in soleus muscle fibers from healthy rats (n = 20) and from MG rats (n = 12) shown as the
average rheobase current measured before (grey/red circles) and after addition of 20 M NMD670 (blue circles).
Black overlay bars show averages + SEM of groups. Addition of NMD670 significantly reduced rheobase current in
muscle fibers from both groups of rats, see Supplementary Table 1 for details.
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SUPPLEMENTARY FIGURE 4 Acetylcholine receptor antibody titer from immunized rats. SUPPLEMENTARY FIGURE 5 Plasma concentration of NMD670 vs. muscle tissue concentration
of NMD670 after 14 days of chronic dosing in actively immunized MG rats.
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Antibody titer from the immunized rats (MG rats) included in a 14-day chronic dosing receiving vehicle or
NMD670. The titer levels were determined from blood samples at day o, and at the final day in study (some
animals were euthanized before day 14 due to reaching humane endpoints). The global average for all animals at
all timepoints was 35.2 + 5.98 nM, (n = 16). The ACh-receptor antibody titer was not statistically significantly
different between animals receiving NMD670 or vehicle, on day o or 14 (see Supplementary Table 1).

The total plasma and muscle concentration of NMD670 (in pM) from MG rats dosed chronically for 14 days at 40
mg/kg b.i.d (blue circles, n = 8) and vehicle-dosed animals (grey circles at origin, n = 8), measured by blood sample
1 hour after the final dose on day 14. The individual muscle concentrations of NMD670 have been plotted against
the matching plasma concentrations of NMD670.
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SUPPLEMENTARY FIGURE 6 Bodyweight of severely affected MG rats during 14-day chronic
dosing study.
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SUPPLEMENTARY FIGURE7 A) placebo, B) NMD670 400mg, C) NMD670 1200mg. Two values were excluded
from RNS analysis prior to database lock and unblinding of the data due to data quality issues; One was a
baseline value in the NMD670 400mg treatment arm, the other was a post treatment value at shour time
point in the Pbo treatment arm. Both post treatment values were missing from 1 subject in the 1200mg
treatment arm as measurements were erroneously not performed.

[ Assessed for eligibility (N=32) ]

Not meeting criteria (N=19)
Withdrew consent prior to participation (N=1)

01234567

8 9 10111213 14

Days in study

Bodyweight relative to the individual bodyweight at day o of study during 14-day chronic dosing in MG rats
receiving vehicle (black lines/symbols) or 40 mg/kg b.i.d NMD670 (blue lines/symbols). Groups not significantly
different at any timepoint (see Supplementary Table 1).
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SUPPLEMENTARY FIGURE 8 Panel A) shows the a priori analyses of cMAP decrement from stimulation 1-5
using repetitive nerve stimulation at 5 Hz. Panel B) shows baseline cMAP decrement. Panel ¢) shows the post

hoc responder analyses of the cMAP decrement. For A), data are least square means + SEM. For B), data are

mean + SEM. For c), data are percent of subjects responding to treatment. n = 12 except for baseline in NMD670

4o0omg and at 3hr in placebo treatment arms and at sh and sh in NMD670 1200mg treatment arm where N=11

(see also Supplementary Figure 7)
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Abnormalities in cell excitability can be found in multiple neurologi-
cal and neuromuscular disorders, such as epilepsy;! amyotrophic lateral
sclerosis (ALS);>"¢ and myotonia congenita.” Excitability is driven by
voltage- and neurotransmitter-gated ion channels.?,* Pharmacological
modulation of these ion channels is therefore promising as treatment
for excitability-related diseases.? In early phase drug development, the
use of biomarkers for pharmacodynamic effects in healthy subjects and
first-in-patient studies is pivotal.!® In this thesis I describe the potential
of three measures of excitability to detect pharmacodynamic effects of
ion channel modulators: transcranial magnetic stimulation (TMS) com-
bined with electromyography (EMG) and electroencephalography (EEG),
nerve excitability threshold tracking (NETT), and muscle velocity recov-
ery cycles (MVRC). We used TMS-EMG/EEG to evaluate effects on cortical
excitability; NETT to assess peripheral nerve excitability; and MVRcC to
explore muscle cell excitability. Firstly, we tested these measurements
in proof-of-concept studies using registered drugs known to influence
excitability. These studies were used to explore if the measurements are
sensitive to drug-induced changes in excitability, and the test-retest
variability and feasibility to apply them in the context of a clinical study
in healthy subjects were evaluated. After validation of the methods, we
used the measurements in early phase clinical drug studies with novel
drug candidates. In the following discussion the implications of our find-
ings for use of these methods as biomarkers in future drug development
programs will be discussed: an evaluation of their general value as phar-
macodynamic biomarkers for ion channel modulators; their feasibility
for use in early phase drug studies; and finally, ideas for future research.

TRANSCRANIAL MAGNETIC STIMULATION

The development of a non-invasive biomarker for pharmacodynamic
effects on cortical excitability is useful for clinical application and for
drug development, especially in the context of epilepsy, where cortical
hyperexcitability is an important disease factor.! The prospect of novel
pharmacological treatments aimed to target cortical excitability, led us to
implement TMS-EMG/EEG in a clinical study setting to validate it as phar-
macodynamic biomarker. Firstly, we focused on the pharmacodynamic
effects of registered antiepileptic drugs —levetiracetam and valproic acid-
and benzodiazepine lorazepam, on TMS-EMG/EEG in healthy subjects, as

MEASUREMENT OF CORTICAL, NERVE, AND MUSCLE EXCITABILITY IN EARLY PHASE CLINICAL DRUG DEVELOPMENT

206

described in CHAPTER 2. We evaluated effects on single pulse (sp) and
paired pulse (pp) TMS-EMG/EEG in a double-blind, placebo-controlled,
four-way crossover study. Levetiracetam, valproic acid, and lorazepam
decreased the motor-evoked potential (MEP) amplitude compared to
placebo. Moreover, levetiracetam significantly increased TMs-evoked
potential (TEP) component N45, and decreased N10o.! The decrease in
MEP amplitude — observed for all three study drugs — corresponds to
inhibition of cortico-spinal excitability. We therefore concluded that
TMS measures can detect general changes in excitability induced by these
antiepileptic drugs, and that TMS biomarkers could be helpful in early
phase drug development.

After the proof-of-concept study described above, we implemented
TMS in an early phase drug study, to evaluate effects of TAK-653, a a-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
-positive allosteric modulator, on TMS-EEG (CHAPTER 3). TAK-653 isa
drug candidate under development for major depressive disorder. We
found that 6 mg TAK-6573 affected the TEP amplitude 60-70 ms after the
TMS pulse. Although further research is needed to confirm these results,
our findings indicate that TMS-EEG is sensitive to AMPAR modulation.

We conclude from these studies that TMS-EMG/EEG is feasible in small
studies in the early phase of clinical drug development. The measurement
isnon-invasive and can be repeated multiple times before and after drug
administration. However, the measurement also has limitations. It is
challenging to perform reproducible TMS measurements, resulting in a
relatively high variability in TMS outcome measures, particularly between
individuals. This limitation may make it difficult to detect more subtle
drug effects. The measurement is therefore most suitable for use in a
cross-over design, rather than parallel (single- or multiple-ascending
dose) studies. Furthermore, TMS-EMG endpoints provide an indirect
measure of excitability and reflect general changes in cortico-spinal
excitation or inhibition.”? TMS-EMG could therefore be a valuable tool
to demonstrate drug effects on general excitability, but this makes TMs-
EMG less suitable to distinguish between different pharmacological
mechanisms of action, or to highlight certain channel activity. T™MS-
EEG provides a more direct insight into the cortical response®® and may
therefore be more useful for this purpose, however the physiology of
the TEP response is still largely unknown. A third limitation is the lack
of consensus within the TMs community when it comes to stimulation
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methods (e.g. interstimulus intervals of interest) and analysis methods
(e.g. artifact removal methods).™* This heterogeneity makes it difficult
to compare results from different research groups.

In our opinion these limitations do not disqualify the use of TMS-EMG/
EEG as pharmacodynamic biomarkers for proof-of-mechanism studies.
Although the variability is relatively high, significant treatment effects on
cortical excitability were detected at therapeutic dose levels for all tested
compounds. Moreover, with further research and further measurement
standardization, evaluation of TEPs may even prove to be useful for
differentiating specific pharmacological mechanisms of action.

NERVE EXCITABILITY THRESHOLD TRACKING

We had two driving factors for the introduction of NETT as pharmaco-
dynamic biomarker. Firstly, there is a considerable interest from the
pharmaceutical industry in the development of non-addictive and safe
analgesics, among which (selective subtype-specific) voltage-gated
sodium channel (Nay) blockers.’s Secondly, potassium channel activa-
tors, like retigabine, are of interest to lower increased nerve excitability
in amyotrophic lateral sclerosis,'® and effects of retigabine have been
demonstrated using NETT.”” Therefore, we decided to study whether
pharmacological inhibition of Na; conductance can be detected in healthy
volunteers using NETT (CHAPTER 4). This was assessed in a randomized,
double-blind, three-way crossover study, comparing effects of two reg-
istered Nay channel blockers —mexiletine, and lacosamide — to placebo.
Motor and sensory nerve excitability measurements were evaluated at
multiple pre- and post-dose time points. We found that mexiletine and
lacosamide significantly decrease motor and sensory nerve excitability,
corresponding to their mechanism of action.!®

Our results show that NETT can detect (subtle) drug-induced changes
in motor and sensory nerve excitability, with significant dose-effect
relationships, even in a small group of healthy subjects. Furthermore,
the inter- and intra-subject variability of the NETT endpoints is low- an
important characteristic of a valuable pharmacodynamic biomarker.
We conclude that NETT can be a useful tool in the clinical development
of novel Na, channel modulators, and potentially other modulators of
(peripheral nerve-specific) ion channels. A general limitation of NETT
(as well as T™Ss, and MVRC) is that it requires specialized equipment
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and trained staff. However, the low variability in our study indicates
that the measurement can be performed repeatably and in standardized
manner. Furthermore, a possible limitation of NETT in the context of
pain research, is that it measures excitability at the stimulation site 1°
(in this case the median nerve- alarge, myelinated nerve), not the target
site (unmyelinated nociceptive nerves).

Further research, with other modulating drugs, could help to create
a channel-specific nerve excitability profile in healthy human subjects.
If a distinct fingerprint of affected NETT variables could be linked to a
specific channel, this could facilitate confirmation of target engagement
in early phase drug studies with novel pharmaceuticals. For example,
if nerve excitability profiles of Na, subtype 1.6, 1.7, and 1.8 blockers
are compared, findings may help determine target engagement and/
or off-target effects. Moreover, further information may be gained by
combining these findings with computational nerve modelling.2°

MUSCLE VELOCITY RECOVERY CYCLES

The need for a pharmacodynamic biomarker for drugs targeting muscle
excitability arose when we were planning to perform a Phase I study
with an inhibitor of muscle-specific chloride channel clc-1. The drug
candidate (NMD670) was a first-in-class compound, designed to increase
muscle excitability and subsequently improve muscle function in neuro-
muscular diseases such as myasthenia gravis (MG). MVRC, a measurement
that estimates muscle cell excitability, had been shown to be sensitive to
abnormalities in ClC-1 function in patients with myotonia congenita,’
which is caused by a congenital loss-of-function mutation of clc-1.2!
Therefore, we decided to perform a proof-of-concept study to explore the
potential of MVRC as pharmacodynamic biomarker for drugs targeting
muscle excitability (CHAPTER 5). We compared effects of a registered
drug known to influence muscle excitability by inhibition of Na, channels
(mexiletine)?>-2* to placebo in a randomized, double-blind, two-way
crossover study in healthy subjects. MVRC recordings were evaluated
at baseline and at multiple post-dose time points. We found that MVRC
could detect a decrease in muscle membrane excitability by mexiletine.2s
Our results indicate that MVRC is sensitive to pharmacodynamic effects,
and we concluded that MVRc could potentially be a useful tool for our
planned first-in-human study with cIC-1 inhibitor NMD670.
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In CHAPTER 6 we described the first administration of NMD670 to
healthy human subjects. Safety, pharmacokinetics, and pharmacodynam-
ics of NMD670 were assessed in male and female subjects in a randomized,
double-blind, placebo-controlled, single- and multiple-ascending
dose study. Pharmacodynamic effects were evaluated using MvRc. We
found that NMD670 increased muscle excitability, as expected from the
pharmacological mechanism of action. This was reflected in increased
MVRC parameters of early supernormality, and clinical symptoms of
myotonia at the highest dose levels. The effects on MVRC parameters
were similar to findings in myotonia congenita,” and therefore indicate
proof-of-mechanism of Clc-1inhibitor NMD670. These findings further
emphasize that MVRC can detect pharmacological changes in muscle
excitability in healthy subjects.

After evaluation of the safety of NMD670 in healthy subjects, we
tested pharmacodynamic effects of NMD670 in patients with MG as
proof-of-mechanism, with multiple pharmacodynamic measurements,
including MVRc.

In cHAPTER 7 we describe the findings of preclinical studies with
NMD670, and the clinical pharmacodynamic effects of NMD670 in patients
with MG. In the patient study, pharmacodynamic effects were evaluated
by clinical evaluation of myasthenic symptoms using the Quantitative
myasthenia gravis (QMG) score, and also neurophysiological tests, among
which MVRc. In patients with MG, we found significant improvements
on the clinical QMG score after NMD670, indicating that clC-1 inhibition
may indeed have positive effects on muscle function in these patients. The
effects of NMD670 on MVRC in MG patients are not described in this thesis
and will be published in a separate manuscript on this study focusing on
MVRC only. To summarize our findings, MVRC endpoints were affected in
the same direction as in the healthy volunteer study, an effect that reached
statistical significance for one parameter after NMD670 1200 mg compared
to placebo in patients with MG (unpublished data). These findings were
dose dependent, in line with the findings in healthy participants, and
corresponding to an increase in muscle cell excitability (unpublished
data). Therefore, these data confirm the suggested C1C-1 target engagement
of NMD670 in patients with myasthenia gravis. Moreover, our findings
show that MVRc can detect pharmacodynamic effects of ClC-1 inhibition
in both health and disease, further encouraging the use of this biomarker
for assessment of pharmacological effects on muscle excitability.
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In conclusion, our findings support the use of MVRC as pharmacodynamic
biomarker in early phase drug development. The measurement is able
to detect effects of different types of drugs on muscle cell excitability,
in both healthy subjects and patients with MG. Our findings support
pharmacological target engagement of both mexiletine (Nay blocker)
and NMD670 (ClC-1 inhibitor). Furthermore, MVRC variables have a
relatively low inter- and intra-subject variability, the measurement
can be performed quickly, and it can be repeatedly measured. Although
the measurement is more invasive than T™s and NETT, because it uses
recording and stimulation needles inserted in the muscle, this measure-
ment is well-tolerated. What might limit MvRC’s feasibility is its relative
complexity to perform, and to interpret —although we have shown this
isnot a limitation at our centre.

IDEAS FOR FUTURE STUDIES

The use of TMS-EEG, NETT, and MVRC as pharmacodynamic biomarkers
is still in its infancy. In our opinion, the next step in the validation of
these biomarkers would be to investigate their sensitivity to a range of
different ion channel modulators. Firstly, because this would extend the
use of these biomarkers to a larger variety of pharmacological targets
and disease indications. Secondly, it would be important to compare the
excitability profiles of these different ion channel modulators, to see
if the distinct excitability variables can be used to differentiate phar-
macological effects on a channel level. In other words, the proposed
studies should inform if certain variables provide a high specificity for
modulation of corresponding channels, as opposed to a more general
indication of increased and decreased excitability. Ideally, this would
lead to a channel-specific fingerprint of variables, which can be used for
proof of target engagement.

It would be interesting to investigate whether findings on TMS-EMG/
EEG, NETT, and MVRC in healthy subjects are translatable to clinical
treatment effects in patients. One way towards answering this question,
would be to evaluate whether differences in excitability can be detected
in the target patient population when compared to normal controls,
and whether these variables change in the direction of normal after
treatment administration. For example, differences in TMS-EMG/EEG
variables can be detected between (drug-naive) epilepsy patients and
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healthy subjects.! It would be useful to investigate whether treatment
with (novel) anti-epileptic drugs could change this enhanced excitability
in patients with epilepsy. We are currently performing such a study in
our unit. Additionally, although outside the scope of drug development,
it would be extremely helpful if a biomarker, such as TMS-EMG/EEG,
could reliably predict seizure control after subscription of anti-epileptic
drugs in the clinic. This would require long-term follow-up studies to
investigate whether significant (acute) effects on TMS-EMG/EEG correlate
with seizure control.

In the case of myasthenia gravis, on the other hand, there is theoret-
ically no clear abnormality in muscle membrane potential, because the
pathophysiology of myasthenia gravis is based on the loss of acetylcholine
receptors in postsynaptic membrane of the neuromuscular junction,
leading to disturbed neuromuscular transmission.?¢ Therefore, we may
not be able to use pathophysiological changes of myasthenia gravis on
MVRC outcomes, to evaluate treatment effects of drugs targeting muscle
excitability. It should thus be noted that the use of MVRC in our study
with NMD670 was based on the mechanism of action of the drug, not on
the pathophysiology of myasthenia gravis. With MVRc, we were able to
detect significant effects of NMD670 on muscle excitability in healthy
subjects, and in patients with myasthenia gravis. The finding of increased
muscle excitability provides us an indication of target engagement and
proof-of-mechanism in healthy subjects, but it does not indicate that
there was a clinical improvement of muscle function in patients with
myasthenia gravis. The combination of MVRC and clinical evaluations
(such as QMG score) in patients is therefore recommended. In our study
described in CHAPTER 6 and 8, the MVRC results for NMD670 strengthen
our positive findings on the clinical QMG score, because it indicates
that increased muscle excitability may indeed be responsible for an
improvement of muscle function in patients with myasthenia gravis.

The same may be considered when investigating novel analgesics
using NETT. There are conflicting findings in literature on the presence
of abnormalities in NETT variables in chronic pain,??8 possibly because
NETT does not examine the excitability of nociceptive nerve fibers, but of
alarge, myelinated nerve.?® In our study with mexiletine and lacosamide
(CHAPTER 4), we found significant excitability lowering effects of Nay
channel blockers on NETT in healthy subjects, which shows target en-
gagement at the median nerve. In the same study, we have also performed
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evoked pain tests. Mexiletine increased cold pressor pain tolerance and
lowered cold pain perception; lacosamide showed no analgesic effects
on these tests (unpublished data). Considering the abundant effects of
lacosamide on NETT, it can be questioned whether a significant effect on
peripheral nerve excitability as measured with NETT, corresponds with
analgesic effects. However, it should be noted that investigation of NETT
may still be useful to investigate pharmacological target engagement on
channels that populate both myelinated axons and unmyelinated noci-
ceptive nerve fibres, because the confirmation of target engagement can
be pivotal in the early phase of drug development (in healthy subjects).

Lastly, it may be useful to investigate the potential of TMS-EMG/EEG,
NETT, and MVRC as biomarkers in the translational phase from animal
models to clinical drug studies. CHAPTER 3 describes effects of TAK-653
on TEPs, and effects of TAK-653 on MEP amplitude were assessed in the
same study and published elsewhere.? The study showed that comparable
plasma concentrations of TAK-653 increased both MEP amplitude in
humans, and motor responses to T™s in rats (registered with mechano-
myography). These results indicate that MEP amplitude can be considered
auseful translational biomarker for AMPA receptor modulation in future
drug development programs.?? NETT might also be helpful as a tool to
navigate between preclinical studies and early phase clinical studies.
NETT protocols have been used to investigate pharmacological effects
on nerve excitability properties in vitro, for example using Na, channel
blockers (lidocaine, mexiletine, and tetrodotoxin),30,3! propofol,3? and
amitriptyline.3 Effects of K7 potassium channel activator flupirtine were
even evaluated in vitro, as well as invivo (a randomized, placebo-controlled
trial in healthy subjects), in the same study.3* In addition, measurement
of peripheral nerve excitability using NETT in animals is extensively
performed. Among this research, several studies investigated effects of
Na,,* potassium- and HCN3% channel modulators on NETT in animals.
Moreover, effects of a novel drug molecule, namely a compound that
selectively inhibits Nay1.8, were successfully tested in a mouse model
of Charcot-Marie-Tooth disease.’” The possibility to perform NETT in
animal models, and even in vitro, encourages further investigation of its
potential as translational biomarker. MVRC measurements have also been
performed in animals. Two studies in pigs used MVRC to evaluate muscle
membrane properties in faecal peritonitis.3$:* Also, a recent publication
comparing MVRC in mice and humans, showed differences in muscle
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excitability between the species.*® So, MVRC could also be considered
as a translational biomarker for drug effects, although these differences
between species should then of course be taken into account. Future
studies should indicate whether pig models are better translatable to
humans than mice.

CONCLUSION

This thesis describes a set of excitability measurements — TMS-EMG/EEG,
NETT, and MVRC- and the applicability of these tools in early phase clinical
drug development. We validated the biomarkers in healthy subjects with
registered drugs and showed that the measurements are all repeatable
and sensitive to pharmacological effects, even in a small number of
subjects. Furthermore, we have evaluated effects of a novel AMPA-PAM
with TMS-EMG/EEG, and a first-in-class c1C-1 inhibitor with MVRc, and
the findings helped us to confirm proof-of-mechanism of these com-
pounds in healthy subjects. In conclusion, these measurements proved
to be valuable pharmacodynamic biomarkers in two drug development
programs, encouraging their further use in clinical development of
other future drug candidates targeting cortical-, neuronal-, and muscle
cell excitability. The use of such clinical pharmacodynamic biomarkers
could improve the quality and efficiency of the development process of
drugs for e.g. amyotrophic lateral sclerosis, chronic pain, depression,
treatment-resistant epilepsy, and neuromuscular diseases.
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Sommige cellen in het menselijk lichaam, zoals cellen in de hersenschors,
perifere zenuwen, en skeletspieren, zijn ‘prikkelbaar’. Dat betekent dat
de cellen in deze weefsels in staat zijn impulsen (elektrische signalen)
te transporteren door het lichaam. De eigenschap van deze cellen is
cruciaal voor de werking van zenuwen en spieren. In de celmembraan
van prikkelbare cellen zitten ion kanalen die de permeabiliteit voor
natrium, kalium, calcium en chloor reguleren. Een verandering in
permeabiliteit van het celmembraan voor deze ionen zorgt ervoor dat
er een elektrisch signaal kan worden doorgegeven. De functie van de
prikkelbare cellen is dus grotendeels athankelijk van de werking van
deze kanalen. Afwijkingen in de prikkelbaarheid van zenuwen en spieren
kunnen de oorzaak zijn van een verscheidenheid aan neurologische,
(neuro)musculaire en psychiatrische aandoeningen. In epilepsie wordt
bijvoorbeeld een afwijkende prikkelbaarheid van de hersenschors gezien;
in amyotrofe lateraal sclerose (ALs) wordt een afwijkende prikkelbaarheid
van de zenuwen en hersenschors gezien; en patiénten met myotonia
congenita hebben afwijkende prikkelbaarheid van de skeletspieren. In
de zoektocht naar behandelingen voor deze ziektes, is het dus interessant
om middelen te ontwikkelen die de ion kanalen-die verantwoordelijk
zijn voor de prikkelbaarheid-te beinvloeden.

In het onderzoek naar nieuwe geneesmiddelen die de prikkelbaarheid
zouden beinvloeden, is het van groot belang om farmacodynamische
effecten van deze middelen in de vroege fase van de ontwikkeling te
kunnen meten. Conventioneel klinisch geneesmiddelenonderzoek
wordt uitgevoerd in vier fases, beginnend bij het onderzoeken van de
veiligheid in gezonde proefpersonen. Voor nieuwe onderzoeksmiddelen,
met een nieuw werkingsmechanisme, kan deze aanpak ongeschikt zijn.
Het beoordelen van de veiligheid is uiteraard cruciaal, maar een meer
farmacologische benadering kan het proces van geneesmiddelenont-
wikkeling verbeteren. Zo kan een middel veilig zijn in een kleine groep
gezonde vrijwilligers, maar kan de toegediende dosis niet farmacologisch
actief zijn, waardoor negatieve resultaten (geen werkzaamheid) worden
gevonden bij de toediening aan patiénten. Een ander mogelijk gevolg zou
kunnen zijn dat een geneesmiddel in de vroege fase te hoog gedoseerd
wordt, waardoor er bijwerkingen ontstaan die de verdere ontwikkeling
in de weg staan, terwijl het farmacologische mechanisme zeer waardevol
zou kunnen zijn voor patiénten als het juist gedoseerd wordt. Het kan dus
leiden tot risico’s voor deelnemers en hoge kosten als het farmacologische
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actiemechanisme niet wordt meegenomen in de vroege fase van het
geneesmiddelenonderzoek. Een geschikte farmacodynamische biomarker
zou zelfs al in gezonde vrijwilligers kunnen aantonen dat het geneesmid-
del zich bindt aan het gewenste doel (zoals een ion kanaal), waardoor het
kan dienen als bewijs dat het bedoelde effect wordt bewerkstelligd. Ook
kunnen farmacodynamische biomarkers helpen om de farmacologische
actieve dosis te bepalen. Ten slotte zou een translationele biomarker
kunnen helpen een beter geinformeerde overgang te bewerkstelligen
tussen de preklinische fase en de eerste toediening aan de mens, en de
overgang tussen gezonde vrijwilligers en patiénten.

In het geneesmiddelenonderzoek op het gebied van prikkelbaarheid
van de zenuwen en spieren is er momenteel geen betrouwbare biomarker
voor het aantonen van farmacodynamische effecten. Ontwikkeling van
een dergelijke meting zou daarom van groot belang zijn. In dit proefschrift
beschrijf ik de validatie en implementatie van drie klinische metingen
van prikkelbaarheid, om ze te gebruiken in klinisch geneesmiddelenon-
derzoek: transcraniéle magnetische stimulatie (TMs) gecombineerd met
elektromyografie (EMG) en elektro-encefalografie (EEG) voor het meten
van prikkelbaarheid van de hersenschors; nerve excitability threshold
tracking (NETT) voor het meten van prikkelbaarheid van de perifere
zenuw; en muscle velocity recovery cycles (MVRC) voor het meten van
prikkelbaarheid van de skeletspier. Eerst hebben we voor elk van deze
metingen een concept studie gedaan met geregistreerde geneesmiddelen,
waarvan bekend is dat ze de prikkelbaarheid beinvloeden door beinvloe-
ding van ion kanalen. In deze onderzoeken wilden we bevestigen of deze
metingen gevoelig waren voor het aantonen van geneesmiddelen effecten
in gezonde vrijwilligers. Daarnaast beoordeelden we de variabiliteit
van de metingen. Nadat we hadden bevestigd dat de metingen gevoelig
waren voor farmacodynamische effecten, hebben we de biomarkers ook
geimplementeerd in vroege fase geneesmiddelenonderzoeken, waaronder
een eerste toediening aan de mens.

Het vooruitzicht van nieuwe behandelingen gericht op de prikkelbaar-
heid van de hersenen, heeft ons ertoe aangezet om TMS te implementeren
als farmacodynamische biomarker. TMs werkt door hersenstimulatie: een
sterke elektrische stroom in de TMS spoel zorgt voor een magnetische
impuls, wat vervolgens een actiepotentiaal kan genereren in de hersen-
schors. Indien de impuls gericht is op de motorische hersenschors, kan
het effect van T™s op de elektrische activiteit van een spier in de hand
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worden gemeten met EMG. De elektrische activiteit in de hersenen na
de impuls kan worden gemeten met EEG. Eerst hebben wij onderzocht
of we met TMS-EMG en TMS-EEG farmacodynamische effecten konden
aantonen van geregistreerde middelen tegen epilepsie: levetiracetam en
valproinezuur, en een benzodiazepine: lorazepam. Zoals verwacht wordt
van deze middelen vonden we een verlaging van de prikkelbaarheid
van de hersenschors. We concludeerden dat TMs-metingen algehele
veranderingen (door geneesmiddelen) in de prikkelbaarheid van de
hersenen kan oppikken, en dat het daarom een zinvolle biomarker zou
kunnen zijn in vroege fase geneesmiddelenonderzoek. Vervolgens hebben
we TMS gebruikt in een studie met een nieuw onderzoeksmiddel voor de
behandeling van therapie-resistente depressie: een positieve allosterische
modulator van de a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (ampA) glutamaat receptor. De effecten van dit middel op T™s-
EMG wijzen erop dat het middel de prikkelbaarheid van de hersenen
verhoogt (deze resultaten zijn beschreven buiten dit proefschrift). Met
TMS-EEG kunnen ook verschillen in de hersengolven worden gevonden
als het middel wordt vergeleken met een placebo. Deze resultaten dragen
bij aan de verdere ontwikkeling van TMS-EEG als meting van corticale
prikkelbaarheid.

We hadden twee redenen om NETT te introduceren als farmacody-
namische biomarker voor effecten op de prikkelbaarheid van perifere
zenuwen. Ten eerste, omdat er veel interesse is vanuit de farmaceuti-
sche industrie om nieuwe pijnstillers te ontwikkelen die veilig en niet
verslavend zijn. Een belangrijke klasse middelen voor dat doel zijnde
(selectieve) natriumkanaalblokkers. Daarnaast zijn er kaliumkanaal
activators in ontwikkeling, vergelijkbaar met de werking van retiga-
bine, die de prikkelbaarheid van de zenuwen in ALS zouden moeten te
verlagen. Om die reden besloten wij te onderzoeken of NETT effecten van
natriumkanaalblokkers zou kunnen aantonen in gezonde vrijwilligers.
We hebben de effecten van twee natriumkanaal blokkers, mexiletine en
lacosamide, onderzocht op de prikkelbaarheid van de perifere zenuw.
NETT werkt door elektrische stimulatie van de nervus medianus bij de
pols, met behulp van een computergestuurd paradigma. De stimulatie
wekt een actiepotentiaal op die wordt gemeten in de spier en de sen-
sorische zenuw. NETT variabelen geven informatie over de werking van
ion kanalen op de plek van de zenuwstimulatie. Onze resultaten laten
zien dat mexiletine en lacosamide de prikkelbaarheid van de perifere
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zenuwen verlagen, zoals wordt verwacht van een natriumkanaalblokker.
Dit betekent dat NETT in staat is subtiele geneesmiddelen effecten op
de prikkelbaarheid van de zenuw aan te tonen. We concluderen daarom
dat NETT een nuttige meting kan zijn om te gebruiken in ontwikkeling
van nieuwe natriumkanaalblokkers.

Ten slotte ontstond de noodzaak voor een farmacodynamische biomarker
voor geneesmiddelen die effect hebben op de prikkelbaarheid van de
spier, toen we van plan waren een fase I studie uit te voeren met een
remmer van het chloride kanaal clc-1. Het nieuwe onderzoeksmiddel in
kwestie, NMD670, is de eerste in zijn klasse, en wordt ontwikkeld voor de
behandeling van myasthenia gravis. Met MVRC kan de prikkelbaarheid van
de spiermembraan worden bepaald door directe elektrische stimulatie
van de spiervezels, onathankelijk van de neuromusculaire overgang. Om
de gevoeligheid van MVRC voor geneesmiddelen effecten te onderzoeken,
besloten we een studie te doen waarin we effecten van mexiletine on-
derzochten met MVRC. We vonden een verlaging van de prikkelbaarheid
van de spieren na mexiletine. Onze resultaten wijzen erop dat MVRC
sensitief is voor farmacodynamische effecten, en we concludeerden
dat MVRC nuttig kon zijn voor de geplande studie met CIC-1 remmer
NMD670. Vervolgens beschrijven we de eerste toediening van NMD670
aan gezonde vrijwilligers en ook de eerste toediening aan patiénten
met myasthenia gravis. We laten zien dat NMD670 significante effecten
heeft op MVRC in gezonde vrijwilligers, wat erop wijst dat het middel
inderdaad de prikkelbaarheid van de spier verhoogt. Ook in patiénten
met myasthenia gravis zien we een effect op MVRC in dezelfde richting.
Daarnaast tonen we aan dat NMD670 kleine, maar statistisch significante,
verbeteringen geeft in de klinische score (Quantitative myasthenia gravis
score). We concluderen dat onze bevindingen het gebruik van MvRc als
farmacodynamische biomarker in vroege fase geneesmiddelenonderzoek
ondersteunt. MVRC is in staat effecten van verschillende geneesmiddelen
op de prikkelbaarheid van de spieren aan te tonen, zowel in gezonde
vrijwilligers als patiénten met myasthenia gravis.

Samenvattend hebben wij een drietal metingen — TMS, NETT, en MVRC—
gevalideerd, die wij op basis van de resultaten geschikt achten voor het
gebruik als farmacodynamische biomarker in vroege fase geneesmid-
delenonderzoek. Onze resultaten laten zien dat de metingen gevoelig
zijn voor farmacodynamische effecten, zelfs in een kleine groep gezonde
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vrijwilligers, zoals gebruikelijk in fase I studies. We zijn van mening dat
het van toegevoegde waarde is als deze biomarkers onderdeel vormen
van vroege fase geneesmiddelenonderzoek (als het actiemechanisme van
het middel daar aanleiding toe geeft). Dit is relevant omdat het gebruik
van farmacologische biomarkers in het geneesmiddelenonderzoek de
kwaliteit van het onderzoek naar nieuwe middelen voor onder andere
epilepsie, pijn, ALS, en myasthenia gravis, kan verbeteren.
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