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Abstract

Altered motor neuron excitability in patients with amyotrophic lateral sclerosis (ALS)
has been suggested to be an early pathophysiological mechanism associated with
motor neuron death. Compounds that affect membrane excitability may therefore
have disease-modifying effects. Through which mechanism(s), these compounds
modulate membrane excitability is mostly provided by preclinical studies, yet remains
challenging to verify in clinical studies. Here, we investigated how retigabine affects
human myelinated motor axons by applying computational modeling to interpret the
complex excitability changes in a recent trial involving 18 ALS patients. Compared to
baseline, the post-dose excitability differences were modeled well by a hyperpolar-
izing shift of the half-activation potential of slow potassium (K*)-channels (till 2 mV).
These findings verify that retigabine targets slow K*-channel gating and highlight the
usefulness of computational models. Further developments of this approach may fa-
cilitate the identification of early target engagement and ultimately aid selecting re-

sponders leading to more personalized treatment strategies.
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative dis-
ease characterized by the progressive loss of central and peripheral
motor neurons. Survival varies considerably because of differences
in genetic and pathophysiological mechanisms.! Major challenges

in the drug development process are the identification of these

mechanisms and the development of sensitive techniques to detect
pharmacological response and target engagement.?

A frequently observed mechanism in patients with ALS is motor
neuron excitability.>™> It has been suggested that altered motor
neuron excitability properties reflect an early pathophysiological
step associated with motor neuron death.®’ Changes in excitability

properties have been associated with shorter survival and a more

Abbreviations: ALS, amyotrophic lateral sclerosis; CMAPs, Compound muscle action potentials; HCN, hyperpolarization-activated cyclic nucleotide-gated; iPSC, induced pluripotent

stem cell; SDTC, strength-duration time constant; SR, stimulus response.
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aggressive disease course.>® Hence, drugs that interact with mem-
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brane excitability may hold neuroprotective and disease-modifying
properties.9
A compound that modulates motor neuron excitability is retiga-

1011 3n anticonvulsant drug and potassium (K*)-channel opener

bine,
of which the molecular mechanisms are well-documented in preclin-
ical studies.!? Interestingly, in the context of drug repurposing, it
was found to prolong survival of induced pluripotent stem cell (iPSC)
derived motor neurons from ALS patients.13 Recently, we demon-
strated the acute effects of retigabine on motor axons of patients
with ALS using nerve excitability testing.}* Long-term exposure in-
duced comparable motor axon excitability changes in patients with
ALS.Y> Although challenging, verifying the mechanisms whereby
compounds target human myelinated motor axons in vivo remains
a vital part of translating preclinical to clinical findings. In this study,
we performed an in-depth analysis of human nerve excitability re-
cordings using computational modeling to provide insights into the
modulatory mechanism of retigabine. Our findings may stimulate
future applications and developments where such an integrated
approach may eventually serve to verify early target engagement
and potentially aid in identifying subjects who most likely respond

to therapy.

2 | MATERIALS AND METHODS

2.1 | Study design and patient population

We obtained a subset of the motor nerve excitability recordings

from a recent trial'*

in which 18 ALS patients participated (17 men,
mean age 58.6years, range 37-76). This subset involved recordings
at baseline (pre-dose), 1.5 and 6 h post-dose on the day of retigabine
administration (single dose, 300mg). The patients gave written in-
formed consent. The investigation was performed in accordance
with the Declaration of Helsinki and was approved by the local medi-

cal ethical committee.

2.2 | Motor nerve excitability testing

The motor nerve excitability setup and protocol have been described
extensively elsewhere.** Briefly, nerve excitability was assessed
using Qtrac-S software (TRONDNF, Institute of Neurology, Queen
Square). Non-polarizable surface electrodes (Red Dot, 3 M Health
Care) were used for stimulation, with the cathode at the wrist over
the median nerve, and the anode placed 10 cm proximal to the radial
side of the forearm. Compound muscle action potentials (CMAPs)
were recorded from the abductor pollicis brevis using surface elec-
trodes in belly-tendon montage. In order to maintain a stable nerve
temperature during the excitability tests, the median nerve was
warmed by wrapping the forearm and hand in a warm water blanket
through which water of 37°C flowed constantly (Norm-O-Temp &
Maxi-therm lite infant hyper-hypothermia blanket for single patient

use; Cincinnati Sub-Zero LLC) using a previously described warming
procedure.}*1¢

To obtain multiple motor nerve excitability properties,14 we
applied a well-established excitability protocol, which consists
of the stimulus response (SR) test to identify a target response
(40% of the maximum CMAP amplitude), followed by the four
main tests including the charge duration (Qt) relation (relation be-
tween stimulus charge [Q] and stimulus durations of 0.2, 0.4, 0.6,
0.8, and 1.0 ms) to estimate the strength-duration time constant
(SDTC) and rheobase, the threshold electrotonus (time course of
threshold changes before during and after a subthreshold depo-
larizing or hyperpolarizing conditioning current of 100-ms du-
ration set at 20% and 40% of the current for an unconditioned
target response), the current-voltage (I/V) relation (threshold
changes to 200ms conditioning currents varying from +50%
depolarizing to -100% hyperpolarizing), and the recovery cycle
(time course of threshold changes from 2 to 200 ms after a supra-

maximal stimulus).

2.3 | Computational modeling

To identify the biophysical basis that may underlie the retigabine-
induced excitability changes, we fitted the recordings using a well-
established computational model'” of the human myelinated axon
(MEM(fit, QTRAC-P software, Institute of Neurology, London, UK).
The model simulates the four excitability curves and incorporates
the main membrane dynamics of nodal and internodal ion channels.
The model includes nodal transient and persistent sodium (Na™) per-
meability, the conductances of nodal and internodal slow and fast
potassium (K*) channels, internodal hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels, nodal and internodal
leak channels, Barrett and Barrett (i.e., high-resistance pathways
through the myelin sheath) conductance, as well as the gating ki-
netics of voltage-gated channels were allowed to vary. During op-
timization, the gating kinetics of voltage-gated channels located at
the node and internode are coupled together. Temperature effects
on ion channels are accounted for by Q,, values of the gating ki-
netics.!” We assumed a small skin-nerve temperature gradient18
by setting the temperature at 34°C, which was kept fixed during
modeling.

First, we optimized the model to obtain the best fit with the
baseline (pre-dose) excitability recordings of the 18 patients,
such that the patients served as their own reference. The result-
ing baseline (pre-dose) model was then fitted to match the post-
dose excitability recordings at 1.5 and 6 h. Given the preclinical
evidence that retigabine targets slow K*-channels, the two post-
dose models were fitted by altering slow K*-channel parameters
one at a time to avoid over-parameterization of potential treat-
ment effects. The procedure involved least-squares optimization,
where the discrepancy between measured and simulated excitabil-
ity curves was minimized using relative weights for each test: 0.5
(strength-duration), 2 (threshold electrotonus), 1 (recovery cycle),
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and 1 (current-threshold).? The error was inversely weighted by
the standard deviation at every measured threshold. The resting
potential was not optimized during modeling, but it was allowed to
vary in response to parameter changes. With this procedure, we
obtained the most likely parameter that is targeted by retigabine
and underlies the excitability difference between pre-dose and
post-dose motor axons.

As we applied the computational model on excitability record-
ings from the day of retigabine administration, we provided some
indications on the observed excitability changes on that day. For
the extensive analysis based on the full dataset, we would like to

1. We used a linear mixed effects model

refer to our recent tria
with the baseline (pre-dose) of the excitability indices as response,
the individual excitability recordings as random intercept and equal
weights to post-dose indices as fixed effect. Matlab (R2018a: The
MathWorks) was used for statistical analyses. p <.05 was considered

significant.
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2.4 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY,?° and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%

3 | RESULTS

3.1 | Pharmacokinetics and observed
retigabine-induced excitability changes

The median highest plasma concentration for retigabine was 600ng/
ml (range: 271-997 ng/ml) with a median time to highest plasma con-
centration of 0.8 h (range: 0.5-4 h).
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FIGURE 1 Recorded (dotted lines with SEM error bars) and modeled (solid lines) excitability curves at baseline (pre-dose, gray) and
after retigabine administration (1.5 and 6 h averaged, black; -2 mV shift of half-activation potential of slow K*-channels) with in (A) the
hyperpolarizing part of the current/voltage relation, (B) strength-duration relation (normalized stimulus charge), (C) threshold electrotonus,

and (D) the recovery cycle.
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TABLE 1 Modeling results of the acute retigabine-induced effects on motor axons

Parameter Description

Bas? (mV) Half-activation potential of slow K*-channels
Aas?® (ms™Y) Rate constant of slow K*-channels

GKsN (nS) Maximal nodal slow K*-conductance

ENR (mV) Nodal resting membrane potential®

Pre-dose Post-dose

1.5h 6h

Baseline model Best single parameter (error reduction, %)

-23.5 -25.2(30.3%) -25.5 (42.6%)
0.0058 0.0054 (16.8%) 0.0051 (30.5%)
40.5 41.1(6.8%) 41.9 (3.4%)
-81.1 -81.9° -82.1°

Note: In bold = best single parameter followed by 2nd and 3rd best single parameter based on the error reductions.

@Half-activation potential (mV) and rate constant (ms’l, at 34°C) of slow K*-channels. The half-activation potential and rate constant for the transition
rate a  are only displayed, because the transition rates («,, p.) are coupled in the model during optimization.

bThe resting membrane potential is not optimized within the model, but hyperpolarizes as a consequence of hyperpolarization of the half-activation

potential of slow K*-channels.

Figure 1illustrates the baseline (pre-dose) and averaged post-dose
motor excitability recordings. Compared to baseline, retigabine short-
ened the strength-duration time constant (SDTC, A-0.04ms, p = .04;
95% Cl -0.07 to <—0.01ms) and increased the rheobase (A0.6 mA,
p = .04; 95% Cl <0.1-1.2). The accommodation half-time prolonged
(A2.5 ms, p = .03; 95% Cl 0.2-4.7), and the depolarizing and hyper-
polarizing threshold electrotonus (at 90-100ms) showed no changes.
The hyperpolarizing I/V at 100% increased (A23.7%, p = .005; 95% ClI
7.7-39.8). The recovery cycle showed lower refractoriness at 2.5 ms
(A-9.9%, p = .002; 95% Cl -16 to -3.8%) and shorter relative refrac-
tory period (A-0.22ms, p = .002; 95% Cl -0.36 to -0.09).

3.2 | Biophysical basis of retigabine-induced
excitability changes

Table 1 presents the optimized post-dose models using the baseline
(pre-dose) model (Table S1). Hyperpolarizing shifts of the half-activation
potential of slow K™-channels produced the largest error reduction
from baseline to the post-dose models (A1.7 mV, 30.3% error reduc-
tion at 1.5 h; A2 mV, 42.6% error reduction at 6 h). The second and
third best fits involved a decelerated rate constant of slow K*-channels
and an increase in slow K*-channel conductance, both at 1.5 and é h
(Table 1). The changes in half-activation potential of slow K*-channels
hyperpolarized the resting membrane potential by 0.8 and 1.0 mV
(Table 1). A hyperpolarizing shift of the half-activation potential and
a decelerated rate constant of slow K*-channels jointly resulted in an
error reduction of 37.3% (A1.6 mV and 6.5% at 1.5 h) and 69% (A2.9 mV
and 12.1% at 6 h). Modeled excitability curves for the baseline model
and post-dose model (at 6 h) after a 2 mV hyperpolarizing shift of the
half-activation potential of slow K*-channels are illustrated in Figure 1.

3.3 | Altered slow K*-channel gating and impact on
open fraction at resting membrane potential

To determine how altered slow K*-channel gating affects the
fraction of open slow K*-channels, we used the well-established

steady-state relation.?? Using the fitted model parameters (Table 1),
a 2 mV hyperpolarizing shift in half-activation potential of slow K*-
channels (at 6 h) increased the fraction of open slow K*-channels
by approximately 10.2% at resting membrane potential (Figure 2A).
Given the markedly higher slow K*-conductances at the node com-
pared to the internode,?®2* the affected channels most likely involve
nodal slow K*-channels. Figure 2B shows a diagram of a myelinated
axon highlighting the affected nodal slow K*-channels.

4 | DISCUSSION

We showed that computational modeling verified retigabine's
mechanism of action on motor neuron excitability in ALS patients.
Obtaining such insights into the mechanisms by which compounds
modulate membrane excitability is challenging in human subjects
and, therefore often limited to preclinical models. Our findings may
be significant, as compounds that modulate membrane excitability
may have disease-modifying properties. Therefore, future appli-
cations and refinements of such sensitive techniques may be vital
for assessing drug responses in phase 1 trials, which, in turn, may
improve compound selection for phase 2 trials.

Our findings provide in vivo evidence that retigabine predom-
inantly targets slow K*-channel gating, evidence that—to date—
had mainly been identified in preclinical studies.’®™*? Although
human studies have shown effects of retigabine on the excitability

1415 we have now provided quantita-

of myelinated motor axons,
tive support that modulation of slow K*-channel gating underlies
these effects, as previously speculated** based on preclinical stud-
jes.1011.25-28 \without a priori information, it would have been vir-
tually impossible to interpret the complex set of altered excitability
properties in our recent trial.X* Computational modeling may, there-
fore, be key to the evaluation of compounds in nerve excitability
studies. The timing of the excitability recordings in relation to the
time to highest plasma concentration indicates that retigabine is
rapidly absorbed and reaches myelinated motor axons quickly.

We are aware of the inherent uncertainty at various levels of
the analyses, as described elsewhere.?? Preclinical studies showed
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FIGURE 2 (A)Fraction of open slow K™-channels based on the baseline (pre-dose) model (gray) and post-dose model (at 6 h) with a -2 mV
shift of the half-activation potential. Inset in (A) shows region around resting membrane potential with an increased open fraction of 10.2%
(100% [0.13463/0.1222-1]) for the post-dose model. In (B), a diagram of a myelinated axon in gray (modified from Franssen®*): Na,, transient
Na*; Nap, persistent Na*; K, slow K* with altered nodal gating kinetics in black (As slow K* channels are highly clustered in the node,
reflected by the markedly higher nodal compared to internodal slow K*-conductance, modeling results are therefore likely driven by nodal
slow K*-channels); K, fast K*; I, hyperpolarization-activated cation (HCN) current; the Na*/K* pump; BB, Barrett and Barrett resistance.

that nodal slow K'-currents are mediated by KCNQ channels at
the nodal domain, where retigabine can modulate these chan-
nels.}%3%3% As slow K*-channels are highly clustered at the node

of Ranvi«.=:r,23’24

the modeling results, suggesting a hyperpolarizing
shift of the half-activation potential, are therefore likely driven by
nodal slow K*-channels. Such modulation could induce stronger
hyperpolarizing effects on depolarized axons, an effect previously
linked to the potential difference with the K* equilibrium poten-
tial.323% Modeling indicated further that also the rate constant may
be involved, albeit to a lesser extent. These results confirm and
extend the findings of our previous study,14 although it should be
noted that here we only used data from the day of retigabine admin-

istration. Additionally, the study involves a relative small number

of patients, where a larger population may allow studying patient
subgroups with specific pharmacokinetic characteristics in more
detail. Advantageously, the computational model incorporates all
excitability indices, including the affected and, equally importantly,
the unaffected ones. For instance, rheobase, SDTC, and the hyper-
polarizing part of the current-voltage were significantly affected,
whereas threshold electrotonus remained largely unaffected. The
modeling approach markedly reduces the ambiguities which would
have arisen had we focused on altered excitability indices only.

In conclusion, the current findings indicate that clinical studies
involving excitability recordings integrated with computational mod-
eling could serve as a translational approach to verify the mecha-
nism(s) of compounds that affect membrane excitability. Further
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developments of our approach may ultimately delineate differences
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in drug responses between subjects, thus creating the possibility for
timely distinction between responders and non-responders and per-

sonalized dosage levels.
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