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IMPORTANCE Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease
of the motor nervous system. Clinical studies have demonstrated cortical and spinal motor
neuron hyperexcitability using transcranial magnetic stimulation and threshold tracking nerve
conduction studies, respectively, although metrics of excitability have not been used as
pharmacodynamic biomarkers in multi-site clinical trials.

OBJECTIVE To ascertain whether ezogabine decreases cortical and spinal motor neuron
excitability in ALS.

DESIGN, SETTING, AND PARTICIPANTS This double-blind, placebo-controlled phase 2
randomized clinical trial sought consent from eligible participants from November 3, 2015,
to November 9, 2017, and was conducted at 12 US sites within the Northeast ALS Consortium.
Participants were randomized in equal numbers to a higher or lower dose of ezogabine or to
an identical matched placebo, and they completed in-person visits at screening, baseline,
week 6, and week 8 for clinical assessment and neurophysiological measurements.

INTERVENTIONS Participants were randomized to receive 600 mg/d or 900 mg/d
of ezogabine or a matched placebo for 10 weeks.

MAIN OUTCOMES AND MEASURES The primary outcome was change in short-interval
intracortical inhibition (SICI; SICI−1 was used in analysis to reflect stronger inhibition from an
increase in amplitude) from pretreatment mean at screening and baseline to the full-dose
treatment mean at weeks 6 and 8. The secondary outcomes included levels of cortical motor
neuron excitability (including resting motor threshold) measured by transcranial magnetic
stimulation and spinal motor neuron excitability (including strength-duration time constant)
measured by threshold tracking nerve conduction studies.

RESULTS A total of 65 participants were randomized to placebo (23), 600 mg/d of ezogabine
(23), and 900 mg/d of ezogabine (19 participants); 45 were men (69.2%) and the mean (SD) age
was 58.3 (8.8) years. The SICI−1 increased by 53% (mean ratio, 1.53; 95% CI, 1.12-2.09; P = .009)
in the 900-mg/d ezogabine group vs placebo group. The SICI−1 did not change in the 600-mg/d
ezogabine group vs placebo group (mean ratio, 1.15; 95% CI, 0.87-1.52; P = .31). The resting motor
threshold increased in the 600-mg/d ezogabine group vs placebo group (mean ratio, 4.61;
95% CI, 0.21-9.01; P = .04) but not in the 900-mg/d ezogabine group vs placebo group
(mean ratio, 1.95; 95% CI, −2.64 to 6.54; P = .40). Ezogabine caused a dose-dependent decrease
in excitability by several other metrics, including strength-duration time constant in the
900-mg/d ezogabine group vs placebo group (mean ratio, 0.73; 95% CI, 0.60 to 0.87; P < .001).

CONCLUSIONS AND RELEVANCE Ezogabine decreased cortical and spinal motor neuron
excitability in participants with ALS, suggesting that such neurophysiological metrics
may be used as pharmacodynamic biomarkers in multisite clinical trials.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disease characterized by the loss of cortical and spi-
nal motor neurons (MNs) that has a typical survival of

3 to 5 years after diagnosis.1 Although approximately 10% of
cases are familial and result from a mutation in 1 of more than
40 ALS genes, including SOD1 (NM_000454), TARDBP (NM_
007375), and FUS (NM_001170634), and hexanucleotide in-
tronic repeat expansion in the C9orf72 (NM_001256054) gene,
most ALS cases worldwide are sporadic.1 In these sporadic
cases, the genetic contribution to neural degeneration re-
mains poorly understood.

Findings from clinical research support MN-increased
excitability in ALS. Studies using transcranial magnetic
stimulation (TMS) have established cortical MN hyperexcit-
ability, heralded by decreased short-interval intracortical
inhibition (SICI), as an early feature of sporadic and familial
ALS.2-4 Separately, spinal MN axonal hyperexcitability, as
indicated by increased strength-duration time constant
(SDTC) measured using threshold tracking nerve conduction
studies (TTNCSs),5 has also been found in patients with spo-
radic and familial ALS.6 Greater cortical and spinal MN excit-
ability are prognostic of disease progression.7,8 Despite these
findings, the feasibility of using these neurophysiological
metrics as pharmacodynamic biomarkers has not been
evaluated in a multi-site clinical trial.

Given the lack of a clear genetic cause for most patients
with ALS, MNs derived from induced pluripotent stem cells
(iPSCs) of patients with ALS offer promising approaches
for identifying key disease drivers.9 In both human stem cell–
derived and primary mouse spinal MNs, KCNQ2 (NM_
001382235) to KCNQ3 (NM_001204824) potassium channels
(Kv7.2-Kv7.3) played central roles in controlling MN
excitability,10,11 and the KCNQ channel activator and US Food
and Drug Administration–approved antiepileptic medicine
ezogabine (also known as retigabine) reduced neuronal
excitability,10 alleviated endoplasmic reticulum stress,12 and
improved in vitro survival of both SOD1 and C9orf72 ALS hu-
man MNs.10,13 Based on the strong clinical evidence support-
ing hyperexcitability as a prominent phenotype in both
familial and sporadic ALS as well as the absence of animal
models for sporadic ALS, we moved directly from iPSC mod-
eling to a clinical trial using neurophysiological metrics of MN
excitability as pharmacodynamic biomarkers. With the goal
of investigating whether ezogabine decreases cortical and
spinal motor neuron excitability in ALS, we conducted a
10-week, multicenter phase 2 randomized clinical trial of 2
doses of ezogabine in patients with ALS, with the primary out-
come of change in cortical excitability.

Methods
In this double-blind, placebo-controlled, phase 2 random-
ized clinical trial, participants with ALS received 10-week treat-
ment with 600 mg/d or 900 mg/d of ezogabine or a matched
placebo at 12 US sites that are members of the Northeast Amyo-
trophic Lateral Sclerosis Consortium; the full trial protocol and
study design are provided in Supplement 1. Briefly, inclusion

criteria were based on diagnosis of sporadic or familial ALS,
slow vital capacity (SVC) of 50% or greater of estimated mea-
sure, ability to take medications by mouth per the study pro-
tocol, and sufficient amplitude of neurophysiological record-
ings to enable analyses. The institutional review board at the
local sites reviewed and approved the study protocol, written
informed consent forms, and amendments at the coordina-
tion center (Massachusetts General Hospital, Boston, Massa-
chusetts) and all clinical trial sites (University of Michigan, Ann
Arbor, Michigan; Penn State Hershey Medical Center, Her-
shey, Pennsylvania; University of California, Irvine, Irvine Cali-
fornia; Mayo Clinic, Jacksonville, Florida; Hospital for Spe-
cial Surgery, New York, New York; Johns Hopkins University,
Baltimore, Maryland; Massachusetts General Hospital, Bos-
ton, Massachusetts; Augusta University Medical Center,
Augusta, Georgia; Barrow Neurological Institute, Phoenix, Ari-
zona; Beth Israel Deaconess Medical Center, Boston, Massa-
chusetts; Cedars Sinai Medical Center, Los Angeles, Califor-
nia; and Duke University Medical Center, Durham, North
Carolina). We followed the Consolidated Standards of Report-
ing Trials (CONSORT) reporting guideline.

Between November 3, 2015, and November 9, 2017, writ-
ten informed consent was obtained from 108 individuals with
ALS. Forty-three participants were deemed ineligible, of whom
24 were excluded because of our inability to elicit an motor
evoked potential (MEP) using allowed magnet strength
(Figure 1). Recruitment ended before full enrollment because
of the expiration of the investigational product. Overall, 55 par-
ticipants completed the trial.

Randomization, Masking, and Procedures
Study participants were randomized in equal numbers to re-
ceive 600 mg/d or 900 mg/d of ezogabine or to an identical
matched placebo according to a computer-generated random-
ization schedule, which was constructed with stratification by
site and permuted blocks of 3. All participants and study staff,
including the data analysis teams, were blinded to the ran-
domization until after database lock.

Participants completed in-person visits at screening, base-
line, week 6, and week 8 for clinical assessment and neuro-
physiological measurements. Additional telephone visits were
completed at weeks 2, 10, and 14. The first 21 participants were
recruited using an early version of the protocol, which in-
cluded additional visits at weeks 4 and 12. These additional

Key Points
Question Can ezogabine reduce cortical and spinal motor neuron
excitability, which are increased in amyotrophic lateral sclerosis
(ALS)?

Findings In this randomized clinical trial of 65 participants with
ALS, treatment with ezogabine reduced both cortical and spinal
motor neuron excitability in a dose-dependent manner.

Meaning This trial found that ezogabine decreased excitability in
ALS; further evaluation is warranted to determine whether longer
treatment can sustain the effects on excitability and slow disease
progression.
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visits were eliminated to decrease participant time commit-
ment for the study.

Doses using identical active and placebo pills for escala-
tion (weeks 1-4), full-dose treatment (weeks 5-8), and wean-
ing (weeks 9-10) followed the timetable and dosing for phase
3 clinical trials of ezogabine in epilepsy14 (eMethods in Supple-
ment 2). Measurements for the neurophysiological outcomes
were taken during the full-dose treatment (mean of week 6 and
week 8 measurements).

The eMethods in Supplement 2 include information on
neurophysiological training and protocols.

Outcomes
The primary outcome of the study was change in SICI, which
reflects inhibitory cortical motor circuit dynamics,15 from the
pretreatment mean at the screening and baseline visits to the
full-dose on-treatment mean at the weeks 6 and 8 visits. Two
primary treatment comparisons between placebo and each of
the low-dose (600 mg/d of ezogabine) and high-dose (900
mg/d of ezogabine) groups were tested. Neurophysiological
secondary outcomes included levels of cortical and spinal MN
excitability. Main cortical motor outcomes were measured by
TMS16 and included resting motor threshold (RMT, a key sec-
ondary outcome), the minimum stimulus necessary for elic-
iting an MEP; MEP amplitude was measured at increasing
stimulator strengths (eg, 120%, 140%, and 150% of RMT). Main
spinal MN outcomes were measured by TTNCS17,18 and in-
cluded SDTC, which reflects both active and passive mem-
brane properties that determine axonal excitability; rheo-
base is the current threshold for motor response. The eMethods
in Supplement 2 provide further description of neurophysi-
ological definitions and outcomes.

Additional secondary outcomes included clinical mea-
surements of disease progression, safety, and tolerability. Safety

was assessed by the number of unique treatment-emergent ad-
verse events (AEs) and serious AEs, as classified by the Medi-
cal Dictionary for Regulatory Activities system organ class and
preferred term; the proportion of participants experiencing
each type of AE or serious AE; and AEs of special interest for
ezogabine, such as retinal or other tissue pigmentation, uri-
nary retention, and drug-induced liver injury. Tolerability was
defined as reaching the target dose and remaining on the study
drug until planned discontinuation at the week 10 visit.

Sample Size
The planned sample size of 120 participants (40 per group) was
based on ensuring at least 80% power to detect a 0.25-
mV/mV difference in SICI between each active treatment and
placebo. Lacking preliminary data on week 8 change in SICI
among participants with ALS, we calculated the sample size
by assuming an SD of 0.30 mV/mV, which was based on cross-
sectional data from Stefan and colleagues,19 who reported
an SD of 0.36 mV/mV, and from Caramia and colleagues,20 who
reported an SD of 0.26 mV/mV. We calculated power by
assuming a 2-sided α = .027 for 2 comparisons to placebo,
based on Dunnett correction, and by allowing up to 25% loss
to follow-up.

Statistical Analysis
Primary and secondary efficacy analyses used all available data
that met blinded neurophysiological data quality review for
all participants in the modified intention-to-treat popula-
tion, including participants who discontinued the study drug
but remained in the study. Outcomes that were strictly posi-
tive and right skewed (skewness greater than 3) were re-
ported as medians in unadjusted summaries and were log-
transformed before analysis. The metrics included the
following: SICI−1, intracortical facilitation, MEP (120% of RMT),

Figure 1. CONSORT Diagram

108 Individuals with ALS assessed for eligibility

43 Excluded
24 Had insufficient TMS or NCS measurement

3 Recently used ALS investigational product
1 Had a concomitant drug exclusion

10 Had a medical condition or laboratory exclusion
5 Withdrew consent or ceased participation

65 Randomized

23 Randomized to and received
placebo

23 Randomized to and received
600 mg/d

19 Randomized to and received
900 mg/d

17 Analyzed
6 Excluded
4 Had poor-quality data
2 Had RMT too high (≥84%)

for SICI measurement 

18 Analyzed
6 Excluded
3 Had poor-quality data
3 Had RMT too high (≥84%)

for SICI measurement 

12 Analyzed
3 Excluded
1 Had poor-quality data
2 Had RMT too high (≥84%)

for SICI measurement 

0 Lost to follow-up
5 Lost to follow-up

4 Withdrew consent
1 Terminated participation early

5 Lost to follow-up
4 Withdrew consent
1 Terminated participation early

ALS indicates amyotrophic lateral
sclerosis; NCS, nerve conduction
study; RMT, resting motor threshold;
SICI, short-interval intracortical
inhibition; and TMS, transcranial
magnetic stimulation.
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MEP (140% of RMT), MEP (150% of RMT), peak compound
muscle action potential (CMAP), SDTC, and rheobase. Re-
ported intervals were interquartile ranges and 95% CIs as in-
dicated. To add clarity in interpreting SICI results, we ana-
lyzed SICI−1 so that stronger inhibition was reflected by an
increase in amplitude. By log transformation, SICI−1 differs from
SICI only in sign.

Transcranial magnetic stimulation, TTNCS, and clinical
outcomes were analyzed in a shared-baseline linear mixed
model (1) with fixed terms for visits and the interaction be-
tween treatment and postbaseline visits and (2) with random
terms for participant-specific intercepts and slopes modeled
with unstructured covariance. The model accounted for the
association among repeated measurements of each partici-
pant over visits. The shared-baseline assumption reflected the
study design and increased statistical efficiency by adjusting
for any chance difference at baseline.21 Linear contrasts were
used to estimate both within-group and between-group
changes. The primary estimand for comparing the change from
pretreatment mean to the week 6 and week 8 visits mean be-
tween each active treatment group vs placebo group was es-
timated using a linear contrast of the least-square means from
the interaction between treatment and postbaseline visits.

We evaluated the estimates for the primary estimand com-
paring each active treatment group to placebo and their stan-

dard errors as a pair of Wald tests, declaring significance for
2-tailed P < .027 by the Dunnett correction to maintain an over-
all type I error rate of 5%. Secondary outcomes were evalu-
ated at 2-tailed P < .05. Analyses were performed using SAS,
version 9.4 (SAS Institute), from October 1, 2018 through
August 29, 2020.

Results
A total of 108 individuals with ALS consented to participate
(Figure 1), of whom 65 (60.2%) were randomized to placebo
(23 participants), 600 mg/d of ezogabine (23 participants),
and 900 mg/d of ezogabine (19 participants) (Figure 1). Of
these participants, 45 were men (69.2%) and 20 were
women (30.8%) with a mean (SD) age of 58.3 (8.8) years.
Baseline demographic characteristics, disease properties,
and neurophysiological measurements were generally well
balanced across the 3 groups (Table 1).22-24 The placebo
group had more female participants than the 600-mg/d
ezogabine and 900-mg/d ezogabine groups (10 [43.5%] vs 4
[17.4%] and 6 [31.6%]), and more participants in the 2
ezogabine groups used riluzole than in the placebo group (19
[82.6%] and 18 [94.7%] vs 16 [69.6%]) (Table 1). The placebo
group had a higher baseline SVC than the other 2 groups

Table 1. Demographics and Baseline Properties

Variable

Treatment group

Placebo (n = 23)
600-mg/d Ezogabine
(n = 23)

900-mg/d Ezogabine
(n = 19)

Female sex, No. (%) 10 (43.5) 4 (17.4) 6 (31.6)

Age, mean (SD), y 57.4 (8.0) 58.8 (9.5) 58.9 (9.1)

Probable or definite ALS, No. (%) 13 (56.5) 12 (52.2) 13 (68.4)

Bulbar onset, No. (%) 2 (8.7) 3 (13.0) 2 (10.5)

Riluzole use, No. (%) 16 (69.6) 19 (82.6) 18 (94.7)

No family history of ALS, No. (%) 19 (86.4) 20 (87.0) 17 (89.5)

ALSFRS-R score, mean (SD) 38.7 (5.2) 35.6 (6.0) 37.5 (5.1)

Time since diagnosis, mean (SD), mo 9.1 (7.0) 9.5 (8.3) 11.0 (10.3)

Progression rate, mean (SD), units/moa 0.58 (0.44) 0.91 (0.61) 0.52 (0.25)

Upper motor neuron burden at diagnosis,
mean (SD)b

1.96 (0.77) 2.04 (0.77) 2.05 (0.85)

Upper motor neuron index, mean (SD)c 2.78 (1.76) 3.65 (1.85) 3.74 (1.69)

SVC, % estimated, mean (SD) 85.5 (20.0) 77.1 (19.4) 73.8 (17.2)

HHD, mean (SD), kg 7.16 (4.72) 6.64 (4.90) 6.58 (4.02)

SICI−1, median (IQR), mV/mV 1.33 (1.04-5.03) 2.17 (1.32-3.17) 1.20 (0.66-2.66)

RMT, mean (SD), % 57.7 (12.6) 54.0 (11.7) 49.3 (13.9)

MEP at 120% of RMT, median (IQR), mV 0.57 (0.42-1.26) 0.56 (0.36-0.76) 0.38 (0.14-0.79)

ICF, median (IQR), mV/mV 1.50 (1.03-2.13) 1.44 (0.94-2.49) 1.68 (0.99-2.57)

CSP, median (IQR), ms 87.8 (29.2-128.0) 61.7 (39.8-122.0) 84.6 (41.4-134.0)

MEP at 150% of RMT, median (IQR), mV 1.41 (0.76-2.13) 1.84 (1.48-3.14) 1.27 (0.54-1.77)

Peak CMAP, median (IQR), mV 3.78 (2.15-8.07) 4.86 (4.22-7.48) 3.67 (2.31-5.47)

SDTC, median (IQR), ms 0.47 (0.44-0.53) 0.45 (0.43-0.49) 0.53 (0.47-0.58)

Rheobase, median (IQR), mA 3.04 (2.72-3.60) 3.85 (2.66-5.43) 2.91 (2.43-3.84)

TEd at 90-100 ms, mean (SD), % 68.3 (6.13) 67.4 (6.22) 69.0 (7.79)

TEh at 90-100 ms, mean (SD), % −117 (21.7) −117 (19.1) −114 (27.8)

Latency, mean (SD), ms 10.3 (1.17) 10.3 (1.22) 11.2 (1.72)

Superexcitability, mean (SD), % −28 (7.41) −28 (7.81) −30 (8.76)

Subexcitability, mean (SD), % 14.6 (6.07) 13.4 (8.36) 11.9 (2.96)

Abbreviations: ALS, amyotrophic
lateral sclerosis; ALSFRS-R, ALS
Functional Rating Scale, Revised
(score range: 0-48, with the highest
score indicating no deficit);
CMAP, compound motor action
potential; CSP, cortical silent period;
HHD, handheld dynamometry;
ICF, intracortical facilitation;
IQR, interquartile range; MEP, motor
evoked potential; RMT, resting motor
threshold; SDTC, strength-duration
time constant; SICI, short-interval
intracortical inhibition; SVC, slow vital
capacity; TEd, depolarizing threshold
electrotonus; TEh, hyperpolarizing
threshold electrotonus.
a Calculated as (48 – ALSFRS-R

score)/time since disease onset.22

b Calculated on a 3-point scale of
bulbar, cervical, and lumbosacral
evidence of upper motor neuron
involvement in revised El Escorial
criteria.23

c Calculated on a 6-point scale of
hyperactive reflexes using jaw,
biceps, brachioradialis, triceps,
knee, and ankle reflex rating.24
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(85.5 [20.0%] vs 77.1 [19.4%] and 73.8 [17.2%]) (Table 1).
Electrophysiological measurements varied widely but did
not align in a pattern to suggest increased or decreased MN
excitability in any group. Eighteen participants (16.7%) had
unmeasurable RMT (greater than maximum stimulator out-
put) at baseline, and 6 (5.6%) had elevated levels that pre-
cluded further TMS testing using our paradigm (RMT greater
than 83% of maximum stimulator output).

We observed a dose-dependent increase in SICI, the pri-
mary outcome quantified using SICI−1 (mean ratio, 600-mg/d
exogabine group vs placebo group: 1.15 [95% CI, 0.87-1.52;
P = .31]; 900-mg/d ezogabine group vs placebo group: 1.53

[95% CI, 1.12-2.09; P = .009]) (Figure 2A; Table 2). Whereas
SICI−1 changed (percentage change in mean SICI−1 from pre-
treatment to weeks 6 and 8 visits) only minimally in the pla-
cebo (mean ratio, 0.91; 95% CI, 0.73-1.14; P = .39) and 600-
mg/d ezogabine (mean ratio, 1.05; 95% CI, 0.82-1.34; P = .72)
groups during the course of the trial, treatment with 900 mg/d
of ezogabine increased SICI by nearly 40% (mean ratio, 1.39;
95% CI, 1.05-1.85; P = .03). The increase in SICI at 900 mg/d
of ezogabine represented approximately 50% of the differ-
ence between participants with ALS and healthy control par-
ticipants, based on reports in the literature19 and our own re-
cordings of healthy control participants. Sensitivity analyses

Figure 2. Effect of Ezogabine Treatment on Multiple Measurements of Upper and Lower Motor Neuron Excitability
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to adjust for individual baseline covariates and to evaluate the
subset of participants using riluzole did not affect the pri-
mary outcome (eTable 1 in Supplement 2).

Resting motor threshold increased with treatment in the
600-mg/d ezogabine group vs placebo group (mean ratio, 4.61;
95% CI, 0.21-9.01; P = .04), although the 900-mg/d ezogabine
vs placebo comparison did not meet the threshold for statis-
tical significance (mean ratio, 1.95; 95% CI, −2.64 to 6.54;
P = .40) (Figure 2B; Table 2). The MEP amplitudes at moder-
ate (120% of RMT) and stronger (140% and 150% of RMT)
stimulation intensities were increased in each active drug

group (mean ratio for 120% RMT, 600-mg/d ezogabine group
vs placebo group: 2.18 [95% CI, 1.49-3.19; P < .001]; 900-
mg/d ezogabine group vs placebo group: 1.99 [95% CI, 1.31-
3.02; P = .002]) (Figure 2C; Table 2). Because lower MN func-
tion contributes to the raw MEP amplitudes, we also analyzed
MEP amplitudes normalized by peak CMAP measured at the
same visit (mean ratio, 600-mg/d ezogabine group vs pla-
cebo group: 1.76 [95% CI, 1.05-2.93; P = .03]; 900-mg/d
ezogabine group vs placebo group: 1.34 [95% CI, 0.74-2.44;
P = .33]) at 120% RMT, and the effects of treatment were largely
eliminated (Figure 2D; Table 2).

Table 2. Neurophysiology and Progression Markers: Within-Group and Between-Group Comparisons

Parameter

Within-group comparison, mean change or ratio Between-group comparison, mean difference or ratio

Placebo 600 mg/d Ezogabine 900 mg/d Ezogabine
600 mg/d Ezogabine vs
placebo

900 mg/d Ezogabine vs
placebo

Estimated
(95% CI) P value

Estimated
(95% CI) P value

Estimated
(95% CI) P value

Estimated
(95% CI) P value

Estimated
(95% CI) P value

TMS parameters

SICI−1, mV/mVa 0.91 (0.73
to 1.14)

.39 1.05 (0.82
to 1.34)

.72 1.39 (1.05
to 1.85)

.03 1.15 (0.87
to 1.52)

.31 1.53 (1.12
to 2.09)

.009

RMT (%) −1.18 (−4.20
to 1.84)

.44 3.43 (0.10
to 6.76)

.04 0.77 (−2.80
to 4.34)

.67 4.61 (0.21
to 9.01)

.04 1.95 (−2.64
to 6.54)

.40

MEP at 120%
of RMT, mVa

0.65 (0.48
to 0.87)

.005 1.41 (1.02
to 1.96)

.04 1.29 (0.89
to 1.86)

.17 2.18 (1.49
to 3.19)

<.001 1.99 (1.31
to 3.02)

.002

ICF, mV/mVa 0.92 (0.72
to 1.17)

.49 0.94 (0.72
to 1.23)

.66 0.85 (0.63
to 1.14)

.28 1.03 (0.73
to 1.44)

.88 0.93 (0.65
to 1.33)

.67

CSP, msa 1.50 (−11.66
to 14.66)

.82 −8.22 (−22.85
to 6.41)

.27 9.49 (−6.51
to 25.49)

.24 −9.722 (−28.57
to 9.12)

.31 7.99 (−11.95
to 27.93)

.43

MEP at 120% of
RMT/peak CMAP,
mV/mVa

0.87 (0.60
to 1.26)

.45 1.53 (1.01
to 2.30)

.04 1.16 (0.70
to 1.94)

.55 1.76 (1.05
to 2.93)

.03 1.34 (0.74
to 2.44)

.33

MEP at 150%
of RMT, mVa

0.83 (0.60
to 1.14)

.23 1.22 (0.85
to 1.76)

.27 1.42 (0.99
to 2.03)

.06 1.48 (0.93
to 2.36)

.10 1.71 (1.08
to 2.73)

.02

MEP at 150% of peak
CMAP, mV/mVa

1.00 (0.70
to 1.44)

.99 1.38 (0.91
to 2.10)

.12 1.26 (0.79
to 2.03)

.32 1.38 (0.85
to 2.24)

.19 1.26 (0.73
to 2.17)

.39

TTNCS parameters

Peak CMAP, mVa 0.78 (0.67
to 0.92)

.003 0.86 (0.72
to 1.03)

.09 0.98 (0.79
to 1.23)

.88 1.09 (0.86
to 1.39)

.46 1.25 (0.96
to 1.65)

.10

SDTC, msa 1.040 (0.93
to 1.16)

.48 0.97 (0.86
to 1.10)

.62 0.75 (0.65
to 0.88)

<.001 0.93 (0.79
to 1.10)

.40 0.73 (0.60
to 0.87)

<.001

Rheobase, mAa 0.97 (0.84
to 1.11)

.64 1.26 (1.08
to 1.47)

.003 1.64 (1.37
to 1.97)

<.001 1.31 (1.07
to 1.59)

.009 1.70 (1.36
to 2.12)

<.001

TEd at 90-100 ms, % −0.61 (−2.78
to 1.56)

.58 1.42 (−0.95
to 3.79)

.24 4.13 (1.15
to 7.12)

.007 2.04 (−0.97
to 5.04)

.18 4.75 (1.23
to 8.27)

.009

TEh at 90-100 ms, % 1.49 (−4.97
to 7.95)

.65 −2.29 (−9.43
to 4.84)

.52 2.71 (−6.37
to 11.79)

.55 −3.78 (−13.25
to 5.68)

.43 1.22 (−9.80
to 12.23)

.83

Latency, ms −0.01 (−0.33
to 0.32)

.97 0.06 (−0.30
to 0.41)

.75 −0.55 (−0.97
to −0.13)

.01 0.06 (−0.38
to 0.51)

.78 −0.55 (−1.05
to −0.05)

.03

Superexcitability, % 0.44 (−2.59
to 3.46)

.77 −6.09 (−9.33
to −2.85)

<.001 −5.02 (−9.20
to −0.85)

.02 −6.52 (−10.85
to −2.19)

.004 −5.46 (−10.53
to −0.39)

.04

Subexcitability, % 0.20 (−1.97
to 2.38)

.85 −3.10 (−5.57
to −0.63)

.02 0.29 (−2.82
to 3.40)

.85 −3.30 (−6.33
to −0.27)

.03 0.09 (−3.49
to 3.66)

.96

Clinical metrics

ALSFRS-R score −1.88 (−2.97
to −0.80)

<.001 −1.65 (−2.78
to −0.51)

.005 −1.94 (−3.16
to −0.72)

.002 0.24 (−1.27
to 1.75 to

.76 −0.05 (−1.63
to 1.53)

.95

SVC, % estimated −3.53 (−6.68
to −0.39)

.03 −5.71 (−9.10
to −2.33)

.001 −7.87 (−11.60
to −4.14)

<.001 −2.18 (−6.77
to 2.41)

.35 −4.34 (−9.19
to 0.52)

.08

HHD, kg −0.84 (−1.94
to 0.27)

.14 −1.24 (−2.41
to −0.07)

.04 −0.43 (−1.72
to 0.86)

.51 −0.40 (−1.99
to 1.18)

.62 0.40 (−1.27
to 2.08)

.64

Abbreviations: ALSFRS-R, Amyotrohpic Lateral Sclerosis Functional Rating
Scale, Revised (score range: 0-48, with the highest score indicating no deficit);
CMAP, compound muscle action potential; CSP, cortical silent period;
HHD, handheld dynamometry; ICF, intracortical facilitation; MEP, motor evoked
potential; RMT, resting motor threshold; SDTC, strength-duration time
constant; SICI, short-interval intracortical inhibition; SVC, slow vital capacity;

TEd, depolarizing threshold electrotonus; TEh, hyperpolarizing threshold
electrotonus; TMS, transcranial magnetic stimulation; TTNCS, threshold
tracking nerve conduction studies.
a Within-group comparisons show week 6 and week 8 on treatment vs

pretreatment mean change or ratio.
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Consistent with the hypothesis that the effects of ezogabine
on unnormalized MEP amplitude resulted from changes in
CMAP, peak CMAP declined from baseline in a dose-
dependent manner by 22% in the placebo group (mean ratio,
0.78; 95% CI, 0.67-0.92; P = .003), but by 14% in the 600-
mg/d ezogabine group (mean ratio, 0.86; 95% CI, 0.72-1.03;
P = .09) and by only 2% in the 900-mg/d ezogabine group
(mean ratio, 0.98; 95% CI, 0.79-1.23; P = .88), although the ac-
tive vs placebo contrasts did not reach statistical significance
(mean ratio, 600-mg/d ezogabine group vs placebo group: 1.09
[95% CI, 0.86-1.39; P = .46]; 900-mg/d ezogabine group vs
placebo group: 1.25 [95% CI, 0.96-1.65; P = .10]) (Figure 2E;
Table 2). The observed decrease in CMAP for the placebo group
over 6 to 8 weeks was consistent with previously established
yearly estimates of 84% decrement,25 whereas the extrapo-
lated annual decrease in the 900-mg/d ezogabine group was
only 12%.

Ezogabine treatment affected most measured TTNCS
parameters, including SDTC and rheobase as markers of
intrinsic axonal membrane excitability, threshold electroto-
nus, and recovery cycles. We observed a dose-dependent
decrease in SDTC (mean ratio, 600-mg/d ezogabine group vs
placebo group: 0.93 [95% CI, 0.79-1.10; P = .40]; 900-mg/d
ezogabine group vs placebo group: 0.73 [95% CI, 0.60 to
0.87; P < .001]) (Figure 2F) and a dose-dependent increase in
rheobase (mean ratio, 600-mg/d ezogabine group vs placebo
group: 1.31 [95% CI, 1.07-1.59; P = .009]; 900-mg/d
ezogabine group vs placebo group: 1.70 [95% CI, 1.36-2.12;
P < .001]) (Figure 2G; Table 2), both consistent with a reduc-
tion in axonal excitability. The additional TTNCS parameters
of depolarizing threshold electrotonus (mean difference,
600-mg/d ezogabine group vs placebo group: 2.04%
[95% CI, −0.97 to 5.04; P = .18]; 900-mg/d ezogabine group
vs placebo group: 4.75% [95% CI, 1.23-8.27; P = .009]),
superexcitability (mean difference, 600-mg/d ezogabine
group vs placebo group: −6.52% [95% CI, −10.85 to −2.19;
P = .004]; 900-mg/d ezogabine group vs placebo group:
−5.46% [95% CI, −10.53 to −0.39; P = .04]), and latency
(mean difference, 600-mg/d ezogabine group vs placebo
group: 0.06 milliseconds [95% CI, −0.38 to 0.51; P = .78];
900-mg/d ezogabine group vs placebo group: −0.55 ms
[95% CI, −1.05 to −0.05; P = .03]) were all affected with
ezogabine treatment; 2 of 3 of these measures were altered
in a dose-dependent manner (Figure 2H-I and Table 2).

On account of the direct connection between CMAP re-
duction and disease progression,25 we tested whether the treat-
ment effect on cortical inhibition correlated with the effect
on CMAP amplitude (eFigure 1 in Supplement 2). Increased SICI
during treatment was correlated with a maintenance of
or increase in CMAP amplitude (Spearman rank correla-
tion = 0.34; 95% CI, 0.01-0.61; P = .04). Although 2 extreme
values showed an unusually large increase in CMAP ampli-
tude, the nonparametric Spearman correlation, based only on
rank order, was robust to the effects of such outliers.

As expected, given the short 4-week full-dose treatment
period, none of the typical measures of disease progression,
namely, the ALS Functional Rating Scale, Revised score (mean
change, 600 mg/d of ezogabine group vs placebo group: 0.24

[95% CI, −1.27 to 1.75; P = .76]; 900 mg/d of ezogabine group
vs placebo group: −0.05 [95% CI, −1.63 to 1.53; P = .95]), SVC
(mean change, 600 mg/d of ezogabine group vs placebo group:
−2.18% [95% CI, −6.77 to 2.41; P = .35]; 900 mg/d of ezogabine
group vs placebo group: −4.34% [95% CI, −9.19 to 0.52;
P = .08]), and handheld dynamometry strength (mean change,
600 mg/d of ezogabine group vs placebo group: −0.40
[95% CI, −1.99 to 1.18; P = .62]; 900 mg/d of ezogabine group
vs placebo group: 0.40 [95% CI, −1.27 to 2.08; P = .64]),
changed in a statistically significant manner (eFigure 2 in
Supplement 2; Table 2).

Drug tolerability rates were similar to the rates in studies
of ezogabine for epilepsy,14 with permanent drug discontinu-
ation of 30.4% in participants who received 600 mg/d of
ezogabine (n = 7 of 23) and 26.3% in those who received 900
mg/d of ezogabine (n = 5 of 19), compared with 0% in partici-
pants who received placebo. Almost all of the permanent drug
discontinuations were associated with AEs as either a pri-
mary or secondary reason for discontinuation.

Four serious AEs occurred after drug initiation. Obtunda-
tion occurred in a single participant randomized to the 900-
mg/d dose and was deemed to have probable association with
treatment. The other 3 serious AEs, single episodes of influ-
enza, pneumonia, and stroke, occurred in participants who re-
ceived the 600-mg/d dose and were found to have no asso-
ciation with treatment. No participants died during the trial.

Consistent with previous studies of ezogabine for epi-
lepsy, treatment-emergent AEs were frequent in the current
trial (Table 3 and eTable 2 in Supplement 2). The most fre-
quent AEs included fatigue in 42.9% of participants who
received active treatment (n = 18 of 42) and dizziness in
21.7% of participants who received the 600-mg/d dose (n = 5
of 23) and in 42.1% of those randomized to the 900-mg/d
dose (n = 8 of 19) (eTable 2 in Supplement 2). Known anti-
cholinergic gastrointestinal AEs were observed in a dose-
dependent manner. Lower urinary tract symptoms were
reported in previous ezogabine studies and were considered
AEs of special concern in this trial because of possible
disease-specific vulnerability or frequent use of anticholin-
ergic medications.26 Urinary hesitation, retention, or flow
decrease occurred in only 5 participants (21.7%) in the 600-
mg/d ezogabine group and 1 participant (5.3%) in the 900-
mg/d ezogabine group compared with 1 participant (4.3%)
in the placebo group, and none required catheterization
(eTable 2 in Supplement 2).

Discussion
Treatment with ezogabine decreased both cortical and spinal
MN excitability in participants with ALS. Large improve-
ments in neurophysiological outcomes were observed in the
primary and key secondary TMS parameters and the main
TTNCS parameters, among others, and many changes were
dose dependent. The effect of ezogabine on clinical progres-
sion and the association between these neurophysiological
parameters and clinical progression are not yet known. The re-
sults of this trial suggest the potential for TMS and TTNCS
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metrics as pharmacodynamic biomarkers in multi-site clini-
cal trials of drugs that target increased excitability in ALS.

The need for biomarker-driven outcomes in neurodegen-
erative disease trials is critical.27 We optimized TMS methods
for consistency across sites28 and selected SICI, an index of cor-
tical motor excitability, as the primary outcome measure be-
cause of the large magnitude of SICI decrease in ALS.4,19,20 The
increase in SICI that we observed during a 900-mg/d dose
ezogabine treatment corrected about half the heightened ex-
citability separating participants with ALS from healthy con-
trol participants.

Because SICI has high test-retest variability, we chose RMT,
the minimum stimulator output intensity for eliciting an MEP,
as the key secondary outcome because of the desired strong
within-participant reproducibility for a pharmacodynamics
trial.29 However, measurements of RMT in ALS have yielded
conflicting results: decreased,30-32 unchanged,33 or in-
creased RMT34 in participants with ALS compared with con-
trol participants, which presumably reflect the complicated ef-
fects of motor cortex excitability, atrophy, and disease
progression.35 In the present trial, 16.7% of participants had
baseline RMT levels that were greater than the maximum
stimulator output, and 5.6% of participants had high RMT lev-
els that precluded SICI measurement. The number of partici-
pants in whom we could not record an MEP was higher than

in previous publications.8 This result may simply be the ex-
pected outcome of corticospinal disease progression or the use
of figure-of-8 coils, which provide more focused stimulation
but compromise power compared with circular coils.

Multiple studies have also described spinal MN hyperex-
citability in ALS.5,7,36 We observed changes in axonal TTNCS
parameters in response to ezogabine, which were consistent
with decreased axonal excitability. Increased SDTC is the mea-
surement best associated with axonal hyperexcitability in
ALS,5,7,36 and the magnitude of reduction in SDTC brought on
by ezogabine treatment exceeded the difference between par-
ticipants with ALS and control individuals, based on values re-
ported in the literature5,36 and our own unpublished compari-
sons of patients with ALS and healthy control individuals.
Increased depolarizing threshold electrotonus (90-100 milli-
seconds) and decreased SDTC matched the findings seen with
experimentally induced MN membrane hyperpolarization.37

These results paralleled the increased rheobase and mem-
brane hyperpolarization observed after ezogabine treatment
of iPSC-derived MNs from participants with ALS measured in
vitro using whole-cell patch clamp.10

The short duration of treatment (4 weeks at full dose) was
not expected to affect disease progression metrics such as the
ALS Functional Rating Scale, Revised score; SVC; and hand-
held dynamometry strength. However, we did detect a nu-

Table 3. Treatment-Emergent Serious Adverse Events and Adverse Events

Event

Placebo 600 mg Ezogabine 900 mg Ezogabine

Total reported
events, No.

Participants with
at least 1 adverse
event, No. (%)

Total reported
events, No.

Participants with
at least 1 adverse
event, No. (%)

Total
reported
events, No.

Participants with
at least 1 adverse
event, No. (%)

Serious adverse events

Infections and infestations 0 0 2 1 (4.3) 0 0

Nervous system disorders 0 0 1 1 (4.3) 1 1 (5.3)

Overall 0 0 3 2 (8.7) 1 1 (5.3)

Adverse events

Blood and lymphatic system disorders 0 0 1 1 (4.3) 0 0

Cardiac disorders 0 0 2 1 (4.3) 0 0

Ear and labyrinth disorders 1 1 (4.3) 1 1 (4.3) 1 1 (5.3)

Eye disorders 4 3 (13.0) 3 3 (13.0) 2 2 (10.5)

Gastrointestinal disorders 9 6 (26.1) 24 9 (39.1) 12 10 (52.6)

General disorders and administration
site conditions

10 7 (30.4) 20 13 (56.5) 14 11 (57.9)

Immune system disorders 0 0 1 1 (4.3) 0 0

Infections and infestations 3 3 (13.0) 6 3 (13.0) 4 4 (21.1)

Injury, poisoning, and procedural
complications

11 5 (21.7) 13 9 (39.1) 9 5 (26.3)

Investigations 2 2 (8.7) 12 6 (26.1 5 3 (15.8)

Metabolism and nutrition disorders 0 0 6 4 (17.4) 0 0

Musculoskeletal and connective
tissue disorders

18 8 (34.8) 13 8 (34.8) 9 6 (31.6)

Nervous system disorders 18 11 (47.8) 31 10 (43.5) 34 16 (84.2)

Psychiatric disorders 5 2 (8.7) 5 3 (13.0) 15 9 (47.4)

Renal and urinary disorders 2 2 (8.7) 13 8 (34.8) 3 3 (15.8)

Respiratory, thoracic, and mediastinal
disorders

4 2 (8.7) 10 7 (30.4) 5 4 (21.1)

Skin and subcutaneous tissue disorders 3 1 (4.3) 9 6 (26.1) 3 2 (10.5)

Surgical and medical procedures 1 1 (4.3) 0 0 0 0

Vascular disorders 2 2 (8.7) 0 0 0 0

Overall 93 22 (95.7) 170 22 (95.7) 116 19 (100)
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merical dose-dependent preservation of CMAP amplitude
over the trial duration. Although the effect did not meet
statistical significance in the active treatment vs placebo
comparisons, it merits further consideration. The observed in-
crease in MEP amplitude and loss of this effect after normal-
izing for peak CMAP provide additional support for an effect
on CMAP. Long-term measurement of CMAP amplitude change
generally is not believed to be a valuable biomarker in ALS trials
because of its variability38 and the perception that CMAP is in-
sensitive until more than half of MNs are lost,39 although CMAP
decrement precedes MN death in SOD1 mouse models.40,41 The
observed correlation between an increase in SICI and main-
tained CMAP amplitude suggests that decreasing cortical ex-
citability may yield a clinically relevant neuroprotective ef-
fect, a hypothesis that is consistent with studies that linked
hyperexcitability to additional pathophysiological mecha-
nisms, including oxidative stress, C9orf72-specific dipeptide
repeat toxic effect, and transactivating response region (TAR)
DNA-binding protein (commonly known as TDP-43)
pathology.10,12,13,42,43

From an electrophysiological perspective, potassium chan-
nel activators (compared with sodium channel blockers, a ma-
jor action of the ALS treatment mainstay riluzole) may be an
attractive option for correcting hyperexcitability because of
their function in determining resting membrane potential.44,45

Supporting the conclusions from this trial is the finding from
a single-dose, same-day evaluation of ezogabine performed
during trial recruitment that showed similar effects of
ezogabine, but not riluzole, on axonal excitability.46 A sepa-
rate investigation found only transient effects of riluzole on

axonal excitability, changes that were not evident after 8 weeks
of treatment.47

Limitations
Limitations of this trial reflect the low numbers of partici-
pants, inherent variability of some neurophysiological met-
rics, and selection of participants for feasibility of neurophysi-
ological measurements, as suggested by the high baseline
CMAP amplitudes. Unblinding was a further limitation, on ac-
count of the high frequency of adverse events, although it
seems an unlikely explanation for differences in objectively
measured neurophysiological outcomes. Larger trials with lon-
ger treatment durations will be necessary to ascertain whether
measures of SICI and SDTC can act as surrogates for ALS
progression, and whether sustained modulation of these bio-
marker metrics will yield disease improvement.

Conclusions
Ezogabine treatment decreased MN excitability in partici-
pants with ALS, suggesting that clinical neurophysiological
metrics of cortical and spinal MN excitability may be used as
pharmacodynamic biomarkers in a multi-site clinical trial
format. Further studies are necessary to determine whether
longer treatment can sustain the effects on excitability and
slow disease progression. Findings from this trial validate
the use of iPSC-based in vitro models for identifying novel
disease targets and rapidly repurposing existing drugs for
clinical trials.
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