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Abstract

Objective: This study was undertaken to determine how voltage-gated sodium
channel (VGSC) blockers modulate cortical excitability in vivo. VGSCs are criti-
cal for regulating axonal excitability, yet the effects of sodium channel-blocking
medications on human cortical neurons remain poorly characterized. We aimed
to address this gap using transcranial magnetic stimulation (TMS)-derived
strength—duration measures as a noninvasive index of VGSC function.
Methods: Thirteen healthy adults received single doses of either carbamazepine,
lacosamide, or placebo in a crossover design. TMS was used to assess changes
in resting motor threshold and strength—duration properties, including rheobase
and the strength-duration time constant, as indices of VGSC function.

Results: Both medications elevated resting motor thresholds compared to pla-
cebo, indicating reduced excitability; however, their impacts varied according
to TMS pulse width. Carbamazepine raised thresholds proportionally across
all pulse widths, whereas lacosamide disproportionately influenced thresholds.
Crucially, lacosamide reduced the strength-duration time constant and increased
rheobase, whereas carbamazepine had minimal effects on both measures.
Significance: These results reveal subtle and unexpected differences in corti-
cal neuron behavior following VGSC-blocking medication administration.
Lacosamide's response aligns with the proposed mechanism of sodium conduct-
ance blockade, whereas carbamazepine's effects suggest distinct VGSC interac-
tions or potential off-target effects. Our findings advance the understanding of
VGSC-blocking medication interactions in the human cortex and underscore
the importance of employing specific TMS measures to gain deeper insights into
medication mechanisms of action in vivo. Such measures could serve as valuable
adjuncts in medication development and patient monitoring.
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1 | INTRODUCTION

Voltage-gated sodium channels (VGSCs) are critical for
neuronal electrical signaling and regulation of axonal
excitability, with widespread expression in the brain and
peripheral nervous system." Rare genetic mutations af-
fecting VGSC function can lead to seizure disorders,’
underscoring their importance in the cerebral cortex.
Accordingly, sodium channels blockers are a first-line
treatment in some forms of epilepsy. However, despite
their clinical effectiveness and well-documented impact
on neuronal excitability and firing characteristics in ani-
mal models and in vitro (for reviews, see Bialer & White®
and Rogawski et al.6), their in vivo effects on the human
brain remain poorly understood due to the lack of non-
invasive tools for assessing ion channel function. This
knowledge is vital for understanding therapeutic mecha-
nisms and addressing interindividual variability in medi-
cation efficacy.*

Transcranial magnetic stimulation (TMS) is a non-
invasive technique for assessing human cortical excit-
ability. A magnetic pulse applied to the primary motor
cortex activates excitatory synaptic inputs to corticospi-
nal neurons, eliciting a muscle twitch on the opposite
side of the body.”® This twitch is quantified via electro-
myography as the motor evoked potential (MEP). MEPs
are used to evaluate motor threshold—the minimum
TMS intensity required to produce an MEP of a specific
amplitude—or input-output (I-O) curves, which de-
scribe how MEP amplitude changes with varying stim-
ulus intensities.” Previous TMS studies have shown that
sodium channel blockers like carbamazepine and lacos-
amide increase motor thresholds and cause a rightward
shift in I-O curves.'®'* These changes were assumed
to be caused by the blockade of VGSCs in the neuronal
membrane.

However, interpreting the results of medication in-
terventions can be complex. First, different medications
with distinct mechanisms of action can lead to the same
outcome. Medications that interfere with synaptic trans-
mission at excitatory and inhibitory synapses can also
produce changes in motor thresholds.”** Second, cer-
tain medications may have multiple actions. For instance,
carbamazepine may affect y-aminobutyric acid (GABA)
receptor conductance, calcium channel function, and
serotonin release.!”* Hence, single motor threshold
measurements lack specificity for identifying changes in

Key points

« Sodium channel blockers modulate neuronal
excitability, but their effects on the human cor-
tex are not fully understood.

« We used novel TMS techniques to investigate
how two antiseizure medications, carbamaz-
epine and lacosamide, affect axonal excitability
in cortical neurons.

« Both medications elevated resting motor
thresholds, indicating reduced net neuronal ex-
citability, but new measures pointed to subtle
differences in their effects on sodium channels
in the axonal membrane.

« These findings underscore the importance of
employing more specific TMS measures to bet-
ter understand how antiseizure medications
influence axonal excitability and neuronal
function.

axonal excitability, often necessitating complementary
measures of intracortical excitation and inhibition, pre-
sumed to examine synaptic transmission,20 to rule out
“off-target” effects.

Here, we sought to confirm the sodium channel-
blocking action using a complementary measure of
sodium channel function: the strength-duration time
constant (SDTC), which reflects how threshold var-
ies with stimulus strength (amplitude) and duration
(width).*! The SDTC is thought to reflect the dynamics
of VGSCS,ZZ"24 and prior studies in humans and rodents
have shown that sodium channel blockers like lacos-
amide,? mexiletine,?® and ranolazine?” reduce SDTC in
peripheral nerves. Our goal was to determine whether
neurons in the cortex exhibit similar responses, eluci-
dating potential changes in axonal excitability driven by
sodium channel blockade.

We used a TMS device capable of varying pulse width,®
which enables measurement of the SDTC of motor corti-
cal neurons,” > to investigate the effects of single doses
of carbamazepine and lacosamide in healthy individuals.
These medications were chosen due to their distinct ef-
fects on sodium channel function and neuronal firing, as
evidenced in animal and in vitro experiments.® We ten-
tatively predicted they would produce divergent effects
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on the strength-duration behavior. Despite differences
in sodium channel subtype distribution between the cor-
tex and periphery,®> most sodium channel blockers act
nonselectively. We therefore hypothesized that cortical
effects would align with those previously observed in
peripheral nerves.

2 | MATERIALS AND METHODS

2.1 | Participants

Thirteen healthy, young adults (mean age=25+ 5years,
7 females) volunteered, providing written informed
consent. The sample size is consistent with earlier stud-
ies demonstrating effects of lacosamide and carbamaz-
epine on cortical excitability.'"”'* Procedures adhered to
the Declaration of Helsinki and were approved by the
University College London Research Ethics Committee
(Project ID: 5732/003). All participants were free from
neurological or psychiatric disorders and not taking neu-
roactive medications.

2.2 | Experimental design

This  placebo-controlled, single-blind, repeated-
measures study involved three laboratory visits, during
which participants—blinded to treatment condition—
received carbamazepine, lacosamide, or placebo in
a randomized order. Washout periods lasted at least
7days. TMS measurements were conducted at a sin-
gle time point corresponding to the presumed peak
plasma concentration of the medications: 6 h post car-
bamazepine®**> and 1h post lacosamide® or placebo.
Although the absolute timing differed between drugs,
this approach ensured that each condition was assessed
at its expected peak pharmacological effect, thereby

Epilepsia

supporting valid comparisons of their presumed peak
impact on cortical excitability. Measurements included
apreliminary estimate of resting motor threshold (RMT)
and I-O curves.

2.3 | Medications

The placebo was a lime and mint-flavored drink, also
used to mask the taste of the antiseizure medications.
Carbamazepine (600mg) and lacosamide (200mg) were
administered in liquid form, with doses selected based on
prior evidence of their effects on motor thresholds and I-O

curves'*'? and peripheral nerve SDTC.*

2.4 | Electromyography

Electromyographic signals were recorded using a bipolar
muscle-tendon montage with one electrode positioned
over the belly of the right first dorsal interosseous muscle
and the reference over the second metacarpophalangeal
joint, with the ground electrode placed on the ulnar styloid
process. Signals were amplified (x1000; Digitimer D360,
Digitimer) and bandpass filtered (5-3000 Hz). They were
digitized at 5000Hz (Power1401, Cambridge Electronic
Design) and analyzed with Signal software version 5.10
(Cambridge Electronic Design).

2.5 | Transcranial magnetic stimulation

TMS was delivered to the left motor cortex via a device
connected to a 70-mm figure-of-8 coil (Elevate TMS,
Rogue Research) to evoke MEPs in the right first dorsal
interosseous muscle. The induced electric field wave-
form (Figure 1) had a pseudorectangular shape with
an M-ratio of .2 (ratio of the amplitude of the initial
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FIGURE 1 Electric field waveforms recorded with a search coil for each of the three pulse widths of the initial phase (30, 60, and
120 ps). Amplitudes are normalized to unity. Maximum stimulator output was limited to 100%, 73%, and 50% for each of the pulse widths,

respectively.
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phase to that of the second phase), favoring unidirec-
tional electric field pulses. We used three different pulse
widths (Figure 1).

2.6 | Experimental protocol

Participants received the medication or placebo and waited/
returned to the lab 1h (placebo, lacosamide) or 6h (carba-
mazepine) before TMS procedures. Participants were then
seated. The TMS coil was positioned over the left M1 with
the handle angled ~45° posterolaterally to induce posterior—
anterior initial currents with respect to motor cortex. The
motor hotspot was identified by locating the position where
slightly suprathreshold 120-ps pulses elicited the largest and
most consistent MEPs in the first dorsal interosseous mus-
cle, and marked on the participant's cap.

Preliminary RMT estimates for each pulse width were de-
termined at the hotspot by finding the intensity that evoked
MEPs > .05mV in 5 of 10 trials. These values guided stim-
ulus intensities for I-O curves, which provided more robust
RMT estimates. Ten pulses were delivered at 11 intensities
for each pulse width (Figure 2). Within each pulse width,
the order of stimulus intensities was randomized.

30 X 60 % 120

X

0 50 100
TMS intensity (%MSO)

FIGURE 2 Example input-output (I-O) curves for each pulse
width from a single participant. Median log-transformed motor
evoked potential (MEP) peak-to-peak amplitude is shown as a
function of transcranial magnetic stimulation (TMS) stimulus
intensity (percentage of maximum stimulator output [%MSO]). The
curves were used to estimate resting motor threshold (RMTy ).
The group average model fits, based on the Boltzmann sigmoidal
curve, exhibited R* values ranging .94-.97 across all pulse widths
and conditions. Individual I-O curves for each session are provided
in Figures S1-S3 (available at https://osf.io/d6vf2/). Note that
stimuli were delivered at intensities corresponding to 80%, 90%,
100%, 108%, 116%, 124%, 132%, 140%, 148%, 156%, and 164% of each
participant's preliminary RMT.

2.7 | Data analysis

The strength—duration behavior of nodal membranes can
be described by two parameters: the SDTC, describing the
relationship between the strength (amplitude) and dura-
tion (width) of a pulse needed to elicit an action potential;
and the rheobase, the extrapolated threshold for a pulse
of infinite duration.??*” As in previous TMS studies, we
employed the RMT to characterize the strength—-duration
behavior.***?

2.7.1 | Estimating RMTs from I-O curves
We used the I-O curve to derive a more precise RMT esti-
mate (RMT|_). For each pulse width, 10 stimuli were deliv-
ered per intensity, with values log-transformed (log,,) and
the median response at each intensity calculated. These me-
dians were used to fit a sigmoidal curve (see Figure 2):

(}’h - )’/)

VeI T
1+exp(’"T>

()

Here x is the stimulus intensity (% maximum stimu-
lator output), y is the log-transformed MEP amplitude
(mV), y, and y,, are the lower and upper saturation levels,
X, 1s the stimulus intensity at the midpoint of the curve (%
maximum stimulator output), and s is the spread or width
of the curve specifically describing the speed of transition
between the lower and upper asymptotes.

Saturation levels (y; and y,) were fixed across pulse
widths within each session. y; was determined as the 10th
percentile of the peak-to-peak electromyographic signal am-
plitudes measured in a 35-ms window prior to TMS, reflect-
ing the background noise. y, was set as the 90th percentile
of the peak-to-peak MEP amplitudes, measured in a 35-ms
window after the TMS pulse (15-50ms). Both were calcu-
lated across all pulse widths and stimulus intensities within
asession. Curve fitting adjusted s and x,,, to optimize the fit of
the curve to the data. The parameters from the model were
used to estimate RMT; g as the stimulus intensity producing
an MEP amplitude of .05mV after log transformation, that
is, log;,(.05). We fitted these curves for each pulse width of
each experimental condition and participant.

2.7.2 | Strength-duration time constant

We employed similar procedures to those in our previous
studies,*"** deriving strength-duration curves for each ex-
perimental condition using RMT; q across pulse widths.
The SDTC models how stimulus intensity changes with
pulse width, which depends on the local electric field
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and axonal membrane properties. This relationship is
described by the equation:

/ Vthoo
vth(tp) - f(Tm,tp) @)
where Vt’ h(tp) is the modeled RMT (the threshold required to
evoke a motor response), V., is the rheobase, t, is the pulse
width, 7, is the SDTC, and /(7 t,) is a depolarization factor
representing how effectively the TMS pulse depolarizes the
membrane.*

To estimate the rheobase and SDTC, we fitted the para-
metric model V/,(¢,) to the experimental RMT;_q data, V,,
(¢,). We did this by minimizing the difference between the
predicted and actual RMT; , values using the following
least-squares method:

This method helps to find the best-fitting values for rheobase
and SDTC by reducing discrepancies between the model
and the experimental data. The SDTC and rheobase calcu-
lations were performed in MATLAB (R2024b, MathWorks).
Parameters were estimated for each participant and each
experimental condition under the assumption of individual
SDTC and rheobase values.

2.8 | Statistical analyses

Data are presented as mean and SEM. To examine the ef-
fects of medication condition and pulse width on RMT|_,
we used linear mixed-effects models, with analysis of
variance (ANOVA) applied to the fixed effects. This ap-
proach accounts for interindividual variability by includ-
ing subject-specific random intercepts and slopes, thereby
modeling the correlation structure of repeated measures
within subjects. The fixed effects tested included medica-
tion condition (placebo, carbamazepine, and lacosamide),
pulse width (30, 60, and 120 ps), and their interaction.

To examine the effects of medication condition on
SDTC and rheobase, we used a similar linear mixed effects
model approach, including random intercepts to account
for subject-specific variability. The placebo condition was
treated as the reference category, and the effects of carba-
mazepine and lacosamide were estimated relative to this
reference. SDTC and rheobase are linearly and inversely
related, 3383 likely due to their shared dependence on
sodium conductance. We therefore expected the medi-
cations to exert opposing effects on these indices. Linear
regression evaluated the relationship between SDTC and
rheobase for each condition. Additionally, a linear mixed

Epilepsia-*

effects model examined this relationship across condi-
tions, including medication condition and their interac-
tion as fixed effects, with random intercepts to account for
within-participant variability.

All statistical analyses were conducted with a signifi-
cance level set at p<.05. Effect sizes for fixed effects are
reported using Cohen d, calculated as the fixed effects es-
timate divided by the residual SD.

3 | RESULTS

3.1 | Side effects

The medications were generally well tolerated, with only
mild side effects including drowsiness (carbamazepine,
n=9 participants; lacosamide, n=7 participants), ery-
thema (carbamazepine, n=1), dizziness (carbamazepine,
n=1), nausea (carbamazepine, n=1) and mild ataxia
(carbamazepine, n=1). None of the side effects interfered
with participants’ ability to complete the experiments.

3.2 | Single motor threshold analysis

We first analyzed the impact of each medication on a
single threshold, RMT}., measured at 60 ps (Figure 3A),
which is close to a standard ~80-us pulse as used in previ-
ous studies. The analysis showed significant main effects
for medication (F,34=6.20, p=.005). Fixed effect esti-
mates showed that both carbamazepine (estimate=6.69,
SE=.81, f[35=3.33, p=.002, Cohen d=1.31) and lacosa-
mide (estimate=2.15, SE=.81, f[35)=2.66, p=.012, Cohen
d=1.04) significantly increased RMT}., compared to pla-
cebo. To directly compare the effects of carbamazepine
and lacosamide, we ran a similar linear mixed effects
model with carbamazepine as the reference category. This
model showed no significant difference between the ef-
fects of carbamazepine and lacosamide (estimate=—.54,
SE=.81, f33=—.67, p=.51, Cohen d=-.21). Hence,
analysis of single motor thresholds did not distinguish be-
tween the effects of the two medications.

3.3 | Strength-duration curves
We next examined strength-duration behavior using
RMT; values derived from I-O curves. Motor thresh-
olds decreased with increasing pulse width and were el-
evated under both drug conditions compared to placebo
(Figure 3A; see legend for omnibus statistics).

To examine medication-specific effects, we conducted
follow-up linear mixed effect models comparing placebo
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FIGURE 3 Strength-duration behavior derived from estimates of resting motor threshold obtained using the input-output

curves (RMTy). (A) Strength-duration curves of RMT|_q as a function of pulse width (30, 60, 120 ps) for each condition (placebo [PLA],
carbamazepine [CBZ], lacosamide [LCS]). Motor thresholds (expressed as a percentage of maximum stimulator output [%MSO]) decreased
with increasing pulse width (main effect of pulse width: F, ;05 =228.75, p=1.49 107%), and were elevated under carbamazepine
(estimate=4.92+.99, f[95)=4.99, p=2.36 X 107%) and lacosamide (estimate =2.00 +.99, fj108)=2.03, p=.045) relative to placebo (main

effect of medication: F, ;o5 =12.58, p=1.23x 107°). The interaction between pulse width and medication was not significant (Fla,108=1.97,
p=.104). (B) Differences in RMTy., between each drug and placebo across pulse widths. Positive values indicate an increase relative

to placebo. Carbamazepine effects varied with pulse width, producing larger increases for shorter pulses, which have higher absolute

thresholds. By contrast, lacosamide produced a consistent increase in motor threshold across all pulse widths. A follow-up linear mixed

effect confirmed a condition X pulse width interaction (F, ;,;=3.35, p=.041). Data are mean + SEM.

against each drug and against each other. For lacosamide
versus placebo, there was a main effect of condition
(Fj1,721=5.58, p=.021), with no interaction (F,,;=.011,
p=.99), indicating a uniform threshold increase across
pulse widths. For carbamazepine versus placebo, there was
a main effect of condition (Fj; 7,;=21.16, p= 1.77x107°)
and a trend toward an interaction (Fp, ;5 =2.49, p=.091),
suggesting pulse width-dependent effects.

A direct comparison between carbamazepine and la-
cosamide revealed a significant interaction (condition:
Fj1721=9.82, p=.003; pulse width: F,,=4.24, p=.018;
interaction: Fp, ;,;=4.05, p=.021; Figure 3B). Altogether,
this indicates that carbamazepine's effect scaled with
pulse width, unlike lacosamide.

To visualize this more effectively, we calculated the
difference in RMT; 5 between each medication condition
and placebo (Figure 3B). Carbamazepine exhibited pulse
width-dependent variations in absolute RMTy differ-
ences, with larger shifts at shorter pulse widths where
thresholds are higher. Consequently, absolute differences
at each pulse width were broadly proportional to the
magnitude of RMT| . In contrast, lacosamide showed
consistent absolute differences that were therefore not
proportional to RMT;_g across pulse widths. This was sup-
ported by the ANOVA on the differences within the same
linear mixed effects model framework, which showed an
interaction (condition: F}; 75=9.82, p=.003; pulse width:
Fy72=4.24, p=.018; interaction: F, ;,;=3.35, p=.041).

3.4 | Strength-duration time
constant and rheobase estimates

We then estimated SDTC and rheobase to formally char-
acterize the strength—duration curves (Figure 4A,B;
see legend for main ANOVA and pairwise statistics).
Lacosamide consistently reduced SDTC and increased
rheobase relative to both placebo and carbamazepine,
whereas no differences were observed between placebo
and carbamazepine.

To mitigate potential overfitting from estimating SDTC
per participant, we repeated the analysis assuming a com-
mon SDTC within each condition and individual rheobase
values.*® This approach confirmed a similar pattern of re-
sults (Table S1, available at https://osf.io/d6v{f2/).

To further explore the seemingly opposing effects on
SDTC and rheobase, we evaluated the relationship be-
tween the variables for each medication condition. We
found that individual estimates of SDTC and rheobase
were strongly and inversely related to one another within
each condition (Figure 4C; all p<.01).

Moreover, the slope of the relationship appeared to
differ across the three conditions, as supported by the
results of the linear mixed effects model. The main ef-
fect of rheobase indicates a strong negative relationship
(estimate =46, SE=3.2, f{gy=—14.0133;, p=1.8x10""),
where each 1% increase in rheobase corresponds to an
approximately 46ps reduction in SDTC. The intercept in
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FIGURE 4 Strength-duration behavior derived from estimates of resting motor threshold obtained using input-output curves (RMT ).
(A) Strength-duration time constant (SDTC) estimates. Lacosamide significantly reduced SDTC compared to placebo (estimate =—67.6,
SE=30.4, f[35)=—2.22, p=.032, Cohen d =—.87) and carbamazepine (estimate =—75.5, SE=30.4, {[35)=—2.48, p=.018, Cohen d=~-.97), with
no difference between placebo and carbamazepine (estimate=7.85, SE=30.4, {{35,=.26, p=.798, d =—.10). Analysis of variance (ANOVA)
confirmed a main effect of condition (F|, ;5;=3.73, p=.034). (B) Rheobase estimates. Lacosamide significantly increased rheobase compared
to placebo (estimate =1.57, SE=.66, {|35=2.38, p=.023, Cohen d=.93) and carbamazepine (estimate =1.57, SE =.66, f[35)=2.38, p=.023,
d=.94), with no difference between placebo and carbamazepine (estimate =—.17, SE=.66, {35;=—.26, p=.799, d=—.10). ANOVA confirmed
a main effect of condition (Fj, 35 =4.24, p=.022). (C) Relationship between SDTC and rheobase across individuals in each condition. Strong
inverse correlations were observed for all conditions (all p <.01). Regression slopes varied by condition, with lacosamide showing a less
negative relationship. Lines show best-fitting regressions per condition. Data in panels A and B are mean +SEM; individual data points are
shown as small dots. %MSO, percentage of maximum stimulator output; CBZ, carbamazepine; LCS, lacosamide; PLA, placebo. *, p < .05.

the model represents the estimated SDTC for the pla- 4 | DISCUSSION

cebo condition (estimate =566, SE=23, f[4q=24.2(33)
p=1.5x10"%%), with all predictors set to their reference
levels, and the estimates for lacosamide and carbamaze-
pine reflect their effect relative to this baseline. Relative
to placebo, lacosamide produced a significant reduc-
tion in SDTC (estimate =—156, SE=29, f{4q=—5.4433,
p=5.1%10"% and a shallower slope (estimate=20.6,
SE=3.9, fj41=>52833, p=8.1X 107°). Carbamazepine
showed a trend toward increased SDTC (estimate =84.2,
SE=41.9, f4q=2[33, p=.053) and a more negative
slope compared to placebo (estimate=-13.9, SE=6.8,
tjaf) = —2.06[33, p=.047). However, the effects were
smaller in magnitude than those associated with
lacosamide.

We used a novel TMS device to study the effects of so-
dium channel-blocking medications on the strength—du-
ration behavior of neurons in the human motor cortex.
Both carbamazepine and lacosamide increased motor
thresholds, reducing cortical excitability in line with pre-
vious studies using a single pulse width.'"'> However,
single-threshold measurements alone could not distin-
guish between the effects of the two medications. By em-
ploying strength-duration curves, we uncovered distinct
pulse width-dependent effects; carbamazepine increased
thresholds proportionally across all pulse widths, whereas
lacosamide’s effects were proportionally larger at longer
duration pulses. These differences were further reflected
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in the SDTC and rheobase parameters, with lacosamide
reducing SDTC, increasing rheobase, and altering their re-
lationship slope, whereas carbamazepine produced only
minor and inconsistent effects. Our findings demonstrate
the utility of strength-duration metrics in uncovering sub-
tle medication-specific effects on VGSC function, which
may be overlooked by single pulse width approaches.

4.1 | Motor thresholds

The motor threshold is directly proportional to the mag-
nitude of membrane depolarization of the neurons stimu-
lated by TMS,* which depends on the stimulus strength
and duration. However, because TMS activates corticospi-
nal neurons transsynaptically, changes in a single motor
threshold may involve synaptic as well as axonal contribu-
tions, making it challenging to isolate the cause. Strength-
duration curves, derived from thresholds across multiple
pulse widths, address this limitation by focusing on ax-
onal membrane changes. As pulse width increases, the
degree of membrane depolarization also increases, lower-
ing the motor threshold. This shapes the strength—dura-
tion curve, which primarily reflects axonal excitability, as
axonal depolarization precedes synaptic activity summa-
tion. As such, strength-duration curves offer a more pre-
cise measure than a single threshold.

4.2 | TMS-derived strength-duration
curves as indices of axonal excitability

Recent work suggests that the cortical SDTC is sensitive to
the TMS stimulus waveform, potentially reflecting differ-
ential polarization of the axonal membrane and variations
in sodium conductance.”® This reinforces the idea that
strength-duration curves are specific to axonal properties
and can serve as indicators of VGSC-mediated changes in
cortical axonal excitability. Computational modeling also
points to the axon, likely near the terminal, as the site of
activation for cortical neurons,”*" further supporting the
interpretation that strength-duration curves reflect so-
dium channel changes at these sites.

4.3 | Medication-induced changes in
strength-duration behavior

Lacosamide significantly altered strength-duration pa-
rameters, increasing rheobase and reducing SDTC, high-
lighting their potential as biomarkers for medication
action. These effects mirror those observed in peripheral
nerve SDTC.? Although peripheral changes are plausible,

the present findings are more likely to reflect cortical ef-
fects. This is because the shape of the strength-duration
curve primarily reflects excitability of axons depolarized
directly by the TMS pulse, upstream of both cortical syn-
aptic transmission and peripheral motor nerve activation
(see Section 4.1). As such, peripheral changes are unlikely
to account for the effects observed here.

In contrast, carbamazepine had minimal impact on
SDTC or rheobase despite reducing cortical excitability.
Notably, preliminary findings from a study indicated that
carbamazepine altered the SDTC and rheobase of periph-
eral sensory nerves in both humans and rodents but not in
human motor nerves, despite producing changes in other
excitability measures.* Our findings regarding motor cor-
tical axons align with the behavior observed in peripheral
motor axons.

The SDTC is influenced by resting sodium conduc-
tance, membrane potential, and passive axonal properties
like myelination.* ** Previous studies of human periph-
eral nerve excitability after short-term administration
with lacosamide® and long-term administration of mex-
iletine®® attributed SDTC increases to changes in sodium
conductance. Further evidence comes from cases of acci-
dental tetrodotoxin ingestion, where the potent sodium
channel blocker reduced the SDTC.** Modeling of the
toxin-induced changes in axonal excitability supported
VGSC blockade as the likely cause. We therefore interpret
our results as being consistent with the proposed VGSC-
blocking action of lacosamide.

Membrane potential shifts could also theoretically ex-
plain lacosamide-induced changes in strength-duration
behavior.>*** However, as noted previously,44 the low
slopes of the relationships between membrane potential
and both SDTC and rheobase®* suggest that a large hy-
perpolarizing shift would be needed to explain changes in
strength—duration behavior.

The differential effects of carbamazepine and lacos-
amide suggest distinct mechanisms of action, although
we can only speculate on the specifics. Axonal mem-
branes contain VGSCs that conduct transient and per-
sistent sodium currents, both of which influence the
SDTC, although the latter is more commonly associated
with it.**#*3%4 In vitro experiments show that carbamaz-
epine and lacosamide reduce both transient and persistent
sodium currents*’™> (reviewed in Rogawski et al.°).
However, work in mice has shown that carbamazepine in-
duces a hyperpolarizing shift in the activation of persistent
sodium currents.® This produced a significant increase
in persistent sodium current conductance at subthresh-
old voltages in SCNIB knockout mice, which lack the 1
subunit, but not in wild-type mice. This genotype-specific
effect could, in some cases depending on p subunit com-
position, reduce the drug's effectiveness at suppressing the
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persistent currents that influence the SDTC. Another rel-
evant factor is that motor axons are known to have lower
SDTCs than sensory axons, potentially reflecting reduced
persistent sodium currents.”® These factors may together
explain the lack of effect of carbamazepine on SDTC in
both peripheral motor axons*' and cortical motor axons in
the present study.

Differences between the medications may also stem
from their interactions with different VGSC gating states.
Carbamazepine binds preferentially to VGSCs in the fast
inactivated state, delaying recovery from this state.®*’*3
Meanwhile, lacosamide enhances entry into the slow in-
activated state and slows recovery from it.>*”*® The lat-
ter observation aligns with our findings that lacosamide
reduced the SDTC, as the persistent sodium currents in-
volved are prone to slow inactivation,’® although we note
that there is indirect evidence of carbamazepine affecting
slowly inactivating sodium currents.*

Finally, carbamazepine may exert multiple actions
that can interact with or mask its effect on VGSCs, such
as its influence on GABAergic synaptic transmission.
One TMS study reported effects on cortical silent periods
mediated by GABA-B receptors.'” However, these find-
ings have not been consistently replicated,'" and the ef-
fects on GABAergic inhibition remain unexplored in the
present study. Interestingly, it has been suggested that the
strength—duration behavior of excitatory and inhibitory
neurons may differ,”> which could complicate the evalu-
ation of GABAergic inhibition in human cortex, as TMS
intensities are typically set relative to motor threshold.
One solution would be to simultaneously examine the
strength—-duration behavior of both excitatory and inhib-
itory synaptic inputs. This approach would benefit the
study of novel sodium channel blockers that selectively
target VGSC isoforms differentially expressed in excitatory
and inhibitory neurons,** by providing evidence of effec-
tive and selective targeting.

4.4 | Directions for future research

This study confirmed the sensitivity of strength-duration
metrics to sodium channel-blocking medications. We se-
lected carbamazepine because it is one of the most widely
prescribed and well-characterized sodium channel block-
ers, with established effects on TMS-derived measures
of cortical excitability.'®** Although we acknowledge
that carbamazepine may have off-target actions, its use
provided a strong benchmark for interpreting the sensi-
tivity of our novel measures, particularly in comparison
to lacosamide. Future work could assess the specific-
ity of strength—-duration metrics by testing drugs not ex-
pected to influence VGSCs, such as levetiracetam,'*?° or

Epilepsia

by evaluating agents with potentially fewer off-target ef-
fects, such as oxcarbazepine. This could help further de-
lineate axonal versus synaptic contributions to cortical
excitability.

Although our TMS-electromyographic approach effec-
tively probes axonal excitability in motor cortex, its spatial
scope is limited. The development of equivalent TMS-
electroencephalographic (EEG) protocols could allow as-
sessment of non-motor regions, supporting the study of
region-specific pathophysiology and pharmacological re-
sponses, for example, in focal epilepsies. Prior work show-
ing pulse width sensitivity of TMS-evoked EEG supports
this possibility.>

More broadly, strength-duration metrics may ulti-
mately provide a valuable tool for predicting treatment
response, monitoring efficacy, and guiding dose titration
in a data-driven, personalized manner. Future studies
should evaluate the clinical utility of this approach.

5 | CONCLUSIONS

Our findings highlight distinct effects of sodium channel-
blocking medications on strength-duration behavior
in human motor cortex neurons. Lacosamide produced
changes consistent with selective axonal sodium channel
blockade, whereas carbamazepine showed more complex
effects. These results underscore the value of strength—du-
ration metrics for probing drug-specific VGSC interactions
and support their further development as mechanistic
markers in human neurophysiology.
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SUPPLEMENTARY FIGURES

PLA: log-transformed MEP amplitude
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Figure S1. I-O curves for each pulse width from each participant in the placebo condition. Data
reflect the median log-transformed MEP peak-to-peak amplitude as a function of TMS stimulus
intensity.
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LCS: log-transformed MEP amplitude
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Figure S2. I-O curves for each pulse width from each participant in the lacosamide condition.
Data reflect the median log-transformed MEP peak-to-peak amplitude as a function of TMS
stimulus intensity.
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CBZ: log-transformed MEP amplitude
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Figure S3. I-O curves for each pulse width from each participant in the carbamazepine condition.
Data reflect the median log-transformed MEP peak-to-peak amplitude as a function of TMS
stimulus intensity.
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Evaluation of strength-duration time constant under the assumption of a common SDTC

We analysed the data under the assumption of a common SDTC for all participants within the
same medication intervention condition but with individual rheobase values. This approach was
adopted to avoid potential overfitting issues associated with estimating SDTC separately for each
participant'. However, since the model assumes a single common SDTC for each medication
condition, it is not possible to perform statistical comparisons of SDTC values across different
medication conditions directly. To address this limitation, we employed a bootstrapping technique

to generate a distribution of SDTC values for comparison purposes.

In this bootstrapping process, we randomly sampled with replacement the paired data points
(RMT.o and pulse width) from the group within each medication condition. For each bootstrap
iteration, we randomly selected pairs of RMT..0 and pulse width values from the original dataset
of participants, allowing for the possibility of repeated selections of the same pair. We then
estimated the common SDTC and individual rheobase values from the resampled data. To
generate a single value for each iteration, we averaged the rheobase values across all
participants. This resulted in one SDTC and one averaged rheobase value per iteration. This
procedure was repeated across 1000 bootstrap iterations to create empirical distributions of the
SDTC and averaged rheobase values. The estimates from each iteration formed the basis of our
distributions of SDTC and rheobase, facilitating comparison across different medication

conditions.

To evaluate statistical differences between conditions when assuming a common SDTC across
participants, we employed a bootstrap-based t-test approach. We first verified the normality of the
data using a Kolmogorov-Smirnov test. For each parameter (SDTC and rheobase), we calculated
the bootstrapped paired differences between medication conditions and applied a t-test to these
differences to assess statistical significance. To quantify the magnitude of the differences, we
calculated Cohen’s d for each comparison, defined as the mean of the bootstrapped differences
divided by their standard deviation. To estimate the uncertainty around the effect size, we used
bootstrapping to derive confidence intervals for Cohen’s d. We resampled the differences 1000
times, calculating Cohen’s d for each bootstrap sample. The 95% confidence interval was
obtained by determining the 2.5th and 97.5th percentiles of the bootstrapped effect sizes. This

interval provides a range within which the true effect size is likely to fall.

The mean bootstrapped estimates for SDTC and rheobase (Table S1), as well as the overall

pattern of differences between conditions under the common SDTC assumption, were broadly



Rocchi et al. 2025 Distinct impacts of sodium channel blockers on the strength—duration properties of human motor

cortex neurones

comparable to those obtained when assuming individual SDTC values (Figure 4A and 4B). This

suggests that the average parameter estimates are robust regardless of the fitting approach.

Statistical analysis on the bootstrapped data confirmed the findings. The bootstrapped

distributions conformed to normality, as assessed by a Kolmogorov-Smirnov test, validating the

use of parametric tests. We conducted paired t-tests on 1000 bootstrap samples to evaluate the

differences between conditions. Significant differences were observed across all comparisons for

both SDTC and rheobase (Table S1). However, the differences between placebo and

carbamazepine were small in absolute terms and associated with small-moderate effect sizes

and are therefore unlikely to be of practical significance. In contrast, comparisons involving

lacosamide versus both placebo and carbamazepine showed much larger differences and effect
sizes for both SDTC and rheobase.

Table S1. Summary of bootstrapped data and statistical analyses (t-test and Cohen’s d) for SDTC and rheobase

across medication conditions (placebo, PLA; carbamazepine, CBZ; lacosamide, LCS)

Mean * Bootstrap Mean difference tar p d
SEM [95% CI] [95% CI]

SDTC (us)
PLAvs. CBZ 254 +26vs. 273 +22 -19 [-21, -17] -17.3999 p=1.4x1038 -0.54 [-0.62, -0.48]
PLAvs.LCS 254 +26vs. 204 + 16 51 [49, 53] 50.9999 p=1.1x1027° 1.61[1.52, 1.71]
CBZvs.LCS 273 +22vs. 204 £ 16 69 [58, 71] 80.6999 p=0* 2.55[2.53, 2.68]
Rheobase
(%MSO0)
PLAvs.CBZ 6.1+0.6vs.6.1+£04 -0.10[-0.05, 0.04] -0.2999 0.81 -0.01 [-0.07,0.05]
PLAvs.LCS 6.1+06vs. 78106 -1.65[-1.70,-1.59] -60.2.909 p = 0* -1.91 [-2.02, -1.80]
CBZvs.LCS 6.1+06vs.7.8+0.6 -1.64[-1.69,-1.60] -76.3999 p=0* -2.42 [-2.53, -2.31]
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