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Abstract

A key feature of amyotrophic lateral sclerosis (ALS) pathophysiology is motor neuron hyperexcitability. However, the mechanisms
of hyperexcitability are not well understood. Prior studies have used transcranial magnetic stimulation (TMS) to demonstrate
increased motor cortex excitability and reduced intracortical inhibition in human ALS. Yet, interpretation of these findings is lim-
ited because measurement of muscle responses cannot disentangle the specific contribution of upper and lower motor neurons
and of cortical interneurons to excitability changes. We had the rare opportunity to record directly the corticospinal output
evoked by TMS upstream of the spinal circuitry in a patient with ALS who had undergone epidural electrode implantation for
intractable pain. Single-pulse stimulation was performed both with a coil orientation inducing a current that activates corticospi-
nal neurons directly, and with a coil orientation inducing a current that activates corticospinal neurons trans-synaptically. Short-
interval intracortical inhibition (SICI) was also studied using paired-pulse stimulation. Data obtained from the patient were
compared with those recorded in 10 conscious control subjects. Compared with control subjects, patient showed a reduced
amplitude in response to direct corticospinal neuron activation, yet an enhanced amplitude of corticospinal output after trans-
synaptic corticospinal neuron activation, together with a SICI reduction. Present findings provide direct evidence of hyperexcit-
ability of monosynaptic glutamatergic inputs to corticospinal neurons that, in association with reduced intracortical inhibition, can
trigger neurodegeneration. Taken together with the extensive body of evidence generated by noninvasive TMS studies, the find-
ings from this single-case study may provide valuable insights into the pathophysiological mechanisms of the disease.

NEW & NOTEWORTHY The response evoked by direct activation of corticospinal neurons is reduced in human amyotrophic lat-
eral sclerosis (ALS). In contrast, the response evoked by trans-synaptic activation of these cells is enhanced. The activity of inhib-
itory inputs to corticospinal neurons is reduced. These abnormalities related to abnormal excitatory and inhibitory input
processing by corticospinal neurons may trigger neurodegeneration.

amyotrophic lateral sclerosis; epidural recording; excitotoxicity; motor neuron hyperexcitability

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodege-
nerative disease due to upper and lowermotor neuron death.
A key feature of ALS is the hyperexcitability of motor neu-
rons, which has been reported in both human familial and
sporadic ALS as well as in animal models of the disease (1, 2),

evident in the presymptomatic phases (3), and proposed as a
functional biomarker of disease progression (2, 4, 5). It has
been hypothesized that enhanced corticospinal neuron
(CSN) excitability is a pathophysiological mechanism of the
neurodegenerative cascade in which motor neuron death is
due to excessive glutamate receptor activity (6). Several stud-
ies have shown an impairment of inhibitory circuits at
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different levels. For instance, inhibitory GABAergic circuits
connected to CSNs have been shown to be less effective, and
the number of GABA receptors is reduced (7, 8). These find-
ings have supported the hypothesis that ALS is a central
motor network disorder rather than a puremotor neuron dis-
order, and that the pathophysiological mechanisms leading
to motor neuron degeneration involve cortical interneurons
(8–12). An early dysfunction of spinal interneurons is also
suggested by some experimental studies (13). Thus, it is still
unclear if hyperexcitability is caused by alterations in intrin-
sic excitability ofmotor neurons, in excitatory and inhibitory
inputs to these cells, or by a combination of these factors.

Motor cortex excitability in human ALS has been eval-
uated by noninvasive transcranial magnetic stimulation
(TMS). In early stages of ALS, motor cortex hyperexcitability
has been reported (3, 14–19), while paired-pulse TMS has
demonstrated a deficit in short-interval intracortical inhibi-
tion (SICI) and an enhancement in intracortical facilitation
(3, 16, 17, 20–23). However, the interpretation of these studies
is limited by the fact that evoked responses have been
recorded from muscles. Thus, they cannot disentangle the
specific contribution of upper and lower motor neurons to
the evoked response. Furthermore, these methods cannot
provide fine-grained information about excitatory and inhib-
itory circuits activated by TMS (24).

To circumvent this methodological limitation, some stud-
ies have recorded corticospinal outputs evoked by TMS
upstream of spinal circuitry, in otherwise healthy subjects
with spinal electrodes implanted for chronic pain (24) (Fig. 1).
This method allows for analysis of the multiple components
of corticospinal activity evoked by single-pulse TMS and
modulated by paired-pulse TMS, giving a direct indication on

the function of CSNs and of cortico-cortical excitatory and
inhibitory circuits, uncontaminated by changes in spinal
excitability (24). Specifically, TMS activates CSNs both
directly and trans-synaptically, but it is possible to selectively
evaluate direct and indirect activation of CSNs by changing
the direction of induced current in the brain (24). TMS stim-
uli inducing a current flowing parallel to the central sulcus,
in a lateral to medial direction (LM), preferentially activate
CSNs directly, evoking an axonal response termed “D-wave,”
while an induced current flowing perpendicularly to the cen-
tral sulcus, in a posterior to anterior direction (PA), activates
CSNs trans-synaptically and evokes indirect responses or
“I-waves” (24). The earliest I-wave (I1) evoked by PA TMS is
not suppressed by drugs enhancing GABAergic transmission
as opposed to the following waves (late I-waves) (26), indicat-
ing that I1 and late I-waves are produced by different sources
of inputs to CSNs. The origin of these volleys was recently
definedmore precisely using computationalmodeling, show-
ing that the I1-wave likely originates frommonosynaptic acti-
vation of layer 5 CSNs by excitatory afferents originating in
this layer, while later I-waves likely originate from the activa-
tion of CSNs by excitatory and inhibitory connections from
interneurons in layers 2–3 (25) (Fig. 1).

Our aimwas to providemore direct insight intomotor cor-
tex dysfunction in human ALS by invasively recording the
corticospinal output evoked by TMS upstream of spinal cir-
cuitry, in a rare patient with ALS with an epidural electrode
implanted in the high cervical cord for intractable cervico-
dorso-lumbar pain (27), recordings were compared with
those of subjects with no central nervous system abnormal-
ity, who also had cervical electrodes implanted for pain
control.

Figure 1.Diagrammatic representation of cortical circuits activated by transcranial magnetic stimulation. Left: corticospinal descending volleys generated
by TMS activation of layer 5 pyramidal tract neurons can be recorded with an epidural electrode implanted at the cervical level [adapted from Yu et al.
(25) used with permission under CC-BY license]. Right: TMS can activate layer 5 corticospinal neurons (CSNs) both directly and trans-synaptically. A coil
orientation that induces a current flowing in a lateral to medial direction (LM), parallel to the central sulcus, preferentially activates CSNs directly, evoking
a response of the axons of these cells termed “D-wave” (represented in red color), while an induced current flowing perpendicularly to the central sul-
cus, in a posterior to anterior direction (PA), activates CSNs trans-synaptically and evokes indirect responses or “I-waves” (represented in blue color).
I1-wave likely originates frommonosynaptic activation of layer 5 CSNs by excitatory afferents originating in this layer (dark blue), while later I-waves likely
originate from the activation of CSNs by excitatory and inhibitory connections from interneurons in layers 2 and 3 (light blue).
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METHODS

Patient and Controls

The patient was a 75-yr-old man with a diagnosis of defi-
nite ALS according to the El Escorial revised criteria (28). In
November 2012, he presented with lower limb weakness and
fasciculations, with walking difficulties. The electrode was
implanted in February 2015. At that time, the patient had a
spastic paraparesis, fasciculations and atrophy in the tongue,
dysarthria, bilateral limb weakness, and bilateral Babinski
sign. The revised ALS functional rating scale (ALSFRS-R)
score was 34. He was taking riluzole since January 2014, but
no other centrally acting medication.

An Octrode lead (Saint Jude Medical, St. Paul, MN) was
implanted in the cervical epidural space at C1–C2 level, and
recordings of motor cortex output were made 3 days after
implantation during the trial screening period when the
electrode connections were externalized.

Data obtained from this patient were compared with
those recorded in five conscious control subjects [mean
age 63.8 ± 11.9 (SD) yr] for single-pulse stimulation and six
conscious control subjects for paired-pulse stimulation
[mean age 61.7 ± 13.5 (SD) yr]. One subject of the latter con-
trol group is common with the control group for paired-
pulse stimulation, resulting in a sample of 10 control sub-
jects in total. These subjects, who had no abnormalities
of the central nervous system, underwent implantation of
high cervical epidural electrodes for the treatment of
chronic intractable dorso-lumbar pain without spinal cord
involvement. Recordings in control subjects were per-
formed within 5 days after implantation during the trial
screening period when the electrode connections were
externalized. Control subjects were not taking centrally
acting medications at the time of the experiments. This is
because the trial screening period for epidural spinal cord
stimulation, which precedes permanent implantation, is
routinely conducted after a washout period of analgesic
medications and other centrally acting drugs. This proce-
dure is generally well tolerated because epidural stimula-
tion is considered only in patients whose pain is refractory
to medical treatment, and temporary discontinuation of
medication for a few days usually does not cause signifi-
cant discomfort. A washout period is necessary to allow an
accurate evaluation of the efficacy of epidural stimulation
on pain symptoms before permanent implantation. The
experiments were undertaken with the understanding and
written consent of each subject and were approved by the
Ethical Committee of Campus Bio-Medico University, in
accordance with the Declaration of Helsinki.

Transcranial Magnetic Stimulation

Recordings were made simultaneously from the epidural
electrode and from the left first dorsal interosseous (FDI)
muscle of the hand, both in the patient and in controls. In
the patient, this muscle showed slight fibrillation on electro-
myographic study.

Motor evoked potentials (MEPs) were recorded with two 9-
mm diameter Ag-AgCl surface electrodes with the active
electrode over the motor point of the muscle and the refer-
ence on the metacarpophalangeal joint of the index finger.

MEPs and epidural volleys were amplified and filtered
(bandwidth 3 Hz to 3 kHz) by a D360 amplifier (Digitimer
Ltd., Welwyn Garden City, UK), and digitized at 5 kHz using
a CED 1401 A/D converter and associated Signal software
(Cambridge Electronic Design Ltd, Cambridge, UK). TMS
was performed with a Magstim 2002 stimulator connected to
a BiStim module (The Magstim Co. Ltd., Whitland, UK).
Resting motor threshold (RMT) was defined as the minimum
stimulus intensity that produced an MEP �50 lV in five out
of 10 trials. Active motor threshold (AMT) was defined as the
minimum stimulus intensity that produced an MEP �200
μV in five of 10 trials during isometric contraction of the
testedmuscle at 10%maximum force (29).

Single-Pulse Stimulation

In present study, we stimulated the right motor cortex at
the optimal scalp position to elicit MEPs in the contralateral
FDI with both LM and PA TMS. The hotspot was defined
independently for each direction of the induced current.
Responses to TMS were recorded at an intensity of 120%
RMT. Twenty-five pulses were delivered for each direction of
the induced current in the brain. We measured the ampli-
tude, the latency, and the number of the corticospinal vol-
leys (D and I-waves). After averaging, wave amplitudes were
measured from the negative to the following positive peak of
each component, as in previous studies (26). In addition, to
characterize more selectively the changes in the outputs
evoked by activation of CSNs and of cortical interneurons,
we calculated the ratios between the amplitudes of different
components of the volley: the D-wave, the I1-wave, and the
late I-waves (the I-waves following the I1-wave). Specifically,
the following ratios were calculated: the sum of all I-waves/
D-wave, I1-wave/D-wave, the sum of late I-waves/D-wave,
and I1-wave/the sum of late I-waves. These ratios can indi-
cate the relative contribution of pre- and postsynaptic com-
ponents of motor cortex micro-columns to the observed
changes in excitability (25). Corticospinal axon recording
after intracortical stimulation in monkeys has shown that
multiple descending waves corresponding to the D and
I-waves can be recorded from individual axons (30). Because
the same CSNs can respond with a D or an I-wave response,
by recording D and I-waves, it is possible to evaluate selec-
tively the intrinsic excitability of CSNs and their excitability
in response to synaptic inputs. Specifically, the ratio
between all I-waves and the D-wave can indicate abnormal-
ities in trans-synaptic activation of CSNs by inhibitory and
excitatory interneurons not influenced by any change in
CSNs (e.g., reduction in the number of CSNs or changes in
the intrinsic excitability of CSNs). The ratio between the I1-
wave and the D-wave can indicate abnormalities in trans-
synaptic activation of CSNs by excitatory layer 5 connec-
tions, not influenced by any change in CSNs. The ratio
between the late I-waves and the D-wave can indicate abnor-
malities in trans-synaptic activation of CSNs by inhibitory
and excitatory connections from layers 2 and 3 not influ-
enced by any change in CSNs. Finally, the ratio between the
I1-wave and the late I-waves can indicate abnormalities in
trans-synaptic activation of CSNs by excitatory and inhibi-
tory connections from layers II and III, not influenced by
changes in excitatory layer 5 connections.
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Paired-Pulse Stimulation (Short-Interval Intracortical
Inhibition)

To study SICI, two magnetic stimuli were given through
the same coil with a PA-induced current at an interstimulus
interval (ISI) of 3 ms (31, 32). The conditioning stimulus was
set at an intensity of 5% of maximum stimulator output
below AMT, and test stimulus intensity was set at an inten-
sity of 120% RMT.

The deviation of the patient’s intracortical functionmeas-
ures from controls was estimated using z-scores. A z-score
greater than 1.96 or less than �1.96 was considered statisti-
cally significant (P < 0.05, two-tailed) (33). Given the small
sample size of the control population, normality of data dis-
tribution was checked on the distribution of single-trial
wave amplitudesmeasured at the average peak latencies.

RESULTS
Figure 2 shows the averaged recordings in the patient and

in one representative control subject.

Single-Pulse Magnetic Stimulation

Direct activation of corticospinal neurons (LMmagnetic
stimulation).
In control subjects, the mean RMT was 55.8% (SD 12.5) of
maximum stimulator output using LM magnetic stimula-
tion. In the patient, it was 49% of maximum stimulator out-
put. At 120% RMT, single-pulse LM stimulation evoked a
D-wave; in control subjects, this D response had an average
amplitude of 21.0 lV (±4.9 lV SD) and an average latency of
2.4 ms (±0.8 ms SD). The patient’s D-wave had a significantly
reduced mean amplitude (10.1 lV; z-score: �2.21, P < 0.05)
and a normal mean latency (2.2 ms; z-score:�0.29, P> 0.05)
(Figs. 2 and 3,A and E).

Trans-synaptic activation of corticospinal neurons (PA
magnetic stimulation).
In control subjects, mean RMT was 53.0% (SD 11.1) of maxi-
mum stimulator output using PA magnetic stimulation. In
the patient, it was 45% of maximum stimulator output. In
control subjects, mean AMT was 38.0% (SD 8.4) of maximum

Figure 2. Corticospinal volleys recorded from the high cervical cord in the patient (right) and in one representative subject with no central nervous sys-
tem abnormality (left). Corticospinal volleys were obtained after lateral to medial (LM) and posterior to anterior (PA) TMS at an intensity of 120% of the
resting motor threshold (RMT). For the short-interval intracortical inhibition (SICI) protocol, the test response to PA TMS at 120% RMT (blue trace in the
patient and black trace in the control) is compared with the conditioned response to PA TMS at an intensity below active motor threshold (red trace, see
METHODS). Each trace is the average of at least 20 stimuli, sampled at 5 KHz. Vertical dashed lines indicate the latency of D- and I1-wave, respectively.
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stimulator output using PA magnetic stimulation. In the
patient, it was 32% of maximum stimulator output. At 120%
RMT, single-pulse PA stimulation evoked 3 I-waves in the
patient and in 4 out of 5 control subjects (Fig. 2). In the remain-
ing control subject, 2 I-waves were evoked. The first (I1) wave
had an average latency of 3.8 ms (±0.7 ms SD) in control sub-
jects and a latency of 3.8 ms in the patient (z-score: 0.03). In
contrast, the amplitude of the I1-wave was 8.3 lV (±1.3 lV SD)
in control subjects and significantly higher (12.1 lV) in the
patient (z-score: 2.85, P< 0.05, Figs. 2 and 3, B and E).

The amplitude of late I-waves (i.e., the I-waves following
I1) was similar in control subjects (9.9 ±3.2 lV SD) and in the
patient (11.3 lV, z-score: 0.43, P> 0.05, Fig. 3, C and E).

Ratio between cortico-cortical and corticospinal
outputs.
Ratios between corticospinal waves generated by cortico-
cortical connections (I-waves) and direct upper motor neu-
ron activation (D-wave) were calculated to reveal the differ-
ent contributions of these mechanisms to corticospinal
excitability changes. The ratio between total I-wave and
D-wave amplitudes was 0.90 (±0.22 SD) in control subjects,
and 2.32 in the patient (z-score: 6.46, P < 0.0001). The ratio
between I1 and D-wave amplitudes was 0.41 (±0.08 SD) in
control subjects and 1.20 in the patient (z-score: 10.23, P <
0.0001). The ratio between the late I-wave and D-wave
amplitudes was 0.49 (±0.17 SD) in control subjects and 1.12 in
the patient (z-score: 3.67, P < 0.001). The ratio between I1
and late I-wave amplitudes was 0.92 (±0.42 SD) in control
subjects and 1.07 in the patient (z-score: 0.36, P> 0.05).

Taken together, these ratio changes suggest that there is
an enhancement of the response of CSNs to excitatory inputs
from layer 5 of the motor cortex, and a change in the balance
between excitatory and inhibitory inputs from layers 2 and
3, in favor of greater excitatory drive.

Short-Interval Intracortical Inhibition

Similar to results previously reported (32), with paired
cortical stimulation at the ISI of 3 ms, the I1-wave was not
affected by the conditioning stimulus [amplitude of the I1-
wave normalized to that measured after single-pulse TMS
was 1.01 (±0.09 SD)], while the late I-waves were suppressed
in all controls (Fig. 2). The amplitude of the late I-waves nor-
malized to that measured after single-pulse TMS was 0.55

(±0.15 SD). A Wilcoxon signed-rank test in control subjects
showed a significant effect of the conditioning stimulus for
the total volley amplitude (P ¼ 0.031) and for later volley
amplitude (P ¼ 0.031), while the I1-wave was not affected by
the conditioning stimulus (P¼ 1.000).

In the patient, neither the I1 nor the late I-waves were sup-
pressed. The normalized amplitude of the I1-wave (to that
measured after single-pulse TMS) was 0.94 (z-score:�0.81 vs.
controls, P > 0.05), and the normalized amplitude of the late
I-waves was 0.90 (Fig. 3D). The z-score of this normalized late
I-wave amplitude in the patient compared with controls (i.e.,
0.90 vs. 0.55) was 2.31 (P < 0.05, Fig. 3E), demonstrating a
lack of inhibition of these later I-waves. MEPs were also not
suppressed by the conditioning stimulus [conditioned MEP
amplitude normalized to that measured after single-pulse
TMS in the FDI muscle was 1.006 (raw values: 0.855±0.767
mV vs. 0.849±0.724, P¼ 0.768, Mann–WhitneyU test)].

DISCUSSION
Noninvasive brain stimulation studies using TMS have sug-

gested that there are several functional abnormalities in the
motor cortex of patients with ALS. The most consistent find-
ings are the enhancedmotor cortex excitability to single-pulse
stimulation and the reduced cortical inhibition to paired-
pulse stimulation. However, the indirect nature of these prior
data provided by TMS studies in humans has not allowed for
inference as to whether these abnormalities were caused by
changes in intrinsic excitability of motor neurones (upper
and/or lower), interneurons (cortical and/or spinal), or both.
The present study, for the first time in a human patient with
ALS, uses TMS with spinal cord recordings to provide direct
insight into these mechanisms. Specifically, we demonstrate
that the corticospinal output evoked by direct stimulation of
CSNs is reduced, while, in contrast, the corticospinal output
evoked by trans-synaptic activation of CSNs is enhanced.
Furthermore, paired-pulse TMS demonstrated a reduction in
intracortical inhibition in the patient compared with controls.

Reduced Corticospinal Output after Direct Activation of
CSNs and Increased Corticospinal Output after Trans-
Synaptic Activation of CSNs

In this study, our patient with ALS showed a reduction in
the amplitude of the response evoked by direct activation of
CSNs. In contrast, the patient demonstrated an enhanced

Figure 3. Comparison of corticospinal
waves in the patient and in controls.
A: D-wave amplitude based on LM stimu-
lation at 120% RMT. B: I1-wave amplitude
based on PA stimulation at 120% RMT.
C: late I-wave amplitude based on PA
stimulation at 120% RMT. D: late I-waves
for short-interval intracortical inhibition
(SICI) at the ISI of 3 ms. E: z-scores for (top
to bottom) D-wave, I1-wave, late I-waves,
SICI late I-waves for the ISI of 3 ms.
Vertical dotted lines indicate z ¼ ±1.96,
�P < 0.05. Error bars correspond to SD
in controls. Violin plots superimposed to
mean data represent density distribution
of single-trace data (empty circles) in the
patient with ALS.
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response to indirect, trans-synaptic activation by cortico-
cortical cells. Specifically, magnetic stimulation with LM-
induced current in the brain directly activates the corticospi-
nal axons (24), and this evoked a lower amplitude D-wave,
while magnetic stimulation with PA-induced current in the
brain activates CSNs trans-synaptically, and this stimulation
evoked an enhanced I1-wave, the response produced by
monosynaptic activation of these CSNs. According tomodel-
ing studies, the I1-wave is the response of CSNs to excitatory
inputs originating inmotor cortex layer 5 (25), and according
to pharmaco-TMS studies, the I1-wave is produced by pure
excitatory connections without involvement of inhibitory
GABAergic inputs (26). Because the same CSNs respond with
a D and I-wave response (30), our findings suggest an impair-
ment of CSN output after direct stimulation of these neurons
associated with hyperexcitability of CSNs in response to
monosynaptic glutamatergic inputs in ALS. It should be con-
sidered that the epidurally recorded corticospinal volleys
represent the activity of a large population of CSNs; thus, the
reduced amplitude of the D-wave in our patient might be
due either to a reduced excitability of CSNs in response to
direct activation or to the ALS-related neurodegeneration of
a portion of the CSN population. The evidence of a threshold
to LM magnetic stimulation comparable to that of healthy
subjects suggests that the excitability of surviving corticospi-
nal axons is not impaired and that CSN loss is more likely to
be the cause of D-wave amplitude reduction than a cortico-
spinal axon excitability change.

We also observed a relative increase of the late I-waves
(with respect to the amplitude of the D-wave), the
responses produced by trans-synaptic activation of CSNs
by cortico-cortical excitatory and inhibitory inputs from
layers 2–3 of the motor cortex (25). Because late I-waves
are produced by a complex circuit composed of excitatory
and inhibitory neurons (34), their enhancement can be
due to increased excitatory input, decreased inhibitory
input, or abnormal processing of the excitatory and/or
inhibitory inputs. In our patient, there was also a substan-
tial reduction in the intrinsic inhibitory activity of the
motor cortex as evaluated by the study of SICI with paired-
pulse TMS. This finding suggests that loss of GABAergic
inputs contributes to the enhanced (late I-wave) response
of CSNs to excitatory inputs. It should be noted that the
patient was taking riluzole, which has been reported to
affect SICI (35). However, these effects have been shown to
be transient, with cortical excitability returning to base-
line levels within few weeks of treatment initiation (36).
Therefore, we believe that it is unlikely that riluzole signif-
icantly influenced cortical excitability measures assessed
by TMS in our patient; however, this cannot be completely
ruled out.

Cumulatively, our findings reveal multifaceted excitability
changes: 1) a reduction of the response evoked by direct acti-
vation of CSNs; 2) a pronounced enhancement of the
response to monosynaptic glutamatergic inputs to CSNs
from layer 5; and 3) a relative enhancement in layer 2–3
inputs to CSNs, which, due to our finding of a loss of SICI
using a paired-pulse TMS protocol, can be at least partly
attributed to a reduced activity of inhibitory cells within this
circuit. Although the first change can well be explained by
the ALS-related motor neuron loss, resulting in a reduced

corticospinal output, the enhancement of the output pro-
duced by cortico-cortical activation and the reduction in
intracortical inhibition might be explained either by abnor-
malities in cortical excitatory and inhibitory interneurons,
as suggested by several studies (37), or by an abnormal
response of CSNs to synaptic inputs. In favor of a dysfunc-
tion of interneurons, a recent study by van den Bos and col-
leagues (37) provided evidence of impaired intracortical
inhibition in patients with ALS, leading to the interneuron
hypothesis of ALS (12), suggesting that inhibitory inter-
neurons are the drivers of CSN degeneration. However, an
inhibitory interneuron abnormality can explain only part
of the changes observed in our patient, in that the I1-wave
enhancement cannot be caused by an impairment in inhib-
itory interneurons because this wave is not affected by
GABAergic inputs (26). Therefore, the hypothesis of abnor-
mal processing of synaptic inputs might better explain all
our findings, because this would affect both excitatory and
inhibitory transmission with the same unique mechanism.

This unique pathophysiological mechanism impacting
both excitatory and inhibitory neurotransmission could be
driven by the defects in voltage-gated channels reported in
ALS (38).

Interestingly, a recent study using induced pluripotent
stem cell-derived neurons and postmortem ALS brain and
spinal cord tissue showed that TAR DNA-binding protein 43
(TDP-43) aggregation, the hallmark of ALS, causes mis-splic-
ing of potassium voltage-gated channel subfamily Qmember
2 (KCNQ2) mRNA with severely reduced ion conductance,
causing motor neuron hyperexcitability (39). KCNQ2 pro-
duces the Kv7.2 ion channel responsible for the neuronal M-
current that regulates resting membrane potentials, shapes
action potentials, and impedes excessive repetitive neuronal
firing (38, 40). An M-current impairment can well explain
the enhanced corticospinal output produced by cortico-cort-
ical activation evoked by transcranial stimulation in our
patient. As M-current impairment specifically enhances
pyramidal neuron bursting (41), a change in potassium cur-
rents can also explain why paired-pulse stimulation is not
effective in suppressing later discharges in patients with
ALS. This abnormality can also cause the hyperexcitability
of peripheral axons reported in patients with ALS by Kanai
and co-workers, who investigated multiple axonal excitabil-
ity properties and suggested that the observed changes were
consistent with an abnormality of the M-current associated
with the KCNQ2 channel (42).

Interestingly, a recent study has shown that retigabine, a
KCNQ channel activator approved as an antiepileptic drug,
reduces both upper (43) and lower motor neuron excitability
in human ALS (44). Moreover, it has been shown that
the compound N-(6-Chloro-pyridin-3-yl)-3,4-difluorobenza-
mide, a highly selective Kv7.2/7.3 opener mainly used in epi-
lepsy, prevents motor neuron degeneration in spinal cord
organotypic cultures exposed to acute excitotoxicity and
reduces disease progression in SOD1G93A ALSmice (45).

CSNs are the neurons showing an extremely high-bursting
frequency (>600 Hz) (46). This characteristic might explain
why CSNs are selectively involved in alterations further
enhancing neuron bursting. High-frequency CSN bursting is
evoked by single-pulse TMS (24), and this might be the rea-
son why this technique is well suited to revealing motor
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cortex excitability changes in ALS (2). On the other hand, the
enhanced bursting of CSNs by overstimulating the lower
motor neuron, made hyperexcitable by M-current impair-
ment, can trigger excitotoxic damage of these cells in line
with the dying forward hypothesis of ALS (47).

Preliminary studies have explored neuromodulation pro-
tocols suppressing CSN excitability as a possible tool to
reduce excitotoxicity (48). The insights provided by this sin-
gle case study suggest that protocols capable of suppressing
CSN bursting might represent a therapeutic strategy worthy
of further investigation in ALS.

Interestingly, the most promising preliminary results
were observed in studies using the protocol of repetitive
TMS termed continuous theta burst stimulation that selec-
tively suppresses the monosynaptic excitatory inputs to
CSNs (i.e., the I1 wave) (24), which were hyperexcitable in
our patient, as well as the technique of static magnetic stim-
ulation (49), which has been shown to reduce bursting of
pyramidal neurons by enhancing chloride current (50).

Limitations of the Study

The main limitation of the present study is the general-
izability of findings from a single patient, considering the
heterogeneity of ALS. However, this is quite a unique
observation, and the opportunities to study additional
patients with ALS with these methods may be scarce.

Given the exploratory nature of this study in which we
assessed the activation of different cortical sites with prede-
termined comparisons, we did not correct for multiple com-
parisons, therefore, results should be interpreted in this
light. Nonetheless, this limitation is partially overcome by
the fact that the observed changes are consistent with those
reported by many noninvasive studies in humans, revealing
specific features of the excitability changes that cannot be
inferred bymuscle response recording.

Another relevant limitation is that this is a single time-
point physiology in a disease known to vary in TMS metrics
across disease stage (5, 51).

Finally, it should be considered that both the patient and
the controls had chronic pain. Because noxious stimuli affect
motor cortex excitability (52), we cannot exclude the possi-
bility that the presence of pain influenced our measures of
cortical excitability. However, this limitation is tempered by
the fact that both the patient and controls had chronic pain,
making the comparison still informative.

Conclusions

In this study, we had the rare opportunity to measure
direct responses to TMS in a patient with ALS who had
undergone an epidural electrode implantation for intracta-
ble pain. These recordings allowed us to disentangle the spe-
cific contributions of upper and lower motor neurons to
evoked responses in ALS, and the selective activity of excita-
tory and inhibitory cell populations. Our findings demon-
strated a reduced amplitude of the response to direct
activation of CSNs, an enhanced excitability of CSNs in
response tomonosynaptic glutamatergic inputs from layer 5,
and a relative enhancement in layer 2–3 cortico-cortical
inputs to CSNs, which can be at least partly attributed to a
reduction in the activity of GABAergic cells within this

circuit. With the obvious limitations of a single case study,
the present findings suggest an abnormal processing of exci-
tatory and inhibitory synaptic inputs by CSNs in ALS that
might trigger degeneration of these cells.
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