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A B S T R A C T

Cortical hyperexcitability is an early and intrinsic feature of Amyotrophic Lateral Sclerosis (ALS), but the me-
chanisms underlying this critical neuronal dysfunction are poorly understood. Recently, we have demonstrated
that layer V pyramidal neurons (PNs) in the primary motor cortex (M1) of one-month old (P30) G93A ALS mice
display an early hyperexcitability status compared to Control mice. In order to investigate the time-dependent
evolution of the cortical excitability in the G93A ALS model, here we have performed an electrophysiological
and immunohistochemical study at three different mouse ages. M1 PNs from 14-days old (P14) G93A mice have
shown no excitability alterations, while M1 PNs from 3-months old (P90) G93A mice have shown a hy-
poexcitability status, compared to Control mice. These age-dependent cortical excitability dysfunctions correlate
with a similar time-dependent trend of the persistent sodium current (INaP) amplitude alterations, suggesting
that INaP may play a crucial role in the G93A cortical excitability aberrations. Specifically, im-
munohistochemistry experiments have indicated that the expression level of the NaV1.6 channel, one of the
voltage-gated Na+ channels mainly distributed within the central nervous system, varies in G93A primary motor
cortex during disease progression, according to the excitability and INaP alterations, but not in other cortical
areas. Microfluorometry experiments, combined with electrophysiological recordings, have verified that P30
G93A PNs hyperexcitability is associated to a greater accumulation of intracellular calcium ([Ca2+]i) compared
to Control PNs, and that this difference is still present when G93A and Control PNs fire action potentials at the
same frequency.

These results suggest that [Ca2+]i de-regulation in G93A PNs may contribute to neuronal demise and that the
NaV1.6 channels could be a potential therapeutic target to ameliorate ALS disease progression.

1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is a fatal disease of unknown
etiology, caused by the progressive degeneration of upper and lower
motor neurons (UMNs and LMNs, respectively) (Mathis et al., 2017).
The neurodegeneration leads to the progressive failure of the neuro-
muscular system and inexorably to paralysis and death 3–5 years after
disease onset (Hardiman and van den Berg, 2017). ALS may be sporadic
(sALS, about 90% of ALS cases) or familial (fALS, about 10% of ALS

cases) and, among the genes identified to be implicated in ALS, SOD1
gene (encoding Cu/Zn superoxide dismutase 1) mutations account for
12–20% of fALS cases and 1–7% of sALS cases (Brown, 2017; Kapeli
et al., 2017).

Mouse models based on gene abnormalities associated with ALS are
a valid tool for investigating the neurobiological basis of the pathology
(Van Damme et al., 2017). In particular, the SOD1G93A transgenic
mouse (G93A), overexpressing the human SOD1G93A mutation (Gurney,
1994), is the most used and characterized mouse model of ALS
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(Battaglia and Bruno, 2018; Nardo et al., 2016).
Despite the intense research, the etiopathogenetic mechanism of

ALS is still obscure and this devastating progressive pathology still lacks
an effective cure able to slow down or arrest the ongoing neurode-
generation (Kim et al., 2018; Petrov et al., 2017). To date, the only
drugs utilized for ALS treatment are the free radical scavenger edar-
avone (Radicava), recently approved by the U.S. Food and Drug Ad-
ministration (FDA) (Rothstein, 2017; Silani, 2017), and Riluzole
(Hinchcliffe and Smith, 2017; Mathis et al., 2017), both able to reduce
morbidity in ALS, though the mechanism(s) by which they exert their
therapeutic effects remain elusive (Jaiswal, 2019). A wide range of
possible neural pathways modulated by Riluzole have been postulated,
including glutamatergic modulation (Blasco et al., 2014; Lazarevic
et al., 2018), down-modulation of the neuronal repetitive firing and
inhibition of the persistent voltage-dependent Na+ current (INaP)
(Carunchio et al., 2010; Geevasinga et al., 2016a; Lamanauskas and
Nistri, 2008; Pieri et al., 2009). Specifically, the subthreshold non-in-
activating voltage-dependent INaP is expressed in several neuronal
types (Ceballos et al., 2017; Kiss, 2008). This particular current is
characterized by a rapid activation and pronounced slow inactivation
kinetics, maintaining its activated state for hundreds of milliseconds
(Carter et al., 2012). It has been ascertained that INaP is generated by
the same voltage-gated Na+ channels (NaVs) sustaining the transient
Na+ current, and that it depends on the interaction between the NaV α-
and β-subunits (Aman et al., 2009; Qu et al., 2001). INap has a key role
in the input signal integration by amplifying dendritic excitatory
postsynaptic potentials (Fricker and Miles, 2000; Muller et al., 2018;
Vervaeke et al., 2006), and in the neuronal excitability regulation (Kole
et al., 2008; Wu et al., 2005) by maintaining neuronal membrane po-
tential near the threshold value and causing spontaneous firing
(Ceballos et al., 2017; Raman et al., 2000).

In neurons, action potentials (APs) are generated at the level of the
axonal initial segment (AIS) (Kole et al., 2008; Leterrier et al., 2010), a
specialized neuronal site characterized by an array of scaffolding pro-
teins (Sobotzik et al., 2009; Yoshimura and Rasband, 2014) and clusters
of NaVs intricately involved in AP generation, conduction, and transi-
tion between single spiking and bursting (Hargus et al., 2013; Muller
et al., 2018). In mammals, the NaV family is composed of nine mem-
bers, NaV1.1 to NaV1.9 (Ahern et al., 2016; Catterall, 2012). Among
the multiple NaV isoforms expressed within the brain (Candenas et al.,
2006; Kress and Mennerick, 2009), the NaV1.6 isoform is the most
abundantly expressed in adulthood (Gonzalez-Cabrera et al., 2017).
Specifically, NaV1.6 is highly expressed along the AIS (Hu et al., 2009),
where it increases repetitive firing rate by reducing the neuronal
threshold for AP generation (Gonzalez-Cabrera et al., 2017; Hu et al.,
2009; Osorio et al., 2010).

The transcranial magnetic stimulation (TMS) technique in ALS pa-
tients has permitted to demonstrate that cortical excitability is aber-
rantly increased at an early state of the disease, preceding and corre-
lating with development of LMN dysfunction (Vucic and Kiernan, 2013;
Vucic and Kiernan, 2017). Moreover, it has been recognized as an early
process also in animal models (Carunchio et al., 2010; Ozdinler et al.,
2011; Pieri et al., 2009), providing a pathogenic basis for ALS, with
corticomotor neuronal hyperexcitability activating the glutamate ex-
citotoxic cascade via trans-synaptic mechanism and, subsequently,
provoking the motor neuron degeneration (Geevasinga et al., 2016b).
In fact, the excessive activation of ionotropic glutamate receptors on the
postsynaptic membrane leads to increased [Ca2+]i and activation of
Ca2+-dependent enzymatic pathways, resulting in neuronal death
(Geevasinga et al., 2016b). In addition, previous excitability studies in
ALS patients have shown that increased INap in motor axons induces
hyperexcitability (Iwai et al., 2016). Anomalies in the INap have been
also demonstrated in a zebrafish ALS model (Benedetti et al., 2016) and
in primary cortical cultures from G93A mice, strongly indicating an
involvement of this current in the cortical hyperexcitability (Pieri et al.,
2009).

To date, the mechanisms underlying the development of cortical
hyperexcitability in ALS remain to be elucidated, but excessive gluta-
matergic transmission, dysfunction of NaVs, hyperactivity of excitatory
cortical neurons, as well as degeneration of inhibitory intracortical
neurons, all seems to contribute to it (Bae et al., 2013; Menon et al.,
2017; Saba et al., 2016).

The data herein reported clearly indicate a non-linear evolution of
the cortical excitability in the G93A mice, correlated to a modified
NaV1.6 channel expression, suggesting that targeting this channel
specifically in the motor cortex might represent an early intervention
strategy for counteract ALS progression.

2. Materials and methods

2.1. Animals

The experiments have been performed using B6SJLTgN (SOD1-
G93A)1 Gur mice that overexpressed the G93A mutated human SOD1
(G93A) constructed by Gurney (1994), and non-transgenic littermates
as Control group. The mice were originally obtained from Jackson La-
boratories (Bar Harbor) and then housed in our animal facilities. The
presence of the human transgene was evaluated by performing a
screening protocol on the mouse tail tips, as previously described (Pieri
et al., 2003).

Male mice at P30 and P90 were weighted before the sacrifice for the
experimental procedures, using a digital balance (Philips).

Transgenic mice showed signs of hind limb weakness and rapidly
developed a paralysis that resembled fALS both clinically and patho-
logically at 4months of age and died within 7–14 days (Gurney, 1994).

Procedures involving the animals and their care were carried out in
accordance with the ethical guidelines of the European Communities
Council Directive (2010/63/EU), Italian laws (D. Lgs 26/2014 art. 31
n.26) and all relevant legislations, and approved by the Ethical
Committee for the Protection of Animals in Scientific Research at the
Santa Lucia Foundation (approval No. 317-2017-PR). All efforts were
made to minimize animal suffering and the number of animals used in
this study.

2.2. Slice preparation

Control and G93A male mice, at post-natal day 14 (P14), 30 (P30)
and 90 (P90), were anesthetized with isofluorane (Sigma–Aldrich) and
decapitated. The brains were removed and placed in cold artificial
cerebrospinal fluid solution (ACSF) containing the following (in mM):
126 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, and
10 glucose, gassed with 95% O2–5% CO2 (pH 7.4, 300mOsm). Coronal
slices (275 μm) were obtained as previously described (Saba et al.,
2016) using a vibratome (Leica VT1000S), covering approximately
from 1.18mm anterior to the Bregma, to −0.34mm posterior to the
Bregma. Slices were then incubated in the oxygenated ACSF, initially at
37 °C for 45min and subsequently at room temperature (RT). The single
slice was then transferred to a recording chamber and submerged in
continuously flowing oxygenated ACSF (31 °C, 2ml/min) for electro-
physiological experiments.

2.3. Electrophysiology

Recordings were obtained on pyramidal neurons (PNs) from the
deep part of layer V of the primary motor cortex (M1), which were
visually identified using an upright infrared microscope (Axioskop 2
FS), a 40× water immersion objective (Achroplan), and a CCD camera
(Cool Snap, Photometrics). Only neurons with a typical large pyr-
amidal-shaped soma, a thick apical dendrite oriented toward the pial
surface (Stuart et al., 1993), a regular-spiking, a membrane resistance
lower than 100MΩ, and a membrane capacitance in the range of
75–125 pF, corresponding to a diameter of 16–21 μm (Oswald et al.,
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2013; Suter et al., 2013), were considered in this study. Patch-clamp
electrodes for electrophysiological whole-cell recordings were made by
using borosilicate glass pipettes (outside diameter 1.5mm), pulled with
PP-83 (Narishige, Japan) to obtain a resistance of 3–5MΩ. After the
formation of a high-resistance seal (> 1 GΩ), the capacitance and the
resistance of the electrodes were compensated electronically. A Multi-
clamp 700B patch-clamp amplifier (Molecular Devices) was used to
amplify the signals, sampled at 20 KHz, filtered at 3 KHz, and stored in a
computer. A Digidata 1440A (Molecular Devices) was used to acquire
the data. The “Membrane Test” protocol, consisting of a 5mV hy-
perpolarizing step from – 60mV, at 33.3 Hz, for 30ms (Krashia et al.,
2017), of pClamp 10.4 software (Molecular Devices), was used to ob-
tain the membrane resistance (Rm) for each patched neuron. Whole-cell
access resistances measured in the voltage-clamp mode were in the
range of 5–20MΩ.

A current-clamp configuration protocol consisting in 1-s depolar-
izing current steps (+20/+200 pA, 20 pA step) was used to record the
action potential (AP) firings in the M1 layer V PNs. The pipettes were
filled with an intracellular solution containing (in mM): 145 KGlu, 1
EGTA, 0.1 CaCl2, 10 HEPES, 2 MgCl2 and 2 Mg-ATP (pH 7.3,
300mOsm). For each neuron, the firing frequency (number of actions
potentials per second) was plotted against the injected currents (F–I
relationship).

To record the persistent Na+ current (INap), 4-Aminopyridine (4-
AP, 2mM) and CdCl2 (0.2 mM) were added in the ACSF in order to
block K+ and Ca2+ conductances, respectively. The internal solution
was as follows (in mM): 130 CsCl, 20 tetraethyl-ammonium-Cl, 1
MgCl2, 0.24 CaCl2, 10 D-glucose, 5 EGTA, 10 HEPES, 2 ATP-Mg (pH 7.3
with CsOH, 300mOsm). To isolate the INap, a slow ramp protocol (from
−100mV to +30mV; 14mV/s) in voltage-clamp mode, was used, in
order to prevent activation of the fast transient Na+ current compo-
nent. When the slow voltage ramp was applied to patched neurons, the
recorded currents increased relatively linearly in the sub-threshold re-
gion near rest, because of the passive leak current, but at more depo-
larized levels between −70 and −60mV, the current usually deviated
downward from the extrapolated leak current. The ramp protocol was
applied in the absence and after 5min of Tetrodotoxin (TTX, 1 μM;
Tocris) exposure. TTX was added in the ACSF containing 4-
Aminopyridine (4-AP, 2mM) and CdCl2 (0.2 mM), and perfused on slice
using a gravity perfusion system. Traces obtained in the presence of
TTX were subtracted from those obtained in its absence, to extrapolate
the inward current referred to as INap.

To test the contribution of NaV1.6 in the INap at P30 G93A PNs, we
used the TTX metabolite 4,9-anhydro-tetrodotoxin (4,9-ah-TTX,
300 nM; Tocris), a compound which has a greater potency in blocking
NaV1.6 channels over other NaV isoforms (Rosker et al., 2007;
Teramoto and Yotsu-Yamashita, 2015). INap before and after 5min of
4,9-ah-TTX exposure were recorded, and the percentage of INap re-
duction after the exposure to the NaV1.6 blocker was calculated, in
order to obtain the Nav1.6 contribution on total INap amplitude.

2.4. Immunofluorescence and densitometric analyses

Mice were anesthetized with Rompun (20mgml−1, 0.5 ml kg−1,
i.p., Bayer) and Zoletil (100mgml−1, 0.5 ml kg−1, Virbac) and per-
fused transcardially with 50ml saline followed by 50ml of 4% paraf-
ormaldehyde in phosphate buffer (PB; 0.1 M, pH 7.4). The brains were
post-fixed in paraformaldehyde overnight at 4 °C and then immersed in
a 30% sucrose solution at 4 °C. The brains were cut into 30mm-thick
coronal sections using a freezing microtome. In order to avoid staining
variability, brain sections of Control and G93A mice were con-
comitantly incubated with the same cocktail of primary and secondary
antibodies. Specifically, the sections selected for immunofluorescence
were incubated for 48 h with primary antibodies including mouse anti-
neuronal nuclei (NeuN; 1:200; Millipore, MAB-377), rabbit anti-NaV1.6
antibody (1:200; Alomone Labs, Israel) prepared in PB containing 0.3%

Triton X-100. Each incubation step was followed by three 5-min rinses
in PB. Afterwards, sections were incubated 2 h at RT with secondary
antibodies including Alexa Fluor 555 donkey anti-rabbit IgG (1:200;
Invitrogen), Alexa Fluor 488 donkey anti-mouse IgG (1:200;
Invitrogen). Furthermore, the sections were counterstained with Neuro-
Trace® 640/660 deep-red Fluorescent Nissl Stain (1: 200; Invitrogen) in
order to determine the cytoarchitectonic area (primary motor cortex,
M1) and layer (layer V) of interest as in Saba et al., 2016. After further
washes in PB, the sections were mounted using an anti-fade medium
(Fluoromount; Sigma).

The specificity of immunohistochemical labeling of anti-NaV1.6 was
confirmed by omission of primary antibodies and use of normal serum
instead (negative controls).

Sections were rinsed, mounted, coverslipped and then examined
using a confocal laser scanning microscope (Zeiss LSM700, Germany).
The confocal image acquisitions were performed using consistent set-
tings for laser power and detector gain.

Quantification of the immunoreactivity (IR) of NaV1.6 in G93A and
Control mice was performed off-line on confocal images by densito-
metric analyses, as already reported (Lo Iacono et al., 2015). Briefly,
after background subtraction, the neurons of layer V of M1 and soma-
tosensory cortex (S1) and neurons of layer II-III of M1 NaV1.6-asso-
ciated signal were quantified by manually outlining individual neurons
and measuring cell associated fluorescence intensity with the ImageJ
software (http://rsb.info.nih.gov/ij/). The F/A ratio defines mean
fluorescence of individual cells (F) normalized to total cellular surface
(A). Quantification was done on 150 cells per cortical region/layer per
group (n=5 mice per group), and was conducted blind to the animal's
experimental group.

2.5. Electrophysiology combined with microfluorometry

Patch-clamp recordings combined to microfluorometry were per-
formed in a subset of experiments in PNs at P30, according to published
procedures (Davoli et al., 2015; Guatteo et al., 2013). PNs from the
deep part of layer V of the primary motor cortex (M1) were visually
identified using an upright infrared microscope (Olympus, BX51WI) via
a 40× water immersion objective (Olympus) and a CCD camera
(Photometrics, Evolve). Recordings were conducted using a Multiclamp
700B amplifier (Molecular Devices) using pipettes (2–5MΩ) filled with
(mM): 125 K-gluconate, 10 KCl, 0.1 CaCl2, 1 MgCl2, 10 HEPES,
0.75mM EGTA, 0.25 Fura-2, 2 ATP-Mg2+ (pH 7.3, 280mOsm). Fura-2
loaded neurons were illuminated using a monochromator-based system
(Till Photonics) which provided 340 and 380 nm excitation wave-
lengths. Emitted light passed a barrier filter (440 nm) and was detected
by the CCD camera. Images were acquired at 1-second intervals using
MetaFluor software. Calcium levels are reported as fluorescence ratios
(R) calculated from the formula (F340soma-F340bg)/(F380soma-F380bg) as
previously reported (Guatteo et al., 2013) and according to
Grynkiewicz et al. (1985). In order to obtain a proper time resolution of
fluorescence signals during action potential firing, in this set of ex-
periments we applied long-lasting depolarizing current steps (10 s) of
increasing amplitudes (20 to 260 pA, 20 pA increment).

2.6. Statistical analyses

The analysis of current-clamp recordings was performed off-line
using the software Clampfit 10.4 (Molecular Devices). The data are
presented as the mean ± standard error (SE), with “n” indicating the
number of analyzed neurons. At least three mice from each experi-
mental group were used for the measurement of the parameter reported
in the Result Section. Statistical analysis was performed using Origin 7
(Microcal Software) and SPSS 17.0 for Windows (SPSS, Inc.) software.
Statistically significant differences were determined using the unpaired
Student's t-test or One-Way ANOVA followed by Bonferroni's correc-
tion. Values of p < .05 were considered statistically significant.
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3. Results

3.1. G93A mice show a non-linear evolution of cortical excitability

In our recent work we have demonstrated in G93A mice at P30, an
early presymptomatic stage of the disease, a hyperexcitability status of
M1 layer V PNs, compared to Control (Saba et al., 2016). In order to
investigate the excitability temporal trend of these neurons, we have
performed whole-cell patch-clamp recordings, in current-clamp mode,
in Control and G93A mice at P14, P30 and P90. Only neurons that
looked like pyramidal and that responded to a current injection with
repetitive firing, as reported in Materials and Methods, have been
considered for the final analysis.

Results we have obtained indicate that at P14, when mouse motor
cortex has not yet reached full maturation (Gonzalez-Lozano et al.,
2016; Moyer and Zuo, 2018; Tjia et al., 2017), the AP firing frequencies
in response to 1-sec depolarizing current step (+20/+200 pA, 20 pA
increment) recorded in Control (n=23) and G93A PNs (n=24) are
not significantly different (p > .05, Student's t-test) (Fig. 1A). Instead,
at P30 the recordings confirmed the hyperexcitability status of G93A
M1 PNs previously reported (Saba et al., 2016) (Fig. 1B). Recordings
from G93A mice at P90, a symptomatic stage of the disease, revealed
that at this age M1 PNs display a decreased number of APs respect to
Control PNs in response to the same depolarizing current injection, a
hallmark of a hypoexcitability status (Control: n=21; G93A: n=22;
p < .05 for injected currents equal or above +160 pA, unpaired Stu-
dent's t-test) (Fig. 1C).

To verify whether the PN AP firing difference at P30 and P90 was
due to different Rm, we have studied the membrane resistance in
Control and G93A at all ages. The results obtained indicate that the Rm
was similar between Control and G93A mice at all ages (p > .05, One
Way ANOVA following Bonferroni's correction), suggesting that at P30
and P90 the Rm variations were not involved in the G93A firing
aberrations. Interestingly, a decrease in Rm values during mice devel-
opment (Etherington and Williams, 2011; Maravall et al., 2004), cor-
responding to a decreased AP firing frequency (Al-Muhtasib et al.,
2018; Sun and Harrington, 2019), was observed both in Control and
G93A PNs (P14 Control: 222.7 ± 14.1MΩ, n=23; P14 G93A:
229.9 ± 14.1MΩ, n= 24; P30 Control: 97.7 ± 5.9 MΩ, n=19; P30
G93A: 109.5 ± 8.8MΩ, n=17; P90 Control: 90.7 ± 5.6MΩ, n= 21;
P90 G93A: 101.1 ± 4.2MΩ, n=22. p < .001, P14 vs P30 and P90 for
both groups, One Way ANOVA following Bonferroni's correction).

The body weight was not significantly different between Control
and G93A mice at P30 and P90 (P30 Control: 17.4 ± 0.43 g, n=21;
G93A: 16 ± 0.6 g, n= 23; p > .05, Student's t-test. P90 Control:
28.1 ± 0.6 g, n=15; G93A: 27.4 ± 0.7 g, n=13; p > .05, Student's
t-test), in accordance with the results previously reported (Schafer and
Hermans, 2011; Weydt et al., 2003).

3.2. Persistent Na+ current aberrations in M1 layer V pyramidal neurons of
G93A mice

Voltage-dependent channels control the neuronal AP firing ability
and, among them, the non-inactivating persistent Na+ current (INaP) is
known to play a key role in facilitating the repetitive firing (Stafstrom,
2007; Yue et al., 2005). To study whether the INap properties were
altered in M1 layer V PNs G93A mice compared to Control at P14, P30
and P90, we have performed voltage-clamp recordings using a slow
ramp protocol (from −100mV to +30mV; 14mV/s) to evoke INap
current and to prevent activation of the fast-transient Na+ current
component, under experimental conditions in which Ca2+ and K+

currents were pharmacologically blocked (see Materials and Methods).
For all tested neurons, the INap current-voltage relationship was ob-
tained by subtracting the slow current amplitude before and after TTX
perfusion (Fig. 2).

Results we have obtained show that INap amplitude, measured at
the peak, was not significantly different between Control and G93A PNs
at P14 (Control: 57 ± 4.2 pA, n= 19; G93A: 56.7 ± 6.3 pA, n=14;
p > .05, unpaired Student's t-test) (Fig. 2A), whereas at P30 the mean
INap peak amplitude was significantly higher in G93A PNs
(359 ± 47.7 pA, n=27) compared to Control PNs (234 ± 35 pA,
n=23; p < .05, unpaired Student's t-test) (Fig. 2B). By contrast, at
P90 the INap mean amplitude was significantly lower in G93A PNs
(198 ± 23 pA, n= 22) compared to Control PNs (289 ± 36.7 pA,
n=17; p < .05, unpaired Student's t-test) (Fig. 2C), indicating a time-
dependent aberration in the INap, as detected for firing frequency. The
INap threshold potential and peak potential were not significantly dif-
ferent between Control and G93A PNs, at any age analyzed (data not
shown).

3.3. Altered NaV1.6 expression level in G93A M1 layer V

The Na+ channel isoform Nav1.6, encoded by the SCN8A gene, is
highly localized along the axonal initial segment and is known to
contribute in INap generation and, consequently, to play a central role
in regulating the neuronal firing pattern (Gonzalez-Cabrera et al., 2017;
Hu et al., 2009; Osorio et al., 2010).

To determine whether changes in INap amplitude observed between
Control and G93A mice at different ages reflect a different expression
level of the NaV1.6 channel protein, we have performed immuno-
fluorescence and densitometric analyses on cerebral cortex of Control
and G93A mice at P14, P30 and P90 (Fig. 3).

Immunofluorescent labeling of M1 with anti-NaV1.6 antibody
showed intense labelling in all layers, in both the Control and G93A
mice at all the time points considered. In particular, cell bodies of PNs
of layer V were clearly labeled and the NaV1.6 staining appeared to be
cytoplasmic (Fig. 3).

Densitometric analysis of NaV1.6 immunoreactivity (IR) in M1
cortical layer V showed that the NaV1.6 expression level was similar in

Fig. 1. G93A mice show a non-linear evolution of cortical excitability.
(A) Left- Representative repetitive firing recorded from M1 layer V PNs in Control and G93A mice at P14, evoked by +120, +160 and +200 pA current injections
(1 s) under the current-clamp condition (Control: Vm=−63mV; G93A: Vm=−64mV). Right- Means and standard errors of firing frequencies, measured as APs
number, plotted against the injected current intensities (+20/+200 pA, 20 pA steps, 1 s) of Control and G93A PNs at P14. The number of APs evoked by the same
injected current was not different between the two neuronal populations (p > .05; unpaired Student t-test). (B) Left- Representative repetitive firing recorded from
M1 layer V PNs in Control and G93A mice at P30, evoked by +120, +160 and +200 pA current injections (1 s) under the current-clamp condition (Control: Vm=−
70mV; G93A: Vm=−71mV). Right- Means and standard errors of firing frequencies, measured as APs number, plotted against the injected current intensities
(+20/+200 pA, 20 pA steps, 1 s) of Control and G93A PNs at P30. Over the range of injected currents, the frequencies of APs varied in Control PNs from 0 to
15.3 ± 1.4 Hz, and in G93A PNs from 0.06 ± 0.06 to 21.9 ± 2.3 Hz (Control: n=19; G93A: n=17). The number of APs evoked by injected currents equal or
above +60 pA was significantly higher in G93A neurons compared to Control. *p < .05; **p < .01 unpaired Student's t-test. (C) Left- Representative repetitive
firing recorded from M1 layer V PNs in Control and G93A mice at P90, evoked by +120, +160 and+200 pA current injections (1 s) under the current-clamp
condition (Control: Vm=− 69mV; G93A: Vm=− 70mV). Right- Means and standard errors of firing frequencies, measured as APs number, plotted against the
injected current intensities (+20/+200 pA, 20 pA steps, 1 s) of Control and G93A PNs at P90. Over the range of injected currents, the frequencies of APs varied in
Control PNs from 0 to 18 ± 1.3 Hz, and in G93A PNs from 0 to 12.5 ± 1Hz (Control: n=21; G93A: n=22). The number of APs evoked by injected currents equal
or above +160 pA was lower in G93A neurons compared to Control. *p < .05, **p < .01, unpaired Student's t-test.
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Control and G93A PNs at P14 (Control: F/A=10.66 ± 0.24; G93A: F/
A=11.06 ± 0.34; p > .05, unpaired Student's t-test) (Fig. 3C). At
P30 our findings showed that the NaV1.6 expression level was sig-
nificantly increased in G93A (F/A=13.73 ± 0.20) compared to
Control PNs (F/A=10.32 ± 0.27; p < .001, unpaired Student's t-test)
(Fig. 3F). Conversely, at P90, the NaV1.6 expression level was sig-
nificantly lower in G93A (F/A=10.44 ± 0.58) compared to Control
PNs (F/A=12.91 ± 0.46; p < .001, unpaired Student's t-test)
(Fig. 3I).

To be sure that these findings are M1-layer V-specific, we analyzed
the expression pattern of NaV1.6 in somatosensory cortex (S1) and in
M1 layer II-III neurons. Densitometric analysis of NaV1.6 IR in S1
cortical layer V, as well as in M1 layer II-III, showed that in both regions
the NaV1.6 expression level was similar in Control and G93A at all the

time points analyzed (Suppl. F1), confirming that the different ex-
pression level of NaV1.6 protein observed between Control and G93A
mice is M1-layer V-specific.

3.4. The NaV1.6 channel plays a role in the increased INap of M1 layer V
PNs from P30 G93A mice

To investigate the NaV1.6 contribution on the total INap amplitude,
we have tested the effect of 4,9-anhydrotetrodotoxin (4,9-ah-TTX;
300 nM), a potent NaV1.6 blocker (Rosker et al., 2007; Teramoto and
Yotsu-Yamashita, 2015), on INap of M1 layer V PNs in G93A and
Control mice at P30.

By using the previously described ramp protocol, we have calcu-
lated for each neuron the percentage of the INap reduction following

Fig. 2. Persistent Na+ current alterations in M1 layer V PNs during G93A mouse development.
(A) Left- Persistent Na+ current (INap) evoked by a slow voltage ramp protocol (14mV/s from −100 to +30mV) in M1 layer V PNs from Control and G93A at P14.
The current traces shown at the bottom of the panel were obtained by digitally subtracting the traces recorded in 1 μM TTX (grey) from initial recordings (black).
Right- Bar plot of mean values with standard errors of INap current amplitude in P14 Control and G93A PNs. The values related to INap current amplitude resulted no
significantly different between Control and G93A neurons. p > .05 unpaired Student t-test.
(B) Left- INap evoked by a slow voltage ramp protocol (14mV/s from −100 to +30mV) in M1 layer V PNs from Control and G93A at P30. The current traces shown
at the bottom of the panel were obtained by digitally subtracting the traces recorded in 1 μM TTX from initial recordings. Right- Bar plot of mean values with
standard errors of INap current amplitude in P30 Control and G93A PNs. The values related to INap current amplitude resulted significantly higher in G93A neurons
compared to Control. *p < .05, unpaired Student's t-test.
(C) Left- INap evoked by a slow voltage ramp protocol (14mV/s from−100 to +30mV) in Control and G93A M1 layer V PNs at P90. The current traces shown at the
bottom of the panel were obtained by digitally subtracting the traces recorded in 1 μM TTX (grey) from initial recordings (black). Right- Bar plot of mean values with
standard errors of INap current amplitude in P90 Control and G93A PNs. The values related to INap current amplitude resulted significantly lower in G93A neurons
compared to Control. *p < .05, unpaired Student t-test.

Fig. 3. Altered NaV1.6 immunoreactivity in G93A M1.
Immunofluorescence of NaV1.6 in layer V of motor cortex of Control and G93A mice at P14, P30 and P90. Confocal images of double immunofluorescence for
Neurotrace (blue A, B, D, E, G, H) and NaV1.6 (red A′, B′, D′, E′, G′, H′) showing the different NaV1.6 expression (insets) in neurons of layer V between the two
experimental groups at the different ages considered. (C, F and I) Histograms of densitometric values of NaV1.6 in neurons of layer V of motor cortex of Control and
G93A mice at the different ages considered, expressed as mean fluorescence of individual cells, normalized to total cellular surface (F/A; N=150 cells/group; 5
mice/group). Scale bars: (A–B′, D–E′, G–H′)= 100 μm; insets= 10 μm. ***p < .001, unpaired Student t-test. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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5minutes 4,9-ah-TTX perfusion (300 nM; (Hargus et al., 2013). The
INap current reduction following 4,9-ah-TTX perfusion resulted sig-
nificantly higher in G93A PNs compared to Control (Control:
20.6% ± 4.5; n=14; G93A: 34.3% ± 4; n= 14; p < .05, unpaired
Student's t-test) (Fig. 4), clearly indicating that the contribution of
NaV1.6 to INap amplitude is significantly higher in G93A compared to
Control.

3.5. Calcium imaging

To explore if the hyperexcitability status of M1 layer V PNs from
G93A mice at P30 correlated with a de-regulation of Ca2+ homeostasis,
we have performed a subset of experiments in which electro-
physiological recordings were combined to microfluorometry, both in
G93A and Control PNs (Fig. 5).

Basal Ca2+ concentration levels, measured at the resting membrane
potential, in the absence of any stimulus, was significantly higher in
G93A (0.44 ± 0.024 R, n=17) in comparison with Control PNs
(0.39 ± 0.009 R, n=19, p < .05, unpaired Student's t-test; Fig. 5A).
We have confirmed that G93A PNs were in a hyperexcitability status
also in this experimental set in which we applied 10 s duration depo-
larizing current steps (see Material and Method section), as their firing
frequency was significantly higher than in Control PNs, at all stimulus
intensities (p= .001, unpaired Student's t-test; Fig. 5B). Accordingly,
the extent of [Ca2+]i accumulation in response to depolarizing currents
was greater in G93A respect to Control PNs, at all stimulus intensities
(p < .05, unpaired Student's t-test; Fig. 5C, D). To test whether the
observed [Ca2+]i accumulation is associated with changes in release
and/or reuptake kinetics, we have analyzed rise and decay times of the
calcium transient evoked by 260 pA current injection (Fig. 5C, rec-
tangle). We have found that these values were similar in the two neu-
ronal populations (Rise time Control: 4.94 ± 0.31 s, n=12; G93A:
5.49 ± 0.41 s, n=13, p > .05; T100 Control: 25.11 ± 4.25 s, n= 12;
G93A: 26.02 ± 3.46 s, n= 13, p > .05, unpaired Student's t-test;
Fig. 5E,F). Moreover, we have compared [Ca2+]i levels between G93A
and Control PNs firing at the same frequency, independently on the
stimulus intensity (Fig. 5G). The two curves overlapped in the lower
firing frequency ranges (from 0 to 2.9 Hz to 9–11.9 Hz, p < .05, un-
paired Student's t-test), but significantly differed above 12 Hz
(12–14.9 Hz and 15–17.9 Hz, p < .05, unpaired Student's t-test), sug-
gesting that mechanisms other than the voltage-gated Ca2+ channels
are responsible for aberrant [Ca2+]i accumulation in G93A PNs.

4. Discussion

The phenomenon of cortical hyperexcitability has been widely de-
scribed in sporadic and familial ALS patients (Geevasinga et al., 2016b;

Vucic et al., 2008; Williams et al., 2013), and in animal models
(Carunchio et al., 2010; Naka and Mills, 2000; Nieto-Gonzalez et al.,
2011; Pieri et al., 2009; Zanette et al., 2002). Interestingly, Transcranial
Magnetic Stimulation (TMS) studies on ALS patients have revealed that
cortical hyperexcitability appears at an early state of the disease
(Geevasinga et al., 2016b; Vucic and Kiernan, 2017), and that survival
is inversely correlated with the degree of this cortical abnormal excit-
ability (Kanai et al., 2012; Shibuya et al., 2016). The alterations of
cortical electrical properties in the G93A ALS mouse model have been
recently demonstrated by our research group, associated to the in-
creased glutamatergic synaptic transmission and to the neuronal mor-
phological aberrations, all occurring at an early disease phase (Saba
et al., 2016). The increased action potential firing frequency and ex-
citatory neurotransmission of the primary motor neuron would provoke
the excitotoxicity phenomenon, leading to an exacerbated calcium in-
flux into the postsynaptic motor neuron, which may trigger the motor
neuron degeneration typical of this pathology (Dong et al., 2009; Patai
et al., 2017). Riluzole, one of the drugs utilized for the treatment of
ALS, inhibits glutamatergic neurotransmission (Blasco et al., 2014;
Lazarevic et al., 2018) and normalizes cortical excitability (Carunchio
et al., 2010; Geevasinga et al., 2016a; Lamanauskas and Nistri, 2008;
Pieri et al., 2009), indicating that these electrical alterations can be
considered among the pathological mechanisms occurring in ALS.

To date, a factor that has been given little attention is the role that
postnatal maturation processes have in the development of the disease.
Although many studies have demonstrated the cortical hyperexcit-
ability in the G93A mouse, it is not known when it firstly manifests, as
well as how it evolves during the disease progression. To this aim, in
this study we have answered to these unresolved questions. Specifically,
we have performed experiments on the G93A ALS mouse model at three
different ages, reflecting three different stages of the disease progres-
sion. The G93A age of 14 post-natal days (P14) is considered asymp-
tomatic because any degeneration sign is detectable (Fogarty et al.,
2015; van Zundert et al., 2008). The G93A P30 age is considered the
early symptomatic phase, with aberrant cortical excitability, glutama-
tergic neurotransmission, neuronal morphology and degeneration
(Ozdinler et al., 2011; Saba et al., 2016; Weydt et al., 2003), while the
G93A P90 age corresponds to the symptomatic phase, characterized by
the gradual motor neuronal degeneration, motor deficits and muscle
weakness (Jara et al., 2012; Ozdinler et al., 2011; Spalloni et al., 2011;
Steyn et al., 2013). Our results have demonstrated the presence of bi-
directional changes in G93A cortical excitability across mouse devel-
opment. In fact, while at P14, the G93A M1 PNs firing frequency is not
significantly different than Control, it significantly increases at P30, and
significantly reduces at P90.

The non-linear altered cortical excitability in ALS mouse model has
been also reported previously, although with a different evolution (Kim
et al., 2017). Instead, studies performed on induced pluripotent stem
cell-derived motor neurons from ALS patients harboring the C9orf72,
the TARDP43, the fused-in-sarcoma and the SOD1 ALS-causing muta-
tions, agree with our results. Specifically, independently from genotype,
patient-derived motor neurons show, at an early stage in culture, a
status of hyperexcitability (Kiskinis et al., 2014; Wainger et al., 2014),
followed by a status of hypoexcitability after many days in vitro (Devlin
et al., 2015; Guo et al., 2017; Naujock et al., 2016).

Voltage-dependent sodium currents are crucial in the control of
neuronal excitability and, specifically, the persistent sodium current
(INap) plays a key role in modulating membrane excitability (Doeser
et al., 2014; Stafstrom, 2007). The pivotal role of INap in the ALS
cortical hyperexcitability has been already reported by our research
group and by others (Benedetti et al., 2016; Carunchio et al., 2010;
Geevasinga et al., 2015; Pieri et al., 2009) but, to our knowledge, its
correlation with the lower action potential frequency we have observed
at P90 has never been reported. For this reason, we have analyzed this
specific current at the three mouse ages. Results we have herein ob-
tained suggest that INap is a major factor influencing cortical

Fig. 4. NaV1.6 contribution in INap is higher in G93A M1 layer V PNs than
Controls from P30 aged mice.
Bar plot of mean values with standard errors related to the % reduction of INap
amplitude after the exposure to 4,9-ah-TTX (300 nM), the NaV1.6 channel
blocker, of M1 layer V PNs in Control and G93A mice at P30. The INap current
reduction following 4,9-ah-TTX perfusion resulted significantly higher in G93A
PNs compared to Control PNs, suggesting an increased contribution of NaV1.6
in INap. *p < .05, unpaired Student t-test.
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excitability: it is elevated months before G93A symptoms onset, in
parallel to the neuronal hyperexcitability, and it is reduced during the
symptomatic phase, in parallel to the neuronal hypoexcitability, com-
pared to Control PNs from mice at the same age. Since it is known that a
small increase of INap can dramatically facilitate hyperexcitability, the
role of the persistent sodium current in ALS is an interesting focus to
investigate.

The INap cortical alterations have been widely described in neuro-
logical deficits as epilepsy because this current can maintain the
membrane depolarization for a long time, generating the epilepticus
firing (Chen et al., 2011; Doeser et al., 2014). Indeed, specific sodium
channel mutations have been associated with INap increase and epi-
lepsy syndromes (Patino and Isom, 2010; Stafstrom, 2007).

INap is induced by the activation of several types of voltage-de-
pendent sodium channels (Nav1.1–1.9) (Lin and Baines, 2015;
Stafstrom, 2007) and, among them, the Nav1.6 is critically involved in
the neuronal excitability control due to its specific localization within
the Axonal Initial Segment (AIS) (Hu et al., 2009; Katz et al., 2018).
Mutations in the gene codifying for the Nav1.6 channel, the SCN8A
gene, and alterations in the channel expression level are reported both
in humans and in murine models of epilepsy (Blumenfeld et al., 2009;
Veeramah et al., 2012; Wagnon et al., 2016). A decrease of the NaV1.6
level significantly reduces the neuronal spontaneous firing and the

frequencies of evoked-firing in many neurons (Makinson et al., 2014;
Royeck et al., 2008; Van Wart and Matthews, 2006). Furthermore, the
deletion of Nav1.6 encoding gene, the SCN8A gene, reduces neuronal
electrical activity and firing (Osorio et al., 2010; Raman et al., 1997),
and causes mouse paralysis (Burgess et al., 1995). Conversely, aberrant
overexpression of the NaV1.6 channel increases INap, confirming its
critical role in controlling neuronal excitability (Lopez-Santiago et al.,
2017; Wong et al., 2018).

To date, there are no data in the literature reporting a direct in-
volvement of NaV1.6 in the pathogenesis of ALS and, for this reason, we
have studied the expression level of this sodium channel subtype during
disease progression. Our results indicate that the bidirectional altera-
tions of the INap are coupled to the parallel tissue- and layer-specific
increase and decrease of the NaV1.6 expression level, suggesting a pi-
votal role of this sodium channel subtype in the development of the
time-dependent G93A cortical functional aberrations. Moreover, in
G93A M1 PNs at P30 the Nav1.6 contribution to the INap amplitude
was significantly higher than in Control, confirming the pivotal role of
this specific channel in the early cortical hyperexcitability.

Abnormal intrinsic neuronal repetitive firing has been proposed
very early on to cause glutamate-mediated excitotoxicity and neuronal
degeneration in ALS (Rothstein et al., 1990), with an excessive in-
tracellular calcium elevation and apoptotic death (Ilieva et al., 2009;

Fig. 5. Analysis of baseline and stimulated intracellular [Ca2+]i in M1 layer V PNs of P30 Control and G93A mice.
A) Mean values of basal intracellular [Ca2+] in M1 layer V PNs of Control and G93A mice. B) Firing frequency plotted against injected current. C) Depolarizing
current steps from +20 pA to +260 pA (20 pA increment, 10 s, bottom) stimulate intracellular [Ca2+] elevation in M1 layer V PNs of both Control and G93A mice
(top). The baseline levels of two traces have been superimposed to better appreciate the amplitude of Ca2+ signals in Control and G93A PNs. Rise (●) and decay (●●)
times of the [Ca2+]i elevation at last current step (+260 pA) were analyzed in both genotypes. D) Stimulated intracellular [Ca2+]i elevations are plotted against
injected currents. E–F) Mean values of rise time and decay time (T100) of the [Ca2+]i elevation at last current step. G) Stimulated intracellular [Ca2+]i elevations are
plotted against firing frequency ranges (3 Hz) in both Control and G93A mice. *p < .05, ***p < .001, unpaired Student's t-test.
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Kuo et al., 2005; von Lewinski and Keller, 2005). Interestingly, our data
show that M1 PNs from G93A at P30, among being hyperexcitable,
have a significant higher cytoplasmic Ca2+ concentration already at
their resting membrane potential compared to Control PNs, suggesting
that both the intrinsic neuronal hyperexcitability and increased ex-
citatory neurotransmission would put neuron in a more excitotoxic-
susceptible state. Accordingly, in G93A PNs the extent of [Ca2+]i ac-
cumulation in response to depolarizing currents was greater, at all sti-
mulus intensities, but this alteration was not merely due to the G93A
PNs higher firing frequency. In fact, by comparing [Ca2+]i levels be-
tween G93A and Control PNs firing at the same frequency, we have
observed that at high firing frequencies, independently from the in-
tensity of the current stimulus, the G93A [Ca2+]i level was significantly
higher than Control. This result leads us to speculate that other me-
chanisms than those expected, as the more intense recruitment of vol-
tage-gated calcium channels upon increasing firing frequencies, are
responsible for [Ca2+]i accumulation in G93A PNs. Several studies have
linked deregulation of Ca2+ homeostasis and neuron degeneration oc-
curring in neurodegenerative diseases including ALS (recently reviewed
by (Czell et al., 2017). Ca2+ deregulation is multifactorial, possibly
involving excess of extracellular glutamate (van der Spek et al., 2018),
abnormal recovery following AMPA receptor activation (Guatteo et al.,
2007), loss of Ca2+-binding proteins (Esanov et al., 2017; Moloney
et al., 2017) and mitochondria Ca2+ overload which results in chronic
mitochondria depolarization (Langseth et al., 2017). Additionally,
dysfunction of plasma membrane extrusion mechanisms, including
Ca2+-ATPase and Na+/Ca2+ exchanger (Anzilotti et al., 2018), may
also contribute to Ca2+ deregulation in cortical PNs of this mouse
model of ALS.

In this study we provide evidence that cortical excitability altera-
tions during G93A disease progression follow a non-linear trend,
matching with specific INap and NaV1.6 aberrations. Moreover, the
early hyperexcitability status of G93A pyramidal neurons (PNs) is ac-
companied to [Ca2+]i de-regulation.

5. Conclusions

In conclusion, results obtained in this study not only contribute
improving the knowledge on ALS pathology, but could provide new
molecular and pharmacological therapeutic strategies effective in
blocking, or slowing down, the progression of the disease. In fact, the
identification of a new target, such as the NaV1.6 voltage-dependent
sodium channel, could lead to design new experimental strategies able
to modulate its expression level and activity. This would allow to
contrast the temporal evolution of cortical dysfunctions in the mouse
model of ALS and thus slow down the progression of the disease.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.104532.
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