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Abstract
Voltage-gated potassium channels, Kv3.1, Kv3.2, Kv3.3, and Kv3.4, facilitate rapid repolarization and shape action 
potentials, which are crucial to maintaining high-frequency firing. Little is known about the expression and 
function of Kv3 channels in skeletal muscle. We show that these channels are expressed in type IIa/IIx fibers, and 
their transcript levels progressively increase from postnatal age to adulthood in physiological context. In mature 
myofibers, the Kv3.1 and Kv3.4 channels are enriched in the muscle triads. The expression of the Kv3 channel is 
lost upon acute motor unit damage, in mouse models of amyotrophic lateral sclerosis (ALS) and spinal and bulbar 
muscular atrophy (SBMA), and the skeletal muscle of patients with sporadic ALS. Early treatment of ALS and 
SBMA mice with AUT00201, a positive allosteric modulator of Kv3 channels, improved the phenotype of ALS mice 
specifically, suggesting that positive modulation of Kv3 channels is a novel therapeutic option for patients with 
ALS.
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Introduction
Motor neuron and neuromuscular diseases encompass a 
diverse group of progressive disorders that target upper 
and lower motor neurons, which are responsible for 
the contraction of the skeletal muscle, leading to severe 
impairment in mobility, respiratory function, and overall 
quality of life. Amyotrophic lateral sclerosis (ALS) is the 
most prevalent adult-onset motor neuron disease char-
acterized by the degeneration of both upper and lower 
motor neurons [1, 2]. The genetic complexity of ALS is 
high, with several causative genes linked to the disorder 
[3, 4]. Approximately 90% of cases are sporadic, while 
10% are familial. The first mutations associated with ALS 
were found in the superoxide dismutase 1 (SOD1) gene, 
which encodes an enzyme that detoxifies reactive oxy-
gen species and is responsible for around 10% of familial 
cases [5]. Since then, several genes, including TARDBP 
(TAR DNA Binding Protein), which codes for TDP-43, 
FUS, and C9ORF72) have been associated with specific 
familial forms of ALS, leading to the identification of 
novel pathogenetic processes involved. Sporadic ALS has 
a less clearly defined etiology but exhibits similar patho-
logical characteristics, including motor neuron dysfunc-
tion and degeneration and skeletal muscle wasting. Spinal 
and bulbar muscular atrophy (SBMA) is a neuromuscular 
disease characterized by primary dysfunction and loss 
of both lower motor neurons and myofibers, leading to 
progressive muscle weakness, fasciculations and atrophy 
[6]. SBMA is a monogenic disease caused by expansions 
of a CAG trinucleotide homorepeat (≥ 38) located at exon 
1 of the androgen receptor (AR) gene, resulting in the 
translation of an AR with an aberrantly expanded poly-
glutamine tract (polyQ) [7]. A key feature of SBMA is its 
sex discrepancy, with full disease manifestations occur-
ring in males, due to the fact that polyQ-expanded AR is 
converted to a toxic species upon binding to its natural 
ligands, namely testosterone and dihydrotestosterone 
[8]. Despite knowledge of genetic causes, the pathoge-
netic processes leading to subsequent loss of motor neu-
rons and muscle atrophy in both ALS and SBMA are still 
poorly understood [9]. These pathogenetic processes are 
likely to involve a variety of downstream mechanisms 
affecting the integrity of the motor unit [10–12], leading 
to hyperexcitability of the motor neuron and innervated 
myofibers [13–16].

Ion channels play a crucial role in muscle excitabil-
ity by contributing to maintaining membrane potential, 
generating electrical signals, and regulating calcium flow 
through the membrane, thereby linking excitation with 
muscle contraction. The Kv3 family of voltage-gated 
potassium channels includes Kv3.1, Kv3.2, Kv3.3, and 
Kv3.4 and regulates the firing and excitability of neurons 
and myofibers [17, 18]. Kv3 channels localize to the axons 
and nerve terminals of neurons within the neocortex, 

hippocampus, basal ganglia, thalamus, cerebellum and 
brainstem [19, 20]. Kv3 channels are activated at relatively 
depolarized membrane potentials in neurons and are 
distinguished by their very fast activation and deactiva-
tion kinetics. These unique biophysical properties enable 
rapid repolarization of the action potential, which is 
essential for high-frequency firing. Although the expres-
sion and function of Kv3 channels are well characterized 
in neurons, little is known about other excitable tissues, 
such as skeletal muscle. In skeletal muscle, Kv3 channels 
are expressed more in mixed muscles than in fast-twitch 
muscles [21, 22]. The relevance of muscle expression of 
these channels emerged with analysis of the phenotype 
of loss-of-function mouse models and patients carry-
ing pathogenetic mutations in the coding genes. Genetic 
deletion of the mouse ortholog gene coding for Kv3.1 
results in alteration of muscle contraction properties and 
locomotor activities [23]. Loss of function mutations in a 
Kv3.4 binding partner in humans are related to periodic 
paralysis [17], and genetic deletion of the mouse ortho-
log gene affects muscle contraction and locomotion [24]. 
However, it is unclear whether alterations in the expres-
sion or function of Kv3 channels contribute to acute or 
chronic damage to the motor unit.

Here, we explored muscle tropism and the age-depen-
dent pattern of expression and function of Kv3 chan-
nels in pathophysiological conditions using both mouse 
genetic models and human muscle biopsies. We obtained 
evidence that the skeletal muscle expression of the Kv3.1 
and Kv3.4 channels is reduced under conditions of acute 
structural and functional damage to the motor unit, 
as well as in murine models of ALS and SBMA. These 
changes in gene expression occurred in the late stage of 
ALS and in the presymptomatic stage of SBMA. Positive 
modulation of Kv3 channel activity with a small molecule 
improved the phenotype of SOD1-G93A mice. On the 
contrary, similar modulation had no effect on the phe-
notype of SBMA mice, which is consistent with the early 
loss of Kv3 channel expression in skeletal muscle. Our 
findings suggest that stimulation of Kv3 channels repre-
sents a novel therapeutic strategy for ALS.

Results
The Kv3 channel isoforms are expressed in a fiber type-
specific manner with various subcellular localizations at 
the skeletal muscle junction
To characterize the expression pattern of the four mem-
bers of the Kv3 family in skeletal muscles with different 
tropism and metabolism, we measured the transcript lev-
els of the Kcnc1, Kcnc2, Kcnc3, and Kcnc4 genes encoding 
Kv3.1, Kv3.2, Kv3.3, and Kv3.4, respectively, in different 
types of muscles derived from wild-type 2-month-old 
male mice. We analyzed the slow-twitch soleus muscle, 
which is mainly composed of type I oxidative fibers, and 



Page 3 of 17Marabita et al. Acta Neuropathologica Communications          (2025) 13:153 

fast-twitch muscles, namely tibialis anterior (TA), quad-
riceps, gastrocnemius, and extensor digitorum longus 
(EDL), which are mixed muscles composed of intermedi-
ate type IIa and IIx fibers, and in rodents, type IIb glyco-
lytic fibers (Fig. 1a) [25]. By RT-PCR, we did not detect 
the transcript levels of the Kcnc2 gene, which is indeed 
expressed primarily in neurons [19]. Rather, we detected 
the transcript levels of the Kcnc1, Kcnc3, and Kcnc4 genes 
in all muscle types. In particular, the transcript levels of 
Kcnc1 and Kcnc4 were higher in the EDL, TA, gastroc-
nemius, and quadriceps muscles compared to soleus. 
Subsequently, we investigated whether the expression 
of these channels varies with age (Fig.  1b). We found a 
gradual increase in the expression of the Kcnc1, Kcnc3, 
and Kcnc4 genes from postnatal day 11 through adult-
hood. Expression remained high up to 2 years of age for 
the three channels, suggesting stable expression during 
adulthood in wild-type mice.

We then asked whether Kv3 channels are expressed in 
different fiber subtypes (Fig. 1c). We processed contigu-
ous transversal sections of TA muscles from 2-month-old 
wild-type mice for immunofluorescence analysis of spe-
cific fiber subtype, that is, myosin heavy chain (MyHC) 
IIa, MyHCIIx, and MyHC IIb, coupled with NADH stain-
ing to merge information with fiber metabolism (oxi-
dative versus glycolytic). Although we did not find an 
antibody for Kv3.3 suitable for this analysis, we set out 
a protocol for specific staining for Kv3.1 and Kv3.4. We 
found that Kv3.1 and Kv3.4 are expressed mainly in type 
IIa and IIx fibers compared to type IIb fibers. Next, we 
sought to analyze the localization of Kv3.1 and Kv3.4 in 
single longitudinal myofibers of TA muscles (Fig. 1d), as 
previously described [26]. We combined Kv3.1 or Kv3.4 
staining with dihydropyridine receptors (DHPRs) that are 
enriched in the junctional sarcoplasmic reticulum (J-SR), 
which is the region of the terminal SR cisternae that faces 
the t-tubules in triads between longitudinal SR (L-SR). 
Using confocal microscopy and assessing the fluores-
cence intensity profile, we found that Kv3.4 has a regular 
doublet pattern that overlaps that of DHPR, indicating 
that Kv3.4 is mainly localized at the muscle triads, while 
Kv3.1 is enriched, but not exclusive to the triads.

Expression of Kv3 channels is highly responsive to acute 
motor unit damage
Since muscle expression of the Kv3.4 channel is sensitive 
to denervation [22], we asked whether acute damage of 
the motor unit affects the expression of all family mem-
bers. To dissect the impact of motor neuron and myo-
fiber damage and their communication, we employed 
three experimental paradigms: (i) Sciatic nerve resec-
tion to cause structural denervation, (ii) Botulinum 
neurotoxin (BoNT) injection to cause a reversible func-
tional denervation without structural disassembly of the 

NMJ [27], and (iii) Injection of barium chloride (BaCl2) 
to directly induce extensive myofiber degeneration [28] 
(Fig. 2a). We analyzed muscle pathology at various time 
points. By hematoxylin/eosin staining of transversal sec-
tions of TA muscle, we found that nerve cut and BoNT 
injection cause atrophy, whereas BaCl2 injection causes 
massive damage followed by progressive formation of 
centronucleated fibers, which is a sign of muscle regen-
eration (Fig.  2a). Then, we analyzed the expression lev-
els of genes associated with muscle denervation such 
as the acetylcholine receptor (Chrn), myogenin (Myog), 
and Runt-related transcription factor 1 (Runx1), and 
muscle regeneration such as Myhc3 and Myhc8 (Suppl. 
Figure 1a). As expected, nerve resection and BoNT injec-
tion resulted in upregulation of denervation and muscle 
regeneration markers, whereas BaCl2 injection resulted 
in upregulation of mainly muscle regeneration markers. 
Then we assessed the levels of expression of the genes 
that encode the Kv3 channels (Fig. 2b, Suppl. Figure 1b). 
The Kcnc1 transcripts were down-regulated after struc-
tural and functional denervation as well as muscle dam-
age, indicating that the expression of Kv3.1 channels is 
sensitive to the integrity of the motor unit. The levels of 
the Kcnc3 transcript were negatively regulated with mus-
cle damage, while the Kcnc4 transcripts decreased after 
nerve resection and BaCl2 injection, but not after injec-
tion of BoNT, indicating that the expression of this chan-
nel is modified with structural denervation and muscle 
damage. Interestingly, the expression of these genes grad-
ually returned back to normal along with the myofiber 
regeneration process. These results indicate that the tran-
scription of the genes encoding Kv3.1, Kv3.3, and Kv3.4 is 
sensitive to acute damage to the motor unit.

Down-regulation of Kv3 channels in chronic mouse models 
of motor neuron and neuromuscular diseases
Given the above observations, we asked whether the 
expression of Kv3 channels is affected by adult-onset 
chronic degenerative disorders, namely ALS and SBMA. 
To model ALS, we used transgenic mice expressing 
SOD1 with glycine 93 mutated to alanine (SOD1-G93A) 
(Fig.  3a, top panel) [29], and to model SBMA we used 
transgenic mice expressing AR with a polyQ tract of 
100 glutamine residues (AR100Q) (Fig.  3b, top panel) 
[26, 30]. We analyzed three stages of the disease, corre-
sponding to 40 days of age (presymptomatic), 90 days of 
age (onset of the disease, defined as the onset of motor 
dysfunction) and 120 days of age (late stage) in SOD1-
G93A mice, and 30 days of age (presymptomatic stage) 
and 60 days of age (onset of the disease, also here defined 
as the onset of motor dysfunction) in AR100Q mice. For 
SBMA that is strictly an androgen-dependent disease [8], 
we also analyzed an earlier time point, i.e., 20 days of age, 
before sexual maturation [31]. Both muscle denervation 
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Fig. 1  Kv3.1 and Kv3.4 channels are expressed mainly in skeletal muscle type IIa and IIx fibers with a distinct pattern of distribution. a. Real-time PCR anal-
ysis of the transcript levels of Kcnc1, Kcnc3, and Kcnc4 normalized to beta-actin in soleus (S), tibialis anterior (TA), quadriceps (Q), and extensor digitorum 
longus (EDL) muscles derived from 2-month-old wild type male mice (n = 3–4 mice) b. Real-time PCR analysis of the transcript levels of Kcnc1, Kcnc3, and 
Kcnc4 normalized to beta-actin in the TA muscle of wild type male mice at the indicated ages (n = 3–9 mice/time point) c. Immunofluorescence analysis 
of Kv3.1 and Kv3.4, MyHC type I (blue), IIa (green), IIx (black), and IIb (red) myofiber subtypes and NADH staining of transversal sections of TA derived from 
2-month-old wild type male mice. Upper panels: Entire sections, scale bar: 5 mm. Bottom panels: Magnification of the inset, scale bar: 500 μm. Shown is a 
representative image (n = 3 mice). Right panels: Schematic representation of triads in skeletal muscle fibers. Quantification is shown on the right (type IIa 
n = 342, type IIb n = 239, and type IIx n = 245 fibers derived from n = 3 mice) d. Immunofluorescence analysis of fibers isolated from 2-month-old wild type 
male mice. Upper panels: Fiber sections, scale bar: 25 μm. Bottom panels: Magnification of the inset, scale bar: 10 μm. Quantification is shown on the right 
(as described in the Methods section). The graphs (a, b) show the mean ± SEM; significance was tested with one-way ANOVA followed by Tukey’s HSD test
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Fig. 2 (See legend on next page.)
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and regeneration markers were up-regulated in the TA 
muscle of ALS (Fig. 3a, left panels) and SBMA (Fig. 3b, 
left panels) mice at the age of the onset of motor dys-
function. In ALS mice, the transcript levels of the Kcnc1, 
Kcnc3 and Kcnc4 genes were down-regulated in a late 
stage (Fig.  3a, right panels). In SBMA mice, the tran-
script levels of Kcnc1 and Kcnc3 were down-regulated 
in the presymptomatic stage, and Kcnc4 at the onset of 
motor dysfunction (Fig.  3b, right panels). These latter 
gene expression changes in AR100Q mice were concomi-
tant with the natural increase in androgen levels that 
occurs around 30 days of age or afterward. These obser-
vations show that the expression of genes coding for Kv3 
channels is altered in the skeletal muscle of neurodegen-
erative diseases, at a late stage in ALS and at a presymp-
tomatic and symptomatic stage in SBMA.

AUT00201 is a positive modulator of Kv3 channels
AUT00201 ((5R)-5-ethyl-3-[6-(7-methylspiro[2  H-ben-
zofuran-3,1’-cyclopropane]-4-yl)oxy-3-pyridyl]imid-
azolidine-2,4-dione) is a novel small molecule that 
selectively improves the activity of Kv3 channels (Fig. 4a), 
derived from previously validated channel modula-
tors [32, 33]. To validate the positive modulator proper-
ties of AUT00201, we expressed human Kv3.1 channels 
in human embryo kidney (HEK) 293T cells and treated 
the cells with two concentrations of compound, that is, 
0.02 µM and 0.2 µM (Fig. 4b). Using a whole cell patch 
clamp, we measured Kv3.1 currents evoked by depolaris-
ing the membrane from a holding potential of -90 mV to 
test potentials from − 100 mV to + 30 mV in increments 
of 10 mV. Treatment significantly increased Kv3.1 cur-
rents, especially at voltages close to the threshold for Kv3 
channel activation (-40 to 0 mV). When the normalised 
conductance was plotted as a function of membrane 
voltage, there was a shift to the left in the voltage depen-
dence of activation upon compound treatment (Fig. 4c). 
Thus, AUT00201 modulates the voltage dependence of 
activation of Kv3.1 channels and lowers the voltage at 
which the channels are activated, thus facilitating chan-
nel opening at more hyperpolarized potentials. Similarly, 
using an Ionworks TM automated patch-clamp assay, 
AUT00201 increased the Kv3.1, Kv3.2 and Kv3.4 cur-
rents measured at -15mV in a concentration-dependent 
manner with pEC50 values of 6.15 ± 0.04, 6.52 ± 0.05, and 
5.6 ± 0.04, respectively, indicating that AUT00201 also 
modulates human Kv3.2 and Kv3.4 channels with differ-
ent potencies. Next, we assessed the pharmacokinetics 

of AUT00201 administered orally to wild-type mice. 
AUT00201 is characterized by favorable physicochemi-
cal properties with good overall cell and brain perme-
ability (brain/plasma = 1). We observed a rapid increase 
in plasma concentrations after Cmax dosing achieved 
30–60 min after administration and relatively stable lev-
els maintained for up to 120  min. In detail, AUT00201 
reached a plasma maximum concentration of 40, 310, 
and 1970 ng/ml after oral doses of 3, 5, and 20  mg/kg 
(Fig.  4d), respectively, corresponding to a brain/plasma 
free concentration of 0.002, 0.017 and 0.1 µM, given 98% 
protein binding. Since in the in vitro electrophysiology 
experiments we observed effects of AUT00201 on differ-
ent subtypes of the Kv3 channel at concentrations of 0.02 
µM and above, we selected doses of 5 mg / kg (low dose) 
and 20 mg / kg (high dose), corresponding to a free con-
centration of 0.017 and 0.1 µM for further in vivo studies.

Treatment of SOD1-G93A mice with AUT00201 attenuates 
motor dysfunction, motor neuron loss and muscle 
pathology
Next, we tested whether positive modulation of Kv3 
channel activity with AUT00201 delays or prevents 
the onset and progression of symptoms of ALS and 
SBMA mice. Given the observation that the expres-
sion of the Kv3 channel is preserved during the early 
stages of disease manifestations, we started treatment at 
time points at which Kv3 channel expression is normal, 
that is, 5 weeks of age for SOD1-G93A mice (Fig.  5a) 
and 20 days of age for AR100Q mice (Suppl. Figure 2a) 
with AUT00201 (5 and 20 mg / kg). To assess the effect 
of treatment on motor neuron function and muscle 
strength, we measured muscle force by grip strength 
task and motor coordination by rotarod task. AUT00201 
did not modify the phenotype of AR100Q mice (Suppl. 
Figure  2b-c). Although treatment of SOD1-G93A mice 
with 5 and 20 mg / kg AUT00201 did not modify lifespan 
(Suppl. Figure 3a), it produced a modest, but significant 
increase in muscle force and motor coordination at 8 and 
12 weeks of age for the high dose and 14 weeks of age for 
the low dose (Fig. 5b-c). Neurofilament light chain (NF-L) 
is a clinical biomarker of ALS that correlates with disease 
progression [34]. Treatment of SOD1-G93A mice with 
low-dose AUT00201 resulted in a significant decrease 
by 45% of serum NF-L levels (Fig.  5d). Although treat-
ment did not modify neuromuscular junction pathology 
(Suppl. Figure  3b-d), treatment was associated with a 
significant increase in the number of motor neurons by 

(See figure on previous page.)
Fig. 2  Kv3 channel expression is decreased upon acute damage of the motor unit. a. Right panel: Schematic representation of treatment using nerve 
cut, BoNT and BaCl2. Hematoxylin-eosin staining of transversal sections of TA muscles of 3-month-old wild type male mice. Shown is a representative 
image (n = 3 mice). Bar, 50 μm b. Real-time PCR analysis of the transcript levels of Kcnc1, Kcnc3, and Kcnc4 genes normalized to beta-actin in the TA at the 
indicated time points (n = 3–7 mice). The graphs show the mean ± SEM; significance was tested with one-way ANOVA followed by Tukey’s HSD test or by 
the two-tailed Student’s t-test
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1.3-fold in the ventral spinal cord compared to vehicle-
treated mice (Fig. 5e). A key component of ALS pathol-
ogy is the extensive and chronic activation of microglia 
[35], and gliosis [36, 37]. As microglia and astrocytes 
actively contribute to different aspects of ALS, namely 
disease onset and progression, respectively [38, 39], we 
sought to determine whether treatment of mice with 
AUT00201 attenuates the activation of these cell types. 
Thus, we performed immunofluorescence analysis of ion-
ized calcium-binding adapter molecule 1 (IBA1), which is 
a marker of activated microglia, and glial fibrillary acidic 
protein (GFAP), which is a marker of activated astrocytes, 
in transversal sections of the gastrocnemius muscle of 
15-week-old SOD1-G93A mice treated with vehicle and 
AUT00201 (Fig. 5f-g). Treatment significantly decreased 
the fluorescence intensity of IBA1 and GFAP staining 
by 10–20% in mice treated with AUT00201 compared 
to mice treated with vehicle, indicating that AUT00201 
reduces microglia activation and gliosis in this murine 
model of ALS.

Deregulation of Kv3.4 expression in the skeletal muscle of 
sporadic patients with ALS
To assess the disease relevance of our findings, we tested 
whether the expression of the Kv3 family channels is 
altered in skeletal muscle of ALS patients. Although we 
used several pairs of primers, we could not detect the 
transcript levels of the KCNC1 gene in the vastus lateralis 
muscle samples. By RT-PCR, we measured the transcript 
levels of the KCNC4 gene. We found that the expression 
of the Kv3.4 channel was significantly reduced by 72% in 
the skeletal muscle of sporadic ALS patients compared to 
healthy subjects of the same age (Fig. 6). Additionally, we 
analyzed the transcript levels of the KCNC4 gene in ALS 
patients carrying mutations in FUS, C9orf72, and TAR-
DBP (TDP-43); however, the small sample size did not 
allow for significant results (Suppl. Figure 4).

In conclusion, our data indicate that changes in Kv3 
channel expression occur in skeletal muscle after acute 
and chronic damage to the motor unit, as well as in the 
muscle of patients with sporadic ALS, and treatment tar-
geting these channels before their loss may be a valuable 
therapeutic strategy for patients.

Discussion
Here, we show that Kv3 channels are important constit-
uents of striated muscles. Attempts to impact the pro-
gression of neuromuscular degeneration in SBMA and 
ALS mice with the positive modulator of the Kv3 chan-
nel, AUT00201, revealed some benefits in the case of the 
ALS model. This finding, together with the observation 
that Kv3.4 channel expression is down-regulated in the 
muscle of ALS sporadic patients, paves the way for the 

development of early treatment targeting this family of 
potassium channels to alleviate symptoms.

The present study was designed to explore the expres-
sion of Kv3 channels in striated muscle in healthy tis-
sue and in acute and chronic conditions that affect the 
motor unit. First, we showed that Kv3.1, Kv3.3 and Kv3.4 
are expressed in mouse striated muscles with a pattern 
of expression increasing from postnatal age through 
adulthood, whereas Kv3.2 channels do not appear to be 
expressed by muscle, at least in the mouse. Our evalua-
tion of expression in human muscle samples confirmed 
the expression of Kv3.4 channels. In terms of localization 
within specific muscle types, the channels are predomi-
nantly expressed in type IIa and IIx fibers. The presence 
of Kv3 channels only on the fast fibers is reminiscent of 
the selective expression of the channels on “fast firing” 
neurons [20]. This suggests a physiological role for Kv3 
channels in supporting rapid muscle contraction. At the 
subcellular levels, the Kv3.1 channels are uniformly dis-
tributed along the sarcolemma, while the Kv3.4 chan-
nels are enriched in the muscle triads. Another aspect 
that should be taken into account is that the key players 
required for controlling the Kv3 channel function are 
their binding partners, which modulate the channel func-
tion. One such binding partner is MinK-related peptide 
2 (MiRP2), which controls Kv3.1 function in neurons 
[40]. MiRP2 plays a key role also in muscle contraction, 
as underlined by the fact that loss-of-function mutations 
of MiRP2 are associated with familial periodic paralysis 
[17]. Furthermore, genetic deletion of the gene coding for 
MiRP2 in mouse results in increased oxidative metabo-
lism, abnormal hind-limb clasping and altered muscle 
contraction, further providing evidence that the complete 
asset of Kv3 channel subunits and binding partners are 
required for normal skeletal muscle function [24]. Future 
investigations will clarify the role and impact of MiRP2 
on the function of the KV3 channel in skeletal muscles 
subject to acute and chronic damage.

Dysregulation of Kv3 channel expression or function 
has been implicated in several neurological diseases, 
spanning from periodic paralysis [17] to spinocerebellar 
ataxia [41] and epilepsy [42]. Moreover, Kv3.4 expression 
is reduced in Huntington’s disease [43], which similar to 
SBMA is caused by exonic CAG expansions in the gene 
coding for huntingtin [44]. Kv3 potassium channels may 
indeed have a broad relevance across the family of neu-
rodegenerative diseases, which also includes Alzheimer’s 
disease and Parkinson’s disease [45]. Any damage to the 
motor neuron, the innervated myofibers and the sur-
rounding cell types disrupts the homeostasis and func-
tion of the motor unit through both cell-autonomous 
and non-cell autonomous mechanisms [38, 39, 46]. 
The composition and characteristics of skeletal muscle 
fibers are influenced by changes in gene expression that 
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Fig. 3  Kv3 channel expression is decreased in chronic models of motor neuron and neuromuscular diseases. a-b) Upper panels: Scheme of disease stage 
in the SOD1-G93A mice modelling ALS (A) and AR100Q mice modeling SBMA (B). Bottom panels: Real-time PCR analysis of the transcript levels of the 
indicated denervation and muscle atrophy genes (grey) and Kcnc1, Kcnc3, and Kcnc4 genes (color code) in transgenic male (blue dots) and female (pink 
dots) mice expressing SOD1-G93A modelling ALS (A, n = 3–7 mice), and transgenic male mice expressing AR100Q modelling SBMA (B, n = 3–7 mice). The 
graphs show the mean ± SEM; significance was tested with the two-tailed Student’s t-test
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Fig. 4 (See legend on next page.)
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occur during development and maturation under nor-
mal physiological conditions, as well as in response to 
acute and chronic damage. Notably, genes such as parv-
albumin and other genes controlling muscle contraction 
[26], chloride channel type 1 [47], and voltage-gated Kv 
channels, as shown here, undergo significant alterations 
in a pathological setting. A key finding here was that the 
expression of Kv3 channels is sensitive to acute damage 
of the motor unit and chronic motor neuron and neu-
romuscular diseases, such as ALS and SBMA. Interest-
ingly, dysregulation of Kv3 channel expression was an 
early event in SBMA mice and a late event in ALS mice, 
likely resulting from different pathological processes 
occurring in these two diseases of the motor unit. Kv3.1 
expression may be a sensitive marker of disease progres-
sion in the AR100Q mouse and perhaps can potentially 
play a role in the pathophysiological process. However, 
Kcnc1 and Kcnc4 early down-regulation in the SBMA 
muscle imposes a limit to treatment/efficacy. The lack 
of efficacy is likely linked to the early loss of Kv3 chan-
nels in SBMA muscle, leaving no channels available to 
modulate. As a result, treatment with Kv3 channel ago-
nists alone was not sufficient to ameliorate the progres-
sion of disease manifestations. This does not exclude the 
possibility that administration of the Kv3 channel agonist 
together with additional medications, such as leuprorelin 
[48], may have beneficial effects. Based on current knowl-
edge on the role of Kv3 channels in skeletal muscle, it is 
important to underline that the early Kv3 gene expres-
sion changes observed in SBMA muscle are unlikely to be 
harmless. Moreover, our results suggest that these chan-
nels are regulated by specific signaling pathways lost or 
altered upon acute degeneration of the motor unit. Fur-
ther research will clarify the signaling pathways through 
which the motor neuron and the innervated myofibers 
communicate with each other, and how this is linked to 
Kv3 channel expression.

Different from SBMA, all the three Kv3 subtypes 
showed a significant reduction only at the advanced 
stages of degeneration in the SOD1-G93A mouse model 
(P120). This gave us the possibility to administer the 
compound long before the downregulation of Kv3 chan-
nel expression, and as a matter of fact, treatment with 
AUT00201 produced modest but significant effects on 
the SOD1-G93A phenotype that were consistent across 
behavioral and histological endpoints. Treatment ame-
liorated muscle force, indicating that AUT00201 attenu-
ates muscle weakness. This effect was associated with 

different beneficial effects on neuromuscular pathol-
ogy. By Nissl staining analysis, AUT00201 significantly 
reduced motor neuron loss in the ventral spinal cord of 
ALS mice. A key finding was the effect of treatment on 
Nf-L. Neurofilaments, key components of the neuronal 
cytoskeleton, play a crucial role in maintaining axonal 
structure and transport. Aberrant neurofilament dynam-
ics represent hallmark pathological signs in ALS [49, 50]. 
Elevated levels of phosphorylated neurofilament heavy 
chain (pNf-H) and Nf-L are consistently detected in the 
cerebrospinal fluid and blood of ALS patients, reflect-
ing axonal damage and neuronal degeneration [51, 52]. 
These biomarkers not only aid in diagnosing ALS but also 
correlate with disease progression and severity, offering 
prognostic value [53–55]. Pathologically, neurofilament 
accumulation and mislocalization within motor neu-
rons contribute to axonal transport deficits and cellular 
stress, exacerbating neurodegeneration. Understanding 
the link between correct expression of Kv3 channels and 
neurofilament dysregulation in ALS may provide insights 
into disease mechanisms and underscore their potential 
as therapeutic targets and biomarkers for monitoring 
disease progression. Another important effect of treat-
ment was on microglia activation and gliosis, which are 
prominent features of and play a significant role in dis-
ease progression. Microglia, the resident immune cells 
of the central nervous system, become activated in 
response to motor neuron degeneration, transitioning to 
a pro-inflammatory phenotype that exacerbates neuronal 
damage through the release of cytokines [56, 57]. This 
activation is accompanied by astrogliosis, where astro-
cytes proliferate and release neurotoxic factors, further 
amplifying neuroinflammation and motor neuron loss 
[58, 59]. The effect of treatment on microglia and astro-
cyte activation implies a beneficial effect on these aspects 
of pathology linked to ALS. Our data show that the low 
dose is the most effective one. This is not unusual for ion 
channel modulators, where only a small proportion of the 
current needs to be modulated to achieve a therapeutic 
effect. Higher levels of modulation can lead to overacti-
vation of the channel, potentially resulting in reduced 
efficacy or off-target effects. AUT00201 has already 
undergone Phase I clinical trial (NCT05873062). Thus, 
this approach may be soon tested in additional mouse 
models of ALS and ultimately in patients.

Finally, we show here that Kv3.4 expression is reduced 
in striated muscle tissue obtained from patients suffering 
from ALS, compared to healthy control subjects. These 

(See figure on previous page.)
Fig. 4  AUT00201 positively modulates Kv3 channel currents. a. Chemical structure of AUT00201 b. Representative traces of human Kv3.1 mediated cur-
rents in HEK293Tcells. Currents were evoked by voltage steps to -25mV before (black) and after (blue) treatment with AUT00201 (0.02 and 0.2µM) c. The 
effects of AUT00201 on the activation voltage-dependence were evaluated by plotting normalized conductance as a function of membrane voltages. 
AUT00201 produced a concentration-dependent shift on the activation of Kv3.1 channels to more hyperpolarized potentials d. Plasma concentration of 
AUT00201 upon treatment of wild type male mice (n = 3 mice/group)
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results were obtained mostly in sporadic patients, and as 
such they are important for two reasons. First, they show 
Kv3 channel gene expression changes in patients suffer-
ing from the most frequent form of ALS. Second, they 
suggest novel molecular biomarkers that can help estab-
lish the efficacy of treatment. Further research is needed 
to confirm the expression and role of other Kv3 channel 
isoforms in human skeletal muscle. Kv3 positive modula-
tors, such as AUT00201, show promise as potential ALS 
treatments, either alone or combined with other thera-
pies, and may be effective at various stages of the disease.

Methods
Animals
Male SOD1*G93A (High-copy SOD1*G93A, G1H with 
25 TG copies; stock# 002726) and female B6SJL strain 
background (non-carrier; wild type) obtained from 
Jackson Laboratories through Raon Bio (Korea) were 
mated to generate F1 mice for the experiment. SBMA 
transgenic mice expressing AR with 100 glutamine resi-
dues (AR100Q) were maintained in a congenic C57Bl6J 
background, as previously described [26, 30]. All mice 
were housed in a temperature (22 ± 1  °C) and humidity 
(30–50%) controlled environment with a normal light-
dark cycle (8:00–20:00). Food and water were available 
ad libitum to the mice in their home cages. Mice were 
monitored daily by specialized operators and by the des-
ignated veterinary.

Compound delivery and formulation
AUT00201 was provided by Autifony and prepared 
according to the Autifony’s guideline and recommenda-
tion. The operator was double-blind for genotype and 
treatment. To mitigate potential bias, participants and 
the researchers involved in the data analysis were also 
double-blind. For the treatment of SOD1-G93A mice, 
the vehicle solution consisted of Gelucire 44/14, PEG400, 
and water in a 5:3:2 ratio. AUT00201 was administered to 
male SOD1 transgenic and WT mice once a day via oral 
gavage (P.O.) starting at 5 weeks of age. Meanwhile, in 
SBMA mice, AUT00201 was formulated in a condensed 
milk/PEG400 mixture (4:1) and administered orally via 
dropper daily.

Behavioral tests
Rotarod
Mice were tested during the diurnal phase of the day. 
Testing was performed every week until the end of the 
study. On the test day, a training trial of 5 min at 4 rpm 
on the rotarod apparatus was performed. One hour later, 
the animals were tested for two consecutive accelerating 
trials of 6 min with the speed changing from 0 to 40 rpm 
over 360  s and an inter-trial interval of at least 30  min. 
The latency to fall from the rod was recorded. Mice 

remaining on the rod for more than 360  s are removed 
and their time scored as 360 s.

Grip strength test
Grip strength measurement was performed every week 
until end of the study. Mice were placed on the grip-
strength apparatus (San Diego Instruments, San Diego, 
USA) in such a way that the animal grabbed a small mesh 
grip with its forepaws. Animals were lowered to the plat-
form and then slowly pulled away from the handle by the 
tail until the animal released the handle. The equipment 
automatically measured the strength of the animal’s grip 
in grams. One day session included 5 scores per animal 
that was recorded in a consecutive sequence.

Human samples
Anonymized control biopsies of healthy muscle were col-
lected as residual biological samples during surgery from 
patients with femur fractures. Patient biopsy samples 
were obtained from the Neuromuscular Bank of Tissues 
and DNA Samples, Telethon Network of Genetic Bio-
banks, and of the EuroBioBank Network. Muscle biop-
sies were collected for diagnostic purposes, with written 
informed consent obtained from each patient in com-
pliance with the Helsinki Declaration. All patients who 
underwent muscle biopsy were clinically affected and 
showed weakness and/or muscle atrophy. Detailed infor-
mation, including age, biopsied muscle, clinical status of 
controls, and Q tract length in SBMA patients, is pro-
vided in Supplementary Table 1.

Quantitative real-time PCR analysis
Total RNA was extracted with TRIzol (Thermo Fisher 
Scientific), and RNA was reverse transcribed using 
iScript Reverse Transcription Supermix (1708841 Bio-
Rad) following the manufacturer’s instructions. Gene 
expression was measured by RT-qPCR using the SsoAd-
vanced Universal Sybr green supermix (1725274 Bio-
Rad) and the C1000 Touch Thermal Cycler-CFX96 
Real-Time System (Bio-Rad). Gene expression was nor-
malized to actin expression levels. The complete list of 
materials and primer sequences are provided in Supple-
mentary Table 2.

Immunofluorescence and histological staining
Nissl staining
Ventral horn motor neurons from the lumbar samples 
(20-µm thick sections cut between L1-L3 of lumbar lev-
els of spinal cord) were counted via immunofluorescence 
using NeuroTrace (Nissl stain, Thermo fisher). Lumbar-1 
samples were sectioned with a thickness of 20 μm. Three 
slices per lumbar-1 were mounted on a microscope slide. 
Each slide was washed in PBS solution and permeabi-
lized with 0.1% Triton X-100 in PBS for 10 min at room 
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Fig. 5 (See legend on next page.)
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temperature. The NeuroTrace was subjected to 1:300 
dilution and allowed to stand at room temperature for 
20 min. After washing the sample with PBS, it was com-
pletely dried and mounted with a mounting solution con-
taining DAPI.

The motor neuron-stained images were visualized 
using the Olympus’s Immunofluorescence microscope 
(Olympus, BZ21). The number of motor neurons in the 
ventral horn of the lumbar was counted. Only the cells of 
sizes of 750 pixels or larger were counted using the Image 
J software.

GFAP/Iba1 staining
Immunofluorescence analysis of the ventral horn motor 
neurons was performed using GFAP (Cell signaling tech-
nology) for astrogliosis, and Iba1 (WAKO) for microg-
liosis. Lumbar samples were sectioned with a thickness 
of 20  μm. Three slices per lumbar were mounted on a 
microscope slide. The slide was washed in PBS solution 
and blocked in a solution containing PBS, 5% normal 
goat serum and 0.3% Triton X-100 for 1 h at RT. The sec-
tions were incubated overnight at 4  °C with the appro-
priate primary antibody. The sections were washed in 
PBS solution, and incubated in secondary antibody for 
1 h at RT. Finally. the sections were washed in PBS solu-
tion and completely dried and mounted with a mounting 
solution containing DAPI. The astrogliosis and microg-
liosis stained images were visualized using the Olympus’s 
Immunofluorescence microscope (Olympus, BZ21). The 
intensity of fluorescence in the ventral horn of the lum-
bar was analyzed using the Image J software.

Neuromuscular junction staining
For evaluation of neuromuscular junctions (NMJ) and 
muscular innervation, immunohistochemical analyses 
using anti-synaptotagmin-2 (pre-synaptic marker, SV2, 
DSHB) and a-bungarotoxin (post-synaptic marker) were 
performed on gastrocnemius muscle samples. Gastroc-
nemius muscle samples were sectioned with a thick-
ness of 20 μm. One slice per gastrocnemius muscle was 
mounted on a microscope slide. The slides were washed 
in TBS solution. The sections were then permeabilized 
for 15 min in TBST, rinsed twice in TBS and blocked in 
a solution containing TBS, 5% normal goat serum and 
0.2% Triton X-100 for 1 h at RT. The sections were incu-
bated overnight at 4  °C with the appropriate primary 

antibodies. The sections were washed in TBS solu-
tion, and incubated in secondary antibody for 1 h at RT. 
Finally, the sections were washed in TBS solution and 
completely dried and mounted with a mounting solution 
containing DAPI. The NMJ stained images were visual-
ized using a confocal microscope (Lecia, Thunder). For 
analysis, the degree of overlap between the SV2 (pre-
synaptic) and α-bungarotoxin (post-synaptic) regions 
was classified into three different categories: ‘Fully-inner-
vated’ for completely overlapping, ‘partially innervated’ 
for partial overlapping and ‘denervated’ for non-overlap-
ping pre-synaptic and post-synaptic regions.

Neurofilament light chain (Nf-L) measurement in plasma
Nf-L concentration in the mouse plasma was determined 
using the Simoa Nf-L assay. Paramagnetic carboxylated 
beads (Quanterix Corp, Boston, MA, USA) were coated 
with a mouse anti-neurofilament light antibody and incu-
bated for 35 min with a sample and a biotinylated mouse 
anti–neurofilament light antibody in the Simoa instru-
ment (Quanterix). The average number of enzymes per 
bead (AEB) of samples were interpolated onto the cali-
brator curve constructed by AEB measurements.

Immunofluorence analysis in muscle
Muscles were isolated from mice that were the indicated 
age and genotype and immediately fixed in 4% parafor-
maldehyde (PFA) for 15 min at RT. Skeletal muscles were 
further dissected into muscle bundles of approximately 
20 myofibers each. The samples were quenched in 50 
mM NH4Cl for 30 min at RT and then saturated for 2 h 
in blocking solution [15% vol/vol goat serum, 2% wt/vol 
bovine serum albumin (BSA), 0.25% wt/vol gelatin, and 
0.2% wt/vol glycine in phosphate-buffered saline (PBS) 
containing 0.5% Triton X-100]. Incubation with pri-
mary antibodies against Kv3.1 (1:200), Kv3.4 (1:200), and 
DHPR (1:200) was carried out for at least 48 h in block-
ing solution. The muscles were then thoroughly washed 
and incubated with a secondary antibody conjugated 
with Alexa-555 or Alexa-488 diluted in blocking solution. 
Images were collected with a Leica SP5 confocal micro-
scope (Leica Microsystems, Wetzlar, Germany). The laser 
excitation line, power intensity, and emission range were 
chosen according to each fluorophore in different sam-
ples to minimize bleedthrough. Images were analyzed 
with the ImageJ program using the ‘plot profile’ function 

(See figure on previous page.)
Fig. 5  Treatment with an agonist of Kv3 channels attenuates motor dysfunction, motor neuron loss and muscle pathology in SOD1-G93A mice a. 
Scheme of treatment and behavioral tests b. Grip strength analysis of muscle force of SOD1-G93A mice treated with either vehicle or AUT00201 (n = 8 
mice/group) c. Rotarod task analysis of motor coordination of SOD1-G93A mice treated with either vehicle or AUT00201 (n = 8 mice/group) d. Nf-L serum 
concentration of SOD1-G93A mice treated with either vehicle or AUT00201 (n = 8 mice/group) e. Nissl staining analysis of motor neuron number in the 
lumbar spinal cord transversal sections of SOD1-G93A mice at 15 weeks of age (n = 8 mice/group). Scalebar, 100 μm f. IBA1 staining in the lumbar spinal 
cord transversal sections of SOD1-G93A mice at 15 weeks of age (n = 8 mice/group). Scalebar, 100 μm g. GFAP staining in the lumbar spinal cord trans-
versal sections of SOD1-G93A mice at 15 weeks of age (n = 8 mice/group). Scalebar, 100 μm. The graphs show the mean ± SEM; significance was tested 
using two-way (b, c) and (d-g) one-way ANOVA followed by LSD post-hoc analysis or by the one-tailed Student’s t-test. Shown are representative images
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on a determined area of the sample. For the transverse 
sections, tissues were flash frozen in isopentane pre-
cooled in liquid nitrogen and embedded in an optimal 
cutting temperature (OCT). Cross Sect.  (10  μm thick) 
were cut with a cryostat (CM1850 UV, Leica Microsys-
tems, Wetzlar, Germany) and processed for the analysis 
of Kv3.1 (1:300), Kv3.4 (1:300). Fibre typing was analyzed 
in 10  μm quadriceps cryosections by immunofluores-
cence using combinations of the following monoclonal 
antibodies distributed by DSHB: BA-D5 (MyHC-I; 1:300), 
BF-F3(MyHC-IIb; 1:300), SC-71 (MyHC-IIa; 1:300) and 
not stained myofibers were MyHC-IIx. The images were 
captured with a Leica DFC300- FX digital charge-cou-
pled device camera using Leica DC Viewer software, and 
morphometric analyses were performed using ImageJ.

NADH staining
For muscle histology, tissues were flash-frozen in liquid 
nitrogen and embedded in optimal cutting tempera-
ture (OCT) compound. Cross-Sect.  (10  μm thick) were 
cut with a cryostat (CM1850 UV, Leica Microsystems, 

Wetzlar, Germany) and processed for nicotinamide ade-
nine dinucleotide (NADH) staining.

Hematoxylin-eosin staining
Slides were incubated in hematoxylin for 3  min, and 
rinsed in water. They were then stained with eosin, 
dehydrated through gradient ethanol, then immersed 
in xylene for 10 min followed by mounting in Permount 
(Electron Microscopy Science, PA).

Pixel-to-micrometer conversion
NMJ (microscope: Leica, Thunder): 1.291  μm/pixel; 
GFAP & Iba1 / Nissl: (microscope: Olympus, BX51): 
2.12 μm/pixel. For GFAP and Iba1 imaging conditions, all 
samples were stained and imaged under identical condi-
tions on the same day / same time. We applied all black 
balance for background removal. Imaging conditions 
were as follows: GFAP (Green fluorescence):100ms; Iba1 
(Red fluorescence): 50ms; Gain: 300%; Histogram: 0-200.

Toxin, BaCl2 injections and nerve resection
Botulinum injections
0.02 units/gram BoNT was injected to the left hind limb 
of mice, between the Tibialis Anterior and Gastrocne-
mius muscles on 3months old male mice. Tissues were 
collected at four time points: 2-, 7-, 14-, and 30-days post 
injection. In addition, four mice were used as controls 
and received a vehicle solution injection composed of 
physiological saline. Tissues were collected from the con-
trol mice after 30 days.

BaCl2 injections
16 mice had an intramuscular injection of 1.2% BaCl2 on 
both Tibialis Anterior muscles. Tissues were collected at 
three time points: 2-, 7-, 14-, and 30-days post-injection. 
Four mice were included in each group, while 4 addi-
tional mice were used as controls and did not receive any 
injections.

Sciatic nerve resection
Mice were anesthetized by isoflurane inhalation, and the 
sciatic nerve was exposed after shaving.

the skin and making a 0.2-cm-long incision on lateral 
side of the left hindlimb. A 0.5  cm-long piece of sciatic 
nerve was removed, to prevent nerve regeneration. The 
incision was closed with surgical clips. Mice were sacri-
ficed 7 days after the denervation procedure by cervical 
dislocation, and muscles were dissected for subsequent 
analyses. Skeletal muscles from the right hindlimb were 
sham-operated and served as a control for subsequent 
analyses.

Fig. 6  Kcnc4 gene is downregulated in the skeletal muscle of patients suf-
fering from sporadic ALS. Real-time PCR analysis of the transcript levels 
of Kcnc4 normalized to beta-actin in human muscle biopsies from spo-
radic ALS patients and healthy controls (n = 4–12). The graphs show the 
mean ± SEM; significance was tested by the two-tailed Student’s t-test

 



Page 15 of 17Marabita et al. Acta Neuropathologica Communications          (2025) 13:153 

Electrophysiological recordings
The modulatory effects of AUT00201 were studied on 
whole-cell currents mediated by recombinant human 
Kv3.1b. Manual patch clamp techniques were performed 
on HEK cells stably expressing Kv3.1b, In brief, cells 
were maintained in minimum essential medium (Sigma) 
with 10% fetal bovine serum (Sigma), 2 mM L-glutamine 
(Sigma), 10  ml/l penicillin-streptomycin (Sigma) and 
0.5  mg/ml geneticin (Biowest) and maintained in a 5% 
CO2 incubator at 37  °C. HEK cells were grown on cov-
erslips 18–24 h preceding recordings and transferred to 
extracellular solution (137 mM NaCl, 1.8 mM CaCl2, 1 
mM MgCl2 4 mM KCl, 10 mM HEPES, and 10 mM glu-
cose, pH 7.4) Recordings were made in the whole cell 
configuration, using an Multiclamp 700B amplifier (Axon 
instruments, Foster City, CA). The patch electrodes had a 
resistance of 2–3 MΩ when filled with intracellular solu-
tion (110 mM KCl, 0.2 mM EGTA, and 40 mM HEPES, 1 
mM MgCl2, 0.1 mM CaCl2, 5 mM Na2phosphocreatine, 
pH 7.2). All data were low pass filtered at 10–15 kHz and 
digitized using Digidata 1440  A interface (Molecular 
Devices LLC, Sunnyvale, CA, USA).

Conductance values were obtained by dividing cur-
rent by the electrochemical driving force (IK / (Vm-Ek)). 
Normalized conductance-voltage plots were obtained by 
normalizing conductance (G) to maximal conductance 
(Gmax) and fit using the Boltzmann isoform G = Gmax 
/ [1 + exp ((V - V1/2) / k)], where V1/2 is the voltage at 
half-maximal activation and k is the slope factor.

Ionworks Quattro™ was used to assess the effects of 
AUT00201 on human recombinant Kv3.1a channels sta-
bly expressed in HEK cells, human recombinant Kv3.2a 
channels expressed in a CHO cell line and on human 
recombinant Kv3.4a expressed in a HEK cell. Briefly, 
effects of AUT00201 were tested using 384-well popula-
tion patch-clamp plates. Seal resistance was measured 
for each well and cells were perforated by incubation 
with 100  µg/mL amphotericin B (Sigma-Aldrich). Cells 
were held at -70 mV, stepped to -15 mV for 100 ms (par-
tial channel activation) and after 100 ms at -70 mV a 
second pulse to + 40 mV was applied for 50 ms (full chan-
nel activation). In all experiments, this voltage protocol 
was applied to cells before and following a 3  min incu-
bation with AUT00201. AUT00201 was tested at dif-
ferent concentrations ranging from 50nM up to 50µM 
(11 points per curve). 1-cyclohexyl-1-[(7,8-dimethyl-2-
oxo-1  H-quinolin-3-yl)methyl]-3- phenylurea (10µM, 
Aurora Screening Library), which we had previously 
found to be a potent and full activator of human Kv3.1 
and Kv3.2 channels, was included in all assays as a stan-
dard. External buffer with the addition of dimethyl sulf-
oxide (0.5% DMSO, Sigma-Aldrich) was also tested to 
provide a vehicle baseline. Recordings were performed 
in the following buffers: Dulbecco’s PBS with 0.5 mM 

MgCl2 and 0.9 mM CaCl2 (Invitrogen) as extracellular 
solution and 50 mM KCl, 100 mM K-gluconate, 3.2 mM 
MgCl2, and 5 mM HEPES, pH 7.3 adjusted with KOH as 
intracellular solution (Sigma-Aldrich). An online correc-
tion of + 15–20 mV was applied to correct for junction 
potentials. The current signal was sampled at 10  kHz. 
Paired comparisons between pre- and post-drug addi-
tions of steady-state currents measured at -15 mV voltage 
step were used to determine the effect of the compound. 
Concentration-response data were normalised to the 
maximum effect (i.e. 100%) observed with the standard.

Pharmacokinetics
The pharmacokinetics study was designed to assess the 
pharmacokinetics of AUT00201. AUT00201 was admin-
istered orally to male C57Bl/6  N (n = 3) as a solution in 
Gelucire 44/14: PEG400: Water, at a ratio of 50:30:20 
[v/v/v], at the doses 3, 5 and 20 mg/kg. Pharmacokinetics 
experiments were carried out by Evotec (Verona, Italy) 
in accordance with national legislation regarding animal 
welfare (Italian Legislative Decree no. 26/2014 and Euro-
pean Directive no 2010/63/UE). All experiments were 
approved by the internal Aptuit Committee on Animal 
Research and Ethics under authorisation issued by the 
Italian Ministry of Health (Italian Ministry of Health 
Authorization Project No. 38200).

Statistical analysis
To compare the mean difference of a dependent variable 
between independent groups, two-funsiisample t-tests 
were applied for comparisons involving two groups, 
while one-way analysis of variance (ANOVA) was used 
for comparisons involving more than two groups. ANO-
VAs, follow-up Tukey’s honest significant difference post 
hoc tests were conducted for pairwise comparisons for 
RT-PCR. In the preclinical study, the statistical signifi-
cance of the results was analyzed using one-way ANOVA 
followed by LSD post-hoc analysis. All values are pre-
sented as ± standard error of the mean (SEM) and differ-
ences are statistically significant at the p < 0.05 level. Data 
normality was evaluated using the Shapiro–Wilk test.
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