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The higher risk factor for Amyotrophic Lateral Sclerosis (ALS) among Italian soccer players is a question that is
still debated. One of the hypotheses that have been formulated to explain a possible link between ALS and
soccer players is related to the abuse of dietary supplements and drugs for enhancing sporting performance. In
particular, it has been reported that branched-chain amino acids (BCAAs) are widely used among athletes as
nutritional supplements. To observe the possible effect of BCAAs on neuronal electrical properties, we
performed electrophysiological experiments on Control cultured cortical neurons and on neurons after BCAA
treatment. BCAA-treated neurons showed hyperexcitability and rapamycin was able to suppress it and
significantly reduce the level of mTOR, Akt and p70S6 phosphorylation. Interestingly, the hyperexcitability
previously reported in cortical neurons from a genetic mouse model of ALS (G93A) was also reversed by
rapamycin treatment. Moreover, both G93A and valine-treated neurons presented significantly higher levels
of Pp70S6 when compared to control neurons, strongly indicating the involvement of this substrate in ALS
pathology. Finally, we performed electrophysiological experiments on motor cortex slices from Control and
G93A mice and those fed with a BCAA-enriched diet. We observed that neuron excitability was comparable
between G93A and BCAA-enriched diet mice, but was significantly higher than in Control mice.
These findings, besides strongly indicating that BCAAs specifically induce hyperexcitability, seem to suggest
the involvement of p70S6 substrate in ALS pathology.
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Introduction

Previous published epidemiological studies have reported an
increased occurrence of Amyotrophic Lateral Sclerosis (ALS) among
Italian soccer players (Armon, 2007; Belli and Vanacore, 2005;
Vanacore et al., 2006), although the question is still debated
(Armon, 2007). ALS is one of the most common adult-onset
neurodegenerative diseases, characterized by progressive and selec-
tive degeneration of the upper and lower motorneurons in the motor
cortex, brainstem and spinal cord. The cause of this cell-specific loss is
still unknown. Although sport participation has been hypothesized as
a risk factor for ALS (Armon, 2007; Belli and Vanacore, 2005; Kurtzke
and Beebe, 1980), and previous studies have indicated that one or
more factors related to professional football in Italy could have a role
in determining an increased risk of ALS (Chio et al., 2005; Vanacore
et al., 2006), the eventual relationship between ALS and Italian soccer
players is still to be elucidated.

One of the hypotheses regarding the ALS risk is the use of toxic
substances and/or of therapeutic drugs employed in excessive doses
(Beretta et al., 2003). In particular, branched-chain amino acids
(BCAAs, leucine, isoleucine, valine) supplementation is frequently
used by athletes to stimulate muscular protein synthesis, to improve
mental and physical performance and to accelerate the body's
recovery after particularly intense and prolonged sport activities
(Ohtani et al., 2006).

BCAAs are easily taken up by the brain (Oldendorf, 1971). They
cross the blood–brain barrier via L-system transporters (Smith, 2000)
and are taken up by neurons and glia by several transporter systems
(Broer, 2006). BCAAs activate glutamate dehydrogenase (GDH),which
has been reported to be defective in ALS (Plaitakis, 1990). For this
reason three clinical trials were undertaken to test efficacy and safety
of BCAAs in ALS patients. All trials failed to show any therapeutic
advantage when BCAAs were administered to ALS patients (Platell
et al., 2000; Tandan et al., 1996; Testa et al., 1989) and one of thesewas
stopped in 1991 because of the excessive mortality rate among the
patients treated with BCAAs (Italian ALS study group, 1993).

http://dx.doi.org/10.1016/j.expneurol.2010.08.033
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It is known that nutrients, especially BCAAs, modulate the activity
of many proteins involved in the control of mRNA translation (Avruch
et al., 2001). Several of them are controlled by phosphorylation
through signaling events involving the mammalian target of rapamy-
cin (mTOR) (Gulati and Thomas, 2007; Ishizuka et al., 2008). mTOR is
a serine/threonine kinase that controls protein synthesis related to
cell growth and proliferation (Sandsmark et al., 2007; Sarbassov et al.,
2005) and in the brain it may also regulate neuronal development and
synaptic plasticity (Tang et al., 2002). Recently, altered mTOR
signaling was observed in many cortical malformations, neurodegen-
erative diseases and epileptogenesis (Inoki et al., 2005; Tsang et al.,
2007; Zeng et al., 2008), strongly indicating a role in neurological
pathologies.

The aim of the present study was to investigate a possible role of
BCAAs and their pathway in the electrophysiological properties of
cortical neurons and also to compare BCAA-treated neurons with
those obtained from the G93A transgenic mouse model of ALS (Pieri
et al., 2009).

Materials and methods

Animals and treatments

In this study, B6SJL mice, hereinafter referred to as Control mice,
hemizygous transgenic B6SJL-TgN (SOD1-G93A) 1 Gur mice over-
expressing the G93A mutant human SOD1 (G93A), B6SJL-TgN (SOD1)
2 Gur mice over-expressing wild-type human SOD1 (SOD1), both
constructed by Gurney (Gurney et al., 1994), and originally obtained
from Jackson Laboratories (Bar Harbor, Maine, USA), were housed in
our animal facilities. Screening for the presence of the human
transgene was performed on tail tips from adult mice for the slice
recording experiments, and on the body from each embryo after
removal of the brain for primary cortical cultures. Monthly western
blotting analysis was performed to verify an equal expression of
hSOD1 protein in the two transgenic strains (Guatteo et al., 2007).

For the slice recording experiments on the BCAA-treated mice,
female and male Control mice were left to mate, and copulation was
verified by the presence of sperm in the vaginal smears (plug). On the
first day of gestation, females were isolated in individual cages and
randomly divided into two groups, receiving either a standard diet or
a diet enriched with BCAAs. Both diets were prepared on the basis of
4RF21, standard food, by Mucedola s.r.l. (Milan, Italy), which was
purified, autoclaved and sterilized. BCAA-enriched diet contained 2.5%
valine, leucine and isoleucine (1:1:1). BCAA concentration in the diet
was selected on the basis of previous reported indications (Italian ALS
study group, 1993; Tsubuku et al., 2004).

Animals were fed ad libitum and had free access to drinking water
throughout the experiment. The two diets were maintained through-
out gestation and lactation. On the 21st day of life the animals were
weaned and were fed with the standard diet or the BCAA-enriched
diet. Experiments have been carried out in strict accordance with the
European Communities Council Directive of 24 November 1986 (86/
609/EEC) regarding the care and use of animals for experimental
procedures.

Every effort was made to minimize the number of animals used
and any possible suffering caused to them.

Cortical neuron cultures and treatments

Cortexes were removed from 15-day-old mouse embryos and
grown in dissociated cell culture for 8–12 days as previously
described (Pieri et al., 2009). Cells were plated in MEM (Minimum
Essential Medium, Gibco, Invitrogen, Milan, Italy) supplemented with
5% fetal bovine serum (FBS, Gibco), 5% horse serum (HS, Gibco),
25 mM D-glucose (Sigma-Aldrich, Milan, Italy), 2 mM glutamine
(Gibco) and 0.1 mg/ml gentamicin (Sigma-Aldrich) in a cell incubator
at 37 °C with 5% CO2/95% air. After 24 h, the medium was replaced
with Neurobasal supplemented with B-27 (2%, Gibco), 0.5 mM
glutamine and 0.1 mg/ml gentamicin (Sigma-Aldrich). Every 3 days
the Neurobasal medium supplemented only with B27 was replaced.
Cultured neurons were used for patch clamp experiments at 8-day in
vitro (DIV). At every Neurobasal replacement, a group of petri dishes
were treated with the indicated concentrations of BCAAs, alanine and
phenylalanine (Sigma-Aldrich) and/or rapamycin (Calbiochem, San
Diego, CA, USA) which were added to the Neurobasal for 2–7 days, as
reported in the Results. Neurons from the same culture but exposed
for different days to BCAAs were recorded and compared to untreated
neurons. All amino acids were dissolved in water and rapamycin in
dimethyl sulfoxide (DMSO). In a separate series of experiments we
ensured that DMSO concentrations had no effect on evoked responses.

Cellular viability was assessed by counting the number of intact
nuclei according to themethod described by Volonte et al. (1994). The
culture medium was removed and replaced with 1 ml of a detergent
containing lysing solution (0.5% ethylhexadecyldimethylammonium
bromide, 0.28% acetic acid, 0.5% Triton X-100, 3 mM NaCl, 2 mM
MgCl2, in PBS pH 7.4 diluted 1/10). After 2 min, the cells were
collected and the solution consisted of a uniform suspension of single,
intact, viable nuclei that were then quantified by counting in
hemocytometer, 2 fields for each sample. Broken or damaged nuclei
were not included in the counts.

At least five cultures were used for the measurements of each
parameter given in the Results.

Slice preparations

B6SJL mice, G93A mice and SOD1 mice, fed with normal food or
with food enriched with BCAAs, aged 29 postnatal day (P29) to P31,
were anaesthetized with halothane (Sigma-Aldrich) and decapitated.
Brains were removed and immersed 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, pH
7.4 gassed with 95% O2–5% CO2. Coronal slices (250 μm)were cut with
a vibratome (Leica VT1000S, Wetzlar, Germany) and then incubated
in the oxygenated ACSF, initially at 36 °C for 1 h, and subsequently at
room temperature, before being transferred to the recording chamber.

Slice recordings

Recordings were obtained at 31 °C from motor cortex layer V
pyramidal neurons visually identified (Stuart et al., 1993), using an
upright infrared microscope (Axioskop 2 FS, Carl Zeiss, Germany) by
their typical large soma size and the presence of a thick apical
dendrite oriented toward the pial surface. Only cells with a typical
pyramidal-shaped soma were selected for recordings (Li and Prince,
2002). In order to morphologically identify the recorded cells, some
neurons (n=6) were filled with biocytin (2%) through the recording
pipette. In all cases, only one neuronwas impaled in a slice to avoid an
overlap of dendritic or axonal arbors of two or more neurons. Only
regular-spiking neurons (Contreras, 2004; Steriade, 2004) and those
with amembrane resistance lower than 100 MΩ (Lu et al., 2007) were
considered in this study. The slices were continually perfused with
ACSF solution bubbled through with 95% O2–5% CO2, pH 7.4.

Patch clamp electrodes (tip resistance 3–4 MΩ) were filled with an
intracellular solution containing the following (in mM): 145 K-
gluconate, 0.1 CaCl2, 2 MgCl2, 10 HEPES, 1 EGTA, 2 Mg-ATP, pH 7.3
with KOH. After formation of a high-resistance seal (N1 GΩ), capaci-
tance and resistance of electrodes were compensated electronically.

Signals were amplified using a Multiclamp 700B patch clamp
amplifier (Molecular Devices, CA, USA), sampled at 20 KHz, filtered at
3 KHz, and stored in a computer. Data were analyzed using pClamp 10
(Molecular Devices, CA, USA) and Origin 7.0 (Microcal Software,
Northampton, MA) software.
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Resting membrane potential was calculated as the mean of 20 s of
current clamp recording. During the current-clamp experimental
acquisition, the neuronal membrane potential was shifted to−70 mV
by continuous injection of current, when required, to compare the
excitability of different neurons from an equivalent baseline.
Capacitance and resistance membrane values were obtained using
the Membrane test function of pClamp 10 software.

Reconstruction and morphological analysis of recorded cells

Immediately after recording, slices containing biocytin-loaded
cells were fixed by immersion in 4% parafolmaldehyde in 0.1 M PB
overnight at +4 °C. The sections were collected in PB, rinsed three
times in the same buffer and then incubated with Cy2-conjugated
Streptavidin (1:200; Jackson Immunoresearch Laboratories, USA) in
PB 0.3% Triton X-100 for 3 h at RT. Fluorescence material was
examined under a confocal scanning laser microscope (LSM700
Zeiss, Germany). Coverslips were removed and the slides were further
processed for Nissl staining. Bright field observations were performed
using a Zeiss Axioskop 2 light microscope equipped with epi-
illumination fluorescence. Images in bright field microscopy were
taken with a digital camera (Nikon; Coolpix 990). Finally, sections
were mounted on slides, air-dried and coverslipped with GEL MOUNT
(Biomeda, USA). The cytoarchitectonic areas and layers of the
different recorded slices were further determined in Nissl-stained
sections according to Franklin and Paxinos' Atlas of Mouse Brain
(Franklin and Paxinos, 1997) and to Zilles (Zilles, 1985). Figures were
generated by adjusting only brightness and contrast, and composed
by using Corel Draw 10 software.

Cultured cortical neuron recordings

Current clamp cortical neuron recordings were obtained with
electrodes filled with the same solution used for slice recordings. The
bath solution was (in mM): 120 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 20 D-
glucose, 10 HEPES, pH 7.3 with NaOH. To record the persistent sodium
current, the internal solution was (in mM): 130 CsCl, 20 tetraethyl-
ammonium (TEA)-Cl, 1 MgCl2, 0.24 CaCl2, 10 D-glucose, 5 EGTA, 2 ATP-
Mg, 10 HEPES, pH 7.3 with CsOH. The external solution was (in mM):
120 NaCl, 3 KCl, 2 CaCl2, 10 HEPES, 20 D-glucose, 2 MgCl2, pH 7.3 with
NaOH. 4-aminopyridine (4-AP, 2 mM) and CdCl2 (0.2 mM) were also
added to extracellular medium to block the potassium and calcium
currents, respectively. Tetrodotoxin (TTX, Alomone Labs, Jerusalem,
Israel) was applied using a multibarrel pipette gravity perfusion system
controlled by electronic valves positioned near the recorded neurons'
soma using a fast step perfusion system (SF-77B Warner Instruments,
Hamden, CT, USA). Sodiumpersistent current density was calculated by
dividing digitized peak current values by the whole-cell capacitance
measurements. All recordings were performed at room temperature
(22–24 °C) and obtained using an Axopatch 200B amplifier (Molecular
Devices). pClamp 9 software was utilized for the data acquisition
(Molecular Devices). The signalswerefiltered at 2–10 KHz anddigitized
at 20–50 KHz. After the establishment of a gigaseal, the pipette
resistance and capacitance were compensated electronically and the
cells accepted for the study only if the relative parameters remained
stable (Pieri et al., 2009). The cells chosen for the electrophysiological
recordings looked like pyramidal neurons and accounted for more than
80% of the neuronal population in the culture. All neurons considered in
this work for the current clamp experiments responded to current
injection with sustained repetitive firing at a frequency that was
comparatively linear as a function of the injected current (Contreras,
2004). During current clamp experimental acquisition, the neuronal
membrane potentialwas shifted to−60 mVwhen required to compare
the excitability of different neurons.

The neuronal membrane potential variation with −100 pA stimu-
lationwasfitted to the single exponential function:Vm=Vr+(Vf−Vr)
(1−et/tau) where Vm is the membrane potential, Vr the resting
potential, Vf the final value of the membrane potential, t the time and
tau the time constant.

Western blotting

Cells growing in 3.5 cm diameter dishes were rinsed once with
cold PBS and lysed on ice for 20 min in 150 ml of ice-cold RIPA buffer
(50 mM Tris–HCl, pH 8; 150 mM NaCl: 1% Triton; 2 mM EDTA; 0.1%
SDS) plus proteases inhibitor cocktail and phosphatase inhibitor
cocktail (Sigma-Aldrich, Oakville, Ontario, Canada P5726/P2850).
After clearing the lysates by centrifugation at 13,000 g for 10 min,
protein concentration was determined using the Bio-Rad RC DC
protein assay kit. Samples containing 30–50 μg of protein were
resolved by SDS-PAGE 10% and protein transferred to a nitrocellulose
membrane (Hybond-C Amersham Biosciences, Piscataway, NJ).
Membranes were blocked in PBS containing 5% non-fat dried milk
for 1 h at room temperature or overnight at 4 °C. Proteins were
visualized using antibodies to mTOR, PmTOR, Akt, PAkt, p70S6 and
Pp70S6 (Cell Signaling Technologies, Boston, MA). All primary
antibodies were diluted 1:1000 in 0.5% (w/v) non-fat dry milk, and
incubated with the nitrocellulose blot overnight at 4 °C. Incubation
with secondary peroxidase coupled anti-rabbit was performed by
using the ECL system (Amersham, Arlington Heights, IL, USA).
Quantity One software, associated with the versa Doc imaging system
(Bio-Rad), was used to quantify resultant bands of interest.

Data analysis

Data are presented asmean±standard deviation (SD). Statistically
significant differences were determined using one or two way ANOVA
test followed by Bonferroni corrections and Student's unpaired t-test
or paired t-test, when necessary. For statistical tests, values of Pb0.05
were considered statistically significant. Statistical analysis was
performed using Origin 7 (Microcal Software, Northampton, MA)
and SPSS 11.0 for Windows (SPSS Imc. USA) softwares.

Results

Effects of BCAAs on cortical neuron excitability

All neurons were recorded at 8-day-old in vitro (DIV). Cortical
neurons, cultured under controlled conditions and in the medium to
which BCAAs (L-leucine, L-isoleucine, L-valine: 200 μM each) were
added for 2, 4 and 6 days before being recorded, were not distinguish-
able from each other under the phase contrast microscope. Current
clamp electrophysiological recordings from neurons that looked like
pyramidal neurons and that responded to current injection with
sustained repetitive firing, as reported in the Materials and methods,
were considered for the final analysis (Pieri et al., 2009). In these
neurons the passive membrane properties, the pattern of repetitive
firing, the timeand thevoltage thresholdvalueswere analyzed. Since for
all the parameters considered in this work no significant differences
were observed between Control and SOD1 neurons, the two neuronal
groups were unified and denoted as Control neurons.

In all tested Control neurons (n=54), in those exposed for 2 days
(n=22), 4 days (n=21) and 6 days (n=26) to BCAAs, the resting
membrane potential was not significantly different (Table 1). In
addition, in each of these neurons, the injection of −100 pA currents
(1 s) from the resting membrane potential evoked a response that
reached a steady state of potential which was used to calculate the
membrane resistance, the membrane time constant (τ) and the cell
capacitance of the cortical neurons (not shown). All these data were
comparable for Control, 2-day, 4-day and 6-day neurons exposed to
BCAAs (Table 1), indicating that the passive properties of the
membrane's cortical neuronswereunaffectedby theexposure to BCAAs.



Table 1
Passive membrane properties of Control neurons, 2, 4 and 6 day BCAA-treated neurons.
The cells are 8 days old in culture. The membrane time constant (measured at the
voltage trace evoked by −100 pA current injection), the cell capacitance, the input
resistance and the resting membrane potential are not statistically different for all
conditions (ANOVA test, PN0.05).

Resting membrane
potential (mV)

Resistance
(MΩ)

Capacitance
(pF)

τ (ms)

Control (n=54) −59.7±4.7 569.2±198.7 67.4±12.9 38.1±14.8
BCAAs 2 days
(n=22)

−59.7±4.2 593.8±258.7 69±26.3 39.5±21.3

BCAAs 4 days
(n=21)

−58.4±3 592.9±156.9 61.2±14.7 37±10 .3

BCAAs 6 days
(n=26)

−59.3±4.2 564.6±189.1 61.9±17.2 35±9.6
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To study the excitability of the single 8-day-old in vitro cortical
neuron in control conditions and following BCAA exposure (2–7 days),
a current step of +60 pA (1 s) was injected to elicit action potentials
(Fig. 1A). In all tested cells, the time and the potential threshold were
calculated from the first action potential. In cortical neurons exposed
Fig. 1. Hyperexcitability induced by BCAA treatment. A — Representative repetitive firing ev
and 6 days BCAA-treated neurons. The holding potential is maintained at−60 mV. B—Mean
Control (n=54), 2 (n=22), 4 (n=21), 6 (n=26) and 7 (n=15) days BCAA-exposed cortic
significantly higher than those in Control (ANOVA followed by Bonferroni correction; *Pb
Control and 6 day BCAA-exposed neurons evoked by +20 pA, +40 pA, +80 pA and +100
maintained at −60 mV. D — Means and standard deviations of repetitive firing frequencies
exposed neurons (n=26; unpaired t-Student test, *Pb0.05, **Pb0.02, ***Pb0.0001).
for 6 days to BCAAs, the time (26.31±17.91 ms) and the threshold
potential (−44.6±13.6 mV; n=26) differed significantly compared
to Control neurons (43.67±22.43 ms, −32.2±7.6 mV, respectively;
n=54; Pb0.05 with unpaired t-test; data not shown), indicating a
higher excitability in BCAA-exposed neurons.

In all tested cells, the inverse of the first interspike interval was
taken as an estimate of the cell firing frequency and compared
between Control, 2, 4, 6 and 7 days treatment with BCAAs. Neurons
exposed to BCAAs for 4 or more days presented a significantly higher
frequency compared to Control (Fig. 1B). The excitability of 8 day-old
Control cortical neurons was compared to that of neurons exposed to
BCAAs for 6 days (Fig. 1C). The injection of +20 pA current (1 s)
elicited 3 or 4 action potentials in all recorded neurons exposed for
6 days to BCAA, whereas action potentials were never observed in
Control neurons with this stimulation. In contrast, when the current
amplitude was raised to +40 pA or above, multiple action potentials
were recorded in all neurons, both Control and BCAA-exposed
(Fig. 1C). In all tested cells, the frequency increased when the
amplitude of the train-evoking current increased. For all injected
currents equal to or above +40 pA, the firing frequency in BCAA
neurons (n=26) was significantly greater than that in the Control
oked by +60 pA current injection (1 s) under the current clamp condition in Control, 4
s and standard deviations of repetitive firing frequencies in +60 pA current injection in
al neurons. The action potential (AP) frequencies in 4, 6 and 7 BCAA-treated neurons are
0.05, **Pb0.02, ***Pb0.0001 versus Control). C — Representative repetitive firing for
pA current injections (1 s) under the current clamp condition. The holding potential is
in the range +40/+200 pA of current injections in Control (n=54) and 6 day BCAA-
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condition (n=54; Fig. 1D). Over the range of injected currents tested
(+40/+200 pA), the firing frequency varied from 9.73±7.53 to
40.07±14.99 Hz in the Control and from 17.37±11.51 to 61.36±
13.35 Hz in 6-day BCAA-exposed cortical neurons (Fig. 1D).

Interestingly, the hyperexcitability observed in neurons after
6 days' exposure to BCAAs has also been observed in G93A cortical
neurons (Pieri et al., 2009).

Specificity of BCAA effect

To testwhether the observed hyperexcitabilitywas due specifically
to the amino acids with the branched-chain or was an effect related
also to other amino acidswithout any lateral chain orwith an aromatic
chain, for 6 days we exposed cortical neurons to alanine (200 μM),
phenylalanine (200 μM) and to the three branched-chain amino acids
valine (200 μM), isoleucine (200 μM), leucine (200 μM), separately. As
reported in figure (Figs. 2A, C), the frequencies of Control (14.26±
8.8 Hz; n=54), alanine-added (13.27±7.87 Hz; n=8) and phenyl-
Fig. 2. Specificity of BCAA effect on firing properties A— Representative repetitive firing
in Control neuron, 6-day alanine (200 μM) and phenylalanine (200 μM) exposed
neurons and B — representative repetitive firing in 6-day valine (200 μM), isoleucine
(200 μM) and leucine (200 μM) exposed neurons. Responses were evoked by +60 pA
current injections (1 s) under the current clamp condition from a holding potential of
−60 mV. The calculated frequency is reported (Hz) above each trace. C— Bar histogram
showing the means and standard deviations of frequencies in Control neurons, in
neurons exposed for 6 days to Ala, Phe, Val, Ile and Leu (200 μM, each). The frequencies
for Val, Ile and Leu were statistically different compared to Control (ANOVA followed by
Bonferroni correction, **Pb0.02, ***Pb0.0001 versus Control) and the frequency for Val
was significantly different compared to Ala and Phe (§Pb0.05).
alanine-added (14.93±10.43 Hz; n=8) neurons were not statistical-
ly different (PN0.05) whereas neurons exposed to valine (28.66±
11.19 Hz; n=20), isoleucine (23.18±15.92 Hz; n=9) and leucine
(22.47±11.05 Hz; n=7) presented a significantly higher frequency
compared to Control (Pb0.02; Figs. 2B, C). Moreover, we exposed
neurons to increasing concentrations (10/300 μM) of the branched-
chain amino acid valine and recorded the neurons at 8 DIV (Fig. 3A). As
shown in Fig. 3B, frequency analysis revealed that exposure of cortical
neurons to different concentrations of valine for 6 days increased the
frequency of action potentials induced by a current step of+60 pA in a
dose-dependent fashion (1 s, Fig. 3B).

All these data indicate that the hyperexcitability observed in
cortical neurons exposed to BCAAs is induced specifically by the
branched-chain amino acids and that the valine-induced hyperexcit-
ability is dose-dependent.

Rapamycin effect

Many previous papers indicated that branched-chain amino acids
activate mTOR signaling which plays a crucial role in many aspects of
cellular functions (Cota et al., 2006; Ishizuka et al., 2008; Proud, 2002;
Sarbassov et al., 2006). To verify whether in our experimental
conditions mTOR pathway is involved in valine-exposed neuron
hyperexcitability, we used rapamycin. Valine treatment (200 μM), as
shown in Fig. 3, induces a significantly higher frequency compared to
Control neurons. This effect in cultured cortical neurons recorded in
the same experimental conditions as in Fig. 3, is reduced, but still
significantly different by 24 h of 10 nM rapamycin treatment (22.5±
7.72 Hz; Pb0.02, n=9), whereas it is completely reversed both with
24 h treatment at a higher concentration (50 nM; 16.12±8.93 Hz,
PN0.05, n=12) and with 6 days treatment with 2 nM rapamycin
(17.35±8.87 Hz; PN0.05, n=8; Fig. 4A). Rapamycin alone (10 nM or
Fig. 3. Dose–response relationship of action potential (AP) frequencies and valine
concentrations A— Example traces of 8 DIV cortical neurons exposed for 6 days to 10, 50
and 200 μMvaline. B— Bar histogram showing themeans and standard deviations of AP
frequencies for Control and different concentrations of valine. Values were 14.26±8.85
(n=54) for Control condition; 10.57±6.39 (n=9) for 10 μM valine; 15.65±5.62
(n=13) for 50 μM valine; 22.09±6.37 (n=10) for 100 μM valine; 28.66±11.20
(n=20) for 200 μM valine and 28.99±17.94 (n=12) for 300 μM valine. The data are
statistically different starting from100 μMvaline-exposed neurons (ANOVA followed by
Bonferroni correction, ***Pb0.0001 versus Control).

image of Fig.�2
image of Fig.�3


Fig. 4. Rapamycin effect on valine-induced hyperexcitability in cultured cortical neurons. A — Bar histogram showing the means and standard deviations of action potential (AP)
frequencies induced by 1 s depolarizing stepwith+60 pA current injection in Control, 6 day Valine (200 μM) treated neurons, in 6 day valine (200 μM)+Rapamycin after a 24 h (10
and 50 nM) or 6 day (2 nM) Rapamycin (Rap) exposure. Statistically significant differences are calculated by one-way analysis of variance (ANOVA) for repeated measure followed
by Bonferroni correction for multiple comparisons (*Pb0.05, ***Pb0.0001 versus Control condition). B—Means and standard deviations of repetitive firing frequencies in the range
of +40/+200 pA of depolarizing current in Control (n=54), valine (n=20) and valine+Rap 2 nM for 6 days (n=8). C — Means and standard deviations of repetitive firing
frequencies in the range of +40/+200 pA of depolarizing current in Control (n=54), valine (n=20) and valine + Rap 50 nM for 24 h (n=12). The difference is statistically
significant (ANOVA test, Pb0.05) for each current injection.
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50 nM), added to the control medium for 24 h or rapamycin alone
(2 nM) for 6 days had no effect on neuronal frequency in all tested
neurons (n=18, not shown). To further verify the effect of rapamycin
on the action potential frequency, Control neurons (n=54), 6 day
valine-treated neurons (200 μM; n=20), 6 day valine- and rapamy-
cin-treated neurons (200 μM, 2 nM, respectively; n=8) were stim-
ulated with increasing current injections. In this condition, rapamycin
was able to reverse the cortical valine-induced hyperexcitability
(Fig. 4B). The same result was obtained with 24 h treatment with
50 nM rapamycin (Fig. 4C; n=12).

These data show that rapamycin is able to reverse the valine-
induced hyperexcitability in a time- and concentration-dependent
manner, whereas it has not effect on Control neuron excitability.
Consequently, these results seem to indicate an indirect action of
rapamycin on the neuronal electrical properties.

G93A cortical neurons rescued from hyperexcitability by rapamycin

One known feature of ALS patients, also observed in the G93A
mouse model of ALS, is cortical hyperexcitability. Indeed, in G93A
cortical neurons the action potential frequency, in accordance with
our previous results (Pieri et al., 2009), was significantly higher for
each current injection compared to Control neurons (Fig. 5). To verify
whether rapamycin is also able to reduce G93A cortical excitability, as
has been observed in cultured cortical neurons treated with BCAAs,
we exposed G93A cortical neurons to 50 nM rapamycin for 24 h. As
shown in Figs. 5A and B, rapamycin treatment is able to reduce G93A
hyperexcitability to the control values.

Viability of Control and G93A cortical cells following valine- and
rapamycin-exposure

To study the cellular viability following the valine- and/or
rapamycin-exposure of Control and G93A cultures, 8 day-old cells
exposed to valine for 7 days (200 μM) and/or rapamycin for 24 h
(50 nM), were treated as reported in the Materials and methods. As
shown in Fig. 6, the number of Control and G93A viable cells was not
statistically different in normal medium (Control viable cells=82.3±
14.3; G93A viable cells=73.1±10.5) and in all considered conditions
(PN0.05, n=12 samples for each condition). These results indicate
that, in our experimental condition, valine and rapamycin have no
effect on the cellular viability, both in Control and G93A cultures.

Increased levels of Pp70S6 in G93A and valine-treated neurons reversed
by rapamycin

To verify a possible modulation of mTOR substrates in G93A and
valine-treated neurons compared to Control neurons, we exposed
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Fig. 5. Rapamycin effect on G93A neurons. In A — are shown representative traces of
Control, G93A and G93A treated with 50 nM rapamycin for 24 h, obtained with a 1 s
depolarizing step of +60 pA current injection. The relative action potential (AP)
frequency is reported above each trace. B— Action potential frequencies plotted against
current injections (+40/+200 pA) for all the conditions shown in A. The treatment of
G93A neurons with 50 nM rapamycin for 24 h significantly decreases the G93A
hyperexcitability (ANOVA followed by Bonferroni correction, Pb0.02 for each current
injection) up to Control values.
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G93A and valine-treated neurons to 50 nM rapamycin for 24 h and
performed western blotting analysis.

As reported in Fig. 7, we found that rapamycin successfully
suppressed mTOR signaling in all conditions. Indeed, we found that
Fig. 6. Cellular viability following valine- and/or rapamycin-exposure. Bar histogram
showing the means and SD of the viable cell number/field (2 fields from each of the 12
samples obtained from at least 5 different cultures). All the means are not significantly
different (n=24 fields for each condition; PN0.05, two way ANOVA).
rapamycin was able to significantly reduce the level of mTOR
phosphorylation in Control neurons (0.39±0.09, n=6), in Control
neurons treated with valine (0.4±0.09, n=6), in G93A neurons (0.3±
0.08, n=6) and in G93A neurons treated with valine (0.35±0.08,
n=3; Pb0.01; Fig. 7B), compared to untreated Control neurons. We
found that rapamycin also strongly reduced the phosphorylation of
p70S6, a target of mTORC1 known to regulate cell growth by inducing
protein synthesis, in Control, G93A and valine-treated neurons.
Phosphorylation of Akt was also slightly reduced. Interestingly, Control
neurons treated with valine and G93A neurons both presented
significantly higher levels of Pp70S6 compared to untreated neurons.
In addition, G93A neurons treated with valine showed an increase of
Pp70S6 comparable to that observed in G93A untreated neurons. These
data indicate, for the first time, that neurons from the G93A mouse
model of ALS and valine-treated neurons both show higher levels of
Pp70S6 protein compared to Control and that these levels are reduced
by rapamycin.

Persistent voltage-dependent Na+ current

Since persistent voltage-dependent Na+ current (INaP) is known to
be involved in neuronal excitability, and previous papers showed that in
G93A neurons the hyperexcitability was due to an increase in this
current (Kuo et al., 2005; Pieri et al., 2009; van Zundert et al., 2008), we
performed experiments aimed at studying whether this current is
involved in BCAA-induced hyperexcitability. To isolate the INaP and to
analyze its biophysical properties in Control and in cortical neurons
exposed for 6 days to BCAAs (Val-Leu-Ile, 200 μM, each), we performed
whole-cell recordings from 8 day-old in vitro neurons. We utilized a
slow ramp (b20 mV/s) protocol to prevent activation of the fast-
decaying Na+ current component, under experimental conditions in
which Ca2+ and K+ currents were pharmacologically blocked (see
Materials and methods). When the slow voltage ramp from −100 mV
to +30 mV (14 mV/s) was applied to cortical neurons, the recorded
currents increased relatively linearly in the sub-threshold region near
rest because of the passive leak current, but at more depolarized levels,
between −65 and −60 mV, the current usually deviated downward
from the extrapolated leak current (Fig. 8A). This incoming current was
completely and reversibly suppressed by the sodium channel blocker
tetrodotoxin (TTX, 1 μM; Fig. 8A, inset) and then identified as INaP.
Current–voltage curves for INaP in Control neurons (n=15) and in
neurons exposed for 6 days to BCAAs (n=18) were obtained from the
differences between the slow current amplitudes before and after
exposure to TTX (Fig. 8A). The continuous I–V relationship indicated
that the voltage-dependent activation threshold of the INaP was similar
in both Control and BCAA-treated neurons (−59.98±5.82 mV;
−61.24±4.53 mV, respectively; PN0.05) and also the peak potential
was similar (Control: −37.53±7.65 mV; BCAAs: −39.03±4.61 mV;
PN0.05). However, INaP amplitude measured at the peak of the I/V
relationship was significantly higher in BCAA-treated cortical neurons
(39.94±14.03 pA) than in those of Control (22.32±12.26 pA, Pb0.05)
as was the current density (Control: 0.49±0.24 pA/pF; BCAAs: 0.78±
0.31 pA/pF; Pb0.05; Fig. 8B). These data indicate that the persistent
sodiumcurrent increases inBCAA-treatedneurons and is involved in the
observed hyperexcitability.

Hyperexcitability in G93A cortical slices and in those of BCAA-treated
mice

Neuronal hyperexcitability has also recently been reported in
slices from the G93A mouse model of ALS. Hyperexcitability has
actually been observed in postnatal G93A mouse brainstems (van
Zundert et al., 2008). To verify whether the cortical hyperexcitability
observed in cultured neurons is also present in postnatal G93A mice,
we performed current clamp electrophysiological recordings from
P29–31 male mice.
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Fig. 7. Western blotting analysis. A — Primary cortical cells from Control and G93A mice cultured for 8 days were exposed to valine (200 μM, 6 days), rapamycin (50 nM, 24 h) and
valine + rapamycin (200 μM, 6 days and 50 nM, 24 h, respectively). Western blot analysis of lysates from Controls and G93A, untreated and treated as reported, was performed with
indicated antibodies. B — The histograms report the correspondent optical density analysis. The PmTOR, Pp70S6 and PAkt levels are shown as the ratio of PmTOR/mTOR, PAkt/Akt,
Pp70S6/p70S6 values and are expressed as fold of induction to Control untreated cortical cells set to 1. Each data point is the mean±SD of at least 3 independent experiments.
Statistically significant differences were calculated by ANOVA followed by Bonferroni correction (*Pb0.05; ⁎⁎Pb0.01, ***Pb0.001 versus Control neurons).
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In addition, to verify whether a diet enriched with BCAAs induces
any alterations in the electrical cortical properties, we fed the
pregnant mouse with this diet from the plug day to birth and the
offspring until the experimental days (P29–31). The mean weight for
Control (20.4±1.7 g, n=5), G93A (20.3±0.8 g, n=5) and BCAA-
treated (19±2.5 g, n=6) mice when utilized for the electrophysio-
logical recordings was not significantly different among the three
groups (PN0.05, ANOVA followed by Bonferroni correction).

Nissl staining demonstrated that all the recorded filled neurons
were observed in Layer V of area M1 of cerebral cortex (Figs. 9A, B).
Further, biocytin labeling confirmed that all the recorded filled cells
were indeed classical spiny pyramidal neurons with a triangular-
shaped soma, a large apical dendrite and multiple basal dendrites
(Figs. 9 C, C′).
In all tested Control, G93A and BCAA-treated neurons, the resting
membrane potential, the capacitance and the membrane resistance
were not significantly different. This indicates that the passive
membrane properties were unaffected by mutated human transgene
over-expression and by BCAA treatment (Table 2). Further, we
analyzed whether cortical slices from G93A and BCAA-treated male
mice displayed increased intrinsic excitability compared to Control
mice. We recorded action potential firing in response to depolarizing
current steps (Fig. 10A). For all injected currents equal to or above
+100 pA, the firing frequency in G93A cortical neurons (n=9), and
in BCAA-treated neurons (n=6) was significantly higher than in
Control mice (n=7; Pb0.05, one-way ANOVA, Fig. 10B). Over the
range of injected currents in which the frequency was significantly
different (+100/+200 pA), it varied from 7.38±7.67 Hz to 23.98±
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Fig. 8. Persistent sodiumcurrent in Control and 6-day BCAA-treated cortical neurons. A— Persistent sodiumcurrent (INap) evokedbya slowvoltage rampprotocol (14 mV/s from−100 to
+30 mV) in 8 day-old representative cortical neurons. The currents shown in the main panels were obtained by digitally subtracting the traces recorded in 1 μMTTX (inset) from initial
recordings. B —Mean values with standard deviations for Control neurons and BCAA-treated neurons related to INap onset voltage, peak potential, peak current and current density. The
values related to peak current and current density are statistically different in Control and 6-day BCAA-treated cortical neurons (unpaired t-Student test, *Pb0.05, **Pb0.02).

Fig. 9. Low power pictures showing recorded biocytin-injected neuron (A) and Nissl-counterstaining (B) in a 250 μm coronal section of the mouse brain. The red circle in both
pictures (A–B) indicates the position of the biocytin-injected neuron in the cerebral cortex. Note the anatomical position of the biocytin-injected neuron at the border between layer
IV–V of motor cortex (M1; delimited by white dotted lines). C–C′ — Confocal images showing the morphological features of the recorded biocytin-injected neuron. Note the
triangular shape of the soma, the large apical dendrite and the multiple basal dendrites typical of the classical pyramidal neurons in the cerebral cortex (C′). Scale bars: 400 μm (A–
B); 200 μm (C) and 50 μ m (C′).
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Table 2
Motor cortex neuron properties. Averaged cell properties are calculated for Control,
G93A and BCAA motor cortex neurons from P29–P31 mice. The values are not
statistically different (ANOVA test, PN0.05).

Resting membrane
potential (mV)

Resistance
(MΩ)

Capacitance
(pF)

Control (n=7) −63.2±4.4 54.5±30.4 79.7±5.2
G93A (n=9) −66.5±4.3 61.7±21.5 72±12.7
BCAAs (n=6) −66±4.4 54.7±14.1 74.7±13.7

Fig. 11. Effect of riluzole on single neuronal excitability. A — Representative current
evoked firing discharge (+60 pA, 1 s) in G93A and BCAA neurons in control conditions
and during the application of 10 μM Riluzole. The drug is able to reduce the action
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9.51 Hz for Control neurons, from 19.21±9.86 Hz to 47.76±17.13 Hz
for G93A cortical neurons and from 19.54±4.27 Hz to 44.3±8.25 Hz
for BCAA-treated neurons. Interestingly, G93A neurons showed an
excitability curve (Fig. 10B) which almost completely overlapped that
of BCAA-treated neurons.

The persistent sodium current is known to be involved in
repetitive firing by promoting rapid depolarization to the threshold
during interspike intervals (Levin et al., 2006; Llinas and Sugimori,
1980; Raman and Bean, 1997). In addition, it has been shown that this
current increases in G93A neurons showing hyperexcitability (Kuo
et al., 2005; Pieri et al., 2009; van Zundert et al., 2008). Since in the
present paper a significant increase in this current has been found in
cultured BCAA-treated cortical neurons, we tested Riluzole (10 μM) to
determine whether the hyperexcitability in G93A and BCAA-treated
neurons was reduced by decreasing the amplitude of the persistent
sodium current (Fig. 11A). In our experimental conditions, a low dose
Fig. 10. Repetitive firing properties for Control, G93A and BCAA-treated mice. A —

Sample traces of Control, G93A and BCAA-treated mice showing action potentials (AP)
evoked by rectangular depolarizing current pulses (+40, +60, +100 and +150 pA,
1 s) from a holding potential of −70 mV. B — Means and standard deviations of AP
frequencies plotted against injected currents (+40/+200 pA), showing that the
intrinsic excitability in G93A (n=9) and in BCAAs (n=6) is significantly higher than in
Control mice (n=7; ANOVA test, *Pb0.05).

potential frequencies which are shown above each trace B— Bar histogram showing the
reduction of action potential frequency in G93A (5.23±5.77 Hz) and BCAAs (8.31±
4.54 Hz) neurons in presence of 10 μMRiluzole. The difference is statistically significant
(paired t-Student test, *Pb0.05).
of Riluzole proved capable of reducing cortical frequency (Fig. 11B)
both in G93A and in BCAA-treated mice, thus indicating that this
current was involved in the observed hyperexcitability.

Discussion

The higher risk factor of ALS among Italian soccer players that
previous epidemiological paper have reported, is still debated (Al-
Chalabi and Leigh, 2005; Armon, 2007; Belli and Vanacore, 2005,
2008; Beretta et al., 2003; Chio et al., 2005, 1999; Vanacore et al.,
2006), although different hypotheses have been proposed to explain
this possible higher mortality rate. Among these hypothesis, heavy
physical exercise, football-specific trauma andmicrotrauma, exposure
to pesticides used on playing fields, use of illegal toxic substances or
chronic misuse of drugs, prevalently anti-inflammatory and dietary
supplements (Belli and Vanacore, 2005; Chio et al., 2005) have been
proposed. Among the dietary supplements, one of the hypotheses
involves the abuse of BCAAs in intense sport activities, as was
previously speculatively reported (Belli and Vanacore, 2005; Vana-
core et al., 2006).

In the present study, we show that BCAAs induce hyperexcitability
both in cultured cortical neurons and in motor cortex neurons
recorded from cortical slices of mice fed with a BCAA-enriched diet.
This hyperexcitability is due specifically to the branched-chain amino
acids since phenylalanine and alanine, amino acids with an aromatic
chain and without any lateral chain respectively, are unable in
cultured cortical neurons to induce any significant alteration in the
cellular bursting properties. Interestingly, the hyperexcitability in
BCAA-treated neurons in culture is reversed in a dose- and
concentration dependent-manner by rapamycin which is also able
to reverse that previously reported in G93A cultured cortical neurons
(Pieri et al., 2009).

Hyperexcitability is a neuronal feature in ALS. Indeed, a large body
of evidence, from previous neurophysiological studies in ALS patients,
indicated an abnormal excitability of cortical and spinal motor

image of Fig.�10
image of Fig.�11


228 I. Carunchio et al. / Experimental Neurology 226 (2010) 218–230
neurons. These studies used transcranial magnetic stimulation (Eisen,
1992; Eisen et al., 1993, 1996; Mills and Nithi, 1997; Triggs et al.,
1992; Vucic and Kiernan, 2008; Yokota et al., 1996; Zanette et al.,
2002) and different functional neuroimaging and neurophysiological
techniques (Brooks et al., 2000; Kew et al., 1993; Zanette et al., 2002).
In addition, in the G93A mouse model of ALS, hyperexcitability was
recently reported in cultured cortical neurons (Pieri et al., 2009; Stys,
2005), in spinal motor neurons (Kuo et al., 2004, 2005; Tamura et al.,
2006) and in brainstem motor neurons (van Zundert et al., 2008).

Neuronal hyperexcitability may contribute to excitotoxic vulner-
ability. Calcium enters the neurons during each action potential
through voltage-dependent Ca2+ channels. Thus, neurons with an
increased number of action potentials reach a higher calcium
concentration per unit of input which activates toxic pathways
(Powers and Binder, 2001). Previous papers reported that cortical
abnormalities may be observed in presymptomatic ALS patients
(Turner et al., 2005; Vucic and Kiernan, 2007) and that in the G93A
mouse model the degeneration of spinal cord motor neurons is
secondary to dysfunction within CNS motor pathways, i.e. within the
primary motor cortex, corticospinal tract and bulbospinal pathways
(Browne et al., 2006). Since cortical hyperexcitability is a feature of
presymptomatic ALS (Turner et al., 2005; Vucic and Kiernan, 2007), it
has been proposed that the initial abnormality occurs within the
motor cortex, with anterograde excitotoxicity underlying subsequent
anterior horn cell degeneration (Eisen and Weber, 2001), Conse-
quently, if cortical abnormalities are identified in the early stage of the
disease, agents able to reduce cortical hyperexcitability may be
administered, thus slowing down the progress of the disease and
prolonging survival.

In the first instance we report herein that pyramidal neurons from
G93A motor cortex slices present hyperexcitability and that, inter-
estingly, their excitability is comparable to that observed in BCAA-
treated neurons. In fact, our data indicate that high doses of BCAAs, if
administered over a long period, induce hyperexcitability both in
cultured cortical neurons and in pyramidal neurons from motor
cortex slices of mice fed with a BCAA-enriched diet. We show that the
cause of this hyperexcitability seems to be due to an increased density
of the persistent sodium current in valine-treated neurons, as
previously observed in G93A cortical neurons (Pieri et al., 2009). In
pyramidal neurons from mice fed with BCAAs, the hyperexcitability,
detected through increased frequencies of action potentials, is
probably also due to a similar mechanism because it was reduced
by low concentrations of riluzole (Kuo et al., 2005; Pieri et al., 2009;
Tamura et al., 2006; van Zundert et al., 2008). In fact riluzole, a drug
currently utilized in clinical treatment (Bensimon et al., 1994),
significantly decreases the firing frequency in these neurons being
able to suppress the persistent sodium current to a greater extent than
the fast transient sodium current (Urbani and Belluzzi, 2000; Zona
et al., 1998). The valine effect seems to be limited to inducing
neuronal hyperexcitability because the viability of both Control and
G93A cells treated with valine was not significantly different in our
experimental conditions compared to untreated neurons. Moreover,
the viable cells in G93A cultures seem not to be significantly different
compared to Control cells. Interestingly the increased level of p70S6
phosphorylation in G93A cultures treatedwith valine was comparable
to that of G93A untreated neurons, indicating the lack of synergic
effect on G93A neuronal excitability. Amino acids not only participate
as substrates in metabolic pathways, but can also act as regulators of
signal transduction pathways. In the nervous system, glutamate and
GABA aremajor neurotransmitters and aspartate and glycine also play
roles in neurotransmission (Ishizuka et al., 2008). However, the
potential signaling roles of the other amino acids in the CNS are less
characterized because specific receptors have not been identified
(Ishizuka et al., 2008). Neurons and glia express several amino acid
transporters and these amino acids may trigger signaling cascades
after being taken up into the cells (Broer, 2006; Smith, 2000; Takanaga
et al., 2005). The BCAAs readily cross the blood–brain barrier in
exchange with glutamine, and are the major external source of
nitrogen for the formation of glutamate and glutamine in the brain
(Block and Harper, 1991; Chuang et al., 1995; Cooper and Plum, 1987;
LaNoue et al., 2001; Lieth et al., 2001; Yudkoff, 1997).

Previous papers suggested that the intracellular concentrations of
some amino acids, in particular the BCAAs, are important regulators of
the mTOR pathway (Beugnet et al., 2003; Christie et al., 2002; Dennis
et al., 2001; Gulati and Thomas, 2007; Proud, 2007; Tokunaga et al.,
2004), although their mechanism of action remains obscure. The
current high level of interest in signaling through mTOR reflects its
ability to integrate multiple signals to control several cell functions
(Wullschleger et al., 2006; Yang and Guan, 2007). The protein kinase
mTOR is involved in controlling cell growth and size, and over-
activation of mTOR signaling has been linked to human diseases,
including cancer (Easton and Houghton, 2006; Lee et al., 2007), ageing
and type 2 diabetes (Dann et al., 2007). Moreover, a large body of
evidence points to a relation between mTOR and hamartoma
syndromes (Inoki et al., 2005), cardiac hypertrophy (Inoki et al.,
2005; Proud, 2004) and interestingly, it has been shown that inhibition
ofmTORby rapamycin (Foster and Toschi, 2009; Thoreen and Sabatini,
2009) ameliorates some of the symptoms observed in animal models
of Huntington disease (Ravikumar et al., 2004). Recently, it has also
been reported that mTOR signaling is involved in epileptogenesis and
it has been hypothesized that mTOR inhibitor could be useful as
antiepileptogenic therapy (Zeng et al., 2009). Interestingly, our data
indicate that rapamycin is able to reduce the hyperexcitability in
cultured cortical neurons treated with BCAAs and in G93A cultured
cortical neurons (Pieri et al., 2009), whereas it is ineffective on the
Control neuron excitability. These findings seem to indicate the
involvement of mTOR pathway in the neuronal excitability of G93A
and valine-treated neurons, probably through an indirect mechanism
of action that could be mediated by the glial cells, involved in the ALS
pathology, as previously reported (Bogaert et al., 2010; Di Giorgio
et al., 2007).Moreover, our data have shown, throughwestern blotting
analysis, altered levels of p70S6 phosphorylation, a substrate of mTOR
pathway, in BCAA-treated neurons and in G93A neurons. mTOR
protein kinase exists in two distinct complexes, mTOR Complex 1
(TORC1) and mTOR Complex 2 (Wullschleger et al., 2006), with a
different sensitivity to rapamycin (Foster and Toschi, 2009). Both
complexes are regulated by hormones and growth factors, but only
mTORComplex 1 is acutely regulated by nutrients, such as amino acids
and glucose (Dann et al., 2007; Krebs et al., 2007). The mechanism by
which they activate TORC1 is largely unknown. Previous studies have
reported that BCAAs modulate the mTOR pathway in different non
neuronal cells (Kakazu et al., 2007; Perez de Obanos et al., 2006) and in
muscle cell line (Herningtyas et al., 2008). It has also been reported
that in cortical neurons the branched-chain amino acid leucine
activates and phosphorylates p70 ribosomal protein S6 kinase
(p70S6K), a substrate of mTOR, in a rapamycin-sensitive manner
(Hara et al., 1998; Kimball et al., 1999; Xu et al., 1998). This activation is
mediated by system L-amino acid transporter(s) (Ishizuka et al., 2008).
Interestingly, p70S6K is a multipotent kinase that regulates transla-
tion, cell size, cell growth, and cell survival (Ishizuka et al., 2008).

Our findings clearly show that, similarly to the leucine effects
(Ishizuka et al., 2008), p70S6 phosphorylation is increased both in
valine-treated neurons and also in G93A neurons, in a rapamycin-
sensitive manner. Moreover, our results indicate that rapamycin may
reduce the hyperexcitability of G93A and valine-exposed neurons
through an indirect mechanism of action that could be mediated by
the glial cells. Interestingly, previous papers have supposed that the
mTOR pathway may regulate the electrical activity of the single
neuron and mediate mechanisms of neuronal excitability (Raab-
Graham et al., 2006; Yue et al., 2000; Zeng et al., 2009), although the
mechanism of action is still unknown. In fact, the relationship
between the mTOR pathway and the ionic channel functionality is
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far from being known, in particular regarding the persistent sodium
current on account of the nature of this current. In fact, an important
yet unanswered question is whether persistent and fast inactivating
sodium currents arise from different sets of sodium channels or
whether the persistent sodium current results from different gating of
the same channel type (Crill, 1996; Kiss, 2008).

In conclusion, together all these data seem to indicate a similar
phenotype of neurons treatedwith BCAAs and neurons from the G93A
mouse model of ALS. Moreover, although our findings do not directly
support a pathogenic mechanism in ALS, they point to the importance
of mTOR substrates in ALS pathology, potentially offering novel
avenues for developing therapeutic strategies.
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