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Pyramidal neurons of the motor cortex are selectively degenerated in Amyotrophic Lateral Sclerosis (ALS). The
mechanisms underlying neuronal death in ALS are not well established. In the absence of useful biomarkers,
the early increased neuronal excitability seems to be the unique characteristic of ALS. Lipid peroxidation caused
by oxidative stress has beenpostulated as one of the possiblemechanisms involved in degenerationmotor cortex
pyramidal neurons. This paper examines the effect of lipid peroxidation on layer V pyramidal neurons induced by
cumene hydroperoxide (CH) in brain slices from wild type rats. CH induces a synaptic depression of pyramidal
neurons in a time dependent manner, already observable on GABAergic synaptic transmission after 5 min appli-
cation of the drug. Altogether, ourwhole-cell patch-clamp recording data suggest that the functional changes in-
duced by CH upon pyramidal neurons are due to pre- and postsynaptic mechanisms. CH did not alter mEPSCs or
mIPSCs, but decreased the frequency, amplitude, and decay rate of spontaneous EPSCs and IPSCs. These effects
may be explained by a presynaptic mechanism causing a decrease in action potential-dependent neurotransmit-
ter release. Additionally, CH induced a postsynaptic inward current that underlies a membrane depolarization.
Depressing the inputflow from the inhibitory premotor interneurons causes a transient hyperexcitability (higher
resistance and lower rheobase) in pyramidal neurons of the motor cortex by presumably altering a tonic inhib-
itory current. These findings, which resemble relevant cortical pathophysiology of ALS, point to oxidative stress,
presumably by lipid peroxidation, as an important contributor to the causes underlying this disease.
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1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is a fatal disease that results
from degeneration of both the lower and upper motor neurons, includ-
ing the motor cortex layer V of pyramidal neurons that regulate volun-
tary control of motor output (Mochizuki et al., 2011). Upper motor
neuron degeneration causes spasticity, hyperreflexia and compromises
motor control, while degeneration of lower motoneurons is character-
ized by muscular weakness and cell death (Boillée et al., 2006; Kim et
al., 2014). In a small percentage of cases, the origin of the ALS has a ge-
netic component, but 90% of cases are sporadic, and the initial cause is
still unknown. Motoneuron degeneration in sporadic ALS may be the
consequence of a combination of mechanisms, including excitotoxicity
that triggers mitochondrial dysfunctions and deregulation of Ca2+ ho-
meostasis, aberrant protein aggregation, neuroinflammation, altered
versidad de Sevilla, C/ Profesor
ionic channels and excitability, and environmental toxicity (Cleveland
and Rothstein, 2001; Foran and Trotti, 2009; Grosskreutz et al., 2007;
Guatteo et al., 2007; Martorana et al., 2012; Philips and Robberecht,
2011; Pieri et al., 2013, 2009; Saba et al., 2016; Van Den Bosch et al.,
2006; Yin et al., 2017; Zona et al., 2006). It is also widely believed that
oxidative stress has a major role in the development of such a disease
(Niedzielska et al., 2016; Poppe et al., 2014; Reynolds et al., 2007). In
fact, a clinical study demonstrated that the magnitude of oxidative
stress correlated well with clinical severity in patients with ALS
(Ikawa et al., 2015). Furthermore, postmortem studies also reveal ex-
tensive damage of lipids, proteins, and DNA due to oxidative stress
(Bogdanov et al., 2000). In addition, some of the abovementioned alter-
ations may also be linked to an excessive activation of glutamate recep-
tors that induce an excitotoxicity cascade (Spalloni et al., 2013). Studies
with transcranial magnetic stimulation have demonstrated cortical hy-
perexcitability in patients with ALS, which were detected before the
onset of symptoms of the disease (Vucic et al., 2011, 2008). From
these findings, it has been proposed that motoneurons degeneration
in ALS may be the result of cortical hyperexcitability, which would in-
duce modifications of glutamatergic activity in cortical neurons.
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Therefore, increased release of glutamate from presynaptic terminals
could induce excitotoxicity in upper and lower motoneurons (King et
al., 2016; Maekawa et al., 2004). However, there is also evidence that
cortical inhibition is disrupted in ALS (Geevasinga et al., 2014). There-
fore, more accurate characterization is needed to determine whether
there is an increase of excitation or a disruption of inhibition to explain
the cortical hyperexcitability, and their contribution to motoneuron
excitotoxicity in ALS.

We have previously demonstrated that 10 μMof CH evokes lipid per-
oxidation in a time dependent manner (Pardillo-Díaz et al., 2016). Lipid
peroxidation caused by oxidative stress can be described generally as a
process under which oxidants such as free radicals affect lipids contain-
ing carbon-carbon double bonds. Lipid peroxidationmodifiesmembrane
barrier properties increasing the permeability forwater and ions, and to a
lesser extent, high molecular weight compounds (Ferretti and Bacchetti,
2011; Nam, 2011). The organic oxidizing agent, cumene hydroperoxide
(CH), has been used to inflict oxidative stress in in vivo studies (Muñoz
et al., 2017). This agent penetrates the membrane lipid bilayer causing
not only peroxidation of lipids, but also reacting with aminoacids, and
proteins, as singlet oxygen does (reviewed in Ayala et al., 2014). In pre-
vious in vitro work from our laboratory, we have also demonstrated
that oxidative stress, induced by CH, evokes dose and time dependent
changes in the functional properties of pyramidal neurons from the
motor cortex, compromising both neuronal excitability, and the capabil-
ity of generating action potentials (Pardillo-Díaz et al., 2016, 2015). Spe-
cifically, resting membrane potential of pyramidal cells of the motor
cortex under CH exposure become progressively depolarized with no
changes in voltage threshold. Furthermore, membrane resistance
shows a biphasic change on membrane resistance, increasing after
5min of drug application and then it started to decrease, even under con-
trol values, after longer periods of exposure. At the same time, changes in
membrane resistance produce compensatory variations in the rheobase
that lead to a transient increase in excitability. In some neurons, long ex-
posure to the drug caused loss of their ability to discharge repetitively ac-
tion potentials. However, most of the neurons maintain their repetitive
discharge even though their maximum frequency and gain decreased.
Furthermore, cancelation of the repetitive firing discharge took place at
intensities that decreased with larger drug concentration and/or longer
time of exposure to CH, which resulted in a narrower working range.
These changes are thought to be mainly caused by changes in the intrin-
sicmembrane properties of the pyramidal cells (Pardillo-Díaz et al., 2016,
2015). However, in hypoglossal motoneurons, Nani and colleagues have
shown that oxidative stress also affects synaptic transmission that is ac-
companied by a significant diminution in the frequency of spontaneous
postsynaptic currents due to changes in the release of several neuro-
transmitters (Nani et al., 2010). Additionally, it also has been shown
that hydrogen peroxide application decreases synaptic inhibition in cor-
tical neurons (Frantseva et al., 1998). Therefore, we propose that some of
the reported changes inmembrane resistance and rheobase could be the
result of modifications in the release of neurotransmitters on pyramidal
neurons. As a consequence, further studies are needed to evaluate the in-
fluence of synaptic transmission on pyramidal cells from the motor cor-
tex under CH exposure.

To that end, we obtained electrophysiological recordings from pyra-
midalmotor cortex neurons in brain slices to examine the effects of lipid
peroxidation on synaptic and membrane properties. Our study aims to
address the following questions: i) Does oxidative stress affect synaptic
transmission? ii) Are some synaptic inputs to pyramidal neurons more
sensitive than others to the exposure to CH. iii) Is synaptic transmission
recoverable after washout of the drug? iv) Are the reported changes in
membrane resistance and rheobase due to the result of modification
in the release of neurotransmitters on pyramidal neurons? v) Does al-
teration of inhibitory premotor synaptic inputs underlie the hyperexcit-
ability of cortical neurons? The answers to these questions could be
potentially relevant to understand the role of lipid peroxidation in
some neurological diseases such as ALS.
2. Material and methods

2.1. Animals and slice preparations

All procedures were conducted in strict accordance with the recom-
mendations of the Guide for the Care and Use of Laboratory Animals of the
European Community Directive 2003/65 and the Spanish Royal Decree
120/2005. The research protocol was approved by the Animal Ethics
Committee of the University of Seville. Every effort was made to mini-
mize the number of animals used and their suffering. Wistar rats (20–
40 days of age) of both sexes were deeply anaesthetized with chloral
hydrate (4%, Panreac) and decapitated. Brains were quickly removed
and placed in ice-cold artificial cerebrospinal fluid (ACSF). This cutting
solution was a low-calcium-ACSF. Transverse 300-μm-thick slices that
included the primary motor cortex were cut on a vibratome (NVLSM1,
WPI) kept at 35° for 30 min in an ACSF-filled chamber after slicing,
and then stored at ~21 °C in the same solution until use. The composi-
tion of the ACSF (in mM) was as follows: 126 NaCl, 2 KCl, 1.25
NaH2PO4, 26 NaHCO3, 10 glucose, 2 MgCl2, and 2 CaCl2. For the low-cal-
cium-ACSF solution, the concentrationswere 4MgCl2 mM and 0.1 CaCl2
mM. BothACSF and low-calcium-ACSF solutionswere bubbledwith 95%
O2-5% CO2 (pH 7.4).

2.2. Whole-cell patch clamp recordings

Slices containing the primary motor cortex were transferred to a re-
cording chamber and superfused at 1–2 ml·min−1 with recirculating
aerated ACSF warmed to 33° ± 1 °C via a feedback-controlled heater
(TC 324B; Warner). Neurons were whole cell patch voltage clamped
under visual guidance using a Nikon Eclipse FN1 microscope equipped
with infrared-differential interference contrast (IR-DIC) optics, a 40×
water immersion objective, and a WAT-902H2 Ultimate Camera. Corti-
cal pyramidal neurons were distinguished by their typical morphology
including a rhomboidal cell body, a prominent apical dendrite extend-
ing vertically towards the surface and basal dendrites radiating out
from the base of the soma (Fig. 1A–B). Patch pipettes were pulled (PC-
10, Narishige) from borosilicate glass capillary with filament (inner di-
ameter 0.6, outer diameter 1 mm; Narishige). For voltage-clamp exper-
iments, patch electrodes had 3–4 MΩ resistance, whereas for current-
clamp experiments they had 5–6 MΩ resistance. Patch pipettes were
filled with intracellular solution containing (in mM): 125 MeSO4·Cs,
10 KCl, 10 HEPES, 0.5 EGTA, 2 ATP-Mg, 0.3 GTP-Na2 (pH 7.2 with
CsOH; 285 ± 5 mOsm) for voltage-clamp experiments and MeSO4·Cs,
that minimized the leak current of the recorded cell, was used to enable
larger changes in voltage threshold. For current-clamp experiments,
patch pipettes contained (in mM): 120 K-gluconate, 10 KCl, 10 phos-
phocreatine disodium salt, 2 MgATP, 0.3 NaGTP, 0.1 ethyleneglycol-bis
(2-aminoethylether)-N,N,N′,N′-tetra acetic acid (EGTA), 10 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), adjusted
to pH 7.3 with KOH. The osmolarity of intracellular solution was
285mosmol/kg adjustedwith sucrose.Whole-cell recording configura-
tion was obtained using a micromanipulator (MP-225, Sutter) and a
patch-clamp amplifier (Multiclamp 700B, Axon Instruments, Molecular
Devices). Giga seals (N1 GΩ) were always obtained before rupture of
the patch and pipette capacitancewas compensated for before breaking
in. In current-clamp mode, the bridge was periodically balanced using
the auto-adjust feature. Throughout voltage-clamp recordings, the
whole-cell capacitance and series resistance were measured and resis-
tances were compensated by 70%. Recordings were discontinued if the
series resistance increased by N50% or exceeded 20 MΩ.

2.3. Drugs and general protocol

All drugswere prepared just prior to experiments fromstock solutions
stored at −20 °C. The following drugs were used: 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 50 μM), d-amino-phosphonovalerate



Fig. 1. Effects of CNQX, APV and Gabazine on spontaneous postsynaptic currents of pyramidal neurons from themotor cortex. (A) Drawing of a transverse section showing the location of
the recorded area (primary motor cortex). Abbreviations: Acb, Acumbens nucleus; CPu, Caudate Putamen; CC, Corpus Callosum. (B) Typical neuron from themotor cortex patch clamped
under direct visual control. (C) Effect of CNQX (50 μM) and AP-5 (25 μM) on spontaneous excitatory postsynaptic currents (sEPSC). (D) Effect of Gabazine (10 μM) on spontaneous
inhibitory postsynaptic currents (sIPSC). Note that excitatory and inhibitory synaptic inputs are glutamatergic and GABAergic, respectively.
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(APV, 20 μM), 2-(3-carboxypropyl)-3-amino-6-methoxyphenyl-
pyridazinium bromide (SR95531 or gabazine, 20 μM) and tetrodotoxin
(TTX, 1 μM) and purchased from Tocris (Bristol, UK). Cumene
hidroperoxide was purchased from Sigma Aldrich and was applied at 10
μM concentration because we have demonstrated that this dose produce
lipid peroxidation and electrophysiological changes of in vitro primary
motor cortex neurons (Pardillo-Díaz et al., 2016, 2015).

In general, the protocol used for studying the effects of drugs was as
follows: each neuron was initially superfused with normal ACSF to ob-
tain voltage or current clamps recordings under control conditions.
After this, to determine the effect of the different drugs, the slice was
superfused with ACSF containing the drugs and current or voltage re-
sponses were again acquired. To avoid concerns associated with incom-
plete drug washout or incomplete recovery to control conditions, only
one cortical neuron per slice was recorded.

2.4. Voltage clamp recordings and analysis

To know the effects of CH on inhibitory (IPSC) and excitatory (EPSC)
synaptic currents, spontaneous and miniature IPSC and EPSC were re-
corded at holding membrane potentials of 0 (inhibitory) and−70 (ex-
citatory) mV. Currents were low-pass filtered at 2 kHz and data were
digitized at 5–20 kHz with a Digidata 1550 analog-to-digital converter
and acquired using pCLAMP 10 software (Molecular Devices). Data
were stored on a computer disk and analyzed offline using Stimfit
0.14 software (https://github.com/neurodroid/stimfit). Synaptic events
were detected over 60 s of continuous recording and spontaneous and
miniature postsynaptic currents were analyzed as is summarized:
First, we created a preliminary template by fitting a function to a single
event. Then, we used this preliminary template to extract some more
exemplary events using a high detection threshold and we made a
final template by fitting a function to the average of the exemplary
events. Finally, we extracted all events with the final template using a
low detection criterion. False positive events were manually removed,
and the average of the remaining events was fittedwith a biexponential
function. The following parameters are measured: i) Amplitude or peak
from base was the difference between baseline and the peak value; ii)
Rise time (10–90%) refers to the time required for the signal to change
from 10% to 90% of the peak value (measured from the baseline); iii)
Decay refer to the maximal slope during the falling phase of the signal;
iv) Frequency wasmeasured as the number of event per second. On the
other hand, the change in the holding current amplitude evoked by the
application of CH or others drug was calculated as the difference with
the baseline level (Torres-Torrelo et al., 2014) by using Clampfit 10.4
(Molecular Devices) software. Origin 8.0 software (Originlab Corpora-
tion, Northampton, MA, USA) was used to represent cumulative proba-
bility plots of synaptic events.

2.5. Current clamp recordings and analysis

To investigate the drug effects on intrinsic membrane properties,
current clamp experiments were performed. Recordings were low-
pass Bessel-filtered at 10 kHz; data were digitized at 20 kHz and ana-
lyzed offline usingClampfit 10.4 software (MolecularDevices). Input re-
sistance was determined by passing positive and negative square
current steps (500 ms, 1 Hz; with 50 pA increments) and calculated as
the slope of the current-voltage plot; when there was evidence of an in-
ward rectification, or sag, the voltage value used for this latter plot was
the value achieved at the peak. Others parameters like tonic or maxi-
mum firing gain, rheobase or voltage threshold were routinely calculat-
ed (Carrascal et al., 2010; Torres-Torrelo et al., 2012). Origin 8.0
software (Originlab Corporation, Northampton, MA, USA) was used
for linear regression and diagram representation.

2.6. Statistical analysis

Datawere expressed asmean± standard error of themean; n refers
to the number of neurons, as indicated. For statistical calculations, we
used GraphPAD Prism 6.01 software (GraphPad Software Inc., La Jolla,
USA). Data distribution was first processed with a normality test (Sha-
piro-Wilk Test). To determine if there were statistical differences be-
tween parameters in control vs. experimental in the same cell, an
ANOVA with repeated measures was used to compare the means of
the different group treatments. If there were significant differences,
then we used the Bonferroni test to perform pairwise comparisons be-
tween groups. To analyze if there were statistical difference between
postsynaptic currents from different groups of cells, one group treated
with TTX and the other treated during 30 min with CH, we used

https://github.com/neurodroid/stimfit
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Student's t-test. Two groups of data were considered statistically differ-
ent if P ≤ 0.05. The correlation between variables was measured by
Pearson's correlation coefficient (r). An asterisk in tables and figures in-
dicates statistical differences between control and CHexpositionwhile a
cross indicates differences between two consecutives groups.

3. Results

The aim of this work is to quantify excitatory and inhibitory synaptic
activity from layer V pyramidal cells of rat motor cortex (P21-P-40)
using whole-cell patch-clamp recordings techniques (Fig. 1A–B). In
these experiments, all spontaneous inward currents recorded at
−70 mV were excitatory and were blocked by the application of the
glutamatergic antagonists CNQX and APV in the perfusion bath (Fig.
1C). At 0 mV, all spontaneous outward currents were inhibitory which
were abolished by the application of gabazine (Fig. 1D).

3.1. Application of CH induced depression of excitatory synaptic inputs onto
pyramidal neurons from the motor cortex

To investigate if the spontaneous glutamatergic synaptic inputs are
modified by lipid peroxidation induced by the application of 10 μM
CH, we performed whole-cell voltage-clamp recordings with Cs-
Methanesulfonate filled electrode and holding at a voltage membrane
of −70 mV. Fig. 2A illustrates recordings of spontaneous excitatory
postsynaptic currents (sEPSC) from a pyramidal neuron in control con-
dition, and after 5, 15 and 30min of CH application. These traces show a
decrease in spontaneous excitatory synaptic frequency after CH admin-
istration whereas individual sEPSC displayed smaller amplitudes that
were more evident at 15 and 30 min of CH application. For the whole
population (n = 20), the mean frequency of sEPSC (Fig. 2C) remained
unchanged at 5 min but significantly decreased by 33% from control
(1.59 ± 0.11 Hz) after 15 min (1.23 ± 0.13 Hz) of CH application. Fig.
2B, which illustrates the average recordings of sEPSC, shows with
more accuracy the changes in event amplitude and shape from the
traces illustrated in Fig. 2A. A progressive diminution of amplitude is
observed that reaches statistical significance at 15min. Thus, amplitude
event decreased from−37.8 ± 2.3 pA in control condition to−26.6 ±
1.6 pA after 15 min of CH administration (Fig. 2D). Fig. 2F and G repre-
sent probability plots of event amplitude for the sameneuron illustrated
in A-B. Fig. 2F shows that the greatest number of sEPSC were in the re-
gion of the −30 pA in the control condition, and in the region of −15
and −20 pA at 15 and 30 min of the CH application. This figure also
shows that events larger than 40 pA disappeared at 15 and 30 min of
the CH application. Fig. 2G illustrates that CH induced a leftward shift
in the event probability of sEPSC amplitude when the data were plotted
in cumulative normalized diagrams,more evident at 15min,without af-
fecting threshold. On the other hand, the amplitude A50 (values reached
by the 50% of postsynaptic currents) was 27.8 pA in control condition,
diminished to 23.6 pA at 5 min, and diminished again to 17.0 and
16.1 pA at 15 and 30 min, respectively, of CH administration. Finally,
in parallel to the decrease in frequency and amplitude, the decay time
constant of sEPSC (Fig. 2E) also decrease significantly from 4.86 ±
0.79 in control situation to 3.37 ± 0.40 after 15 min of CH. Finally,
prolonged washout for 30 min did not reverse the observed effects in
frequency, amplitude, and decay time constant of sEPSC (30 min, not
shown, n = 5).

To understand how lipid peroxidation induces neuronal damage,
and to determine the relative contribution of presynaptic mechanisms
underlying decreased sEPSC frequency and kinetics of neurotransmitter
release, TTX (1 μM)was added to observe action potential-independent
release (Fig. 3A). This figure and Fig. 3C, show that event frequency of
miniature excitatory postsynaptic currents (mEPSC) did not change by
CH administration. Moreover, to study the event shape, average
mEPSC were recorded from individual cells (n = 10). Typical wave-
forms of average mEPSC are illustrated in Fig. 3B. No differences were
found in mEPSC amplitude (Fig. 3D), rise time (10–90%; Fig. 3E) or
decay time constant (Fig. 3F) after 15min of CH application. No changes
were found in distribution of mEPSC plotted in Fig. 3G or in the cumula-
tive normalized diagrams plotted in Fig. 3H after CH application. The
amplitude A50 also remained unchanged after CH application, 14.4 pA
in absence of CH and 13.5 pA under CH conditions. In fact, values of fre-
quency, amplitude, and decay time constant obtained in mEPSC obtain-
ed in the presence of TTX (Fig. 3C–E) are similar to those obtained in
sEPSC after 30min of CH application (Fig. 2C–E). Since size and duration
of sEPSC are determined by the amount of glutamate released, reducing
glutamate release speed up the decay of the EPSC (Takahashi et al.,
1995). Our data suggest that the fall of glutamate concentration in the
synaptic cleft may explain the decay of the EPSC. From these data, we
conclude that effects of CH in synaptic release can be explained by the
blocking of the component of the sEPSC that is action potential mediat-
ed without affecting the mechanisms governing the fusion of vesicles
with themembrane, glutamate uptake and properties of the postsynap-
tic glutamatergic receptors.

3.2. Application of CH induced depression of inhibitory synaptic inputs onto
pyramidal neurons from the motor cortex

The CH-mediated synaptic depression evoked by CH at excitatory
glutamatergic neurotransmission, may have also be extended to the re-
lease of inhibitory transmitters. To assess if the spontaneous GABAergic
synaptic inputs were alsomodified by lipid peroxidation induced by the
application of CH,we obtainedwhole-cell voltage-clamp recordings at a
voltage membrane of 0 mV. Fig. 4A illustrates the recordings of sponta-
neous inhibitory postsynaptic currents (sIPSC) froma pyramidal neuron
in control condition and after 5, 15 and 30min of CH application. These
traces show a drop in spontaneous synaptic events frequency after
5 min application of CH. The mean frequency of sIPSC (Fig. 4C) signifi-
cantly decreased by 27% from control (6.96± 0.5 Hz) to 5min of CH ap-
plication (5.1 ± 0.34 Hz). Traces illustrating sIPSC average are shown in
Fig. 4B. The average recordings show a progressive diminution of ampli-
tude that reaches statistical significance respect to the control at 5 min
of CHapplication. After 15min of treatment, CH again produced a signif-
icant decrease in amplitude event; however, no significant difference
was found between 15 min and 30 min of treatment. Thus, for the
whole population (n = 20), amplitude event values decreased from
113.6 ± 11.5 pA in control condition to 75.10 ± 5.70 pA at 5 min of
CH exposure, and then again decreased to 51.5 ± 3.4 (Fig. 4D) at
15 min of lipid peroxidation induction. Fig. 4F shows the probability
plot of event amplitude for the example represented in Fig. 4A. This fig-
ure indicates that themajority of sIPSC had amplitudes around 35 pA in
the control condition, and around 20 pA at 15 and 30min after CH appli-
cation. In this figure, it is also observable that events larger than 75 pA
almost completely disappeared at 5 min of the CH application while in
control condition a large number of events had amplitudes between
75 and 250 pA. Fig. 4G shows that CH induced a shift to the left in the
event probability of sEPSC amplitude when the data were plotted in cu-
mulative normalized diagrams, evident at 5 min of treatment. On the
other hand, the amplitude A50 of sIPSC (values reached by the 50% of
postsynaptic currents) was 107.6 pA in control condition, diminished
to 39.2 pA at 5 min, and diminished again to 28.7 and 23.4 pA at 15
and 30 min, respectively, of CH administration. In parallel to the de-
crease in amplitude, the decay time constant of sIPSC (Fig. 4E) decreased
progressively from15.26±0.6ms in control situation to 13.85±0.8ms
at 5min and to 12.84± 0.7 after 15min of CH application, reaching sta-
tistical significance. On the other hand, therewas notwashout of the ob-
served effects in frequency, amplitude and decay time constant of sIPSC
(not shown; n = 5).

We also recorded, in presence of TTX, miniature inhibitory postsyn-
aptic currents (mIPSC, n=10, Fig. 5A). This figure and Fig. 5C show that
there is no change inmIPSC frequency after CH application. Fig. 5B illus-
trates typical waveforms of averaged mIPSCs from the example



Fig. 2. Effects of cumene hydroperoxide (CH) on spontaneous excitatory postsynaptic currents (sEPSC) of pyramidal neurons from themotor cortex. (A)Whole-cell recordings of sEPSC in
control conditions, and 5, 15 and 30min after CH (10 μM) administration. (B) Traces illustrating sEPSC averages in control and after drug administration. (C–E) Histograms summarizing
the mean values (n = 20) of frequency, amplitude, and decay in control conditions, and after CH administration. (F) Plot showing the relation between sEPSC number and amplitude for
the four conditions. Note that CH induced a decrease in sEPSC frequency, and a shortening of sEPSC duration, as a consequence of a decrease in decay time constant after 15 min of CH
application. (G) Cumulative normalized plots of sEPSC amplitude. The dashed lines show the amplitude (A50) values reached by the 50% of sEPSC in each experimental situation. In all
figures, the asterisk indicates statistical significance in relation to the control situation and a cross represents statistical significance between correlative measures.
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represented in Fig. 5A showing that during 15 min of CH did not pro-
duce any change in event shape, amplitude (Fig. 5D), rise time (10–
90%; Fig. 5E) or decay time constant (Fig. 5F). No differences were
found in the distribution of mIPSCs plotted in Fig. 5G or the cumulative
normalized diagrams plotted in Fig. 5H after CH application. The ampli-
tude A50 remained unchanged from a value of 22–23 pA. These results
suggest that mIPSCs are not affected by CH as previously found for the
mEPSCs. Moreover, frequencies of mIPSCs are significantly lower to
those obtained from in sIPSCs after 30min of CH application. TTX reduce
the frequency of IPSCs to 1.97 ± 0.27 Hz, while the frequency of IPSCs
after 30 min of CH application was 3.93 ± 0.28. Furthermore, values of
amplitude of mIPSCs obtained in the presence of TTX (27.1 ± 0.8 pA;
Fig. 5D) were also smaller to those obtained in sIPSCs after 30 min of
CH application (50.9 ± 3.8; Fig. 4D). We conclude from these data
that inhibitory synaptic transmission is already disrupted after 5 min
of CH exposure, but is not completely abolished after 30 min of CH.



Fig. 3. Effects of cumene hydroperoxide (CH) on miniature excitatory postsynaptic currents (mEPSC) of pyramidal neurons from the motor cortex. (A) Whole-cell recordings
showing excitatory postsynaptic currents (EPSC) in control conditions (spontaneous EPSC; sEPSC) (top), after tetrodotoxine (TTX; 1 μM) administration (mEPSC; middle) and the
effect of 10 μM CH application during 15 min on mEPSC (bottom). (B) Traces illustrating EPSC averages in the three situations showed in A. (C\\F) Histograms summarizing the mean
values (n = 10) of frequency, amplitude, rise time (90–10%) and decay for all experimental conditions. (F) Plot showing the relation between mEPSC number in control condition and
after CH application. (G) Cumulative normalized plots of mEPSC amplitude in control condition and after CH application. (G) Cumulative normalized plots of mIPSC amplitude in
control condition and after CH application. The dashed lines show the amplitude (A50) values reached by the 50% of mEPSC s in both situations.
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3.3. Contribution of blockage of glutamatergic and GABAergic synaptic
inputs in the effects of CH on neuronal excitability

Synaptic modifications produced by CH could have a direct action in
the changes induced by this organic peroxide on neuronal intrinsic
membrane properties and excitability. For a typical neuron, Fig. 6A
depicted the effects of 10 μMCH administration onmembrane potential
during 20 min. The current-clamp recording shows a progressive depo-
larization that reaches its highest values (≈4 mV) at the end of the re-
cording. To evaluate CH effects on input resistance, we used negative
current steps (−100 pA, 200 ms) at 1 min intervals and voltage
response were registered. CH produce a biphasic change on membrane
resistancewith a transient increase around 5min after drug application,
which then gradually declined under control values (Pardillo-Díaz et al.,
2016, 2015). In Fig. 6A, neuron resistance increased from 182 MΩ in
control to 203MΩ 5min after CH application. After this, it progressively
decreased until reaching 150MΩ at 15min of recording. To explore any
direct action of the action potential-dependent synaptic transmission in
the biphasic change on membrane resistance, we eliminate premotor
interneuron activity by applying TTX, and assessing the effects of CH
on membrane input resistance and membrane potential. Fig. 6B illus-
trates that after 5 min of TTX administration an increase in the



Fig. 4. Effects of cumene hydroperoxide (CH) on spontaneous inhibitory postsynaptic currents (sIPSC) of pyramidal neurons from themotor cortex. (A)Whole-cell recordings of sIPSC for
control conditions, and 5, 15 and 30 min after CH administration (10 μM). (B) Traces illustrating sIPSC averages for control and after drug administration. (C–E) Histograms showing the
mean values (n=20) of frequency, amplitude anddecay in control conditions, and after CHadministration. (F) Plot showing the relation between sIPSC number and amplitude for the four
conditions. Note that CH induced a decreased in sIPSC frequency and decay evident after 5 min of CH application. (G) Cumulative normalized plots of sIPSC amplitude. The dashed lines
show the amplitude (A50) values reached by the 50% of sIPSC s in each experimental situation.
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amplitude of the voltage responses was observed, meaning that
input resistance increased. Specifically, in this cell input resistance in-
crease from control value of 146MΩ to 162MΩ. For the whole popula-
tion (n = 12), input resistance was 142.4 ± 6.3 MΩ in control and
significantly rose to 152.6± 5.3MΩ in presence of TTX (Table 1).More-
over, as it can be noted in Fig. 6B, after 5 min of CH application, voltage
response remained unchanged and no additional effect was observed in
input resistance (Table 1). Afterward, it progressively diminished with
time presenting values at 15 min of CH application below those of the
control situation (Table 1), as is shown in Fig. 6B (129 MΩ). Regards
to the effect on membrane potential, no effect of TTX was found, and a
membrane potential depolarization of about 3 mV was detected after
CH application (Fig. 6B; Table 1). From these data we conclude that
the increase in membrane resistance typically observed during the
first minutes of CH application may be synaptically mediated.

Fig. 6C illustrates the changes in holding current (Vh = −70 mV)
during TTX followed by CH application. A slight inward current after
TTX administration can be observed. In fact, for the whole population



Fig. 5. Effects of cumene hydroperoxide (CH) on miniature inhibitory postsynaptic currents (mIPSC) of pyramidal neurons from the motor cortex. (A) Whole-cell recordings showing
inhibitory postsynaptic currents (IPSC) in control conditions (spontaneous IPSC; sIPSC) (top), after tetrodotoxine (TTX; 1 μM) administration (mIPSC; middle) and the effect of 10 μM
CH application during 15 min on mIPSC (bottom). (B) Traces illustrating IPSC averages in the three situations showed in A. (C–F) Histograms illustrating the mean values (n = 10) of
frequency, amplitude, rise time (90–10%), and decay for all experimental situations. (F) Plot showing the relation between mIPSC number in control condition and after CH
application. (G) Cumulative normalized plots of mIPSC amplitude in control condition and after CH application. (G) Cumulative normalized plots of mIPSC amplitude in control and
after CH application. The dashed lines show the amplitude (A50) values reached by the 50% of mIPSC in both situations.
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of cells (n = 12) the inward current observable after TTX application
was−10.0± 4.4 pA (Table 1). Application of CH elicited a slow and sig-
nificant increase in holding current that was, for the whole population,
−17.9±6.4 pA after 5min and−42.5± 13.8 pA after 15min (−44 pA
for the neuron illustrates in Fig. 6C) of CH application. These data sug-
gest that CH caused an inward (depolarizing) current, through a mech-
anism that is, at least, in part insensitive to TTX, and not blocked by
intracellular Cs+ included in the path microelectrode. We conclude
that this inward current may underlie the depolarization we observed
in pyramidal neurons under CH exposure.

To examine the contribution of glutamatergic and GABAergic synap-
tic inputs to the effects of TTX and CH in membrane properties we car-
ried out experiments with neurotransmitter antagonists. Blockade of
phasic excitatory transmission with CNQX and APV did not prevent
the effects by CH onmembrane depolarization or the observed biphasic
change on input resistance (see Table 2). Blockade of inhibitory synaptic
transmissionwith gabazine (GABAA blocker) eliminate the effects by CH
that produces the transient increase on membrane resistance about
5 min of exposure to the drug. Fig. 7A–D illustrates the recordings
from a typical cell showing membrane potential responses to negative
and positive current steps of 50 pA in control conditions, after gabazine
addition, and after application of a mixture of gabazine and CH. As seen
in Fig. 7E, input resistance of this neuron shifted from 181 to 208 MΩ
after blockade of GABAergic receptors with gabazine. Input resistance
remained unchanged, 205 MΩ after 5 min of CH application, and later
diminished to 119 MΩ after 15 min administration. These results are



Fig. 6. Effects of tetrotodotoxin (TTX) and cumene hydroperoxide (CH) on input resistance (Rin), membrane potential and holding current of pyramidal neurons from the motor
cortex. (A) Current clamp recording showing the typical voltage response to negative current pulses (−100 pA) in control condition (first arrow from the left) and during the
administration of 10 μM CH (5 min, second arrow; 15 min, third arrow). Note a transient increase in the amplitude of the voltage responses after CH application (increase resistance)
followed by a membrane potential depolarization and a final decrease in input resistance. (B) Voltage response to negative current pulses (−100 pA) in control condition (first arrow
from the left), after 5 min of TTX (1 μM) administration (second arrow) and after CH treatment (5 min, third arrow; 15 min, fourth arrow). Note an increase in the amplitude of the
voltage responses after TTX application (increase resistance) that remained unchanged after the first 5 min of CH application. Later, it progressively diminished after recording for
15 more minutes. Also a membrane potential depolarization was observed. (C) Voltage clamp recording showing the time course of changes in holding current (Vh = −70 mV) after
TTX and CH administration. Note that TTX and CH administration caused inward currents of−3 pA and−44 pA, respectively.

Table 1
Effects of tetratodotoxin (TTX) and cumene hydroperoxide (CH) on resting membrane
potential (RMP), input resistance (Rin) and holding current of pyramidal neurons from
the motor cortex.

n = 12 Control TTX CH 5 min CH 15 min

RMP (mV) −70.3 ± 0.8 −70.7 ± 0.7 −68.2 ± 1.0*+ −67.0 ± 1.0*
Rin (MΩ) 142.4 ± 6.3 152.6 ± 5.3*+ 157.8 ± 4.6* 121.8 ± 4.4*+
Baseline (pA) −10.0 ± 4.4*+ −17.9 ± 6.4*+ −42.5 ± 13.8*+
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similar from all recorded cells (n= 12; Table 3). Input resistance signif-
icantly increases after gabazine application respect to control while
remained unchanged after 5 min of CH. Later, after 15 min of CH
Table 2
Effects of CNQX and APV on restingmembrane potential (RMP) and input resistance (Rin)
of pyramidal neurons from the motor cortex.

n = 12 Control CNQX + APV CH 5 min CH 15 min

RMP (mV) −74.5 ± 1.1 −72.9 ± 1.2 −69.9 ± 1.5*+ −67.0 ± 1.6*+
Rin (MΩ) 142.7 ± 8.7 145.0 ± 8.2 160.7 ± 8.1*+ 127.5 ± 8.2*+



Fig. 7. Effects of Gabazine and cumene hydroperoxide (CH) on input resistance of pyramidal neurons from the motor cortex. (A–D) Recordings from the same cell showing membrane
potential responses to negative and positive current steps of 50 pA in control conditions (A), after Gabazine addition (10 μM) (B), and 5 and 15 more minutes of Gabazine plus 10 μM
CH administration (C and D). Action potentials have been truncated in these figures. (E) Plot illustrating the relation between current and voltage response for the cell represented in
A–D. Note that Gabazine produced an increase in input resistance. (F) Histogram summarizing the mean values of input resistance in control conditions and the other three situations
for the whole population (n = 12).

Table 3
Effects of Gabazine on resting membrane potential (RMP) and input resistance (Rin) of
pyramidal neurons from the motor cortex.

n = 12 Control Gabazine CH 5 min CH 15 min

RMP (mV) −75.8 ± 1.4 −74.8 ± 1.1 −70.6 ± 1.5*+ −69.7 ± 1.7*
Rin (MΩ) 153.0 ± 8.2 171.2 ± 9.7*+ 176.6 ± 9.8* 124.8 ± 2.6*+
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application, input resistance decreases reaching values smaller to those
measured in control situation (Fig. 7F). A functional consequence of the
increase in resistance in the presence of gabazine and 5min of exposure
to CH is that the pyramidal cell in Fig. 7 shows a decrease in rheobase as
compared to control condition. In this cell, 100 pA evoked an action po-
tential only with gabazine, and after 5 min of gabazine plus CH applica-
tion. From these data, we conclude that blocking GABAergic inputswith
gabazine produces similar results to those observed with the applica-
tion of TTX. Furthermore, the transient increase inmembrane resistance
after 5 min of CH application may be due to the block of a tonic



214 R. Pardillo-Diaz et al. / Molecular and Cellular Neuroscience 82 (2017) 204–217
inhibitory current, mediated by GABA, as a consequence of presynaptic
depression of SIPCs. Blocking these inhibitory synaptic inputs on pyra-
midal cells, whichwe demonstrated is already present after 5min of ex-
posure to CH, may undergo a transient phase of hyperexcitability as a
consequence of the lipid peroxidation.

4. Discussion

Cortical hyperexcitability is an early feature of ALS. Themain finding
of the present study is that lipid peroxidation induced by CH produce
significant alterations of synaptic inputs to layer Vmotor cortex pyrami-
dal neurons. Thus, CH induced a time-dependent synaptic depression
on pyramidal neurons being GABAergic transmission the first input af-
fected. This latter finding triggered a transient pyramidal hyperexcit-
ability characterized by an increase in membrane resistance (and then
a decrease in rheobase), that could be due to the blocking of a tonic in-
hibitory current. In parallel CH evoked a depolarizing inward current.
Our data suggest that functional changes induced by CHmay be poten-
tially relevant to explain the role that lipid peroxidation may have in
ALS.

4.1. CH depress the input flow from the premotor interneurons

We demonstrated in previous in vitro works from our laboratory,
that oxidative stress, induced by CH, evokes dose and time dependent
changes in the functional properties of pyramidal neurons from the
motor cortex, compromising both cell excitability, and the capability
of repetitively discharge of action potentials (Pardillo-Díaz et al., 2016,
2015).Wewonderwhether someof the reported changes inmembrane
properties, in particular membrane resistance and rheobase, could be
the result of modifications in the release of neurotransmitters on pyra-
midal neurons. It has been previously reported that oxidative stress in-
duced by hydrogen peroxide, affects synaptic transmission on
hypoglossal motoneurons causing a significant reduction in the fre-
quency of spontaneous synaptic events (Nani et al., 2010). To evaluate
the influence of synaptic transmission on pyramidal cells from the
motor cortex, we have thoroughly looked at sEPSC and sIPSC analyzed
in control condition, and after CH application to the bath. We selected
a 10 μM CH concentration for 30 min, values that guarantee a death
rate lower than 5% (Pardillo-Díaz et al., 2016; Vimard et al., 2011). Our
results indicate that CH induces a synaptic depression of pyramidal neu-
rons in a time dependent manner. Mean frequency of sEPSC remained
unchanged at 5 min but significantly decreased by 33% from control
after 15 min of CH application. Moreover, the mean frequency of sIPSC
significantly decreased earlier by 27% from control to 5min of CH appli-
cation. These results are in agreement with a previous study reporting
that hydrogen peroxide application for 4 min decreased IPSP by 35% of
control in cortical and 42% in thalamic neurons, and after 6 min
abolished inhibitory postsynaptic responses in 70% of cortical and in
67% of thalamic neurons (Frantseva et al., 1998). These authors also re-
ported that the progressive decrease of inhibitory synaptic transmission
starts almost immediately after hydrogen peroxide exposure.

Our results also indicate that amplitude and decay of sEPSC and
sIPSC decrease by CH exposure. It is well known that the size and dura-
tion of sPSC are determined by the amount of neurotransmitter released
because reducing neurotransmitter release speed the decay of the sPSC
(Takahashi et al., 1995). Our data suggest that the fall of glutamate and
GABA concentration, respectively, in the synaptic cleft may explain the
decrease in amplitude and decay of the sPSC. Furthermore, in the pres-
ence of TTX to observe action potential-independent release, values of
frequency, amplitude, and decay time constant obtained in mEPSC and
mIPSC did not change after 15 min of CH application. From these data,
we conclude that the effects of CH on synaptic amplitude and kinetics
can be explained by the blocking of the component of the sPSC that
are action potential mediated without affecting the mechanisms
governing the fusion of vesicles with the presynaptic membrane, the
rate of neurotransmitter uptake, and the properties of the postsynaptic
neurotransmitter receptors. Previously, we have reported that long ex-
posure to CH caused, in some neurons, a loss of their ability to discharge
repetitively action potentials whereas in neurons that maintain repeti-
tive discharge, gain and maximum frequency decreased (Pardillo-Díaz
et al., 2016, 2015). From our findings, we conclude that the input flow
from premotor interneurons to pyramidal neurons is extremely vulner-
able to CH exposure.We have also demonstrated that exposure of brain
slices to 10 μM of CH evokes lipid peroxidation in a time dependent
manner. Longer time caused a progressive increase in lipid peroxida-
tion, significant after 5 min in respect to the control. Furthermore, it
was also observable lipid peroxidation with CH 1 μM (Pardillo-Díaz et
al., 2016).We propose that observed effects of CH on synaptic transmis-
sion are due to lipid peroxidation. However, early studies showed that
CH at concentrations below that required to alter lipid peroxidation in-
duces Ca2+ release from mitochondria (Gogvadze and Zhukova, 1991;
Bindoli, 1988). Then, we cannot discard that other mechanisms that
triggermitochondrial dysfunctions and deregulation of Ca2+ homeosta-
sis may also be involved.

4.2. CH causes a depolarization that is synaptic independent

CH decreased the restingmembrane potential of pyramidal neurons.
The depolarization of the restingmembranemay arise from an increase
in an inward current and/or a decrease in an outward current. We have
demonstrated that CH evoked a slowly developing inward current (de-
polarization) that is notmediated by neurotransmitter since it is observ-
able in the presence of TTX. Nakaya and colleagues reported that in
isolated guinea-pig cardiac cells, the membrane depolarization caused
by CH was not associated with a decrease in potassium equilibrium po-
tential resulting from leak of intracellular K+ (Nakaya et al., 1992).
These authors concluded that the depolarization of the resting mem-
brane potential induced by oxidative stress was, at least in part, due to
the inhibition of the inward rectifier K+ channel activity. In leech neu-
rons, application of hydrogen peroxide also produced changes in the
electrical properties, including a membrane depolarization and inhibi-
tion of the outward potassium current responsible for the repolarization
of action potentials (Jovanovic et al., 2016). Furthermore, Nani et al.
(2010) found an inward current or membrane depolarization accompa-
nied by an increase in input resistance evoked by hydrogen peroxide in
hypoglossal motoneurons. This latter finding implied a depression of a
leak background K+ current that was not inhibited by intracellular
Cs+ contained in the patch pipette that could be responsible for the in-
hibition of TASK-1-type leak K+ channels (Fisher and Nistri, 1993; Nani
et al., 2010). Therefore, it could be proposed that the same currentsmay
underlie the observed depolarization on pyramidal neurons after CH ex-
posure. Regardless of which conductances and/or channels underlie
changes in membrane potential and membrane resistance, we demon-
strate that depolarization of the membrane potential and increase in
membrane resistance under oxidative stress are not linked.

4.3. CH induced a transient increase in membrane resistance probably
influencing a tonic inhibitory current

There is evidence that cortical inhibition is impaired in ALS (Zanette
et al., 2002; Ziemann et al., 1997). Disruption in human cortical inter-
neurons have been observed in studies of primary motor cortex,
where calbindin-, parvalbumin- and neuropeptide Y positive interneu-
rons may be lost in layer V and VI (Maekawa et al., 2004; Nihei and
Kowall, 1993). In the wobbler mice, a model of ALS, it was found a de-
crease in the number of parvalbumin- and somatostatin-positive inhib-
itory interneurons and a decrement in the density of GABAergic
synaptic boutons in the region of the motor cortex (Nieto-Gonzalez et
al., 2011). Furthermore, in layer V pyramidal neurons of motor cortex,
the frequency of GABAA receptor-mediated sIPSC was reduced by 72%
and tonic inhibition mediated by extrasynaptic GABAA receptors was



215R. Pardillo-Diaz et al. / Molecular and Cellular Neuroscience 82 (2017) 204–217
also reduced by 87% when compared with wildtype mice (Nieto-
Gonzalez et al., 2011). These authors concluded that pyramidal neurons
of thewobbler mice display an increased input resistance and excitabil-
ity by lack of GABAA receptor-mediated influences. Therefore, reduced
GABAergic inhibition, might explain not only the cortical hyperexcit-
ability inwobblermice but also howpyramidal neurons exhibited an in-
crease in resistance under oxidative stress after CH exposure.

It is expected that larger input resistance of motoneurons contribute
to their higher excitability. Our data suggest that CH induce a synaptic
depression that is already observable on GABAergic synaptic transmis-
sion after 5 min application of the drug. This latter observation corre-
lates with the transient increase in input resistance, found in current
clamp experiments, after 5 min of CH application. Our results suggest
that the overall effect of lipid peroxidation induced by CH was to de-
press the input flow from the premotor interneurons that promote an
unexpected transient hyperexcitability onto pyramidal neurons of the
motor cortex. Hyperexcitable events in pyramidal neurons also were
observed after hydrogen peroxide exposure (Frantseva et al., 1998).
These authors concluded that oxidative stress contributes to the devel-
opment of seizures in thalamocortical circuitry by attenuation of inhib-
itory neurotransmission, among other factors. It is known that
GABAergic interneurons play a major role reducing neuronal excitabili-
ty in the cortex (Wagle-Shukla et al., 2009) and other motoneuronal
pools (Torres-Torrelo et al., 2014). GABAergic interneurons are involved
in local circuit neurons that constitute approximately 15–20% of all neu-
rons in the cortex, which during development adapt their function to
enable fine motor movements (Batista-Brito and Fishell, 2009; Biane
et al., 2015). It has been demonstrated that a tonic current activated
by low GABA concentrations, that it can be blocked by gabazine, domi-
nate GABAergic transmission in newborn neocortical pyramidal cells,
exerting heterogeneous effects on neuronal excitability (Sebe et al.,
2010). We propose that lipid peroxidation can elicit pyramidal neurons
hyperexcitable thorough a combination of depression of GABAergic syn-
aptic inputs that enhanced input resistance (that trigger a compensato-
ry change of equalmagnitude in rheobase) by altering a tonic inhibitory
current.

4.4. Functional consequences of hyperexcitability

Cortical hyperexcitability is a common and early feature of ALS (Bae
et al., 2013; Do-Ha et al., 2017; Vucic et al., 2008). In the absence of use-
ful biomarkers identified from analysis of the blood and cerebrospinal
fluid, the increased early cortical excitability distinguishes ALS from
mimic disorders (Turner et al., 2009; Vucic et al., 2011). The glutamate
excitotoxicity theory of ALS emphasize the contribution of excessive
synaptic excitation, in part through glutamate receptors and Na+ chan-
nels (Bogaert et al., 2010; Fogarty et al., 2016; Heath and Shaw, 2002;
Kuo et al., 2005; Kwak et al., 2010; Sasabe and Aiso, 2010; Spalloni et
al., 2013; Zona et al., 2006). An increased glutamate concentration was
found in motor cortex of patients with ALS, as shown by 1H-magnetic
resonance spectroscopy (Han andMa, 2010; Pioro et al., 1999). Howev-
er, the excitotoxicity theory is challenged by the inability of anti-gluta-
matergic agents to have major beneficial effect on ALS patients
(Zoccolella et al., 2009). On the other hand, a new hypothesis is that
pathogenic loss of local inhibitory circuitry might be related to the
high level of functional connectivity in ALS (Martin and Chang, 2012;
Turner and Kiernan, 2012). This latter hypothesis is further supported
by decreased GABA concentrations in the primary motor cortex of pa-
tients with ALS, as demonstrated by 1H-magnetic resonance spectros-
copy (Foerster et al., 2012) and PET marker of benzodiazepine
receptor unit distribution in pyramidal cells (Lloyd et al., 2000). Abnor-
mal GABA and glycine levels are observed in ALS patients (Malessa et al.,
1991; Niebroj-Dobosz and Janik, 1999). In human ALS autopsy motor
cortex, some GABAA receptor subunits show reduced levels of mRNA
expression (Petri et al., 2003). Models of ALS give evidence for imbal-
anced excitatory and inhibitory innervations (Avossa et al., 2006;
Fogarty et al., 2016). Zhang and colleagues used a TDP-43 A315T
mouse model to demonstrate that impairments in GABAergic signaling
contribute to cortical hyperexcitability (Zhang et al., 2016). Based in
these findings, disrupted inhibition could have a role in ALS (Martin
and Chang, 2012). A question arise from our results, is why inhibitory
neurons are more sensitive to oxidative stress. Mutant Sod1 zebrafish
model revealed that interneurons are the first neuronal population
displaying stress, and that the reduction of inhibitory currents preceded
any defects in motor neurons (McGown et al., 2013). Our patch-clamp
data demonstrated that pyramidal neurons of the rat motor cortex re-
ceive a decreased inhibitory neurotransmission at the early stages of
lipid peroxidation, without compensatory decrease in excitatory neuro-
transmission which enhanced input resistance and causing a transient
hyperexcitability. Since cortical hyperexcitability seems to be an early
characteristic in ALS, assuming that oxidative stress is a contributor to
this pathology (Geevasinga et al., 2014; Vucic et al., 2011), we propose
that lipid peroxidation may contribute to the causes behind neurode-
generative diseases such as ALS.
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