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Abstract

It has been claimed that oxidative stress and the production of reactive oxygen radicals can
contribute to neuron degeneration and might be one factor in the development of different
neurological diseases. In our study, we have attempted to clarify how oxidative damage
induces dose dependent changes in functional membrane properties of neurons by means of
whole cell patch clamp techniques in brain slices from young adult rats. Our research
demonstrates physiological changes in membrane properties of pyramidal motor cortex
neurons exposed to 3 concentrations of cumene hydroperoxide (CH; 1, 10 and 100 uM)
during 30 minutes. Results show that oxidative stress induced by CH evokes important
changes, in a concentration and time dependent manner, in the neuronal excitability of motor
cortex neurons of the rat: i) Low concentration of the drug (1 uM) already blocks inward
rectifications (sag) and decreases action potential amplitude and gain, a drug concentration
which has no effects on other neuronal populations, ii) 10 uM of CH depresses the excitability
of pyramidal motor cortex neurons by decreasing input resistance, amplitude of the action
potential, and gain and maximum frequency of the repetitive firing discharge, and iii) 100 uM
completely blocks the capability to produce repetitive discharge of action potentials in all
cells. Both larger drug concentrations and/or longer times of exposure to CH narrow the
current working range. This happens because of the increase in the rheobase, and the
reduction of the cancelation current. The effects caused by oxidative stress, including those
produced by the level of lipid peroxidation, are practically irreversible and, this, therefore,
indicates that neuroprotective agents should be administered at the first symptoms of
alterations to membrane properties. In fact, the pre-treatment with melatonin, acting as an
antioxidant, prevented the lipid peroxidation and the physiological changes induced by CH.
Larger cells (as estimated by their cell capacitance) were also more susceptible to oxidative
stress. Our results provide previously unavailable observations that large size and high
sensitivity to oxidative stress (even at low concentrations) make pyramidal neurons of the
motor cortex, in particular corticofugal neurons, more susceptible to cell death when
compared with other neuronal populations. These results could also shed some light on

explaining the causes behind diseases such as Amyotrophic Lateral Sclerosis.
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INTRODUCTION

Oxidative stress is a pathological condition which implies overproduction of Reactive Oxygen
Species (ROS) under conditions in which the cell’s antioxidant defense system becomes no
longer effective (Heather and Teismann, 2009; Sims-Robinson et al., 2013). ROS are
generated as a consequence of an aerobic metabolism determined by mitochondrial respiration
(Hool, 2006). To eliminate these ROS, cells develop several protective mechanisms. Among
them, enzymes such as superoxide dismutases, catalases and glutathione peroxidases directly
transform some ROS into compounds of lower toxicity through the oxidation of antioxidant
metabolites: reduced glutathione, thioredoxin, and ascorbic acid (Reynolds et al., 2007; Sha et
al., 2013). Low level of ROS participate in cell division and growth regulation, apoptosis
regulation, oxidative modifications of biomolecules in extracellular space, protection from
pathogen invasion, etc. (Han et al., 2008). High levels of ROS may appear in other situations
(such as mitochondrial dysfunction, excitotoxic insult, or inflammation), and cause DNA
mutations, ion channel damage, intensification of the lipid peroxidation process, and
oxidation of proteins and other biomolecules (Lambert et al., 2004; Ljubisavljevic, 2014; Pitt
et al., 2000) which lead to impairing cell function. They may also affect different transcription
factors, growth factors, kinases phosphatases and cytokines (Arrigo, 1999; Emerit et al., 2004;
Tirosh et al., 2000; Valencia and Moran, 2004; Vimard et al., 2011). At the level of the
membrane, ROS alter ATP-sensitive K currents, L-type Ca?" currents (Goldhaber and Liu,
1994; Racay et al., 1997) and delayed rectifier K™ currents (Goldhaber et al., 1989), ions
transporters (Kourie, 1998), either through direct oxidation of lipids, or through alterations of
cell membrane proteins and intracellular signaling pathways (Hool, 2006; Zhu et al., 2005).
ROS can also affect membrane properties including variations in cell cytoskeletal architecture
and membrane stiffness, membrane potential, ionic gradients, action potential duration and
amplitude, spontaneous activity, and excitability (Jovanovic and Jovanovic, 2013; Nakaya et

al., 1992; Nani et al., 2010; Pardillo-Diaz et al., 2015; Sinha et al., 2015).

Lipid peroxidation (LPO) is one of the most commonly studied processes of redox cell
signalization disorders where free radicals have a great importance (Ayala et al., 2014).
Through different mechanisms, LPO disrupts membrane barrier function, inactivates
membrane enzymes, and increases permeability for water, monovalent and divalent ions, and
even high molecular weight compounds (Ferretti and Bacchetti, 2011; Ljubisavljevic, 2014;

Nam, 2011). Cumene hydroperoxide (CH) is a stable organic oxidizing agent that is known to



penetrate into the inner hydrophobic part of the membrane lipid bilayer, causing extensive
peroxidation of lipids (to a much greater extent than hydrogen peroxide) (Jovanovic and
Jovanovic, 2013; van den Berg et al., 1992). CH has also been described to be able to react
with aminoacids and proteins with multiple effects, such as oxidation of side-chains,
backbone fragmentation, dimerization/aggregation, unfolding or conformational changes,
enzymatic inactivation, and alterations in cellular handling and turnover of proteins, as singlet
oxygen does (Ayala et al., 2014; Davies, 2003; Gracanin et al., 2009). Consequently, CH has
been used to inflict oxidative stress in vitro in neurons (Jovanovic and Jovanovic, 2013;
Nakaya et al., 1992; Nani et al., 2010; Pardillo-Diaz et al., 2015). Regarding neuronal cell
damage, it is widely believed that oxidative stress has a fundamental role in neuronal
degeneration and might be one factor in the development of different diseases, such as
Amyotrophic Lateral Sclerosis (ALS), Parkinson’s, Schizophrenia, Alzheimer’s (Andersen,
2004; Cabungcal et al., 2014; Cleveland and Rothstein, 2001; Reynolds et al., 2007) and
ageing (Muller et al., 2007). ALS is a progressive neurodegenerative disease that results from
the death of the upper motor neurons of the motor cortex, including layer pyramidal neurons,
that regulate voluntary control of motor output (Mochizuki et al., 2011). In vitro and in vivo
clinical and preclinical studies show that ALS is characterized by higher levels of oxidative
stress biomarkers and by lower levels of antioxidant defense biomarkers in the brain and
peripheral tissues (reviewed in Niedzielska et al., 2015). Post-mortem studies on tissue
samples from ALS patients support the hypothesis of the oxidative damage in proteins, lipids,
and DNA (Bogdanov et al., 2000; Thara et al., 2005; Smith et al., 1998; Tohgi et al., 1999).
Indeed, recent positron emission tomography (PET) imaging data in humans have confirmed
that oxidative stress is enhanced in motor cortex in ALS patients compared with controls
(Ikawa et al., 2014). Moreover, recent studies have demonstrated extensive early changes to
the morphology of motor cortex neurons in SOD1 mice (mouse model of ALS based on
oxidative stress), which thus confirms clinically relevant cortical pathophysiology more
faithfully than previously thought (Fogarty et al., 2015; Saba et al., 2015). All this evidence
leads to the conclusion that oxidative stress may be an important factor associated with the

development of neurodegeneration in ALS patients.

In our study, we have attempted to clarify how oxidative stress evokes dose dependent
changes in the functional properties of neurons. In previous studies, we have demonstrated
that oxidative stress compromises both neuronal excitability and the capability of generating

action potentials (Pardillo-Diaz et al., 2015). In order to understand how oxidative stress
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modifies neuron cell membrane properties, we have used three concentrations of CH at
quantities that do not induce early cell death (Shimura et al., 1985; Vimard et al., 1996 and
2011, Vroegop et al., 1995). We have registered the electrophysiological properties of
pyramidal motor cortex neurons in brain slices by means of whole cell recordings. Our study
aims to answer important questions such as: 1) Does acute oxidative stress induce functional
changes in a dose dependent manner? ii) In case such changes were dose dependent, are some
membrane properties more sensitive to the drug concentration? iii) Can membrane properties
be recovered to resting values after washout of the drug? iv) Can the pre-treatment with
antioxidant agents, such as melatonin, prevent the LPO and the physiological changes induced
by CH? v) Are alterations in membrane properties dependent of neuronal size? The answers
to these questions could be potentially relevant to explain the role oxidative damage may have

in neurological disease, such as ALS.

EXPERIMENTAL PROCEDURES

The method has been described in detail in a previous publication by our lab team (Pardillo-
Diaz et al., 2015). Briefly, the present study was carried out in strict accordance with the
recommendations 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. Wistar
rats (2040 days of age) were deeply anaesthetized with chloral hydrate (4%, Panreac). Brains
were quickly removed and placed in ice-cold low-calcium Artificial Cerebro-Spinal Fluid
(ACSF). Transverse sections (thickness 300 um) of the primary motor cortex were cut off on
a vibratome (NVLSM1, WPI), placed in an ACSF-filled chamber for 30 min at ~37 °C, and
then stored at ~21 °C. The composition of the ACSF (in mM) was as follows: 126 NaCl, 2
KCl, 1.25 Na,HPO4, 26 NaHCO3, 10 glucose, 2 MgCl,, and 2 CaCl. For the low-calcium-
ACSEF solution, the concentrations were 4 MgCl, mM and 0.1 CaCl, mM. Both ACSF and
low-calcium-ACSF solutions were bubbled with 95% 0>—5% CO- (pH 7.4).

Whole-cell patch-clamp recordings
Slices containing the primary motor cortex were transferred to a recording chamber and

superfused at 1-2 ml'min!

with circulating aerated ACSF warmed to 33°+1°C via a
feedback-controlled heater (TC 324B; Warner). Neurons were patch-clamped under direct

visual control using a Nikon Eclipse FN1 microscope equipped with infrared-differential



interference contrast (IR-DIC) optics, a 40x water immersion objective, and a WAT-902H2
Ultimate Camera. Cortical pyramidal neurons were distinguished by their typical morphology
(Stuart et al., 1993) including a large pyramidal-shaped soma and a prominent apical dendrite
extending vertically toward the pial surface. Patch pipettes were pulled (PC-10, Narishige,
Tokyo, Japan) from borosilicate glass capillaries with filament (inner diameter 0.6, outer
diameter 1 mm; Narishige) to a tip resistance of 3—5 MQ. Patch pipettes were filled with (in
mM): 120 K-gluconate, 10 KCI, 10 phosphocreatine disodium salt, 2 MgATP, 0.3 NaGTP,
0.1 EGTA, 10 HEPES, adjusted to pH 7.3 with KOH. The osmolarity of the intracellular
solution was 285 mosmol/kg, adjusted with sucrose. Whole-cell recording configuration was
obtained using a micromanipulator (MP-225, Sutter) and a patch-clamp amplifier
(Multiclamp 700B, Axon Instruments, Molecular Devices, Sunnyvale, CA, USA). Giga seals
(>1 GQ) were always obtained before rupture of the patch and pipette capacitance was
compensated for before breaking in, and, in current-clamp mode, the bridge was periodically
balanced using the auto-adjust feature. Series resistance was 20 MQ or less during recording.
Current-clamp recordings were low-pass Bessel-filtered at 10 kHz; data were digitized at 2—
20 kHz with a Digidata 1550 analog-to-digital converter and acquired using the pCLAMP 10
software (Molecular Devices). Data were stored and subsequently prepared for analysis with

the Clampfit 10.4 software (Molecular Devices).

Drugs and protocols

CH (Sigma—Aldrich, St. Louis, MO, USA) was prepared just prior to experiments from 60
mM stock solutions stored at —80°C. To avoid concerns associated with incomplete drug
washout or incomplete recovery to control conditions, and, for all protocols below, only one

cortical neuron per slice was recorded.

As a preliminary objective, we wanted to know if the effects demonstrated for CH at 10 uM
in our previous study (Pardillo-Diaz et al., 2015) were reversible. In that study, it was found
that the application of CH (10 pM) produces noticeable effects in some parameters, such as
resistance and rheobase, at minute 5 and 15 (Pardillo-Diaz et al., 2015). For this reason, in
this work, we have first tested the effects of the CH washout 5 minutes after administration,
and we have compared the electrophysiological parameters obtained in current-clamp mode at
the beginning, after 5 min CH application and 15 minutes after the washout. We have
secondly measured the same parameters in a similar experiment in which we maintained the

CH application for a longer period of 15 minute duration.



A second objective of the present study was to compare the effects of CH at different
concentrations: 1 uM (n=30); 10 uM (n=30); and 100 uM (n=30). Data obtained for the 10
uM concentration are those reported in Pardillo-Diaz et al. (2015) and were recorded in the
same experimental run as the data reported here for other concentrations. Each neuron was
initially superfused with normal ACSF to study their electrophysiological parameters in
current-clamp mode under initial condition (time 0). After this, the slice would be superfused
with ACSF containing 1, 10 or 100 uM CH for 30 minutes, and voltage responses were
acquired at 5, 15 and 30 minutes after CH application. In order to assess if long-lasting
recording (30 min) affects the viability of the cells, we have also evaluated the
electrophysiological properties of 20 neurons in the absence of the drug, at the same time

intervals. Data from these cells were considered as a control group.

In addition, we wanted to find out the sequential effects that different concentrations of CH
may have on each neuron. In order to do so, we have applied the 3 different concentrations (1,
10 and 100 pM) to the same cell at 3 moments in time. Electrophysiological parameters were
analyzed before drug administration (0 uM), and 10 minutes after the exposure to each of the

3 concentrations.

To determine the level of oxidative stress induced by CH and whether it can be prevented by
the use of melatonin, we used a technique to measure hydroperoxide which relies upon the
rapid hydroperoxide-mediated oxidation of Fe’" under acidic conditions. Fe*" forms a
chromophore with xylenol orange which strongly absorbs at 560 nm (Jiang et al., 1991). To
know the level of LPO induced by CH, trimmed brain slices (thickness 300 um) containing
primary motor cortex were placed in artificial ACSF with 1, 10 and 100 uM of CH and they
were each incubated for 5, 15 and 30 min. Slices were placed in normal ACSF to stop the
chain-reaction evoked by CH and stored in HEPES solution. The slices were homogenized
during 10 s using a sonicator (Hielscher UP 100H). Then, samples were centrifuged at 2400 x
g and the supernatants were collected. Total protein was determined by the Lowry method.
The protocol for LPO measurements was adapted for a microplate reader (Asys UVM 340).
40 pg of protein was incubated with 90 ul of HSO4 for 30 min. After addition of 100 pul FOX
reagent (0.5 mM ferrous ammonium sulfate, 0.2 mM xylenol orange and 200 mM sorbitol in
25 mM H2SO4) the mixture was incubated at room temperature for 45 min, protected from

light. The formation of ferric ions was detected by measuring the resulting colored complex
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with xylenol orange. To study if the oxidative stress can be prevented by melatonin the same
protocol was used but brain slices were placed in artificial ACSF with 10 uM of CH and 50

uM of melatonin and they were each incubated for 5, 15 and 30 min.

Finally, to investigate if melatonin prevents the physiological changes induced by CH at 10
uM, pyramidal neurons (n=6) were initially superfused with normal ACSF with melatonin (50
uM) to measure electrophysiological parameters in current-clamp mode for the initial
condition (time 0). After this, each slice was superfused with ACSF with melatonin (50 uM)

and 10 uM CH for 30 minutes, and voltage responses were recorded during this period.

Current-clamp recordings and analysis

All pyramidal neurons included in the analysis showed a stable resting membrane potential of
—60 mV or less, an action potential higher than 80 mV, and repetitive firing in response to
depolarization pulses of 1 s. The following parameters were recorded and quantified: (1) Cell
capacitance. (2) Resting membrane potentials were measured as the difference between the
intracellular and extracellular potentials after withdrawing the recording electrode from the
cell. (3) Input resistance was determined by passing positive and negative square current steps
(500 ms, 1 Hz; with 10 pA increments) and calculated as the slope of the current—voltage plot.
When there was evidence of an inward rectification, or sag, the voltage value used for this
latter plot was the value achieved at the peak (for details see Carrascal et al., 2006, and 2005).
(4) The rheobase was the minimum current injected (square pulse of 100 ms, 1 Hz; 5 pA
increments) that generated an action potential in 50% of the cases. (5) Voltage depolarization
was the increase in membrane potential required for the cell to reach the spike threshold. To
determine spike threshold, the action potential recording was differentiated, with the spike
onset taken as the value of the membrane potential at which the first derivative exceeded 10 V
s''. Voltage threshold was calculated by adding depolarization voltage to the resting
membrane potential. (6) Spikes were averaged (six sweeps) to measure their characteristics:
amplitude and duration (100 ps, 5-20 nA). Amplitude was the voltage increment between the
resting level and the spike voltage peak. The value of the duration of the action potential was
determined as the width of the spike at its half amplitude (see also Nunez-Abades et al.,
1993). (7) The tonic component of firing was measured from the repetitive discharge evoked
by depolarizing square current steps (1 s, 0.5 Hz; 10-50 pA increments). The steady-state
firing frequency was taken as the average number of spikes during the last 500 ms of the

repetitive discharge. The relationship between the steady-state firing frequency and injected
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current was plotted (f=I plot) and the slope (gain) calculated. Maximum frequency was
considered as the highest frequency achieved by the neuron regardless of the current intensity,

and the cancelation current was the intensity current in which the neuron would cease to fire.

Statistical analysis

Results were expressed as mean + standard error of the mean; » refers to the number of cells.
For statistical calculations, we have used SPSS 22.0 (IBM software, Armonk, NY, USA).
Data distribution was first processed with a normality test (Shapiro—Wilk Test). A paired ¢-
test was used to check that the mean values (minute 0 and minute 30) were the same when
checking cell viability under whole-cell recording configuration. An analysis of variance
(ANOVA) was used to compare the means of the electrophysiological parameters for the
experiments carried out to check the drug washout effects. Two-way ANOVA was used to
analyze the means of the time variable (0, 5, 15 and 30 minutes) and for the concentration
variable (0 uM, 1 uM, 10 uM, and 100 uM) for each electrophysiological parameter.
ANOVA was again applied to analyze differences of the sequential application of the drug. If
there were significant differences, then we used the Bonferroni test to perform pairwise
comparisons between groups. Two-way ANOVA was also used to analyze the mean values of
LPO at 0, 5, 15 and 30 minutes at the three concentrations previously used in this study (1
uM, 10 uM, and 100 pM). One factor ANOVA was used to determine if there were
significant differences between the group treated with CH 10 uM and the group pre-treated
with 50 uM melatonin plus 10 uM CH at 0, 5, 15 and 30 minutes. If there were significant
differences, Bonferroni correction was used again to perform a comparison between groups.
Two groups of data were considered statistically different if P < 0.05. The correlation

between variables was measured by the Pearson’s correlation coefficient (r).

RESULTS

We have first evaluated the electrophysiological properties of 20 neurons in order to assess
whether they had been affected by a whole-cell recording configuration over sessions of at
least 30 min duration. As seen in figure 1A, and for a representative neuron, membrane
potential remained stable at approximately -74 mV throughout the recording session and the
cell responded to a current injection (-100 pA) with similar changes in voltage. Membrane
resistance was calculated from these voltage changes and resulted in 210, 205, 209 and 210

MQ, for minutes 1, 5, 15 and 30 of the recording, respectively (see arrows in Fig. 1A). For all



neurons, mean values obtained at the beginning of the recording session and at minutes 5, 15
and 30 did not show any significant statistical difference on membrane potential, input
resistance, amplitude of the action potential, gain or maximum discharge as seen in figures 1-

2 and 4.

Cumene hydroperoxide washout effects on resting membrane potential and resistance of
pyramidal neurons from the motor cortex

For a representative neuron, figure 1B illustrates the effects of the application of 10 uM CH
on membrane potential during 5 minutes and then, during the washout of the drug. The
recording shows how depolarization starts at minute 3 reaching its highest value, of
approximately 6 mV, at minute 8. Depolarization remained steady until minute 12. Then,
membrane potential started a progressive repolarization, reaching to a value similar to the one
recorded at rest (-68 mV) at minute 15 (minute 10 of the washout). Membrane potential kept
that value until the end of the experiment (minute 30). Repolarization during washout, as
described in figure 1B, affected a total of 5 cells. For the other 5 cells (total population n=10),

only partial repolarization was observed (<60% of the change).

One of our objectives was to describe CH washout effects on membrane resistance. To
accomplish this objective, we applied negative current pulses (-100 pA, 200 ms) at one-
minute intervals and recorded voltage response. CH produced a biphasic change on
membrane resistance, characterized by a transient increase at minute 5 of drug application
which then progressively fell under control values. In Figure 1B, cell resistance shifted from
184 MQ, in control, to 223 MQ at minute 5. Later, it progressively diminished until reaching
180 MQ after recording for 15 minutes (minute 10 of washout, indicated by the third arrow in
the figure). The same value remained for a 20 min recording (minute 15 of washout). At
minute 30 of the recording, the value registered was 181 MQ (fourth arrow in the figure). A
total of 6/10 cells presented the same result, while the rest showed a membrane resistance
with values under the ones registered at the beginning of the experiment. This could be due to

a late effect of CH on resistance, and not necessarily to the washout itself.

We also looked into the effect of the washout on the firing repetitive properties. After a CH
exposure of 5 minutes, all the cells (n=10) in the study presented a decrease in gain
(55.2£12.6 AP-s'-nA™! vs 36.7+15.5 AP-s''nA!). After the washout, 4 cells showed an

improvement in the gain and maximum firing frequency (< 40% of the change). Four neurons
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did not present any kind of reversibility to the effects of CH and retained a low gain and low
maximum frequency. The remaining 2 cells completely lost their ability to repetitively
discharge action potentials during the washout. From these experiments, we can conclude that
a short exposure to the drug (5 min) allows for a partial recovery from the effects that CH

may have over membrane potential, resistance and repetitive discharge properties.

Figure 1C shows, for a representative neuron, how the effect of 15 min CH application is the
same to the one described in figure 1B. However, after the washout, the cell did not present
any recovery regarding the parameters analyzed in the study. For the neuron depicted,
membrane potential depolarized from -73 mV up to -68 mV after 15 minutes of CH
application, and that value remained the same until the end of the recording (15 minutes of
washout). The same applies for the entire population of neurons. The cell depicted in the
figure showed a resistance of 166 MQ in control, and then augmented to 202 MQ after 5
minute CH application. There was a decrease to 141 MQ after 15 minutes. Drug washout did
not produce any recovery to the initial values in resistance, on the contrary, resistance
continued its decrease up to 112 MQ at the end of the recording session. This phenomenon
was observed for the whole population, with the result of a lower resistance value after the
washout which is characteristic of the CH application itself. In terms of the gain and the
maximum frequency, only 3 cells partially reverted to original values (30% recovery) during
washout, while the remaining 7 retained a decrease in both parameters. Actually, 3 of the
latter completely lost their capability of repetitively discharge and did not get recovered
during washout. Therefore, continuous exposure to CH (15 min) produced alterations to

membrane properties that were hardly reversible.

Dose dependent effects of cumene hydroperoxide on membrane properties of pyramidal
neurons from the motor cortex

Dose response effects of CH were studied during 30 minutes on membrane properties, namely
membrane potential, input resistance, rheobase and threshold voltage. Figure 2A shows the
effects on membrane potential for control and the 3 concentrations (1, 10 and 100 uM). In the
cases of control and 1 uM CH, no significant changes were observed for any of the cells along
the 30 minute duration of the study. However, for the case of the 10 uM CH concentration,
membrane potential significantly depolarized at minute 5, and even though it reached values

slightly more depolarized at minute 15 and minute 30, those differences were not statistically
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significant when compared with the ones obtained at minute 5. When the concentration of 100
uM CH was applied, depolarization was significant at minute 30 (-68.6+1.3 in initial

condition vs -61.9+1.4 at minute 30).

Figure 2B shows the effects on membrane resistance in a pool of neurons in control condition
(n=20) and each one of the other 3 populations of neurons were exposed to one of the 3 drug
concentrations of the study (n=30 for each one). As seen in the figure, membrane resistance
does not change in control condition over time neither when 1 uM CH is applied during the
30 minutes the experiment lasted. However, input resistance showed a biphasic response for
the other 2 concentrations, with a significant increase at minute 5. Subsequently, we observed
a significant decrease at minutes 15 and 30, respectively, when compared with the initial
value. More specifically, input resistance augmented at minute 5 for the 100 uM CH
concentration (162.1£9.5 MQ vs 189.2+12.4 MQ). Later, it diminished at minute 15 and 30
(110.6+£9.8 MQ and 99.7£11.1 MQ, respectively). Values at minute 30 were slightly lower
than the ones obtained at minute 15, but there was not a significant difference between them.
The 10 and the 100 uM CH concentrations had bigger (and significant) effects than 1 uM CH

at minute 5, but no differences were found between 10 and 100 uM CH.

To confirm that the 10 and 100 uM concentrations produced similar effects on resistance
another experiment was carried out (n=10), in which we analyzed the voltage responses to
current injections while the neuron was being sequentially exposed to increasing drug
concentrations for 10 minutes: 0, 1, 10 and 100 uM of CH. Figure 3 shows, for a
representative neuron, that voltage responses were similar before drug application and for the
1 uM CH concentration, both demonstrating that membrane resistance was not modified in
this situation. However, in the absence of the drug, the neuron (Fig. 3A) presents a voltage
rectification of the membrane potential (known as ‘“sag”) approximately at 80 ms, which
disappears after 1 uM CH application (Fig. 3B). The resulting voltage responses obtained
when the application was of 10 and 100 uM CH were smaller than those obtained in control,
and were also accompanied by a membrane depolarization from -75 mV to -66 and -65 mV,
respectively. The measure of the membrane resistance for each neuron, before drug
application and for the 3 drug concentrations, was calculated as the slope that represents the
relation between current intensity and voltage response as depicted in figure 3A-D. For the

neuron described in figure 3A-D, resistance was 103 MQ without CH, 102 MQ in 1 uM CH.
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It dropped to 51 MQ in 10 uM CH, and to 50 MQ in 100 uM CH, respectively (Fig. 3E). For
the whole population (n=10) resistance was 170.2+6.1 MQ in control, 165.3+6.7 MQ in 1 uM
CH. It went down again to 135.7£5.7 MQ in 10 uM CH, and 120.6+11.8 MQ in 100 uM CH,
respectively (Fig. 3F). From this data, we conclude that neurons do not evidence any
alteration to membrane potential and resistance in the 1 uM CH concentration in respect to
initial values, and that the effects of the 100 uM CH concentration do not vary significantly

from the changes produced by the administration of 10 uM CH.

Dose dependent effects of cumene hydroperoxide on rheobase and voltage threshold

of pyramidal neurons from the motor cortex

The administration of CH triggered up some changes on the rheobase of pyramidal neurons
from the motor cortex. Figure 2C illustrates the effects on the rheobase which depend on the
time and the dose of the CH concentration. No significant change could be found on rheobase
in control condition and when 1uM CH was applied during 30 minutes. However, when the
concentration applied was 10 or 100 uM CH, the rheobase decreased significantly after 5
minute application in comparison with initial condition (for example, for 100 uM the
decrement was 193.7+10.6 pA vs 149.6£15.7 pA) while it increased significantly if compared
with initial condition after 15 and 30 minute application (for 100 uM, the increase was
249.9+41.6 pA and 263.1£35.3 pA). Values at minute 30 were only slightly larger than those
obtained at minute 15, and they did not differ significantly. Changes in rheobase were parallel
to changes in resistance and, therefore, the voltage threshold remained unaltered during the 30
minute duration for the 3 concentrations (Fig. 2D). As a conclusion, Ohm’s Law is observable
in the membrane behavior of pyramidal neurons, even under the effect of different

concentrations of the drug.

Later on, we analyzed whether the effects of oxidative stress produced by CH on membrane
properties would depend on neuronal size: that is to say, whether larger neurons presented a
bigger sensitivity to CH or conversely. An estimation of the neuronal size can be inferred
from membrane capacitance. Figure 2E-F shows the relation between capacitance and
resistance changes of neurons recorded at 100 uM CH, in absolute values (Fig. 2E) and in
relative values (Fig. 2F). Data shows a linear relation between capacitance and input
resistance change when calculated from absolute values (P<0.001; r>0.69), and also from

relatives values (P<0.001; r>0.71). Similar results were obtained when 10 uM CH was
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administered (not shown). From these figures, we can conclude that pyramidal neurons from
the motor cortex that have a larger membrane surface are more likely to suffer alterations in

their electrical membrane properties by oxidative stress mediated by CH.

Dose dependent effects of cumene hydroperoxide on amplitude and duration of the
action potential of pyramidal neurons from the motor cortex

Figure 4A describes the effects of CH on action potential amplitude in control condition and
at the 3 different concentrations. No differences were found in control condition for this
parameter while the 1 pM CH concentration produced a gradual decrease on action potential
amplitude, which became statistically significant at minute 30. For the 10 and 100 uM
concentrations, the mean decrease was more evident, reaching statistical significance at
minute 5 as compared to the initial condition, and at minute 30 in comparison with minute 15.
For the 100 uM concentration under initial condition, the mean amplitude was 120.14+2.0,
going down to 114.8+5.7 mV at minute 5, and even lower to 110.3+3.8 mV (minute 15) and
91.243.3 mV (minute 30). The highest difference between initial and final condition for the
measure of the amplitude could be seen when the concentration applied was 100 uM. More
specifically, for all concentrations, amplitude differences were the following: 8.4£3.9,
18.8+2.3 and 28.9+5.8 mV, for 1, 10 and 100 uM CH respectively. Differences of the effects

on the action potential were significant between the 3 concentrations at minute 30.

In figure 4B, we show the effects on the duration of the action potential in control condition
and for the 3 concentrations. This parameter became progressively longer after the 10 and 100
uM CH exposure while remaining unaltered in control condition and after the 1 pM CH
application. However, statistical significance was already observable at minute 5 in
comparison with control condition, and minute 30 in comparison with minute 15 condition,
for both 10 uM and 100 uM CH. For example, and for the administration of 100 uM CH, the
duration of the action potential was 1.50£0.11 ms (minute 0), 1.82+0.13 ms (minute 5),
1.87+0.28 ms (minute 15), and, finally, 2.31£0.15 ms (minute 30).

Dose dependent effects of cumene hydroperoxide on firing properties of pyramidal
neurons from the motor cortex
The pyramidal neurons in the study exhibited a phasic-tonic discharge as a response to

sustained current depolarizing pulses, not only in control, but also when the concentration
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applied was 1 uM CH (see Fig. 5A, B). Nevertheless, after the administration of 10 pM CH,
20% of the cells (minute 15) and 43% (minute 30) lost their ability to discharge action
potentials in a repetitive way. This effect was even greater when the concentration was 100
uM CH affecting 40% (minute 5), 80% (minute 15), and 100% (minute 30) of the cells (Fig.
4C).

Figure 5 A-D shows, for a representative neuron (n=10), the results of another experiment in
which we analyzed the repetitive firing properties observed while the neuron was being
sequentially exposed to each of 3 different drug concentrations for 10 minutes. Before drug
application (0 uM), and for the 1 and 10 uM CH concentrations, the neuron illustrated in
figure 5 could discharge along the whole pulse duration (1 s). However, this ability is lost
after 10 minutes of being exposed to 100 uM CH, as being depicted in figure 5D. In this
figure, we can observe how the cell ceases to discharge before the pulse is over. Also in figure
5A-C, it can be observed how the firing frequency decreases as the concentration increases:
23 AP.s’! in control, 19 AP.s! for 1 uM CH, and 12 AP.s™! for 10 uM CH. Therefore, this
data may suggest that an incremental dose alters the gain of the discharge. Figure SA-D also
shows a decrease of amplitude of the action potential in the train, which becomes more

evident for the 100 uM CH concentration.

We then measured the gain, maximum frequency and cancelation current in those cells that
retained their repetitive firing properties. Figure SE represents the relationship between the
intensity of the current injected and the firing frequency for the cell depicted in figure SA-D.
In this figure, it can be observed how that relationship is linear everytime low current
intensities were applied. However, when intensity increases, accommodation symptoms are
appreciated. Figure SE shows how the neuron starts to accommodate at values close to 500
pA for 0 uM CH, 450 pA for 1 uM CH, and 400 pA for 10 uM CH. This data indicates that
the working intensity range decreases as the drug concentration increases. Besides, when we
calculated the gain for the neuron shown in figure SA-E, we could see how this parameter
decreased after CH application: 53 AP-s-nA! (0 uM CH), 46 AP-s"'-nA™! (1 uM CH), and
26 AP-s-nA"! (10 uM CH). This result is applicable to the rest of the population. Figure 5F
shows the mean values of the gain in the different accumulating situations (time and drug
concentration): 40.1£5.9 AP-s-nA™! (0 uM CH), 38.3+4.9 AP-s-nA"! (1 uM CH), 27.7+8.6
AP-s'nA! (10 pM CH) and 15.3%+4.1 AP-s'-nA™! (100 uM CH). This decrease was
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statistically significant for the 10 uM CH and the 100 uM CH concentrations (see Fig. 5F)

when compared with initial values and between themselves.

In order to carry out a more detailed analysis of the response effects on the gain and
maximum frequency, a pool of 30 neurons were exposed to one of the 3 drug concentrations
tested in our study. Figure 4D illustrates how the gain remained unchanged in control
condition but progressively decreased after the administration of 1 uM CH, with statistical
significance at minute 30. This decrease in gain was already significant at minute 15 for the
10 uM CH, and even earlier (minute 5) for the 100 uM CH concentration. For the highest
concentration, the decrease in gain was significant again at minute 15 when compared with
minute 5. By minute 30, all cells had already lost their ability to discharge repetitively.
Maximum firing frequency progressively decreased with time, as seen in figure 4E, but did
not reach significance when 1 uM CH concentration was administered. Significance was
achieved (minute 5) for the 10 and the 100 uM CH concentrations. Thus, after 5 minutes of
100 uM CH exposure, the maximum firing frequency decreased from 27.2+3.0 AP-s! to
17.6+£3.2 AP-s!'. The decrease in the maximum frequency was significantly lower again at

minute 15 and at minute 30, but only after administering 100 uM of CH.

Further evidence of the narrowing of the working intensity range, after the administration of
CH, was observed when analyzing the cancelation current (Fig. 4F). This figure illustrates
how the cancelation of repetitive discharge occurs at lower intensities at doses of 10 and 100
uM CH, but is unaffected in control condition and at 1 uM CH. In experiments in which the
100 pM CH concentration was tested, the average value for the population in the initial
condition was 650.3+48.4 pA. Intensity values fell progressively to 599.3+56.5 pA at minute
5, and 503.7+49.9 pA at minute 15, at which level statistical significance was reached. After
that, it dropped to a value of zero with the complete loss of the ability to discharge repetitively
for all neurons at minute 30. Once again, the 10 and 100 uM CH concentrations had larger
and more significant effects than the 1 uM and among themselves with respect to repetitive

firing properties (gain, maximum frequency and cancelation current) at minute 30.

Prevention of lipid peroxidation and membrane excitability changes caused by cumene
hydroperoxide by melatonin
Figure 6A illustrates LPO expressed in percentage as the increase when compared with the

control situation, as a result of the exposure of the brain slices to 0 (control), 1, 10 and 100
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uM of CH during 0, 5, 15 and 30 min. As seen in figure 6A, CH evokes LPO in a dose and
time dependent manner. Longer time or higher dose caused a progressive increase in LPO,
significant at 5 min at the three concentrations of CH tested in respect to the control.
However, the increased lipid peroxide level plateaued in min 15 and 30. Furthermore, it is
also observable in the fact that the level of LPO with CH 1 pM in min 30 is similar to the
average value found after 1 pM CH exposure in min 5. Although the increment in LPO is
dose dependent, mainly at shorter times, those increments are not proportional to the
concentration, i.e., increments in LPO found with 100 uM CH are bigger but not statistically
different than those found with 10 uM CH, but they are statistically different when compared
10 vs 1 uM CH.

No effect was observed in LPO in cells treated with ACSF with 50 uM melatonin when
compared with cells treated with ACSF alone. As seen in figure 6B, melatonin prevents LPO
induced by 10 uM CH. No significant differences in LPO were found between tissues treated
with melatonin alone (control of melatonin) and tissues treated with melatonin and 10 uM CH
at 5, 15 or at 30 min although a moderate increase of LPO was found at 30 min. Irrespective
of the time period applied (5, 15 and 30 min) the differences found between tissues treated
with ACSF containing 10 uM of CH and tissues treated with ACSF containing 10 uM of CH

and melatonin 50 uM, were always significant.

As melatonin prevents the LPO induced by CH, we wondered if pre-treatment with this
antioxidant could act as a neuroprotector and could prevent the membrane changes induced by
10 uM CH. Figure 6C illustrates the effects of 50 uM melatonin and 10 uM CH application
on membrane potential during 30 minutes. As seen in this figure, no changes on membrane
potential or input resistance were produced for the whole period. The same response was
found in 4 of the 6 neurons studied and no changes in membrane potential, input resistance or
firing properties were found. However, 2 of the 6 cells showed gain decrease, around minute

30.

DISCUSSION

In the present work, we have studied early changes in membrane properties of pyramidal
motor cortex neurons exposed to 3 concentrations of CH (1, 10 and 100 pM). Our data

indicate that CH depresses the excitability of pyramidal motor cortex neurons decreasing
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input resistance, amplitude of the action potential, and gain and maximum frequency of the
repetitive firing discharge. These effects were time and dose dependent. Reversibility to
alterations produced by CH to membrane properties is inversely proportional to exposure
time: the longer the exposure, the lower the reversibility. Among all the membrane properties
analyzed, the ability to repetitively discharge action potentials was the property most affected
by the administration of the drug. Our data also suggest that large neurons of the motor cortex
have more sensitivity to the oxidant. Finally, we have shown that pre-treatment with
melatonin, an antioxidant agent, prevents the effects induced by CH on membrane properties.

The antioxidant benefits of melatonin have been extensively described in the literature (Reiter

et al., 2000; Tan et al., 2007).

Methodological considerations

Oxidative stress is caused when the production of ROS exceeds the antioxidant capacity of
the tissues (Heather and Teismann, 2009; Ljubisavljevic, 2014; Sims-Robinson et al., 2013).
In neuronal cell damage, it is believed that this high level of ROS makes a large contribution
to neuron degeneration and might be one factor in the development of different neurological
diseases, such as ALS, Parkinson’s and Alzheimer’s (Andersen, 2004; Reynolds et al., 2007).
Our research study has considered pyramidal neurons of the layer V of the primary motor
cortex. Although there are several pathophysiological mechanisms that trigger motor neuron
vulnerability in ALS, oxidative stress has been described to be an important factor in the case
of pyramidal neurons of the motor cortex (Cleveland and Rothstein, 2001; Kim et al., 2014).
Our results demonstrate that CH is an organic oxidant agent that induces lipidic peroxidation
on the cell membrane which, consequently, results in cell alterations (Ayala et al., 2014;
Nakaya et al., 1992; Vimard et al., 2011). Indeed, we have demonstrated that the effects of
CH on membrane properties are due to oxidative stress because melatonin prevents the
electrophysiological effects of CH. In Cai et al. (2009), malondialdehyde, a typical
intermediate of lipid peroxidation, gradually damaged hippocampal neurons following a 3h
exposure at concentrations of 1, 10, 100 and 1,000 pM. According to these authors,
malondialdehyde may have biochemical effects on hippocampal neurons that are time and
dose dependent. A similar conclusion was reached in works that studied the dose response
effects of CH toxicity on cultured cells (Shimura et al., 1985; Vimard et al., 1996 and 2011,
Vroegop et al., 1995). Those studies proved that cell mortality rate is low (less than 5%) when
CH is applied in concentrations under 1,000 uM, and with administration time under 30

minutes. However, they also report how mortality rate reached approximately 70% when
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administration times are longer (60-180 minutes) or when drug concentrations are larger. On
the basis of this evidence, we decided to use 3 CH concentrations (1, 10 and 100 uM) and 30
min administration time, which guarantee a low mortality rate, in order to study the dose and
time dependent effects of CH. We have analyzed several electrophysiological parameters
during drug administration with data being recorded at 5, 15 and 30 minutes to identify
alterations to membrane properties. Prior to that, we checked that the neurons in the motor
cortex keep their membrane properties stable, under our recording conditions, for a duration
of 30 minutes, as previously demonstrated with other pools of neurons (Nani et al., 2010).
Therefore, any alteration to the physiological parameters analyzed can be considered to be the

effect of the drug administration to the cells and not to the recording conditions.

Alteration of membrane properties by oxidative stress

No effects on membrane potential or resistance were observed in our study in control
condition and when CH was administered at 1 pM. At that concentration, it seems that
neurons are able to block the oxidative effects on the physiological properties of the
membrane, although a significant level of LPO was found. A reason to explain this could be
that pyramidal neurons have an efficient scavenging enzyme system that reacts rapidly with
CH at a 1 uM concentration, as proposed by Jovanovic and Jovanovic (2013) when
attempting to explain the effects that oxidative stress has on the electrophysiological
properties of Retzius neurons of the leech. The values of LPO we found at the 1 uM
concentration were under 15% of increment in respect to those registered for control. These
small values are similar to those found during ageing in the hypothalamus-hypophysis,
(Arguelles et al., 2011). It seems that those levels of LPO are not high enough to alter
membrane properties. Contrary to the results obtained at the 1 puM concentration, our
exposure of cortical neurons to CH concentrations of 10 and 100 uM already produced
changes in membrane potential, membrane resistance and rheobase as a result of higher levels
of LPO. An unexpected finding was that the 2 concentrations caused changes of equal
magnitude in these parameters. This finding may reflect that values of LPO found when 100
uM was administered were only slightly higher, but not significant, than those obtained with
10 uM. Our results suggest that oxidative stress affected the channels and/or conductances
that determine passive membrane properties (Frantseva et al., 1998; Nakaya et al., 1992; Nani
et al., 2010; Pardillo-Diaz et al., 2015) along a very narrow concentration range of 1-10 pM,
which resembles an “all-or-nothing” response. In any case, conductances that are affected by

oxidative stress would not be those involved in determining the voltage threshold. In our
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study, regardless of the CH dose used, voltage threshold remained unchanged, as occurs in

neurons of the hippocampus exposed to peroxide (Pellmar, 1987).

Exposure of leech neurons to CH (0.25, 1, and 1.5 uM) extended the duration of the action
potentials in a dose dependent manner (Jovanovic and Jovanovic, 2013). For example, the
concentration of 0.25 uM did not significantly change the action potential within 20 min, but
it was significant with 1 uM. Moreover, a higher concentration (1.5 uM) of CH caused an
extreme change in the shape and duration of the action potential. In our study, we observed
that the action potential diminished, while its duration increased in a progressive way along
the time of exposure to CH and in a concentration dependent manner. When the CH
concentration was of 1 uM, the effects on the amplitude of the action potential were evident at
30 minute drug administration. However, with the 10 or 100 uM CH concentrations, effects
were already significant at minute 5, showing the highest alterations in amplitude with the
100 uM CH concentration. It has been proposed that oxidative stress could be affecting
conductances that participate in the repolarization of the action potential and the Na" ionic
gradients (Angelova and Muller, 2006; Jovanovic and Jovanovic, 2013; Nakaya et al., 1992;
Pardillo-Diaz et al., 2015). The capability of maintaining repetitive firing of the action
potentials is probably the most dramatic effect produced by CH over the electrical properties
of the membrane. Our results are similar to those obtained by Jovanovic and Jovanovic (2013)
in which CH (1.5 pM, 20 min) produced a complete cancelation of firing properties in leech

neurons. However, they do not coincide with the study by Nani et al. (2010) in which their

H,0;, oxidative model (1 pM, 30 min) caused an increase in the firing of the hypoglossal

motoneurons of rats. This discrepancy might be due to the fact that HO; can only exert the
effects achieved by CH at concentrations 10 times higher (Vimard et al., 2011). Regardless of
which channels and/or conductances are underlying action potential and repetitive firing
(Pardillo Diaz et al., 2015), in our study we have demonstrated that they are dramatically
affected by oxidative stress in a concentration dependent manner, being a low concentration

of CH (100 uM) high enough to completely block firing discharge.

Functional considerations
We can conclude that oxidative stress induced by CH evokes important changes, in a
concentration and time dependent manner, in the neuronal excitability of rat motor cortex

neurons as demonstrated in modified hippocampal cells (Oh et al., 2012). Low concentration

20



of the drug (1 uM), but only with a long exposure, already blocks the Th current underlying
sag (Robinson and Siegelbaum, 2003) and may alter conductances involved in the action
potential, and firing properties, at a drug concentration which has no biochemical,
physiological or morphological effects in other neuronal populations (Jovanovic and
Jovanovic, 2013; Sinha et al., 2015; Vimard et al., 2011). A concentration of 10 uM of CH
produced changes in membrane potential, membrane resistance and rheobase as previously
demonstrated by Pardillo-Diaz et al. (2015) in a time dependent manner. Finally, 100 uM
completely blocks the ability to produce repetitive discharge of action potentials with long
term exposure. Brief exposure (15 minutes or less) also narrow the current working range
because of an increase in the rheobase and a decrease of the cancelation current. Then, we can
conclude that larger concentrations of CH have similar consequences as those evoked by

smaller concentrations at longer exposure times.

Present data demonstrate that effects induced by a brief exposure to CH (5 min) are partially
reversible, while those produced by a long-term exposure to CH (15 min) are practically
irreversible. Membrane potential and resistance presented higher reversibility to the effects of
CH. Similarly to our results, H>O> induced a large depolarizing shift in membrane potential
that was reversible in almost half of the thalamic neurons tested (Frantseva et al., 1998). Also
the change observed in input resistance could be reversed in some cases, but not in frequency
depression of spontaneous postsynaptic currents induced by H>O> in hypoglossal
motoneurons (Nani et al., 2010). The reversibility of some of the oxidative stress-mediated
effects is difficult to explain (Pellmar, 1987). Oxygen radicals produced by CH might directly
attack ion channel proteins, or LPO caused by CH might indirectly inhibit ion channel
functions by altering the membrane lipid milieu surrounding the channel protein (Nakaya et
al., 1992). Effects reported to be reversible may be mediated by modified lipid-protein
interactions rather than by irreversible protein oxidation (Frantseva et al., 1998). Then, our
results may suggest that CH effects on resting membrane potential and membrane resistance
are, at least in part, a consequence of the observed LPO and, for that reason, their
modifications could be partially reversed with a prompt washout of the drug. This work
demonstrates that CH induces LPO in pyramidal neurons and that it can be prevented by the
use of melatonin. Besides, melatonin also partially or totally prevents the physiological
changes that occur in cortical neurons under CH conditions. The antioxidant benefits of
melatonin have been extensively described. It has been demonstrated that melatonin has direct

scavenging actions against the free radicals and related products (Reiter et al., 2000; Tan et
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al., 2007), acts indirectly by inducing antioxidant enzymes (Reiter et al., 2000), increases the
activities of the major antioxidant enzymes (Reiter, 2000) and stimulates glutathione synthesis
(Barlow et al., 1995). Melatonin has also been shown to reduce the accumulation of the major
products of LPO when membranes are exposed to radical-generating agents (Reiter, 2000)
and to preserve, in vivo and in vitro, protein synthesis under oxidative stress condition
(Argiielles et al., 2012). Then, we cannot discard in our study that other mechanisms
underlying membrane changes induced by CH, apart from LPO, such as protein oxidation,
can also be prevented by melatonin. However, since 50 uM melatonin has not totally
prevented the effects of long time exposition to CH in some cells, additional trials with
melatonin alone (a higher dose) and in combination with other drugs, such as thiol-reducing
agents like N-acetylcysteine or -mercaptoethanol (Cabungcal et al., 2014; Vimard et al.,
2011), or other anti-oxidant substances, such as vitamin C (Chang et al., 2008), are needed to
clarify its potential benefit. Nevertheless, we propose that neuroprotective agents should be
administered before membrane properties of neurons start to change, given the low

reversibility of the effects caused by oxidative stress when this is maintained in time.

In motoneurons, cell capacitance has been used as an estimation for neuronal size (Viana et
al., 1994). In other words, larger neurons would present a higher capacitance. Our results
provide the first experimental evidence that neurons mostly affected by oxidative stress are
the largest ones, those with the highest values of capacitance. Pyramidal neurons of the motor
cortex are rather large in comparison with neurons from other layers of the motor cortex and
from other brain nuclei (Oswald et al., 2013). Furthermore, regarding pyramidal neurons from
the motor cortex, as from other cortical areas, it has been demonstrated that morphological
parameters revealed clear differences between large soma, thick shafted, large tufted
corticofugal neurons and small soma, slender shafted, small tufted commissural neurons
(Chagnac-Amitai et al., 1990; Mason and Larkman, 1990; Oswald et al., 2013). We propose
that corticofugal neurons could be the most affected by oxidative stress in our study. If we
considered oxidative stress to be the main cause of neuronal death in neurodegenerative
pathologies (Andersen, 2004; Cabungcal et al., 2014; Cleveland and Rothstein, 2001;
Niedzielska et al., 2015; Parakh et al., 2013; Reynolds et al., 2007), our findings (large size
and high sensitivity to oxidative stress even a low concentration) would serve to explain how
pyramidal neurons of the motor cortex, in particular corticofugal neurons, also have the

highest death rate levels in diseases such as ALS.
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FIGURE LEGENDS

Figure 1. Cumene hydroperoxide (CH) washout effects on membrane potential of pyramidal neurons
from the motor cortex. A. Electrophysiological recording showing that membrane potential and voltage
response to negative current pulses of -100 pA remains stable for 30 minutes in the control condition. B. CH

washout 5 minutes after drug administration (10 uM). C. CH washout 15 minutes after drug administration (10

uM).

Figure 2. Dose, time and size dependent effects of cumene hydroperoxide (CH) of pyramidal neurons from
the motor cortex. A-D, Plots showing dose and time dependent effects of CH on membrane potential (A), input
resistance (B), rheobase (C) and voltage threshold (D). These plots illustrate the mean values + standard error at
0, 5, 15 and 30 minutes in control condition (green; n=20) and after the exposure to CH 1 uM (blue; n=30), 10
UM (red; n=30) and 100 uM (black; n=30). The asterisk indicates statistical significance in relation to the control
situation and a cross represents statistical significance between correlative measures. E-F. Relationship between
capacitance and input resistance change in absolute (E) and in relative (F) values after 30 minutes to CH 100

uM.

Figure 3. Effects of sequential application of increasing doses of cumene hydroperoxide (CH) on
membrane resistance of pyramidal neurons from the motor cortex. A-D. Recordings showing, in the same
cell, membrane potential responses to current steps of 10 pA without CH administration (A), after 10 minutes of
1 uM CH administration (B), after 10 more minutes of 10 pM CH administration (C) and after 10 more minutes
of 100 uM CH application (D). The black arrow in A indicates the presence of sag. E. Relation between current
and voltage response for the cell represented in A-D. F. Histogram illustrating the mean values of membrane

resistance in control condition and the other three situations for the whole population (n=10).

Figure 4. Dose and time dependent effects of cumene hydroperoxide (CH) on action potential amplitude
(A), action potential duration (B), firing repetitive properties (C), gain (D), maximum frequency (E) and
cancelation current (F) of pyramidal neurons from the motor cortex. These plots illustrate the mean values
+ standard error at 0, 5, 15 and 30 minutes in control condition (green; n=20) and after the exposure to CH 1 uM
(blue; n=30), 10 uM (red; n=30) and 100 uM (black; n=30). The asterisk indicates statistical significance in

relation to the control situation and a cross represents statistical significance between correlative measures.

Figure 5. Effects of sequential application of increasing doses of cumene hydroperoxide (CH) on firing
repetitive properties of pyramidal neurons from the motor cortex. A-D. Recordings showing, in the same
cell, voltage response to depolarizing current pulses of 1 s duration and 500 pA intensity without CH
administration (A), after 10 minutes of 1 uM CH administration (B), after 10 more minutes of 10 pM CH
administration (C) and after 10 more minutes of 100 uM CH application (D). E. Relation between current and
firing frequency for the cell represented in A-D. F. Histogram illustrating the mean values of gain in control
condition and the other three situations for the population that kept their firing properties during 30 minutes

(n=6).
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Figure 6. Prevention by melatonin of lipid peroxidation (LPO) induced by cumene hydroperoxide (CH)
on pyramidal neurons from the motor cortex. A. Graphic showing LPO values, expressed in %, at 0, 5, 15
and 30 minutes after the exposure of CH 1uM (blue; n=6), 10 uM (red; n=6) and 100 pM (black; n=6). B. Plot
showing LPO values, expressed in %, at 0, 5, 15 and 30 minutes after the exposure of CH 10 uM (n=6) and CH
10 uM plus melatonin 50 uM (n=6). C. Electrophysiological recording showing that membrane potential and
voltage response to negative current pulses of -100 pA and 500 ms remain stable along 30 minutes exposition to
CH 10 pM + 50 pM melatonin. Arrows indicate voltage response at 5, 15 and 30 minutes. The letter ’a”
indicates statistical significance in relation to control situation, “b” represents statistical significance between a
concentration and the precedent one for the same period of time, and “c” shows statistical significance between

10 uM CH application and 10 pM CH + 50 uM melatonin for the same period of time.
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