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Abstract—Hydrogen peroxide (H2O2), a reactive oxygen spe-

cies, is an important signaling molecule for synaptic and

neuronal activity in the central nervous system; it is pro-

duced excessively in brain ischemia and spinal cord injury.

Although H2O2-mediated modulations of synaptic transmis-

sion have been reported in ventral horn (VH) neurons of the

rat spinal cord, the effects of H2O2 on neuronal excitability

and membrane properties remain poorly understood.

Accordingly, the present study investigated such effects

using a whole-cell patch-clamp technique. The bath-

application of H2O2 decreased neuronal excitability accom-

panied by decreased input resistance, firing frequency,

and action potential amplitude and by increased rheobase.

These H2O2-mediated changes were induced by activation

of extrasynaptic, but not synaptic, GABAA receptors.

Indeed, GABAergic tonic currents were enhanced by H2O2.

On the other hand, the amplitude of medium and slow after-

hyperpolarization (mAHP and sAHP), which plays important

roles in controlling neuronal excitability and is mediated by

small-conductance calcium-activated potassium (SK) chan-

nels, was significantly decreased by H2O2. When extrasy-

naptic GABAA receptors were completely blocked, these

decreases of mAHP and sAHP persisted, and H2O2

increased excitability, suggesting that H2O2 per se might

have the potential to increase neuronal excitability via

decreased SK channel conductance. These findings indi-

cate that activating extrasynaptic GABAA receptors or SK

channels may attenuate acute neuronal damage caused by
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H2O2-induced hyperexcitability and therefore represent

a novel therapeutic target for the prevention and

treatment of H2O2-induced motor neuron disorders. � 2016

IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Hydrogen peroxide (H2O2), a reactive oxygen species

(ROS), is a relatively stable and lipid-soluble molecule

that diffuses into the cytoplasm (Halliwell, 1992; Ward

and Giles, 1997), where it is an important signaling mole-

cule in synaptic and neuronal activity in the central ner-

vous system (CNS) (Giorgio et al., 2007; Rice, 2011).

Under physiological conditions, H2O2 production is bal-

anced by enzymes such as catalase and glutathione per-

oxidase, which reduce H2O2 to H2O and O2 (Halliwell,

1992; Hou et al., 2010). However, excessive production

of H2O2 has been implicated in ischemia-reperfusion

lesions of the brain (Hyslop et al., 1995) and in spinal cord

injury (Liu et al., 1999). In the CNS, H2O2 modulates neu-

ronal functions, including synaptic transmission (Chen

et al., 2001; Takahashi et al., 2007; Nani et al., 2010;

Ohashi et al., 2016) and cellular excitability

(Avshalumov et al., 2005; Pouokam et al., 2009; Nani

et al., 2010; Garcia et al., 2011; Ostrowski et al., 2014).

Concerning spinal ventral horn (VH) neurons, which

are vulnerable to oxidative stress (Carri et al., 2003) and

ischemia (Sakurai et al., 1997; Nohda et al., 2007), we

have recently reported an increase in glutamate release

from excitatory presynaptic terminals following the exoge-

nous application of H2O2, and a corresponding increase in

c-aminobutyric acid (GABA) from inhibitory presynaptic

terminals (Ohashi et al., 2016). However, little is known

regarding the effects of H2O2 on VH neuron excitability

and cellular membrane properties, despite evidence for

H2O2 in other CNS regions, including brainstem (Nani

et al., 2010; Ostrowski et al., 2014), hippocampus

(Garcia et al., 2011), and midbrain (Avshalumov et al.,

2005). Therefore, using a whole-cell patch-clamp method,

the present study investigated the mechanisms by which

excessive levels of H2O2 influence neuronal excitability

and membrane properties in rat VH neurons.

http://dx.doi.org/10.1016/j.neuroscience.2016.06.033
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EXPERIMENTAL PROCEDURES

Study approval

The Animal Care and Use Committee at Niigata

University Graduate School of Medical and Dental

Sciences (Niigata, Japan) approved all experimental

procedures that involved the use of animals. All

experiments were performed in accordance with the

National Institute of Health Guide for the Care and Use

of Laboratory Animals.
Preparation of spinal cord slices

Rat spinal cord slices were prepared as described in a

previous study (Ohashi et al., 2016). In brief, neonatal

Wistar rats of either sex (7–15 days old) were anes-

thetized using urethane (1.5 g/kg by intraperitoneal injec-

tion), and the lumbosacral segment (L1–S3) of the spinal

cord was subsequently removed. Spinal cord specimens

were stored in pre-oxygenated, ice-cold (2–4 �C) artificial
cerebrospinal fluid (ACSF), and transverse spinal cord

slices (500 lm) were obtained using a microslicer (Linear

Slicer PRO 7; Dosaka, Kyoto, Japan). The ACSF was

composed of (in mM) 117 NaCl, 3.6 KCl, 2.5 CaCl2, 1.2

MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 11.5 D-glucose.

Spinal cord slices were then transferred to a recording

chamber and set on the stage of an upright microscope

featuring an infrared-differential interference contrast

(IR-DIC) system (E600FN; Nikon, Tokyo, Japan). Each

slice was fixed with an anchor, and superfused with ACSF

(gas mixture of 95% O2 and 5% CO2 (pH = 7.4)) at

5–6 ml/min, with the temperature maintained at 36 �C
± 0.5 �C using a temperature control system (TC-324B;

Warner Instruments, Hamden, CT, USA). Slices were

used for recording after a recovery period of P40 min.
Patch-clamp recordings from spinal VH neurons

As reported previously (Ohashi et al., 2016), whole-cell

patch-clamp recordings were obtained from visually iden-

tified large VH neurons in Rexed lamina IX (size:

>25 lm) using an IR-DIC microscope combined with a

charge-coupled device camera (C2400-79H; Hamamatsu

Photonics, Hamamatsu, Japan). A somal size > 20 lm
was used as the cut-off point in previous studies of post-

natal rat lumbar motor neurons (Takahashi, 1990);

however, large interneurons (>20 lm) have been

detected in the ventral half of the rat lumbar spinal cord

(Thurbon et al., 1998a,b). Therefore, putative motor neu-

rons were identified as the largest cells in the VH (somal

diameter > 25 lm). Borosilicate glass capillaries were

used to construct whole-cell patch-clamp pipettes

(1.5-mm outer diameter; World Precision Instruments,

Sarasota, FL, USA). Pipettes typically demonstrated a

resistance of 4–8 M when filled with an internal solution

(see below for recipes). Signals were amplified using an

Axopatch 200B amplifier (Molecular Devices, Union City,

CA, USA), filtered, and digitized at 2 kHz and 5 kHz

respectively. Data were derived and analyzed using the

pCLAMP 10.3 data acquisition program (Molecular

Devices).
Current-clamp protocols

To test neuronal excitability and membrane properties,

current-clamp recordings were performed using a

potassium gluconate-based pipette solution consisting of

(in mM) 135 potassium gluconate, 5 KCl, 0.5 CaCl2, 2

MgCl2, 5 EGTA, 5 HEPES, and 5 ATP-Mg (pH 7.2).

Resting membrane potential (RMP) was measured

under I= 0 condition prior to current injection, and

neurons with RMP higher than �50 mV were excluded.

Once stable access was established, 1-s hyper- and

depolarizing currents (�80 to 220 pA, 20 pA incremental

steps) were injected.
Voltage-clamp protocols

A cesium sulfate-based solution composed of (in mM)

110 Cs2SO4, 5 tetraethylammonium, 0.5 CaCl2, 2

MgCl2, 5 EGTA, 5 HEPES, and 5 ATP-Mg (pH 7.2) was

used to establish the whole-cell configuration. Next,

neurons were voltage-clamped at 0 mV in order to

record inhibitory postsynaptic currents (IPSCs). Since

the reversal potentials of excitatory postsynaptic

currents were 0 mV under the above experimental

conditions (Aoyama et al., 2010; Honda et al., 2012;

Yamamoto et al., 2012), IPSCs were specifically recorded

as upward deflections at 0 mV. To isolate GABAA

receptor-mediated IPSCs, strychnine (STR, 2 lM) was

added as previously reported (Baba et al., 2000; Ataka

and Gu, 2006; Ohashi et al., 2016). To identify tonic

GABAA receptor-mediated currents, the selective GABAA

receptor antagonist, bicuculline (BIC, 20–200 lM), was

added, and the change in holding current was measured.
Drug application

The following pharmacological agents were purchased

from Wako (Osaka, Japan): H2O2 (1 mM), tetrodotoxin

(TTX; 1 lM), CGP35348 (20 lM). BIC (20–200 lM),

STR (2 lM), and GABA (1–100 lM) were obtained from

Sigma-Aldrich (St. Louis, MO, USA). Immediately prior

to each experiment, H2O2 was prepared by dissolving in

ACSF. TTX, STR, and CGP35348 were dissolved at

1000 times the working concentration in distilled water.

Dimethyl sulfoxide was used to dilute BIC solutions to

1000 times their storage concentration. These were

then diluted to their working concentration in ACSF

immediately prior to use. Solutions were administered to

the whole slice via perfusion using a three-way stopcock

at a constant perfusion rate and temperature. The

volume of the recording chamber was approximately

1.0 ml. Within 15 s of opening the stopcock, the

solutions reached the recording chamber, and within

90 s of its being closed, each drug was completely

washed out. To study the acute effects of ROS, H2O2

was applied for 5 min at a concentration of 1 mM, which

was previously shown to induce neurotoxicity in spinal

neurons (Taccola et al., 2008) and hypoglossal motoneu-

rons (Nani et al., 2010) in vitro. Slices were discarded

after each H2O2 application experiment.
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Data analysis

Off-line analysis of current-clamp experiments was

performed using Clampfit 10.3 software (Molecular

Devices). Voltage deflections were measured at the end

of each injected current, and the input resistance (Rin)

was calculated as the slope of the linear fit of the

voltage-current plot generated by the hyperpolarizing

current injections. The rheobase was determined to be

the minimum amount of current required to induce at

least one AP. Under this paradigm, the first AP elicited

was used to assess AP threshold, amplitude, and half-

width. The threshold was measured as the membrane

potential wherein dV/dt > 10 mV/ms during the AP rise

phase. The AP amplitude was calculated between

threshold and AP peak. The AP half-width was defined

as the duration of half-amplitude between the threshold

and peak. In rat spinal motoneurons, the AHP was

separated into three distinct components: fast (fAHP),

medium (mAHP), and slow (sAHP; see Fig. 1F, J)

(Safronov and Vogel, 1996; Li and Bennett, 2007;

Nordstrom et al., 2007). fAHP and mAHP were quantified

from the first elicited AP at rheobase and defined as the

differences between the value of the peak hyperpolarizing

voltage deflection following the AP and the AP threshold.

The amplitude of sAHP was calculated between the base-

line (the membrane potential before current injection) and

maximal negative amplitude after the train of firing at the

end of the 200-pA (1 s) depolarizing current injection.

In voltage-clamp experiments, off-line analyses of

IPSC frequency and amplitude were performed using the

Mini Analysis program 6.0.7 (Synaptosoft, Decatur, GA,

USA). The detection threshold for IPSCs was specified

as twice the root mean square of the background noise,

and subsequent to this, each automatically identified

event was visually assessed for artifacts. The tonic

current was quantified using Clampfit 10.3 (Molecular

Devices). An all-point histogram of a 30-s current

recording was generated and fitted to a Gaussian

distribution. The mean of the fitted Gaussian distribution

was set as the holding current, and the difference

between the holding currents in the presence and

absence of drugwas calculated tomeasure a tonic current.
Statistics

All numerical data are presented as the mean ± standard

error of the mean. Student’s t test (paired or unpaired) or

a one-way repeated measures analysis of variance

(ANOVA) with a post-hoc Bonferroni test was used to

determine the statistical significance between means.

When both values were compared to the baseline

during and after H2O2 treatment, we controlled for the

familywise error-rate using the Holm correction (Holm,

1979). To aid presentation, adjusted P-values have been

presented after Holm correction (Chan et al., 2007). A

Kolmogorov–Smirnov test was applied to compare cumu-

lative distributions of postsynaptic current parameters in

the absence and presence of the drugs. P< 0.05 was

considered to reflect statistical significance for all tests.
For electrophysiological data, the number of samples n

refers to the number of neurons recorded.
RESULTS

Effects of H2O2 on excitability and membrane
properties of VH neurons

To determine the effects of bath-application of H2O2

(1 mM, 5 min) on the intrinsic excitability and membrane

properties of VH neurons, the response to hyper- and

depolarizing current injections was investigated in

current-clamp mode (Fig. 1A). No significant changes in

the RMP were detected at the end of the bath-

application of H2O2 (Table 1). Voltage deflections were

plotted as the function of each injected current (voltage–

current relationship) from �80 pA to 20 pA with a lower

injected current than rheobase in the absence or

presence of H2O2 (Fig. 1B). For example, when the

rheobase current was 60 pA, voltage deflections were

plotted from �80 pA to 20 pA. The slopes of the fitted

regression lines indicated that Rin significantly

decreased to 79.5%± 5.0% of baseline after H2O2

treatment (paired t test with Holm correction, P= 0.028,

n= 11; Fig. 1C). On the other hand, H2O2 significantly

increased rheobase to 160.2%± 18.5% of baseline

(paired t test with Holm correction, P= 0.006, n= 11;

Fig. 1D). As a result, VH neurons displayed a significant

decrease of firing frequency in response to depolarizing

current injections from 100 pA to 220 pA following bath

application of H2O2 (vs. baseline at individual current

injections, paired t test with Holm correction, P< 0.05,

n= 11 for each; Fig. 1E). With regard to the first elicited

AP at rheobase (Fig. 1F), AP amplitude decreased to

90.0%± 3.2% of baseline by H2O2 treatment (n= 11).

When the comparison was performed using the crude

data, the decrease of AP amplitude did not reach

statistical significance (paired t test with Holm

correction, P= 0.059, n= 11; Fig. 1G). However,

statistical analysis using relative values of AP amplitude

compared to baseline demonstrated a significant

decrease (paired t test with Holm correction, P= 0.02,

n= 11). Therefore, we consider that H2O2 treatment

reduced AP amplitude in VH neurons. Moreover, mAHP

amplitude was significantly decreased to 89.8%± 2.7%

of baseline by H2O2 treatment (paired t test with Holm

correction, P= 0.014; n= 11; Fig. 1I). On the other

hand, bath-application of H2O2 did not affect the AP

threshold, half-width, and fAHP amplitude (Table 1 and

Fig. 1H). The amplitude of sAHP following train of firing

at the end of the 200-pA depolarizing current injection

(Fig. 1J) was significantly decreased to 30.5%± 7.8%

of baseline by H2O2 superfusion (paired t test with Holm

correction, P< 0.0001, n= 11; Fig. 1K). These results

indicate that H2O2 decreased excitability in VH neurons

even though H2O2 also had an ability to decrease the

amplitudes of mAHP and sAHP. With 10 min of H2O2

washout, firing frequency and amplitude of AP returned

to baseline, whereas Rin, rheobase, mAHP, and sAHP

tended to recover to baseline levels but remained
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Table 1. H2O2 does not affect resting membrane potential, action potential threshold, and half-width in ventral horn neurons

RMP (mV) AP threshold (mV) AP half-width (ms)

Baseline �57.2 ± 2.5 �38.6 ± 1.7 0.56 ± 0.05

H2O2 (n= 11) �58.8 ± 2.8 �39.3 ± 1.8 0.57 ± 0.05

Washout (n= 5) �56.3 ± 2.4 �37.0 ± 2.1 0.63 ± 0.06

n= the number of neurons recorded. Values are expressed as mean ± standard error of the mean. Statistical significance compared to the baseline was assessed using a

paired t test with Holm correction. Washout indicates the 10-min period after initiating H2O2 washout. RMP, resting membrane potential; AP, action potential.
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significantly different from baseline (n= 5;

Fig. 1A and C–K).
H2O2-induced decreases of VH neuronal excitability
were blocked by high, but not low, concentrations of
BIC

We next investigated the mechanisms underlying the

H2O2-induced decrease in excitability of VH neurons.

Our previous study demonstrated a H2O2-induced

increase of GABA release from presynaptic terminals,

which inhibited glutamatergic transmission (Ohashi

et al., 2016). We therefore tested whether GABAA sig-

naling would be involved in the H2O2-induced decrease

of neuronal excitability based on current-clamp recordings

in the presence of the GABAA receptor selective antago-

nist, BIC. As a baseline, we recorded membrane poten-

tials from cells exposed to each concentration of BIC for

more than 5 min without H2O2. BIC (10–20 lM) com-

pletely inhibits GABAergic IPSCs, which are mediated

by activation of synaptic GABAA receptors, in spinal ven-

tral and dorsal horn neurons (Jonas et al., 1998; Baba

et al., 2000; Ataka and Gu, 2006). Hence, we first exam-

ined the effects of H2O2 in the presence of 20 lM BIC. As

shown in Fig. 2A, 20 lM BIC unexpectedly had no effect

on the H2O2-induced changes in excitability and mem-

brane properties of VH neurons (Fig. 2D–J, left column).

In contrast to GABAergic spontaneous IPSCs (sIPSCs),

GABAergic tonic currents, which are mediated by highly

sensitive GABAA receptors located at peri- and extra-

synaptic sites (Farrant and Nusser, 2005; Walker and

Semyanov, 2008), have been reported to be effectively

blocked by 100 lM BIC in spinal VH neurons (Grasshoff

et al., 2008; Castro et al., 2011). Therefore, these results

led us to examine the effects of BIC at concentrations

higher than 20 lM in H2O2-induced changes. BIC

(40 lM) (Fig. 2B) completely blocked the effects of H2O2

(Fig. 2D–H, middle column), except for decreases of
3

Fig. 1. H2O2-induced modulation of ventral horn neuronal excitability and m

responses and action potentials (APs) generated by incremental hyper- and

superfusion. (B) Voltage–current relationship constructed as a function of eac

than rheobase before and after H2O2 treatment (n= 6–11 for each plot). (C–K

(n= 11), during (n= 11), and after (n= 5) H2O2 treatment. (C) Mean inpu

response to each injected current. (F) Sample traces of the first elicited AP

medium afterhyperpolarization (mAHP). (G) Mean AP amplitude. *P= 0.05

traces of the responses to 200-pA current injection demonstrating a train of A

an expanded scale. RMP, resting membrane potential. (K) Mean sAHP ampli

indicates the 10-min period after initiating H2O2 washout. Error bars repre

treatment were compared to the baseline using a paired t test with Holm corre

as *P< 0.05; **P< 0.01.
mAHP and sAHP amplitude (Fig. 2I, J, middle column).

Surprisingly, in the presence of 100 lM BIC (Fig. 2C),

H2O2 increased Rin to 123.9%± 5.3% of baseline (paired

t test, P= 0.007, n= 8; Fig. 2D, right column) and

decreased rheobase to 71.9%± 8.8% of baseline (paired

t test, P= 0.02, n= 8; Fig. 2E, right column), which

resulted in a significant increase of firing frequency in

response to depolarizing current injections from 40 pA to

120 pA in the presence of 100 lM BIC (vs. baseline at

individual current injections, paired t test, P< 0.05,

n= 8 for each; Fig. 2F, right panel). On the other hand,

the effects of 100 lM BIC in H2O2-induced changes of

AP amplitude and AHPs were similar to those of 40 lM
BIC (Fig. 2G–J, right column). With regard to RMP, AP

threshold, and half-width, H2O2 had no effect in the pres-

ence of BIC (20–100 lM; Table 2).
Mechanisms of H2O2-induced decreases of VH
neuronal excitability involved mainly the activation of
GABAA receptors but not glycine receptors

The above results suggest that the mechanisms of H2O2-

induced reduction of neuronal excitability involve the

activation of GABAA receptors. However, there was a

possibility that high concentrations of BIC were less

selective for GABAA receptors than were low

concentrations of BIC, thus high concentrations blocked

not only the GABA-activated current, but also the

glycine-activated current, which is another key inhibitory

current in the spinal cord.

To examine whether 100 lM BIC affected glycine

receptors, we recorded sIPSCs under voltage-clamp

condition with neurons held at 0 mV. Following the

application of 20 lM BIC for 10 min (Fig. 3A, top row),

all sIPSCs were eliminated by the application of 2 lM
STR with 20 lM BIC (n= 6; Fig. 3A, middle row),

indicating that sIPSCs isolated by 20 lM BIC were

mediated by glycine receptors or glycinergic sIPSCs, as
embrane properties. (A) Representative traces of membrane voltage

depolarizing current steps (1 s) before, during, and after H2O2 (1 mM)

h injected current from �80 pA to 20 pA with a lower injected current

) Excitability and membrane properties of ventral horn neurons before

t resistance (Rin). (D) Mean rheobase. (E) Firing frequency of APs in

s at rheobase demonstrating fast afterhyperpolarization (fAHP) and

9. (H) Mean fAHP amplitude. (I) Mean mAHP amplitude. (J) Sample

Ps followed by slow afterhyperpolarization (sAHP). Insets: sAHPs on

tude. (A), (F), and (D) were obtained from the same neuron. Washout

sent the standard error of the mean. Values during and after H2O2

ction. Significant differences compared to the baseline are expressed
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Table 2. Resting membrane potential, action potential threshold, and half-width are not affected by H2O2 treatment in the presence of GABAA or glycine

receptor antagonists

RMP (mV) AP threshold (mV) AP half-width (ms)

BIC 20 lM (n = 5)

BIC �56.1 ± 3.8 �37.2 ± 2.9 0.71 ± 0.11

BIC + H2O2 �60.7 ± 4.1 �37.9 ± 3.8 0.66 ± 0.07

BIC 40 lM (n = 6)

BIC �56.2 ± 2.0 �33.6 ± 2.3 0.68 ± 0.03

BIC + H2O2 �53.6 ± 2.6 �34.0 ± 3.4 0.69 ± 0.03

BIC 100 lM (n = 8)

BIC �56.6 ± 1.3 �35.6 ± 2.0 0.74 ± 0.08

BIC + H2O2 �55.7 ± 1.9 �37.2 ± 2.6 0.82 ± 0.09

STR 2 lM (n = 6)

STR �53.5 ± 1.5 �37.7 ± 2.4 0.73 ± 0.09

STR+ H2O2 �57.0 ± 2.5 �37.7 ± 1.9 0.65 ± 0.07

n= the number of neurons recorded. Values are expressed as mean ± SEM.

Statistical significance compared to the baseline was assessed by paired t test. RMP, resting membrane potential; AP, action potential; BIC, bicuculline; STR, strychnine.
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previously reported (Baba et al., 2000; Ataka and Gu,

2006). After washout of STR, but not 20 lM BIC, for more

than 15 min, glycinergic sIPSCs recovered to baseline

frequency and amplitude. The recovered glycinergic

sIPSCs were significantly depressed but not abolished

by the bath-application of 100 lM BIC (10 min; Fig. 3A,

bottom row). Compared quantitatively to the values in

the presence of 20 lM BIC, 100 lM BIC decreased the

frequency of glycinergic sIPSC to 63.1%± 11.3% (paired

t test, P= 0.049, n= 6; Fig. 3B) and the amplitude to

66.8%± 3.7% (paired t test, P= 0.002, n= 6; Fig. 3C).

These results indicate that 100 lM BIC partially inhibited

glycine receptors, but its ability to antagonize glycine

receptors was lower than that of 2 lM STR. Therefore, if

H2O2-induced changes of VH neuronal excitability mainly

involved the activation of GABAA receptors, 2 lM STR

should have no effect or little effect on the H2O2-induced

changes.

To test this hypothesis, the response of VH neurons to

current injections was investigated under the current-

clamp condition in the presence of 2 lM STR and H2O2.

Compared to the results in the absence of any

antagonists (see Fig. 1), 2 lM STR had no effects on

the H2O2-induced changes in excitability and membrane

properties of VH neurons, except for AP amplitudes

(Table 2 and Fig. 4A–H). Compared to values in the

presence of 2 lM STR but not H2O2, H2O2 decreased

Rin to 76.9%± 5.5% (paired t test, P= 0.049, n= 6;

Fig. 4B) and increased rheobase to 288.9%± 67.6%
3

Fig. 2. Effects of bicuculline on the H2O2-induced modulation of neuronal exc

showing voltage responses and action potentials (APs) generated by increme

of bicuculline (BIC) at concentrations of 20 lM (A1), 40 lM (B1), and 100 lM
demonstrating fast afterhyperpolarization (fAHP) and medium afterhyperpola

and 100 lM (C2). (A3, B3, C3) Sample traces of sAHPs at the end of a 200-pA

BIC 20 lM BIC (A3), 40 lM (B3), and 100 lM (C3). (D–J) Excitability and mem

the presence of BIC 20 lM (left column), 40 lM (middle column), 100 lM (ri

Firing frequency of APs in response to each injected current. (G) Mean AP

Mean slow afterhyperpolarization amplitude (sAHP). Error bars represent st

n= 8. Values during H2O2 treatment were compared to the baseline using

expressed as *P< 0.05; **P< 0.01.
(paired t test, P= 0.016, n= 6; Fig. 4C). As a result,

VH neurons displayed a significant decrease in firing

frequency in response to depolarizing current injections

(Fig. 4D). With regard to AHPs, H2O2 decreased the

amplitude of mAHP (82.7%± 5.7% of baseline, paired t

test, P= 0.047, n= 6; Fig. 4A2 and G) and sAHP

(49.9%± 17.9% of baseline, paired t test, P= 0.035,

n= 6; Fig. 4A3 and H), but not fAHP (98.6%± 3.8% of

baseline, paired t test, P= 0.66, n= 6; Fig. 4A2 and

F). These results demonstrated a similar tendency

relative to values in the absence of STR (see Fig. 1 and

Table 1). However, H2O2-induced decreases of AP

amplitude were blocked by 2 lM STR (100.6%± 4.3%

of baseline, paired t test, P= 0.9, n= 6; Fig. 4E).

Overall, 2 lM STR had no effects on H2O2-induced

changes of VH neuronal excitability and membrane

properties except for AP amplitude, suggesting that the

mechanisms of H2O2-induced changes, except for

decreases of amplitudes of AP and AHPs, mainly

involved activation of GABAA receptors.
GABAergic sIPSCs are enhanced by H2O2 but not
involved in H2O2-induced decrease of neuronal
excitability

The above findings prompted us to explore the effects of

H2O2 on GABAergic sIPSCs in VH neurons. In the

presence of the Na+ channel blocker TTX to block

conduction of AP, GABAergic miniature IPSCs
itability and membrane properties. (A1, B1, C1) Representative traces

ntal current steps before and during H2O2 superfusion in the presence

(C1). (A2, B2, C2) Sample traces of the first elicited APs at rheobase

rization (mAHP) in the presence of BIC 20 lM BIC (A2), 40 lM (B2),

current injection before and during H2O2 treatment in the presence of

brane properties of VH neurons before and during H2O2 treatment in

ght column). (D) Mean input resistance (Rin). (E) Mean rheobase. (F)

amplitude. (H) Mean fAHP amplitude. (I) Mean mAHP amplitude. (J)

andard error of the mean. BIC 20 lM, n= 5; 40 lM, n= 6; 100 lM,

a paired t test. Significant differences compared to the baseline are



Fig. 3. High concentration of bicuculline partially, but not completely,

blocks glycinergic spontaneous inhibitory postsynaptic currents. (A)

Sample traces of glycinergic spontaneous inhibitory postsynaptic

currents (sIPSCs) isolated by 20 lM bicuculline (BIC) (top row) and

those in the presence of 2 lM STR (middle row) or 100 lM BIC

(bottom row) from the same neuron. (B–C) Summary of glycinergic

sIPSC frequency (B) and amplitude (C) in the presence of 20 lM BIC

(left column) and 100 lM BIC (right column) (mean ± standard error

of the mean, n= 6). The P value was determined using a paired t
test. *P < 0.05; **P< 0.01.
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(mIPSCs) were significantly enhanced by H2O2 (Ohashi

et al., 2016). However, it is unclear whether the bath-

application of H2O2 alters GABAergic transmission in

the presence of network activity.

VH neurons were recorded at a holding potential of

0 mV in voltage-clamp mode, and GABAergic sIPSCs

were isolated by adding 2 lM STR to ACSF. Bath-

application of H2O2 increased the frequency to 580.1%

± 283.2% (range, 155.4%–2551.4%) of baseline (paired

t test with Holm correction, P= 0.006, n= 8; Fig. 5A

and B1) and amplitude to 120.8%± 5.9% of baseline

(paired t test with Holm correction, P= 0.0496; Fig. 5A

and B2). These changes were accompanied by an

outward current (>5 pA) in seven of eight neurons

examined (17.2 ± 4.1 pA, n= 7; Fig. 5A). These effects

tended to be reversible, but a significant increase of

GABAergic sIPSC frequency persisted for 10 min after

H2O2 washout (149.3% ± 9.5% of baseline, paired t test

with Holm correction, P= 0.001, n= 6; Fig. 5A, B).

Fig. 5C shows that H2O2 application shortened the

average inter-event interval and enhanced amplitude

relative to the baseline (during H2O2 superfusion:

frequency and amplitude, P< 0.0001 for each; after

washout: frequency, P= 0.012; amplitude, P= 0.81;

Kolmogorov–Smirnov test). On the other hand, 20 lM
BIC did not block the H2O2-induced decrease of

neuronal excitability as mentioned above (see Fig. 2).
Therefore, if activation of synaptic GABAA receptors

was involved in the mechanisms of H2O2-induced

decrease of excitability, GABAergic sIPSCs, which are

mediated by synaptic GABAA receptors, should not be

completely blocked by 20 lM BIC in the presence of

H2O2. To test this possibility, 20 lM BIC was applied in

addition to 2 lM STR (Fig. 5D). Spontaneous IPSCs

disappeared after bath-application of 20 lM BIC and

remained so in the presence of H2O2 in all seven

neurons examined (Fig. 5D). On the other hand, H2O2-

induced outward currents (>5 pA) were elicited (five of

seven neurons examined, 10.5 ± 1.5 pA) despite the

presence of BIC 20 lM (Fig. 5D). These results suggest

that the activation of synaptic GABAA receptors is not

involved in the mechanisms of H2O2-induced decrease

of excitability.

H2O2 enhances the GABAergic tonic current

Our results demonstrate that the H2O2-induced decrease

of neuronal excitability involves activation of GABAA

receptors, but not synaptic GABAA receptors,

suggesting that extrasynaptic GABAA receptors, which

produce a tonic current, have a role in the H2O2-induced

decrease in excitability.

To directly examine the role of extrasynaptic GABAA

receptors, we monitored holding current before and

during bath-application of BIC, and the GABAA receptor-

mediated tonic current was quantified by calculating the

change in the holding current. Under our voltage-clamp

condition, with neurons maintained at 0 mV, bath-

application of BIC induced a shift in the baseline holding

current (Fig. 6A). A shift in baseline holding currents

reflects the tonic inhibitory currents mediated by

extrasynaptic GABAA receptors (Farrant and Nusser,

2005). To examine the concentration dependency of

BIC in the GABAA receptor-mediated tonic current, each

concentration (20, 40, 100, and 200 lM) of BIC was

applied by perfusion for 90 s at more than 15-min inter-

vals. As shown in Fig. 6A, B, 20–100 lM BIC increased

the amplitude of the tonic current in a concentration-

dependent manner (n= 11 for each; Fig. 6B). On the

other hand, 200 lM BIC did not alter the amplitude of

the tonic current compared to that induced by 100 lM
BIC (200 lM, 21.6 ± 4.3 pA; 100 lM, 22.1 ± 4.4 pA;

one-way repeated measures ANOVA with a Bonferroni

post-hoc test, P= 0.99, n= 11; Fig. 6B). These results

indicate that 100 lM BIC completely blocked extrasynap-

tic GABAA receptors, but 20–40 lM BIC partially blocked

them. Since 40 lM BIC completely blocked the H2O2-

induced decrease in VH neuronal excitability (see

Fig. 4) but did not completely block extrasynaptic GABAA

receptors, we examined whether 40 lM BIC could pre-

vent the slow outward current generated by H2O2 applica-

tion. Following the application of 40 lM BIC for 10 min,

glycinergic sIPSCs were isolated. Bath-application of

H2O2 increased the frequency and amplitude of glyciner-

gic sIPSCs to 203.9%± 25.6% and 123.9%± 14.1%,

respectively, while H2O2-generated outward currents

(>5 pA) were completely blocked in all neurons exam-

ined (n= 6; Fig. 6C) unlike the application of 20 lM BIC

(see Fig. 5D). Furthermore, when 2 lM STR was applied



Fig. 4. Effects of 2 lM strychnine on H2O2-induced modulation of neuronal excitability and membrane properties. (A1) Representative traces

showing voltage responses and action potentials (APs) generated by incremental current steps before and during H2O2 superfusion in the presence

of 2 lM strychnine (STR). (A2) Sample traces of the first elicited APs at rheobase demonstrating fast afterhyperpolarization (fAHP) and medium

afterhyperpolarization (mAHP) in the presence of 2 lM STR. (A3) Sample traces of slow afterhyperpolarizations (sAHPs) at the end of a 200-pA

current injection before and during H2O2 treatment in the presence of 2 lM STR. (B–H) Excitability and membrane properties of ventral horn

neurons before and during H2O2 treatment in the presence of 2 lM STR (n= 6 for each). (B) Mean input resistance (Rin). (C) Mean rheobase. (D)

The firing frequency of APs in response to each injected current. (E) Mean AP amplitude. (F) Mean fAHP amplitude. (G) Mean mAHP amplitude. (H)

Mean sAHP amplitude. Error bars represent the standard error of the mean. Values during H2O2 treatment were compared to the baseline using a

paired t test. Significant differences compared to the baseline are expressed as *P< 0.05.
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to examine the prevalence of tonic glycine receptor-

mediated currents in VH neurons, tonic currents were

observed in eight of the ten neurons examined. The aver-

age amplitude of glycinergic tonic currents was 4.1

± 8.7 pA (n= 8), which did not significantly differ from

GABAergic tonic currents induced by 20 lM BIC

(unpaired t test, P= 0.94; Fig. 6D). We next examined

whether bath-application of H2O2 would alter the ampli-

tude of BIC-induced tonic current. These experiments

were conducted in the absence of any bath-applied block-

ing agents to match the recording conditions of the

current-clamp experiments described above. When

100 lM BIC was applied repeatedly at more than

15-min intervals, it induced a similar amplitude of tonic

current (first application, 23.0 ± 3.8 pA; second applica-

tion, 20.3 ± 2.6 pA; paired t test, P= 0.31, n= 8;

Fig. 6E, F). Similar to the above results (see Fig. 5A, D),

H2O2 produced an outward current, or a positive shift of

the holding current. Additional application of 100 lM BIC

induced a negative shift of the holding current to the same

level mediated by 100 lM BIC in the absence of H2O2

(Fig. 6G). As a result, the amplitude of 100 lM
BIC-induced tonic current in the presence of H2O2 (39.3

± 4.6 pA) was significantly higher than that in the

absence of H2O2 (25.5 ± 3.4 pA for baseline; paired t
test, P= 0.0007, n= 13; Fig. 6H).
H2O2 does not modify the potency of GABA at the
GABAA receptors

H2O2 increases the potency of GABA at the GABAA

receptors in hippocampal neurons (Penna et al., 2014).

We therefore examined whether H2O2 would affect the

potency of GABA at GABAA receptors in VH neurons by

perfusing slices with ACSF containing TTX (1 lM) for

blocking the conduction of AP and CGP35348 (20 lM)

for blocking GABAB receptors. As shown in Fig. 7A,

H2O2 did not affect the peak amplitude of the 100 lM
GABA (30 s)-evoked current (n= 10; Fig. 7B, right col-

umn). On the other hand, since H2O2 modifies GABAA

receptors at low but not high concentrations of GABA

(Penna et al., 2014), we studied the effects of H2O2 on

current evoked by lower concentrations of GABA. How-

ever, H2O2 treatment did not alter currents evoked by

either 1 lM or 10 lM of GABA (n= 8 for each; Fig. 7B,

left and middle columns). Furthermore, GABA at concen-

tration of less than 1 lM had little effect on the holding

current in both the absence and presence of H2O2.

DISCUSSION

The present study aimed to explore the effects of H2O2 on

neuronal excitability and membrane properties in spinal

VH neurons, and to investigate the cellular mechanisms



Fig. 5. GABAergic spontaneous inhibitory postsynaptic currents increase in frequency and amplitude following H2O2 superfusion. (A) Continuous

chart recording of GABAergic spontaneous inhibitory postsynaptic currents (sIPSCs) before, during, and after H2O2 superfusion. H2O2-induced

enhancement in GABAergic sIPSCs was often accompanied by an outward current. (B) Mean frequency (B1) and amplitude (B2) of GABAergic

sIPSCs before (n= 8), during (n= 8), and after (n= 6) H2O2 superfusion. Error bars represent the standard error the mean. Values during and

after H2O2 treatment were compared to the baseline using a paired t test with Holm correction. Significant differences compared to the baseline are

expressed as *P< 0.05; **P< 0.01. (C) Cumulative distributions of inter-event interval (left) and amplitude (right) of GABAergic sIPSCs before,

during, and after H2O2 superfusion from the recordings of the same neuron in (A). Values during and after H2O2 treatment were compared to the

baseline using a Kolmogorov–Smirnov test. Significant differences compared to the baseline are expressed as *P< 0.05; ***P< 0.0001. (D) Effect

of H2O2 on GABAergic sIPSCs in the presence of 20 lM bicuculline (BIC). GABAergic sIPSCs were completely blocked by 20 lM BIC, not only in

the absence of H2O2, but also in the presence of H2O2. However, 20 lM BIC did not block the H2O2-induced outward current. The holding potential

was 0 mV for all recordings. Washout indicates the 10-min period after initiating H2O2 washout.
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underlying these effects. We demonstrated that acute

bath-application of H2O2 reduces neuronal excitability

accompanied by increased rheobase and decreased

Rin, AP amplitude, mAHP, and sAHP. With regard to

Rin, we previously failed to demonstrate any effects of

H2O2 in voltage-clamp recordings in which Rin was

calculated by measuring the current response to 5-mV

hyperpolarizing steps from a �70 mV holding potential

(Ohashi et al., 2016). However, as shown in Fig. 1B, the

voltage–current plot from �70 mV to �65 mV of mem-

brane potential in the presence of H2O2 was similar to that

in the absence of H2O2. Therefore, as we previously

discussed (Ohashi et al., 2016), we now consider that

the 5-mV hyperpolarizing steps from a �70 mV holding

potential in voltage-clamp recordings were not sufficient

to investigate the changes of Rin induced by H2O2

treatment.
H2O2-induced reduction of VH neuronal excitability
involves the activation of extrasynaptic GABAA

receptors

The H2O2-induced reduction of VH neuronal excitability,

including decreased Rin and AP amplitude and
increased rheobase, was completely blocked by 40 or

100 lM BIC, but not by 20 lM BIC. On the other hand,

GABAergic sIPSCs, which represent the activation of

synaptic GABAA receptors, were completely blocked by

20 lM BIC in both the absence and presence of H2O2.

In contrast, extrasynaptic GABAA receptors, which

mediate tonic currents, were completely blocked by

100 lM BIC, but not by 20 or 40 lM BIC. Therefore,

these results suggest that H2O2-induced changes in VH

neuronal excitability and membrane properties, except

for mAHP and sAHP, involve activation of extrasynaptic

GABAA receptors, which have much higher affinity for

GABA than do synaptic GABAA receptors (Farrant and

Nusser, 2005; Walker and Semyanov, 2008; Castro

et al., 2011). While the proportion of extrasynaptic GABAA

receptors is estimated to be relatively less than that of

synaptic GABAA receptors (Mohler et al., 2002), extrasy-

naptic GABAA receptors undergo tonic activation in

response to low GABA concentrations and generate a

persistent hyperpolarizing current (i.e., tonic inhibition)

(Mody and Pearce, 2004; Farrant and Nusser, 2005). In

the present study, we found that H2O2 elicited an increase

of holding current, which was reverted by 100 lM BIC

(Fig. 6E) but not 20 lM BIC (Fig. 5D), indicating that this
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phenomenon was mediated by the activation of extrasy-

naptic GABAA receptors. The tonic conductance

decreased Rin, making the neuron less sensitive to sharp

changes in voltage, which is consistent with our results.
Therefore, the activation of extrasynaptic GABAA recep-

tors likely shunts electrical signal transmission to provide

a strong inhibitory force (Mitchell and Silver, 2003; Egawa

and Fukuda, 2013).



Fig. 7. H2O2 does not affect postsynaptic responsiveness to GABA.

(A) Bath-application of 100 lM GABA (30 s) elicited outward currents

in the absence (black traces) and the presence (red traces) of H2O2.

(B) Mean values of the peak amplitude of outward currents evoked by

GABA (1, 10, and 100 lM) before and during H2O2 treatment. Error

bars represent the standard error of the mean. Values during H2O2

treatment were compared to the baseline using a paired t test. GABA

1 lM, n= 8; 10 lM, n= 8; 100 lM, n= 10. All recordings were

performed with artificial cerebral spinal fluid containing tetrodotoxin

(1 lM) for blocking the Na+ channels and CGP35348 (20 lM) for

blocking GABAB receptors, and the holding potential was 0 mV.
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Mechanisms of H2O2-induced enhancement of
GABAergic tonic current

Several distinct mechanisms potentially underlie the

H2O2-induced increase of GABAergic tonic current.

Since ambient GABA in the extrasynaptic space

activates extrasynaptic GABAA receptors, regulation of

ambient GABA concentrations is one of the important

factors governing the degree of GABAergic tonic

inhibition. A considerable quantity of ambient GABA is

derived from the overspill of vesicular GABA release in

hippocampal neurons (Glykys and Mody, 2007b). We pre-

viously reported that the application of H2O2 increased
3

Fig. 6. Effects of H2O2 on tonic inhibitory current mediated by GABAA recept

mediated by GABAA receptors in response to application of 20–200 lM bicucu

the application of BIC. (B) Summary of the mean amplitude of tonic currents m

standard error of the mean (SEM). A one-way repeated measures ANOV

Significant differences are expressed as yP< 0.0001 (vs. 20 lM BIC);

Representative traces of repeated application of 100 lM BIC (90 s) at more th

Summary of the mean amplitude of tonic currents mediated by the first (left co

each). P values were calculated using a paired t test. (E) Sample trace (upp

induced by 100 lM BIC in the absence and presence of H2O2. Note that H

additional application of 100 lM BIC induces a negative shift of holding curren

of the amplitude of tonic currents mediated by 100 lM BIC in the absence a

calculated using a paired t test. ***P< 0.001. The holding potential was 0 m
GABA release from presynaptic terminals, which diffused

away from the release site and activated presynaptic

GABA receptors in VH neurons (Ohashi et al., 2016). In

the present study, the release of GABA from presynaptic

terminals was also observed in the presence of network

activity. These results suggest that the H2O2-induced

increase of GABAergic tonic current is, at least in part,

mediated by spillover of GABA from the synaptic cleft.

This prediction is consistent with our results at 10 min

after initiating H2O2 washout, in which the H2O2-induced

enhancement of GABAergic sIPSC frequency was rever-

sible, but persisted for 10 min after H2O2 washout; it also

coincided with the decreased Rin and increased rheobase

observed after H2O2 washout. However, there are other

possible sources of ambient GABA, including astrocyte

release, reversal of GABA transporters, and non-

vesicular release (Glykys and Mody, 2007a). The effects

of H2O2 for these sources of ambient GABA concentration

should be studied in the future.

In addition to the ambient GABA concentrations,

H2O2-induced potentiation of GABA action at GABAA

receptors must also be considered. For example, H2O2

increases the potency of GABA action in hippocampal

neurons (Penna et al., 2014). However, our results indi-

cate that H2O2 did not affect the amplitude of GABA-

evoked currents. These differences may be due to regio-

nal variations in the expression of the GABAA receptor

subunit. GABAA receptors are heteropentamers assem-

bled from 19 identified subunits including a1–6, b1–3,
c1–3, d, e, p, and q1–3 (Olsen and Sieghart, 2008), and

the functional properties of a receptor are conferred by

its specific subunit composition (Mody and Pearce,

2004). Therefore, further studies of subunit composition

are needed of extrasynaptic GABAA receptors in the rat

spinal ventral horn.

On the other hand, in the present study, STR, a

glycine receptor antagonist, had only a small effect on

the H2O2-induced changes of neuronal excitability and

membrane properties (Fig. 4). However, as glycine is an

important inhibitory transmitter in the spinal cord, the

effects of H2O2 in glycinergic transmission should be

studied in the future.
H2O2 per se increases VH neuronal excitability by
inhibition of medium and slow AHPs

Our results demonstrated that H2O2 decreased the

amplitudes of mAHPs and sAHPs, even in the presence

of antagonists for GABAA and glycine receptors,
ors. (A) Sample traces from the same neuron revealing tonic currents

lline (BIC) (90 s). Baseline holding currents were shifted negatively by

ediated by 20–200 lM BIC (n= 11 for each). Error bars represent the

A was used to calculate P-values with a Bonferroni post-hoc test.
�P< 0.001 (vs. 40 lM BIC). N.S. indicates no significance. (C)

an 15-min intervals. Traces were recorded from the same neuron. (D)

lumn) and second (right column) application of 100 lM BIC (n= 8 for

er row) and all-point count diagrams (lower row) of current changes

2O2 (5 min) produces a positive shift of the holding current and an

t to the same level mediated by 100 lM BIC alone. (F) Summary data

nd the presence of H2O2 (mean ± SEM, n= 13). The P-value was

V for all recordings.
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indicating that these phenomena induced by H2O2

treatment did not involve activation of GABAA and

glycine receptors. Potassium channel activity has been

shown to be responsible for AHPs and to powerfully

modulate neuronal excitability (Rekling et al., 2000;

Faber and Sah, 2002). fAHPs are mediated by large-

conductance calcium-activated potassium channels

(Umemiya and Berger, 1994; Poolos and Johnston,

1999). On the other hand, mAHPs and sAHPs are medi-

ated by SK channels (McLarnon, 1995; Faber, 2009).

In the present study, H2O2 decreased the amplitude of

mAHP and sAHP but not fAHP, suggesting that H2O2 per

se decreases the conductance of SK channels. Moreover,

when extrasynaptic GABAA receptors were completely

blocked by 100 lM BIC, H2O2 increased the firing rate,

accompanied by increased Rin, but not by any

significant changes of RMP. In support of these results,

similar effects for the SK channel blockers apamin and

UCL1684 on neuronal excitability and membrane

properties have been reported in parasympathetic

cardiac motoneurons (Lin et al., 2010) and cerebellar

Purkinje neurons (Kaffashian et al., 2011). However, it is

not clear whether H2O2 acts directly on SK channels. In

hypoglossal motoneurons, H2O2 suppresses the persis-

tent inward current, especially the Ca2+ current, which

is important for activation of calcium-activated potassium

channels (Nani et al., 2010). Although our results suggest

that H2O2 per se increases VH neuronal excitability via

decreased SK channel conductance, the precise mecha-

nisms of H2O2-induced modulation of SK channel conduc-

tance in VH neurons remain to be elucidated.
Physiological significance of H2O2-induced
modulation of VH neuronal excitability

H2O2 decreased neuronal excitability via activation of

extrasynaptic GABAA receptors. It has been reported

that activation of extrasynaptic GABAA receptors, which

enhance tonic inhibition, show an acute neuroprotective

quality for N-methyl-D-aspartate-induced neuronal

damage in striatum (Santhakumar et al., 2010) and ische-

mia in cortical neurons (Clarkson et al., 2010). In addition,

the present results indicate that H2O2 per se has the

potential to increase VH neuronal excitability via

decreased mAHP and sAHP, which might represent the

effect of decreased SK channel conductance. SK channel

activation is neuroprotective for ischemia and glutamate

toxicity (Allen et al., 2011; Benitez et al., 2011; Dolga

et al., 2011). Therefore, the present results suggest that

extrasynaptic GABAA receptors and SK channels have

the potential to be a novel therapeutic target for H2O2-

induced motor neuron disorders, although the underlying

mechanisms need to be better understood.
CONCLUSIONS

In the present study, exogenous application of H2O2

reduced neuronal excitability in VH neurons via the

activation of extrasynaptic GABAA receptors. In contrast,

when extrasynaptic GABAA receptors were completely

blocked, H2O2 increased neuronal excitability. Moreover,

regardless of GABAA receptor activity, H2O2 impaired
both medium and slow afterhyperpolarization (AHP),

which are typically mediated by small conductance

potassium (SK) channels. This suggests that H2O2 per se

induced neuronal hyperexcitability in VH neurons.

Accordingly, these findings suggest that extrasynaptic

GABAA receptors and SK channels are potential novel

targets for the treatment of H2O2-induced motor neuron

disorders.
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