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Abstract 50 

 Non-selective cation channels promote persistent spiking in many neurons from a diversity of 51 

animals.  In the hermaphroditic marine-snail, Aplysia californica, synaptic input to the neuroendocrine 52 

bag cell neurons triggers various cation channels, causing an ~30-min afterdischarge of action potentials 53 

and the secretion of egg-laying hormone.  During the afterdischarge, protein kinase C (PKC) is also 54 

activated, which in turn elevates H2O2, likely by stimulating nicotinamide adenine dinucleotide 55 

phosphate oxidase.  The present study investigated if H2O2 regulates cation channels to drive the 56 

afterdischarge.  In single, cultured bag cell neurons, H2O2 elicited a prolonged, concentration- and 57 

voltage-dependent inward current, associated with an increase in membrane conductance and a reversal 58 

potential of ~+30 mV.  Compared to normal saline, the presence of Ca2+-free, Na+-free, or Na+/ Ca2+-59 

free extracellular saline, lowered the current amplitude and left-shifted the reversal potential, consistent 60 

with a non-selective cationic conductance.  Preventing H2O2 reduction with the glutathione peroxidase 61 

inhibitor, mercaptosuccinate, enhanced the H2O2-induced current, while boosting glutathione production 62 

with its precursor, N-acetylcysteine, or adding the reducing agent, dithiothreitol, lessened the response.  63 

Moreover, the current generated by the alkylating agent, N-ethylmaleimide, occluded the effect of H2O2.  64 

The H2O2-induced current was inhibited by tetrodotoxin as well as the cation channel blockers, 9-65 

phenanthrol and clotrimazole.  In current-clamp, H2O2 stimulated burst firing, but this was attenuated or 66 

prevented altogether by the channel blockers.  Finally, H2O2 evoked an afterdischarge from whole bag 67 

cell neuron clusters recorded ex vivo by sharp-electrode.  H2O2 may regulate a cation channel to 68 

influence long-term changes in activity and ultimately reproduction.  69 
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Significance Statement 70 

Hydrogen peroxide (H2O2) is often studied in a pathological context, such as ischemia or 71 

inflammation.  However, H2O2 also physiologically modulates synaptic transmission and gates certain 72 

transient receptor potential channels.  That stated, the effect of H2O2 on neuronal excitability remains 73 

less well-defined.  Here, we examine how H2O2 influences Aplysia bag cell neurons, which elicit 74 

ovulation by releasing hormones during an afterdischarge.  These neuroendocrine cells are uniquely 75 

identifiable and amenable to recording as individual cultured neurons or a cluster from the nervous 76 

system.  In both culture and the cluster, H2O2 evokes prolonged, afterdischarge-like bursting by gating a 77 

non-selective voltage-dependent cationic current.  Thus, H2O2, which is generated in response to 78 

afterdischarge-associated second messengers, may prompt the firing necessary for hormone secretion 79 

and procreation.  80 
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Introduction 81 

 82 
Reactive oxygen species are generated either as a by-product of oxidative metabolism (Babior et 83 

al., 1973; Kourie, 1998) or via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Bedard 84 

and Krause, 2007).  O2 is reduced to the superoxide anion radical, O2
•-, which is in turn dismutated to the 85 

more stable and freely diffusible H2O2 (Brookes et al., 2004; Bedard and Krause, 2007; Lee et al., 86 

2015a).  Elevated reactive oxygen species can lead to stress and cell death, potentially contributing to 87 

aging (Sohal and Orr, 2012) or Alzheimer’s and Parkinson’s disease (Hernandes and Britto, 2012).  88 

However, growing evidence shows that H2O2 may regulate ion channels physiologically; for example, in 89 

the substantia nigra, H2O2 hyperpolarizes dopaminergic neurons by gating an ATP-sensitive K+ channel, 90 

and depolarizes GABAergic neurons by gating a non-selective cation channel (Avshalumov et al., 2005; 91 

Lee et al., 2011). 92 

Cation channels underlie bursting and persistent firing in many neurons (Partridge et al., 1994; 93 

Major and Tank, 2004).  This includes cation channel-dependent protracted spiking in the snails, Aplysia 94 

(Kramer and Zucker, 1985; Matsumoto et al., 1988), Archidoris (Partridge et al., 1979), and Helix 95 

(Swandulla and Lux, 1985; Partridge and Swandulla, 1987).  For rodents, cation channels mediate long-96 

lasting activity in lumbosacral spinal cord (Derjean et al., 2005), dorsal horn (Morisset and Nagy, 1999), 97 

olfactory bulb (Shpak et al., 2012), substantia nigra (Mrejeru et al., 2011), and rostral ambiguus 98 

(Rekling and Feldman, 1997), as well as hippocampal (Knauer et al., 2013), anterior cingulate (Ratté et 99 

al., 2018), entorhinal (Tahvildari et al., 2008), and prefrontal cortex (Yan et al., 2009; Baker et al., 100 

2018).  Functionally, cation channels impact memory (Egorov et al., 2002; Sidiropoulou et al., 2009), 101 

sensory coding (Dong et al., 2009), motor pattern generation (Viana Di Prisco et al., 1997), and 102 

neuroendocrine control (Chakfe and Bourque, 2000). 103 

The bag cell neurons are neuroendocrine cells that initiate reproduction in Aplysia (Conn and 104 

Kaczmarek, 1989; Zhang and Kaczmarek, 2008; Sturgeon et al., 2018).  In response to cholinergic input, 105 

these neurons depolarize and undergo a lengthy afterdischarge, with both a fast- (~5-Hz, ~1-min) and 106 
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slow- (1-Hz, ~30-min) phase of action potential firing that results in the neurohemal secretion of egg-107 

laying hormone (Kupfermann and Kandel, 1970; Arch, 1972; Pinsker and Dudek, 1977; Loechner et al., 108 

1990; Roubos et al., 1990; Michel and Wayne, 2002; Hatcher and Sweedler, 2008; White and Magoski, 109 

2012).  The hormone engages both central neurons and peripheral organs to induce behaviours that 110 

culminate in the deposition of fertilized eggs (Arch and Smock, 1977; Stuart and Strumwasser, 1980; 111 

Rothman et al., 1983).  The afterdischarge is maintained by opening of three, distinct cation channels: a 112 

voltage-independent channel gated by calmodulin-kinase (Hung and Magoski, 2007; Hickey et al., 113 

2010), a separate voltage-independent channel triggered by diacylglycerol (DAG) (Sturgeon and 114 

Magoski, 2016), and a Ca2+-permeable, Ca2+-activated, voltage-dependent channel (Wilson et al., 1996; 115 

Lupinsky and Magoski, 2006; Geiger et al., 2009). 116 

Munnamalai et al. (2014) showed that NADPH oxidase is present in bag cell neurons, and 117 

protein kinase C (PKC), which is activated early in the slow-phase of the afterdischarge (Wayne et al., 118 

1999), stimulates H2O2 production.  This likely occurs through PKC-mediated phosphorylation of the 119 

NADPH oxidase cytosolic regulatory subunit, p47phox (Fontayne et al., 2002).  Thus, we sought to test if 120 

H2O2 can effect bag cell neuron function in a manner concordant with afterdischarge generation.  The 121 

present study shows that exogenous H2O2 triggers a conductance similar to the voltage-dependent cation 122 

channel previously characterized in bag cell neurons.  This H2O2-induced current is sensitive to both 123 

changes in redox and cation channel blockers; moreover, it produces prolonged depolarization and 124 

firing.  Historically, excessive H2O2 has been implicated in neuronal cell death (Herson and Ashford, 125 

1997; Herson et al., 1999; Smith et al., 2003); however, along with work on substantia nigra (Lee et al., 126 

2011, 2013) and hippocampal (Olah et al., 2009) neurons, our results suggest a role for H2O2 in 127 

regulating persistent firing.  In Aplysia, such regulation may have consequences for procreation. 128 
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Materials and Methods 129 

 130 
Animals and cell culture 131 

 Adult Aplysia californica (a hermaphrodite) weighing 200-650 g were obtained from Marinus 132 

(Long Beach, CA, USA) and housed in an ~300-L aquarium containing continuously circulating, aerated 133 

sea water (Instant Ocean; Aquarium Systems, Mentor, OH, USA) at 16-18°C on a 12:12-h light-dark 134 

cycle and fed romaine lettuce five times/wk.  All experiments were approved by the Queen’s University 135 

Animal Care Committee (protocols 2013-041 and 2017-1745). 136 

 For primary cultures of isolated bag cell neurons, animals were anesthetized by an injection of 137 

isotonic MgCl2 (0.39 M; volume ~50% of body weight), and the abdominal ganglion was removed and 138 

treated with dispase II (13.3 mg/mL; 04942078601; Roche Diagnostics/Sigma-Aldrich, Oakville, ON) 139 

dissolved in tissue culture artificial sea water (tcASW) (composition in mM: 460 NaCl, 10.4 KCl, 11 140 

CaCl2, 55 MgCl2, 15 N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), 1 mg/mL 141 

glucose, 100 U/mL penicillin plus 0.1 mg/mL streptomycin (P4333; Sigma-Aldrich); pH 7.8 with 142 

NaOH) for 18 h at 22°C.  The ganglion was then rinsed in tcASW for 1 h, and the two bag cell neuron 143 

clusters were dissected from their surrounding connective tissue.  With the use of a fire-polished glass 144 

Pasteur pipette and gentle trituration, neurons were dissociated and dispersed in tcASW onto 35 x 10 145 

mm polystyrene tissue culture dishes (353001; Falcon-Corning/Thermo Fisher Scientific; Ottawa, ON, 146 

Canada).  Cultures were maintained in a 14°C incubator and used for experimentation within 1-3 d.  147 

Salts were obtained from Thermo Fisher Scientific, MP Biomedicals (Aurora, OH, USA), Acros 148 

Organics (Morris Plains, NJ, USA) or Sigma-Aldrich. 149 

Whole-cell voltage-clamp and current-clamp recording from cultured bag cell neurons 150 

 Tight-seal, whole-cell recordings of membrane current or voltage from cultured bag cell neurons 151 

were performed at room temperature (20-22°C) using an EPC-8 amplifier (HEKA Electronik/Harvard 152 

Apparatus; Saint-Laurent, QC, Canada).  Borosilicate-glass microelectrodes had a resistance of 1-2 MΩ 153 

when filled with various intracellular salines (see below).  Pipette and membrane capacitive currents 154 
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were cancelled and the series resistance (3-5 MΩ) compensated to 70-80%.  Current was low-pass 155 

filtered at 1 kHz and sampled at 2 kHz using a Digidata 1322A analog-to-digital converter (Molecular 156 

Devices, Sunnyvale, CA, USA) and the Clampex acquisition program of pCLAMP v8.1 (Molecular 157 

Devices).  Holding and test potentials (see Results for details) were delivered using pCLAMP.  Voltage 158 

was low-pass filtered at 5 kHz and sampled as per current; in addition, membrane potential was initially 159 

set to -60 or -40 mV with constant bias current from the EPC-8. 160 

 Unless otherwise noted, most recordings were made in normal artificial sea water (nASW; 161 

composition as per tcASW but lacking glucose and antibiotics) with a Cs+-based intracellular saline 162 

(composition in mM: 500 Cs+-Asp, 70 KCl, 1.25 MgCl2, 10 HEPES, 11 glucose, 10 glutathione, 5 163 

ethylene-glycol-bis(aminoethyl-ether)-tetraacetic acid (EGTA), 5 adenosine 5’-triphosphate 2Na·H2O 164 

(A3377; Sigma-Aldrich), and 0.1 guanosine 5’-triphosphate Na·H2O (G8877; Sigma-Aldrich); pH 7.3 165 

with KOH).  Some experiments employed a K+-based intracellular saline as per the Cs+-based saline, but 166 

with K+ replacing Cs+.  For both intracellular salines, as calculated using WebMaxC 167 

(http://web.stanford.edu/~cpatton/webmaxcS.htm), 3.75 mM CaCl2 was added to set the free Ca2+ 168 

concentration at 300 nM, which corresponds to the approximate resting intracellular Ca2+ concentration 169 

of bag cell neurons as determined using either Ca2+-sensitive electrodes (Fisher et al., 1994) or imaging 170 

of Ca2+-sensitive dyes (Fink et al., 1988; Loechner et al., 1992; Knox et al., 1996; Magoski et al., 2000).  171 

Junction potentials of 17 mV and 15 mV were calculated for the Cs+-based and K+-based intracellular 172 

salines, respectively, vs nASW and compensated for by subtraction off-line.  In a small number of 173 

experiments, voltage-gated Ca2+ current was recorded by using the Cs+-based intracellular saline and an 174 

ASW where all of the Na+ and K+ were replaced with tetraethylammonium and Cs+, respectively.  The 175 

20 mV junction potential for this saline combination was compensated for by subtraction off-line. 176 

 Experiments designed to examine the reversal potentials of the H2O2-induced current involved 177 

external Na+ and Ca2+ substitutions to make Na+-free (composition as per nASW but with the Na+ 178 

replaced by N-methyl-D-glucamine; NMDG), Ca2+-free (Ca2+ replaced by Mg2+), and Na+/Ca2+-free 179 
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(Na+ replaced by NMDG and Ca2+ replaced by Mg2+) salines.  Junction potentials of 17 mV for Ca2+-180 

free ASW and 23 mV for both Na+-free ASW and Na+/Ca2+-free ASW vs the Cs+-based intracellular 181 

saline were compensated for by subtraction off-line. 182 

Ensemble extracellular recording from the intact bag cell neuron cluster 183 

 For extracellular recording, the abdominal ganglion, including the two bag cell neuron clusters 184 

and associated pleuroabdominal connectives, was isolated and maintained in nASW-filled dish kept at a 185 

14°C by immersion in a water-cooled chamber.  A wide-bore, fire-polished glass suction recording 186 

electrode (containing nASW) was placed over one of the two bag cell neuron clusters, while a similarly 187 

fashioned stimulating electrode was placed at the rostral end of the pleuroabdominal connective 188 

ipsilateral to the recorded cluster.  Synaptic input was stimulated with current from a Grass SD9 189 

stimulator (Astro-Med; Longueuil, QC, Canada) while voltage was monitored with a Model 3000 190 

AC/DC differential amplifier (A-M Systems; Sequim, WA, USA).  Voltage was high-pass filtered at 10 191 

Hz and low-pass filtered at 1 kHz, and acquired at 2 kHz using Axoscope v9.0 (Molecular Devices) as 192 

per whole-cell voltage-clamp. 193 

Sharp-electrode recording from bag cell neurons in culture and isolated clusters 194 

 Sharp-electrode recordings from bag cell neurons were carried out using an AxoClamp 2B 195 

amplifier (Molecular Devices) at room temperature (20-22°C).  Borosilicate-glass microelectrodes had a 196 

resistance of 5-20 MΩ when filled with 2 M K+-acetate plus 10 mM HEPES and 100 mM KCl (pH 7.3 197 

with KOH).  Voltage-clamp was performed on single, cultured bag cell neurons using continuous single-198 

electrode voltage-clamp at a holding potential of -30 mV.  Whereas current-clamp was undertaken on 199 

bag cell neurons in desheathed, isolated clusters using the bridge-balance method.  A Grass S88 200 

stimulator was used to deliver 50-ms hyperpolarizing current pulses to balance the bridge; in addition, 201 

bias current was injected into the neuron as necessary from the AxoClamp.  Current or voltage was 202 

filtered to 3 kHz before sampling at 2 kHz as per whole-cell voltage-clamp with Clampex. 203 

Drug application and reagents 204 
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 Solution exchanges were initially accomplished using a calibrated transfer pipette to replace the 205 

bath (culture dish) tcASW with the desired extracellular saline prior to the start of a given experiment.  206 

In most cases, drugs were introduced before or during recording by initially removing a small volume 207 

(~50 μL) of saline from the bath, combining that with an even smaller volume (<10 μL) of drug stock-208 

solution (see below), and then reintroducing that mixture back into the bath.  Care was taken to pipette 209 

near the side of the dish and as far away as possible from the neuron.  For some experiments, drugs or 210 

transmitters were applied using a single-cell superfusion system consisting of a micromanipulator-211 

controlled square-barreled glass pipette (~500-μm bore; 8250; VitroCom Inc; Boonton, NJ, USA) 212 

positioned 300-500 μm from the soma and connected by a stopcock manifold to a series of gravity-213 

driven reservoirs. This provided a constant flow (~0.5-1 mL/min) of control extracellular saline over the 214 

neuron, which was switched to drug-containing saline by activating the appropriate stopcock.  The bath 215 

volume was kept constant during superfusion with vacuum-trap suction outlet. 216 

Water was used to dissolve the following as stocks at the indicated concentrations: hydrogen 217 

peroxide (H2O2; 0.2 M; H325-500; Thermo Fisher Scientific), mercaptosuccinic acid (MS; 0.3 M; 218 

M6182; Sigma-Aldrich), acetylcholine chloride (ACh; 100 mM; A6625; Sigma-Aldrich), DL-219 

dithiothreitol (DTT; 50 mM; 646563; Sigma-Aldrich), 1-(2-(3-(4-Methoxyphenyl)propoxy)-4-220 

methoxyphenylethyl)-1H-imidazole (SKF-96365; 50 mM; S7809; Sigma-Aldrich), tetrodotoxin (TTX; 3 221 

mM; T-550; Alomone labs), and N-acetyl-L-cysteine (NAC; 150 mM; A7250; Sigma-Aldrich).  222 

Similarly, dimethyl sulfoxide (DMSO; BP231-1; Thermo Fisher Scientific) was used to dissolve the 223 

following: clotrimazole (25 mM; C6019; Sigma-Aldrich), and 9-phenanthrol (9-Pt; 50 mM; 211281; 224 

Sigma-Aldrich).  Lastly, ethanol (100% v/v) was used to dissolve N-ethylmaleimide (NEM; 50 mM; 225 

E3876; Sigma-Aldrich).  The final concentration of DMSO or ethanol in the bath was ≤0.2% (v/v), 226 

which in control experiments here or in prior studies was found to have no effect on bag cell neuron 227 

holding current, membrane conductance, or membrane potential (Hickey et al., 2010, 2013; Tam et al., 228 

2011; Sturgeon and Magoski, 2016; White et al., 2018). 229 
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Analysis 230 

 The Clampfit analysis program of pCLAMP was used to determine the amplitude of changes to 231 

membrane current or potential evoked by H2O2 or other reagents under voltage- or current-clamp.  For 232 

peak change, two cursors were placed 30 sec apart, 30 sec prior to drug addition, the average between 233 

the cursors served as a baseline.  An additional two cursors were placed 60 sec apart on either side of the 234 

peak of the response.  Clampfit then calculated the peak amplitude relative to the baseline.  Percent 235 

recovery of the current following a response was determined by comparing the peak current to the 236 

steady-state current, the latter being calculated by again placing two cursors, 30 sec apart, at the end of 237 

the trace, well after the maximal response and where the response had recovered to steady-state.  For 238 

display only, some current traces were filtered off-line to between 50 and 100 Hz using the Clampfit 239 

Gaussian filter.  Due to the overall slow nature of the responses, this second filtering brought about no 240 

change in amplitude or kinetics.  Conductance was derived using Ohm’s law (G = I/V) and the current 241 

change during a 200-ms step from -30 to -40 mV before and after H2O2.  Reversal potential involved 242 

taking a difference current, ascertained by subtracting the current elicited by a voltage ramp from -60 to 243 

+60 mV before H2O2 superfusion, from the current elicited by the same ramp at the peak of the H2O2-244 

induced current.  The reversal potential was then measured directly from the difference current by 245 

placing a cursor where the current crossed the Y-axis.  For some responses recorded under current-246 

clamp that presented with robust spiking, which made it difficult to visualize the peak depolarization, 247 

Clampfit was used to generate all-points histograms for before and after H2O2 application.  The largest 248 

peaks of the resulting histograms were fit with a Gaussian function by the least-squares method and a 249 

simplex search, and taken as the average membrane potential.  The difference between the voltage 250 

before and after H2O2 served as the amplitude of the depolarization.  To determine the frequency of 251 

firing caused by H2O2, the number of spikes during the response was determined using the Clampfit 252 

threshold search function, and was divided by the total time of the burst (in sec) to derive action 253 

potential frequency. 254 
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Experimental design and statistical analysis 255 

 Data are means ± standard error of the mean.  Statistical analysis was performed using InStat 256 

v3.10 and Prism v8.0.0.  The Kolmogorov-Smirnov method was used to test for normality.  To test 257 

whether the mean differed between two groups of normally distributed data, Student’s unpaired t-test 258 

with Welch correction as necessary was used, whereas for not normally distributed data, the Mann-259 

Whitney U-test or Wilcoxon matched-pairs signed-ranks test was used.  For three or more means, 260 

normally distributed data were compared using an ordinary one-way analysis of variance (ANOVA) 261 

followed by the Tukey-Kramer multiple comparisons test or Dunnett multiple comparisons test, whereas 262 

not normally distributed data were compared using a Kruskal-Wallis ANOVA (KW-ANOVA) followed 263 

by Dunn’s multiple comparisons test.  Significance level was a two-tailed P-value of <0.05.  Prism was 264 

also employed to fit the H2O2 concentration-response relationship with a four-parameter dose-response 265 

equation to determine the half-maximal concentration (EC50) and the Hill slope (steepness of the curve). 266 
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Results 267 

H2O2 activates a prolonged, inward voltage-dependent current in cultured bag cell neurons 268 

H2O2 has been shown to induce changes in the excitability of sensory neurons in Aplysia, as well 269 

as striatal, substantia nigra, spinal ventral horn, hippocampal, or cortical neurons (Chen et al., 2001; 270 

Chang et al., 2003; Olah et al., 2009; Lee et al., 2011, 2013; Ohashi et al., 2016).  Given that PKC, 271 

which is upregulated 2-5 min from the onset of the afterdischarge (Wayne et al. 1999), can increase 272 

H2O2 production in bag cell neurons (Munnamalai et al., 2014), we examined the effects of 273 

extracellularly applied H2O2 on bag cell neurons in primary culture. 274 

 Initially, the efficacy of the superfusion apparatus was assessed to ascertain the exact time of 275 

H2O2 delivery to the neuron.  This involved superfusing (see Materials and Methods, Drug application 276 

and reagents for details) 1 mM acetylcholine over the soma of a neuron under whole-cell voltage-clamp 277 

at -60 mV (Fig. 1A, left).  We previously established that acetylcholine gates, with essentially no delay, 278 

an ionotropic receptor in bag cell neurons (White and Magoski, 2012).  This ligand-gated channel opens 279 

as soon as acetylcholine contacts the cell, and is sensitive to classic nicotinic-type agonists and 280 

antagonists (White and Magoski, 2012; White et al., 2014).  Thus, the latency from when the 281 

acetylcholine-containing reservoir was opened to when the acetylcholine-induced current was first 282 

observed represented the lag time of our perfusion apparatus. 283 

 Neurons were bathed in Na+-containing nASW and dialyzed for 15 min with our standard K+-284 

Asp-based intracellular saline (see Materials and Methods, Whole-cell voltage-clamp and current-clamp 285 

recording in cultured bag cell neurons for details).  Acetylcholine induced an inward current of ~3 nA 286 

with a mean onset latency of 38 ± 5.3 sec (n=4) from the time superfusion began, ie, when the stopcock 287 

on the reservoir was switched (Fig. 1A, middle, right).  Subsequently, it was assumed that when H2O2 288 

was superfused it took 38 sec to reach the soma.  Parenthetically, we performed a second calibration 289 

using block of voltage-gated Ca2+ current by 10 mM Ni2+, which inhibits the Ca2+ current almost 290 

instantly (Hung and Magoski, 2007).  Ca2+ current was evoked at a frequency of 1 Hz using a 75-ms 291 
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step from -60 mV to 0 mV; when the perfusion was switched from control saline to Ni2+-containing 292 

saline, it required 40 ± 3.5 sec for Ni2+ to initiate block (n=10).  This lag time was not significantly 293 

different from that observed for response onset of the acetylcholine-induced current (t12=0.3097; 294 

P=0.7621, unpaired Student’s t-test). 295 

 Superfusion of 1 mM H2O2 dissolved in nASW while holding the membrane potential at -60, 296 

-40, -30, -20, or 0 mV elicited a voltage-dependent inward current (Fig. 1B).  There was minimal current 297 

(<100 pA) at -60 mV (n=6) or -40 mV (n=4), whereas more moderate currents (200-300 pA) were 298 

evoked at -30 (n=4) or -20 mV (n=6), with the maximal current (~800 pA) at 0 mV (n=5) (Fig. 1C).  At 299 

-30 mV, the latency from when H2O2 arrived at the cell to when the current began was ~60 sec (n=4) 300 

(Fig. 1D). 301 

A concentration-dependent H2O2-induced inward current 302 

To assess the sensitivity of bag cell neurons to H2O2, we examined the effect of various 303 

concentrations.  Previous reports, using both vertebrate and invertebrate neurons, employed a range of 304 

H2O2 from 1 to 3 mM, which did not cause damage in the short-term (Chen et al., 2001; Chang et al., 305 

2003; Olah et al., 2009; Lee et al., 2011, 2013; Ohashi et al., 2016).  Additionally, limitations on 306 

membrane permeability and intracellular scavenging suggests that the H2O2 concentration inside a cell is 307 

at least 10-fold (perhaps even 650-fold) less than the concentration of extracellularly applied H2O2 308 

(Antunes et al., 2000; Miller et al., 2007; Huang and Sikes, 2014). 309 

 Because the H2O2-induced current was rather small at -60 mV, and the holding current was often 310 

not entirely stable at 0 mV, we chose to examine the response at -30 mV in subsequent recordings.  This 311 

provided a more uniform H2O2-induced current with a reasonably stable baseline.  Cultured bag cell 312 

neurons were whole-cell voltage-clamped in nASW using a Cs+-Asp-based intracellular saline to block 313 

K+ channels and further improve resolution at this somewhat depolarized potential (Colmers et al., 1982) 314 

(see Materials and Methods, Whole-cell voltage-clamp and current-clamp recording from cultured bag 315 

cell neurons for details).  H2O2 was tested at 30 μM, 100 μM, 300 μM, and 1 mM (n=5, 8, 6, 7). The 316 
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resulting inward current was concentration-dependent, with a threshold of 100 μM and the largest 317 

response at 1 mM (Fig. 2A, B).  Fitting the concentration-response relationship with a four-parameter 318 

dose-response equation yielded an apparent EC50 of 14.2 mM with a Hill slope of 0.64.  If this was due 319 

to an agonist-type mechanism, it would be expected that the H2O2-induced current would recover 320 

following drug removal.  When the H2O2-containing nASW superfusing over the soma was replaced 321 

with nASW alone, shortly after the H2O2-induced current reached peak, it recovered by ~75% (n=4) 322 

(Fig. 2C, inset). 323 

The H2O2-induced current is consistent with the opening of a non-selective cation channel 324 

To verify channel opening, the membrane conductance was examined before and after H2O2 325 

application, by delivering a 200-ms step to -40 mV from a holding potential of -30 mV under voltage-326 

clamp (Fig. 3A, middle).  A first step was delivered after a 15-min dialysis period, while a second step 327 

was given ~90-sec after that, right before 1 mM H2O2 superfusion, and a third step was performed at the 328 

peak of the H2O2 response (Fig. 3A, top).  The ratios of the current from the second step (just before 329 

H2O2) vs the first step (Fig. 3B, control 2/1), and the third step (at the peak of H2O2 response) vs second 330 

step (Fig. 3B, H2O2 3/2) were taken to ascertain the change in conductance.  The period preceding H2O2 331 

presented essentially no change in conductance (~0.99 fold); however, the conductance change at the 332 

peak of the H2O2 response was significantly larger (by ~1.75 fold), in agreement with channel opening 333 

(n=8) (Fig. 3A, bottom, B). 334 

We next characterized the ionic basis of the current.  The permeability of Na+ and Ca2+ was 335 

studied by replacing extracellular Na+ with NMDG and/or Ca2+ with Mg2+ (see Materials and Methods, 336 

Whole-cell voltage-clamp for details).  Compared to nASW as control (n=11), the H2O2-induced current 337 

was reduced by ~87% in Ca2+-free (n=12), ~95% in Na+-free (n=6), and was almost absent in Na+/Ca2+-338 

free (n=8) extracellular saline (Fig. 4A), suggesting that H2O2 acts on a non-selective cation 339 

conductance.  On average, the observed decreases in current were significant vs control (Fig. 4B). 340 
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Ion substitution was also used to investigate the reversal potential of the H2O2-induced current.  341 

Specifically, a 5-sec ramp from -60 to +60 mV was delivered under voltage-clamp from a holding 342 

potential of -30 mV (Fig. 4C).  The ramp was given twice, ie, right before H2O2 application, and again at 343 

the peak of the H2O2 response.  A difference current was then calculated by subtracting the first ramp-344 

induced current from the second ramp-induced current.  In nASW, the difference current was non-linear 345 

(inward between ~-30 and ~+30 mV), voltage-dependent, and reversed at ~+30 mV (n=10) (Fig. 4C).  346 

However, in the absence of extracellular Ca2+, or Na+, or Na+/Ca2+, the difference currents flattened out 347 

(Fig. 4C, upper insets).  Moreover, the reversal potential was significantly left-shifted in Ca2+-free (~-8 348 

mV; n=15), Na+-free (~-11 mV; n=6), or Na+/Ca2+-free saline (~-10 mV; n=10), as expected for a non-349 

selective cation conductance (Fig. 4D). 350 

The pharmacology of the H2O2-induced current is also consistent with a cation channel 351 

 Because the ion substitution and reversal potential results suggested a non-selective cation 352 

channel, we subsequently tested known cation channel blockers.  In particular, 9-phenanthrol, a 353 

purported Transient Receptor Potential (TRP) cation channel Melastatin subfamily isoform 4-specific 354 

inhibitor (Grand et al., 2008; Guinamard et al., 2014), clotrimazole, a general cation channel blocker 355 

known to prevent H2O2-induced currents in striatal and hippocampal neurons (Hill et al., 2004; Olah et 356 

al., 2009), and SKF-96365, which is often reported as a TRP channel Canonical subfamily antagonist 357 

(Zhu et al., 1998), were employed.  Either 9-phenanthrol or clotrimazole were given at the peak of the 358 

response to 1 mM H2O2, the prediction being that a blocker would inhibit the channel and, compared to 359 

the vehicle (DMSO), increase the %-recovery of the current (see Materials and Methods, Analysis for 360 

details).  While DMSO application (the vehicle; n=4, 4) resulted in 10-30% recovery (Fig. 5A, C), 361 

introducing 100 μM 9-phenanthrol (n=6) or 10 μM clotrimazole (n=4) (Fig. 5B, top, bottom), 362 

significantly increased the %-recovery of the H2O2-induced current to ~75% and ~55%, respectively 363 

(Fig. 5C, D).  For SKF-96365, neurons were pretreated with 10 μM of the blocker prior to 1 mM H2O2 364 
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delivery; however, compared to H2O2 alone, the presence of SKF-96365 did not significantly alter the 365 

current (Fig. 5E). 366 

 Some TRPC channels are sensitive to changes in glucose concentration; for example, Lee et al. 367 

(2015b) reported that low glucose enhances neuronal TRPC channels, likely through a pathway 368 

involving the triggering of adenosine monophosphate-activated protein kinase.  In the present study, the 369 

extracellular saline normally did not contain glucose (see Materials and Methods, Whole-cell voltage-370 

clamp and current-clamp recording from cultured bag cell neurons for details); thus, we examined if 371 

introducing 1 mM extracellular glucose beforehand would impact the H2O2-induced current.  The 372 

presence of this low glucose concentration did not significantly alter the response to 1 mM H2O2 (H2O2 373 

alone: 65.3 ± 16.0 pA, n=4 vs H2O2 in glucose: 68.0 ± 16.7 pA, n=4; t6=0.1189; P=0.9093, unpaired 374 

Student’s t-test).  Because the Cs+-based intracellular saline used for most whole-cell experiments 375 

contained 11 mM glucose, we also performed a control for this intracellular addition of glucose via the 376 

pipette by recording the H2O2-induced current using sharp-electrode voltage-clamp.  Neurons were 377 

impaled with a sharp-electrode (which does not permit appreciable exchange with the cytosol) and held 378 

at -30 mV (see Materials and Methods, Sharp-electrode recording from bag cell neurons in culture and 379 

isolated clusters for details).  We found that the current under the sharp-electrode configuration (140 ± 380 

39.2 pA; n=6) was not significantly different from parallel controls carried out using whole-cell pipettes 381 

containing Cs+-based intracellular saline with glucose (112 ± 32.2 pA; n=5) (t9=0.5390; P=0.6030, 382 

unpaired Student’s t-test). 383 

Our data suggest that the H2O2-induced current is mediated by a conductance similar to the 384 

voltage-dependent non-selective cation channel characterized in bag cell neurons by Wilson et al. 385 

(1996).  Those authors reported that this channel was blocked by relatively high concentrations (80-100 386 

μM) of the classical Na+ channel antagonist, tetrodotoxin (TTX) (Narahashi et al., 1964).  Thus, to 387 

confirm any similarity, we initially bath-applied 100 μM TTX at the peak of H2O2-induced current.  388 

However, we observed no difference in %-recovery of the response in the presence (n=5; 41.6% ± 7.7%) 389 
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or absence of TTX (n=6; 41.2% ± 8.6%) (t9=0.03097; P=0.9760, unpaired Student’s t-test).  TTX has 390 

one primary alcohol and three secondary alcohol functional groups.  Chicheportiche et al. (1980) 391 

showed that the secondary alcohols can be oxidized, resulting in inactive toxin.  Thus, in the present 392 

study TTX may have been oxidized upon bath-application in the presence of H2O2.  To avoid this, we 393 

opted for pretreatment with TTX and delivering H2O2 afterwards.  Compared to the control H2O2-394 

induced current (n=10), a 30-min pretreatment with 100 μM TTX (n=7) reduced the response by ~40% 395 

(Fig. 6A top, middle).  Moreover, a further decrease in the response, to ~15% of control, was seen with 396 

300 μM TTX pretreatment (n=4) (Fig. 6A bottom).  The presence of 100 or 300 μM TTX significantly 397 

reduced the H2O2 response vs control (Fig. 6B). 398 

The H2O2-induced current is boosted by preventing oxidation and attenuated by promoting reduction 399 

 Glutathione peroxidase is a cytosolic enzyme that catalyzes the reduction of H2O2 to H2O, and 400 

the concomitant oxidation of glutathione (Jones et al., 1981).  Mercaptosuccinate inhibits glutathione 401 

peroxidase, thus preventing H2O2 reduction (Dringen et al., 1998); thus, we hypothesized that delivering 402 

mercaptosuccinate for ~10 min prior to H2O2 would increase the response.  Bath-application of 1 mM 403 

mercaptosuccinate alone had little to no effect on the holding current (n=10) (Fig. 7A, top).  As 404 

expected, introducing 1 mM H2O2 on its own (n=6) produced an inward current; in addition, this was 405 

significantly enhanced by ~50% in the presence of mercaptosuccinate (n=8) (Fig. 7A, middle, bottom, 406 

B).  To further examine the role of glutathione in moderating the H2O2-induced current, we initially 407 

exposed neurons to 100 μM of N-acetylcysteine, which increases glutathione levels by elevating the 408 

intracellular concentration of the glutathione synthesis precursor, cysteine (Cotgreave et al., 1991).  On 409 

its own, N-acetylcysteine did not cause a change in current at -30 mV (n=6) (Fig. 7C, top); yet, delivery 410 

of 1 mM H2O2 ~10 min after N-acetylcysteine (n=6) evoked an inward current which was significantly 411 

reduced by ~40% when contrasted with the response to just H2O2 (n=7) (Fig. 7C, middle, bottom, D). 412 

 To test whether cation channel activation by H2O2 occurs via oxidation of sulfhydryl groups, we 413 

employed dithiothreitol (DTT), a reducing agent that maintains thiol groups on amino acids, such as 414 
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Cys, in the reduced state (Cleland, 1964).  Application of DTT alone did not elicit a current at -30 mV 415 

(n=6) (Fig. 7E, top).  However, in the presence of DTT, the response to 1 mM H2O2 was obviously 416 

decreased compared to the delivery of H2O2 alone (n=6) (Fig. 7E, middle, bottom).  The H2O2 current 417 

was reduced by ~70% and this drop was significant (Fig. 7F). 418 

N-ethylmaleimide- and H2O2-induced currents are occlusive  419 

The ability of DTT to prevent H2O2 from activating the current suggests that H2O2 may gate the 420 

cation channel by direct oxidation of sulfur-containing amino acids, in particular, Cys and/or Met 421 

residues in the channel or an associated protein(s) (Hoshi and Heinemann, 2001).  N-ethylmaleimide 422 

(NEM) is a sulphydryl alkylating agent (Jakobs et al., 1982) which can remove hydrogen from thiol side 423 

chains and replace it with a carbon-sulfur bond, potentially minimizing H2O2-mediated oxidation 424 

(Gregory, 1955).  Therefore, we tested the effects of NEM on both membrane current itself and the 425 

H2O2-induced current.  Bath-application of 300 μM NEM elicited an ~200 pA inward current at -30 mV 426 

(n=9), with the subsequent addition of 1 mM H2O2 evoking only a small response of ~12 pA (n=9) (Fig. 427 

8A).  Similarly, when H2O2 was added to the bath first, it brought about a typical inward current (n=5), 428 

while delivery of NEM afterward again caused little change (n=5) (Fig. 8B).  The currents induced by 429 

H2O2 and NEM, respectively, were not significantly different on average (Fig. 8C, D, two white bars); 430 

moreover, the two currents occluded one another (Fig. 8C, D, two black bars). 431 

H2O2 depolarizes and induces robust action potential firing 432 

 Given that H2O2 application elicits an inward current, we sought to determine the impact of 433 

introducing H2O2 on cultured bag cell neuron membrane potential.  This was carried out using whole-434 

cell current-clamp in nASW with the K+-based intracellular saline in the pipette.  H2O2 was tested at 435 

both -40 mV, the approximate membrane potential during the afterdischarge, and -60 mV, the 436 

approximate membrane potential prior to or at the start of the afterdischarge (Kupfermann and Kandel, 437 

1970; Kaczmarek et al., 1982).  Bath-application of 100 μM H2O2 induced a depolarization of ~7 and 438 

~14 mV from -40 (n=7) and -60 mV (n=5), respectively, vs H2O as control at -40 mV (n=5) or -60 mV 439 
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(n=5), which had no obvious effect (Fig. 9A, B).  In no case did 100 μM H2O2 cause the neuron to fire 440 

action potentials.  However, 1 mM H2O2 not only depolarized the membrane, by ~11 mV for -40 mV 441 

(n=5) and ~22 mV for -60 mV (n=5), but consistently evoked a burst of spikes (Fig. 9C).  Compared to 442 

H2O, the magnitudes of the responses were significant for both -40 and -60 mV (Fig. 9D).  As for the 443 

action potential firing, it lasted for ~8 min at -40 mV and ~7 min at -60 mV with the latency of ~3 min 444 

and frequency of ~1 Hz at both voltages (Fig. 9E). 445 

Knowing that the H2O2-induced current is blocked by 9-phenanthrol, clotrimazole, or TTX, we 446 

next investigated if these blockers altered the depolarization to 1 mM H2O2 from -40 mV.  As expected, 447 

1 mM H2O2 (n=18) elicited a depolarization of ~9 mV and action potential firing of ~1 Hz that lasted for 448 

~12 min (Fig. 10A, top, B).  This response was essentially eliminated by a 20-min pretreatment with 449 

either 10 μM clotrimazole (n=6; -2.8 ± 1.4 mV) or 100 μM 9-phenanthrol (n=6; 4.0 ± 2.2 mV) (Fig. 450 

10A, middle).  As for TTX (n=4), incubating in 300 μM did not prevent the depolarization altogether 451 

(Fig. 10B, top); instead, it significantly reduced the firing frequency to ~0.5 Hz and the duration of 452 

spiking to ~3 min (Fig. 10A, bottom, B, middle, bottom). 453 

H2O2 depolarizes bag cell neurons and initiates an afterdischarge in desheathed clusters. 454 

Because H2O2 both gates a cation channel and causes bursting in cultured bag cell neurons, we 455 

sought to ascertain if H2O2 can produce afterdischarge-like responses from the bag cell neuron cluster 456 

itself.  To begin with, 1-10 mM H2O2 was bath-applied to the entire abdominal ganglion while recording 457 

extracellularly from one of the two intact bag cell neuron clusters (see Materials and Methods, Ensemble 458 

extracellular recording from the intact bag cell neuron cluster for details).  However, this failed to bring 459 

about an afterdischarge nor did H2O2 affect the ability of synaptic input to evoke an afterdischarge, as 460 

subsequent stimulation of the pleuroabdominal connective resulted in normal afterdischarges that were 461 

of the same duration (n=4; 57.8 ± 12.6 min) compared to those elicited in ganglia not exposed to H2O2 462 

(n=7; 44.4 ± 14.1 min) (t9=0.6349; P=0.5413, unpaired Student’s t-test). 463 
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It is possible that the sheath surrounding the cluster hindered diffusion of H2O2 to the bag cell neurons 464 

and/or antioxidant mechanisms present either in the sheath cells or the extracellular space reduced the 465 

exogenous H2O2.  Therefore, to demonstrate that direct delivery of H2O2 to the cluster can elicit 466 

bursting, the connective sheath was removed and the entire bag cell neuron cluster was isolated from the 467 

abdominal ganglion and placed in a culture dish.  Sharp-electrode recordings were then made within the 468 

cluster from individual bag cell neurons initially current-clamped at -60 mV (see Materials and 469 

Methods, Sharp-electrode recording from bag cell neurons in culture and isolated clusters for details).  470 

Still, bath-applying 10 mM H2O2 alone resulted in a depolarization of just ~10 mV (n=5) (Fig. 11C, left, 471 

white bar), with only one of the five preparations exhibiting a 10.9 min burst of action potentials. 472 

We speculated that H2O2 may need to work in concert with the known bag cell neuron input 473 

transmitter, acetylcholine (White and Magoski, 2012).  Previously, our lab showed that brief pressure-474 

application of acetylcholine to the isolated bag cell neuron cluster would initiate a transient 475 

depolarization in a given neuron, sometimes accompanied by afterdischarge-like spiking (White et al., 476 

2018).  Thus, in the present study, while again recording from a single bag cell neuron within the cluster, 477 

acetylcholine was first pressure-ejected followed by the introduction of H2O2 (Fig. 11B, inset).  In nine 478 

separate preparations, a 2-sec pressure-ejection of 1 mM acetylcholine to one side of the cluster caused 479 

depolarization of a bag cell neuron recorded on the other side, with a mean of 6.4 ± 3.4 mV (Fig. 11A).  480 

Moreover, bath-applying 10 mM H2O2, 8.3 ± 1.3 min later, evoked a burst within ~3 min, consisting of a 481 

depolarization of ~25 mV and spiking at ~0.8 Hz for ~6 min (Fig. 11B, C, black bars).  In all nine 482 

clusters, administering H2O2 after acetylcholine always led to spiking, as well as a significantly greater 483 

depolarization compared to the five clusters exposed to H2O2 alone (Fig. 11C).  484 
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Discussion 485 

H2O2 can oxidize DNA, lipids, or proteins (Halliwell, 1992; Halliwell and Gutteridge, 1999), 486 

which may bring about synaptic plasticity (Kamsler and Segal, 2004; Kishida and Klann, 2007) or gate 487 

ion channels (Avshalumov et al., 2007).  For example, various cation currents in hippocampal, nigral, 488 

and striatal neurons are opened by H2O2 (Hill et al., 2006; Olah et al., 2009; Lee et al., 2013).  The bag 489 

cell neuron afterdischarge is maintained by various non-selective cation channels.  In the fast-phase, 490 

Ca2+ influx and release opens a voltage-independent cation channel, with a linear current/voltage 491 

relationship and an ~-40 mV reversal potential (Hung and Magoski, 2007; Hickey et al., 2010).  With 492 

the slow-phase, phospholipase C cleaves PIP2 into IP3 and DAG (Fink et al., 1988).  DAG gates a 493 

second, voltage-independent cation channel, with a distinct pharmacology and reversal potential of ~-20 494 

mV (Sturgeon and Magoski, 2016).  This channel may be similar to TRPC3/6/7 channels, which are 495 

well established as being activated by DAG (Hofmann et al., 1999; Okada et al. 1999).  DAG also 496 

activates PKC to mediate a number of afterdischarge-associated events (DeReimer et al., 1984; Wayne 497 

et al., 1999; Groten and Magoski, 2015), including the regulation of a third cation channel that is 498 

voltage-dependent with a reversal potential >+30 mV (Wilson et al., 1996, 1998; Magoski and 499 

Kaczmarek, 2005; Gardam and Magoski, 2009; Sturgeon and Magoski, 2018).  PKC also stimulates 500 

H2O2 production in bag cell neurons (Munnamalai et al., 2014), suggesting that H2O2 may be a signaling 501 

molecule during the afterdischarge. 502 

We find that extracellular application of H2O2 elicits a prolonged voltage- and concentration-503 

dependent inward current in cultured bag cell neurons.  The response is observed with as low as a 100 504 

μM H2O2, although for consistency we primarily employed 1 mM.  Previous reports involving both 505 

cultured Aplysia sensory neurons and various mammalian neurons in vitro or ex vivo use comparable 506 

amounts of H2O2 and, similar to our work, show channel gating but no obvious damage (Chen et al., 507 

2001; Chang et al., 2003; Lee et al., 2011, 2013; Ohashi et al., 2016; Olah et al., 2009).  Quite possibly, 508 

these concentrations are necessary because the fast consumption of H2O2 by intracellular antioxidant 509 
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enzymes produces a high-extracellular to low-intracellular H2O2 gradient, estimated by some to be up to 510 

650-fold (Huang and Sikes, 2014).  Thus, it is plausible that H2O2 falls substantially as it is scavenged 511 

once diffusing across the bag cell neuron membrane. 512 

The increase in membrane conductance during the H2O2-induced current is consistent with 513 

channel opening, while the ~+30 mV reversal potential in Na+-containing nASW suggests the 514 

conductance is non-selective for cations.  Depending on specific ionic permeability, cation channels can 515 

have a wide range of reversal potentials (-40 to +50 mV) (Partridge et al., 1994; Clapham, 2003).  The 516 

bag cell neuron H2O2-induced current is dependent on select extracellular cations, ie, the current is 517 

lessened in the absence of extracellular Ca2+, diminished even further if only Na+ is removed, and nearly 518 

eliminated when both cations are taken away.  In addition, the Ca2+-, Na+-, or Na+/Ca2+-free external 519 

salines all negatively shift the reversal potential to ~-10 mV, and drastically reduce any outward current 520 

at more positive voltages.  Likely, the channel normally passes more Na+ and Ca2+ into the neuron than 521 

it does K+ out. 522 

The U-shaped current/voltage relationship and ~+30 mV reversal potential of the H2O2-induced 523 

current are very similar to that of the bag cell neuron cation channel reported by Wilson et al. (1996).  524 

That channel is both sensitive to the removal of extracellular Ca2+, which lowers the conductance and 525 

left-shifts the reversal potential, and is modestly blocked by intracellular Mg2+ (Geiger et al., 2009).  For 526 

the H2O2-gated channel, Na+- and/or Ca2+-free saline may result in an insufficiency of extracellular 527 

cations in the pore; if those cations normally repulse intracellular Mg2+, their absence could enhance the 528 

Mg2+ block and impede outward current.  There are accounts of TRPC4/5 and TRPM2 channels passing 529 

limited outward current following replacement of extracellular Na+ and Ca2+ with NMDG (Schaefer et 530 

al., 2000, 2002; Kühn and Lückhoff, 2004; Blair et al., 2009). 531 

The pharmacology of the H2O2-induced current also indicates a cation channel.  Both the inward 532 

current and depolarization brought about by H2O2 are inhibited by 9-phenanthrol, an ostensible TRPM4-533 

specific inhibitor (Grand et al., 2008; Guinamard et al., 2014), which also blocks the voltage-dependent 534 
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cation channel (Sturgeon and Magoski, 2013), as well as clotrimazole, a general cation channel blocker 535 

that has been found to inhibit TRPM2 (Hill et al., 2004).  Furthermore, pretreatment with tetrodotoxin 536 

(TTX), which Wilson et al. (1996) showed blocks the voltage-dependent cation channel in bag cell 537 

neurons, prevents the H2O2-induced current.  TTX also impacts the action potential burst elicited by 538 

H2O2, which is again reminiscent of Wilson et al. (1996), who found that TTX attenuates the 539 

depolarization brought about by opening the voltage-dependent cation channel.  It is unlikely that TTX 540 

is effecting Na+ channels, given that both our laboratory and others rarely observe voltage-gated Na+ 541 

current in cultured bag cell neurons (Nick et al., 1996; Magoski et al., 2000).  Based on similar 542 

biophysical and pharmacological properties, the H2O2-induced current and the current characterized by 543 

Wilson et al. (1996) appear to be the same or at the very least share one or more channel subunits. 544 

Lee et al. (2011) demonstrated that inhibiting glutathione peroxidase with mercaptosuccinate 545 

increases the intracellular H2O2 concentration of substantia nigra neurons.  Our finding that the H2O2-546 

induced current is enhanced by mercaptosuccinate suggests glutathione peroxidase normally catalyzes 547 

the reduction of H2O2 in bag cell neurons.  Fittingly, the H2O2-induced current is attenuated by N-548 

acetylcysteine, a precursor for glutathione synthesis (Cotgreave et al., 1991).  These findings are in 549 

agreement with gating by redox, where greater glutathione bioavailability lessens the current by 550 

eliminating more H2O2.  Lastly, the response is decreased with dithiothreitol, which likely opposes the 551 

effects of H2O2 by keeping sulfhydryl groups on key Cys and/or Met residues in the reduced state 552 

(Cleland, 1964).  It is presently unknown if redox reactions underlying activation are on associated 553 

protein(s) or directly on the channel, as is the case for inwardly rectifying K+ channels and various 554 

TRPC or TRP vanilloid channels (Bannister et al., 1999; Yoshida et al., 2006). 555 

TRPM2 is expressed in neurons and microglia, and can be triggered by H2O2 (Perraud et al., 556 

2001; Sano et al., 2001; Kraft et al., 2004; Tong et al., 2006).  An increase in endogenous H2O2 with 557 

mercaptosuccinate elevates the firing rate of substantia nigra GABAergic neurons by activating a 558 

TRPM2-like channel (Lee et al., 2011, 2013), possibly by oxidation of sulfhydryl groups on TRPM2 559 
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Cys residues (Ogawa et al., 2016).  Our findings suggest a similar effect in bag cell neurons.  N-560 

ethylmaleimide (NEM), an alkylating agent that is reactive towards thiols (Jakobs et al., 1982), evokes a 561 

current which appears analogous to the H2O2-induced current.  Furthermore, addition of H2O2 after 562 

NEM does not induce a response and vice versa.  If H2O2 modifies sulfhydryl groups on Cys residues, it 563 

would be unable to induce a response post-NEM application.  Based on the redox-type activation 564 

mechanism we propose, the Aplysia current may involve a TRPM2-like subunit.  That stated, the block 565 

by 9-phenanthrol also points to a role for TRPM4-like channels, the mammalian versions of which are, 566 

like the bag cell neuron H2O2-induced current, voltage-dependent (Nilius et al., 2003). 567 

Delivery of H2O2 to the desheathed, isolated bag cell neuron cluster can elicit spiking.  Since 568 

bath-applying H2O2 alone causes a burst in a minority of clusters, we speculate H2O2 may need to work 569 

in concert with acetylcholine, a known input transmitter that gates an ionotropic receptor on bag cell 570 

neurons (White and Magoski, 2012; White et al. 2014).  Pressure-ejecting acetylcholine onto one side of 571 

the cluster depolarizes a neuron recorded on the opposite side; this is due to the transfer of cholinergic 572 

current through electrotonic coupling between neurons within the cluster (Kupfermann and Kandel, 573 

1970; Dargaei et al., 2014; White et al., 2018).  When H2O2 is bath-applied subsequent to the 574 

acetylcholine pressure-ejection, it consistently provokes an afterdischarge-like burst.  Acetylcholine may 575 

facilitate H2O2-dependent opening of the voltage-dependent cation channel, either through direct 576 

depolarization or initiating an as yet unidentified intracellular pathway.  Work by our laboratory and 577 

others indicates that if one bag cell neuron is bursting within the cluster, all other neurons also spike 578 

synchronously (Kupfermann and Kandel, 1970; Brown and Mayeri 1989; Dargaei et al., 2014).  Thus, it 579 

is reasonable to assume that the H2O2-induced afterdischarge-like response represents en masse firing of 580 

the cluster. 581 

Activating PKC in bag cell neurons is sufficient to turn on H2O2 production (Munnamalai et al., 582 

2014).  Given that PKC is triggered during the afterdischarge (Wayne et al., 1999), and H2O2 exposure 583 

depolarizes bag cell neurons, as well as elicits prolonged action potential firing similar to the 584 
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afterdischarge, it is possible H2O2 is a signaling molecule for the afterdischarge.  The H2O2-induce non-585 

selective cation current may maintain the afterdischarge, thereby ensuring egg-laying hormone secretion 586 

and reproductive behaviour.  Thus, in addition to the link between oxidative damage and various 587 

neurodegenerative diseases (Brieger et al., 2012), the production of reactive oxygen species can have a 588 

role in physiological processes.  589 
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Figure legends 992 

Figure 1.  H2O2 activates a prolonged, inward, voltage-dependent current in cultured bag cell 993 

neurons. 994 

A, Left, phase-contrast photomicrograph showing a superfusion barrel positioned near a bag cell neuron 995 

soma with neurites and the recording pipette.  Neurons are whole-cell voltage-clamped at -60 mV using 996 

our standard K+-Asp-based intracellular saline in the pipette and nASW in the bath.  Middle, superfusion 997 

of 1 mM acetylcholine (ACh at bar) elicits an inward current.  Arrows highlight the start of superfusion 998 

and travel time, ie, the time required for acetylcholine to reach the soma.  Right, acetylcholine 999 

superfusion produced a peak current (IACh) of -2.9 ± 1.6 nA with a latency of 38.0 ± 5.3 sec following 1000 

the switch from control to acetylcholine-containing saline. 1001 

B, Superfusion of 1 mM H2O2 (at bar) over the soma of different neurons, held at -60, -30, or 0 mV, 1002 

causes increasingly larger inward current.  Ordinate applies to all traces. 1003 

C, Summary current/voltage relationship for the H2O2-induced current at -60 mV (91.0 ± 43 pA), -40 1004 

mV (51.0 ± 31.0 pA), -30 mV (230.0 ± 74.0 pA), -20 mV (288.0 ± 84.0 pA), or 0 mV (765.0 ± 138.0 1005 

pA), shows a threshold between -40 and -30 mV and an apparent maximum at 0 mV. 1006 

D, Group data illustrating a 59.9 ± 12.4 sec latency of the H2O2-induced current at -30 mV. 1007 

Figure 2. A concentration-dependent H2O2-induced inward current. 1008 

A, Current responses to bath-applied 30 μM, 100 μM, 300 μM, or 1 mM H2O2 (at bar) for different 1009 

cultured bag cell neurons whole-cell voltage-clamped at -30 mV in nASW with Cs+-Asp-based 1010 

intracellular saline.  Scale bars apply to all traces. 1011 

B, Concentration-response curve reveals increasingly higher amounts of H2O2 induces progressively 1012 

larger currents (30 μM = 4.0 ± 7.0 pA, 100 μM = 66.0 ± 13.0 pA, 300 μM = 94.0 ± 27.0 pA, 1 mM 1013 

H2O2 = 218.0 ± 66.0 pA).   The line represents the fit of the data with a four-parameter dose-response 1014 

equation, and provides an EC50 of 14.2 mM with a Hill slope of 0.64. 1015 
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C, Upon washout of 1 mM H2O2 with nASW, at the height of the response, the current recovered largely 1016 

back to the baseline.  Inset, summary graph shows 73.0 ± 10.6% recovery, calculated by comparing the 1017 

baseline (before H2O2 superfusion) and the stable current at end of the trace. 1018 

Figure 3. H2O2 increases membrane conductance. 1019 

A, Top, typical example of 1 mM H2O2 superfusion (at bar) evoking a current in a bag cell neuron 1020 

whole-cell voltage-clamped at -30 mV in nASW using Cs+-based intracellular saline.  Middle, to 1021 

determine membrane conductance, a 200-ms step to -40 mV is given ~90 sec prior to H2O2 (at arrow, 1022 

circled 1).  A second step is taken right before H2O2 delivery (circled 2), while a third step is taken at 1023 

the peak of the response (circled 3).  Bottom, the current evoked by the step is markedly elevated at the 1024 

peak of the H2O2 current (3; black trace) compared to that taken immediately (2; dark grey) or ~90 sec 1025 

prior to H2O2 (1; light grey). 1026 

B, Summary graph shows a significant increase in fold-change conductance, calculated by obtaining the 1027 

ratios of the step-current taken just before H2O2 superfusion vs ~90 sec earlier (control 2/1 = 1.0 ± 1028 

0.079) and during H2O2 vs just before superfusion (H2O2 3/2 = 1.7 ± 0.33) (r=0.02381; *P=0.0078, 1029 

Wilcoxon matched-pairs signed-ranks test). 1030 

Figure 4. The H2O2-induced current is sensitive to change in extracellular cations.   1031 

A, Different individual cultured bag cell neurons under whole-cell voltage-clamp at -30 mV using Cs+-1032 

based intracellular saline.  Compared to the current elicited by 1 mM H2O2 (at bar) in Na+-containing 1033 

nASW, the response is smaller in Ca2+-free or Na+-free saline, and mostly eliminated in Na+/Ca2+-free 1034 

saline.  Scale bars apply to all traces. 1035 

B, Group data shows that, in contrast to nASW (1.2 nA ± 0.2 nA), Ca2+-free (151.6 ± 26.4 pA), Na+-free 1036 

(65.3 ± 15.3 pA), or Na+/Ca2+-free saline (14.1 ± 7.6 pA) all significantly reduce the current (H=29.991; 1037 

dF=2; P<0.0001, KW-ANOVA; *P<0.05 nASW vs Ca+-free; *P<0.01 nASW vs Na+-free; *P<0.001, 1038 

nASW vs Na+/Ca2+-free, Dunn’s multiple comparisons test). 1039 
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C, Difference currents obtained by subtracting the response to a 5-sec, -60 to +60 mV voltage ramp 1040 

(lower inset), taken immediately before 1 mM H2O2 application, from that taken at the peak of the 1041 

response.  For nASW (black trace), the current is voltage-dependent and reverses between +30 and +40 1042 

mV.  Upper insets show magnified Ca2+-free (dark grey), Na+-free (medium grey), and Na+/Ca2+-free 1043 

(light grey) difference currents from -45 to -15 mV (left) and -15 to +15 mV (right). 1044 

D, Average data illustrates a significant left-shift in reversal potential from nASW (30.6 ± 4.1 mV) with 1045 

Ca2+-free (-8.4 ± 3.4 mV), Na+-free (-11.3 ± 3.4 mV), or Na+/Ca2+-free (-10.3 ± 3.7 mV) saline 1046 

(F3,37=27.329; P<0.0001, ordinary ANOVA; *P<0.01, nASW vs Ca2+-free, nASW vs Na+-free, and 1047 

nASW vs Na+/Ca2+-free saline, Dunnett multiple comparisons test).  Bars as per panel B. 1048 

Figure 5. The pharmacology of the H2O2-induced current is consistent with a cation channel. 1049 

A, Whole-cell voltage-clamp recording from a cultured bag cell neuron in nASW at -30 mV using Cs+-1050 

Asp-based intracellular saline shows an inward current in response to 1 mM H2O2 (at bar).  Bath-1051 

application of 0.1% (v/v) DMSO (vehicle, at second bar) at the peak of the response fails to alter the 1052 

normal recovery of the current. 1053 

B, Delivery of 100 μM 9-phenanthrol (9-Pt) (top) or 10 μM clotrimazole (bottom) at the peak of the 1054 

response markedly inhibits the ongoing 1 mM H2O2-induced current. 1055 

C-D, Summary graphs show both 9-phenanthrol and clotrimazole significantly increase the %-recovery 1056 

of the H2O2-induced current to 76.0% ± 11.4% and 56.5% ± 14.1% respectively, calculated by 1057 

comparing the baseline (before H2O2 bath-application) and the steady-state current at the end of the trace 1058 

(t8=2.743; *P=0.0253, 9-phenanthrol, t6=3.183; *P=0.0190, clotrimazole, both unpaired Student’s t-test). 1059 

E, Group data of the H2O2-induced current in control vs neurons pretreated with 10 μM SKF-96365.  In 1060 

contrast to 1 mM H2O2 alone (93.4 ± 11.4 pA), the presence of 10 μM SKF-96365 (73.3 ± 11.2 pA) does 1061 

not significantly reduce the response (U5,12=21.0; P=0.3827 H2O2 vs H2O2 in SKF-96365; Mann-1062 

Whitney U-test). 1063 

Figure 6. The H2O2-induced current is reduced by tetrodotoxin. 1064 
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A, Current responses to 1 mM H2O2 (at bar) of separate cultured bag cell neurons whole-cell voltage-1065 

clamped at -30 mV in nASW with Cs+-based intracellular saline.  Compared to control (top), a 30-min 1066 

pretreatment with 100 μM tetrodotoxin (TTX) (middle) noticeably reduces the H2O2-induced current, 1067 

while 300 μM, TTX (bottom) almost eliminates the response.  Ordinate applies to all traces. 1068 

B, Group data of the H2O2-induced current in 100 μM or 300 μM TTX vs control.  In comparison to 1 1069 

mM H2O2 alone (79.9 ± 7.7 pA), the presence of 100 μM (47.1 ± 9.4 pA) or 300 μM TTX (15.4 ± 3.6 1070 

pA) significantly reduces the response (F2,18=12.570; P=0.0004 ordinary ANOVA, *P<0.05 H2O2 vs 1071 

H2O2 post 100 μM TTX; *P<0.01 H2O2 vs H2O2 post 300 μM TTX, Dunnett Multiple Comparisons 1072 

test). 1073 

Figure 7. The H2O2-induced current is enhanced by mercaptosuccinate and reduced by N-1074 

acetylcysteine or dithiothreitol. 1075 

Cultured bag cell neurons are bathed in nASW and whole-cell voltage-clamped at -30 mV using Cs+-1076 

based intracellular saline. 1077 

A, Bath-application (at bar) of 1 mM mercaptosuccinate alone has little effect (top), while delivery of 1 1078 

mM H2O2 to a second cell elicits a noticeable inward current (middle).  Moreover, in a third neuron 1079 

initially given mercaptosuccinate (mercapto), the H2O2-induced current is enhanced by ~50% (bottom).  1080 

Ordinate applies to all traces. 1081 

B, Summary graph of peak mercaptosuccinate- and H2O2-induced current +/- mercaptosuccinate.  There 1082 

is a significant difference between both the H2O2-induced current with (98.1 ± 9.6 pA) and without (66.4 1083 

± 5.8 pA) mercaptosuccinate as well as mercaptosuccinate alone (7.3 ± 7.2 pA) (F2,21=50.879; P<0.0001, 1084 

ordinary ANOVA; *P<0.001 mercapto vs H2O2; *P<0.05 H2O2 vs H2O2 in mercapto, Tukey-Kramer 1085 

multiple comparisons test). 1086 

C, Introducing 100 μM N-acetylcysteine (NAC) has only a nominal impact (top), whereas 1 mM H2O2 1087 

generates an inward current (middle).  In the presence of N-acetylcysteine, the H2O2-induced current is 1088 

reduced by ~40% (bottom). 1089 
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D, Summary data showing that in comparison to N-acetylcysteine alone (43.3 ± 25.7 pA), the H2O2-1090 

induced current differs significantly with (90.3 ± 21.4 pA) and without N-acetylcysteine (148.0 ± 16.0 1091 

pA) (U6,7=0; *P=0.0034 NAC vs H2O2; U6,7=5; *P=0.0221 H2O2 vs H2O2 in NAC, both Mann-Whitney 1092 

U-test). 1093 

E, Minimal response to 1 mM dithiothreitol (DTT) alone (top), while 1 mM H2O2 again elicits a clear 1094 

inward current (middle); in addition, when DTT is already present, the H2O2-induced current is reduced 1095 

by ~70% (bottom). 1096 

F, Group data showing that in comparison to DTT alone (11.3 ± 4.5 pA), the H2O2-induced current 1097 

differs significantly with (43.2 ± 9.6 pA) and without DTT (155.0 ± 13.2 pA) (F2,15=73.831; P<0.0001, 1098 

ordinary ANOVA; *P<0.001 DTT vs H2O2; *P<0.001 H2O2 vs H2O2 in DTT, Tukey-Kramer multiple 1099 

comparisons test). 1100 

Figure 8. N-ethylmaleimide- and H2O2-induced currents are occlusive. 1101 

Representative response to 300 μM N-ethylmaleimide (NEM) or 1 mM H2O2 of different cultured bag 1102 

cell neurons whole-cell voltage-clamped at -30 mV in nASW with Cs+-based intracellular saline. 1103 

A, Bath-application (at bar) of NEM evokes a prominent inward current.  Yet, H2O2 (at second bar) in 1104 

the presence of NEM, yields little further change. 1105 

B, Delivery of H2O2 elicits a typical inward current in a separate neuron, but there is no obvious current 1106 

when NEM is applied in the presence of H2O2. 1107 

C, D Summary data demonstrates a significant difference between the NEM-elicited current (201.0 ± 1108 

65.5 pA) and the H2O2-induced current post-NEM (11.7 ± 13.1 pA) (U9,9=7.0; *P=0.0019, Mann-1109 

Whitney U-test).  Similarly, there is a significant difference between the H2O2-induced current (129.6 ± 1110 

24.5 pA) and the NEM-elicited current post-H2O2 (6.3 ± 5.9 pA) (t4=4.90; *P=0.008, unpaired Student’s 1111 

t-test, Welch corrected).  Note, there is no statistical difference between the initial current produced by 1112 

NEM and H2O2 (white bars; t9=1.022; P=0.3337, unpaired Student’s t-test, Welch corrected); as well, 1113 
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the NEM- and the H2O2-induced currents in the presence of H2O2 and NEM, respectively, are not 1114 

statistically different (black bars; U5,9=14.0; P=0.2977, Mann-Whitney U-test). 1115 

Figure 9. H2O2 depolarizes and induces robust action potential firing. 1116 

A, Separate cultured bag cell neurons are whole-cell current-clamped in nASW with K+-based 1117 

intracellular saline and initially set to either -40 or -60 mV with bias current.  Bath-application (at bar) 1118 

of H2O (0.5% v/v) at -40 (top) or -60 mV (bottom) does not effect membrane voltage.  Ordinate applies 1119 

to both traces. 1120 

B, Exposure to 100 μM H2O2 depolarizes two different neurons from both -40 (top) and -60 (bottom) 1121 

mV, but neither reaches threshold.  Ordinate applies to both traces. 1122 

C, Delivery of 1 mM H2O2 depolarizes the membrane and induces robust action potential firing from 1123 

both -40 (top) and -60 (bottom) mV in separate cells.  Ordinate applies to both traces. 1124 

D, Summary graph indicating the average depolarizations from -40 (open circles) or -60 (closed circles) 1125 

mV.  Compared to the response produced by applying H2O (-40 mV: 2.8 ± 0.8 mV; -60 mV: 1.1 ± 0.6 1126 

mV), the depolarization elicited by 100 μM H2O2 (-40 mV: 7.5 ± 0.6 mV; -60 mV: 14.0 ± 2.6 mV) or 1 1127 

mM H2O2 (-40 mV: 11.4 ± 2.9; -60 mV: 21.8 ± 2.1) is significantly different (-40 mV: H=8.545; dF=1; 1128 

P=0.0070, KW-ANOVA; P>0.05 H2O vs 100 μM H2O2; *P<0.05 H2O vs 1 mM H2O2, Dunn’s multiple 1129 

comparison’s test; -60 mV: F2,12=29.275; P<0.0001, ordinary ANOVA; *P<0.01 H2O vs 100 μM H2O2, 1130 

*P<0.001 H2O vs 1 mM H2O2, Tukey-Kramer multiple comparisons test). 1131 

E, Group data shows no significant difference in the frequency (t8=0.2841; P=0.7835, unpaired 1132 

Student’s t-test) or duration (t8=0.3884; P=0.7079, unpaired Student’s t-test) of action potential firing 1133 

from -40 vs -60 mV caused by 1 mM H2O2.  In addition, there is no significant difference in the latency, 1134 

ie the time it takes for the neuron to start firing action potentials post-H2O2 delivery, between responses 1135 

at -40 mV (2.8 ± 0.6 mV) and -60 mV (3.0 ± 0.6 mV) (t8=0.3001; P=0.7718, unpaired Student’s t-test). 1136 

Figure 10. H2O2-evoked spiking is reduced by tetrodotoxin and prevented by 9-phenanthrol or 1137 

clotrimazole. 1138 
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Voltage responses to 1 mM H2O2 of different cultured bag cell neurons whole-cell current-clamped to 1139 

-40 mV in nASW with K+-based intracellular saline after 20-min pretreatment with clotrimazole, 9-1140 

phenanthrol, or TTX. 1141 

A, Bath-application of 1 mM H2O2 (at bar) induces robust action potential firing (top).  However, a 20-1142 

min pretreatment with 10 μM clotrimazole (upper middle) or 100 μM 9-phenanthrol (lower middle) 1143 

virtually eliminates the depolarization and prevents firing all together.  Finally, after 20-min of 300 μM 1144 

TTX (bottom), introducing H2O2 still leads to membrane depolarization, but the duration and frequency 1145 

of action potential firing is lessened.  The ordinate applies to all traces. 1146 

B, Summary graph indicating the average H2O2-evoked depolarization (top) in the presence of 300 μM 1147 

TTX does not differ significantly from 1 mM H2O2 alone (U4,18=32.0; P=0.7743, Mann-Whitney U-test).  1148 

However, spike frequency (middle) and duration (bottom) are significantly reduced when TTX is in the 1149 

bath (frequency: U4,18=6.0; *P=0.0120; duration: U4,18=5.0; *P=0.0049, both Mann-Whitney U-test). 1150 

Figure 11. H2O2 depolarizes bag cell neurons and initiates an afterdischarge in desheathed 1151 

clusters. 1152 

A, Under sharp-electrode current-clamp, a 2-sec 1 mM acetylcholine (ACh) pressure ejection (at arrow) 1153 

to one side of the cluster depolarizes a bag cell neuron recorded on the opposite side. 1154 

B, Bath-application of 10 mM H2O2 (at bar) post-acetylcholine delivery initiates a prolonged burst in a 1155 

bag cell neuron within a cluster. Inset, phase-contrast photomicrograph of a desheathed bag cell neuron 1156 

cluster in tcASW indicating the placement of the acetylcholine (ACh)-containing pressure ejection 1157 

electrode and the intracellular current-clamp (cc) sharp electrode. 1158 

C, Following 1 mM acetylcholine pressure ejection, 10 mM H2O2 is introduced 8.3 min later and 1159 

induces a depolarization (23.2 ± 2.5 mV) (t12=3.375; *P=0.0055, unpaired Student’s t-test) that evokes a 1160 

burst, whereas 10 mM H2O2 alone solely depolarizes the neuron, but to a significantly lesser extent (9.8 1161 

± 3.6 mV) (left). During the H2O2-evoked burst, the frequency of action potential firing is 0.8 ± 0.2 Hz 1162 

(left), mean discharge duration is 6.4 ± 1.4 min (middle), and the latency is 3.4 ± 0.7 min (right). 1163 
























