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Abstract 22 

            Na+-sensitivity is a unique feature of Na+-activated K+ (KNa) channels, making them 23 

naturally suited to counter a sudden influx in Na+ ions.  As such, it has long been suggested that 24 

KNa channels may serve a protective function against excessive excitation associated with 25 

neuronal injury and disease.  This hypothesis, however, has remained largely untested.  Here, we 26 

examine KNa channels encoded by the Drosophila Slo2 (dSlo2) gene in males and females.  We 27 

show that dSlo2/KNa channels are selectively expressed in cholinergic neurons in the adult brain, 28 

as well as in glutamatergic motor neurons, where dampening excitation may function to inhibit 29 

global hyperactivity and seizure-like behavior.  Indeed, we show that effects of feeding 30 

Drosophila a cholinergic agonist are exacerbated by the loss of dSlo2/KNa channels.  Similar to 31 

mammalian Slo2/KNa channels, we show that dSlo2/KNa channels encode a TTX-sensitive 32 

K+ conductance, indicating that dSlo2/KNa channels can be activated by Na+ carried by voltage-33 

dependent Na+ channels.  We then tested the role of dSlo2/KNa channels in established genetic 34 

seizure models in which the voltage-dependent persistent Na+ current (INap) is elevated.  We 35 

show that the absence of dSlo2/KNa channels increased susceptibility to mechanically-induced 36 

seizure-like behavior.  Similar results were observed in wild-type flies treated with Veratridine, 37 

an enhancer of INap.  Finally, we show that loss of dSlo2/KNa channels in both genetic and 38 

pharmacologically-primed seizure models resulted in the appearance of spontaneous seizures.  39 

Together, our results support a model in which dSlo2/KNa channels, activated upon neuronal 40 

over-excitation, contribute to a protective threshold to suppress the induction of seizure-like 41 

activity.   42 
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Significance Statement 43 

 Slo2/KNa channels are unique in that they constitute a repolarizing K+ pore that is 44 

activated by the depolarizing Na+ ion, making them naturally suited to function as a protective 45 

“brake” against over-excitation and Na+ overload.  Here, we test this hypothesis in vivo by 46 

examining how a null mutation of the Drosophila Slo2 (dSlo2)/KNa gene affects seizure-like 47 

behavior in genetic and pharmacological models of epilepsy.  We show that indeed the loss of 48 

dSlo2/KNa channels results in increased incidence and severity of induced seizure behavior, as 49 

well as the appearance of spontaneous seizure activity.  Our results advance our understanding of 50 

neuronal excitability and protective mechanisms that preserve normal physiology and the 51 

suppression of seizure susceptibility. 52 

  53 
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Introduction 54 

 Neuronal hyperactivity and Na+ overload are associated with many neuropathological 55 

conditions, including Alzheimer’s Disease (Hartley et al., 1999; Palop et al., 2007; Busche et al., 56 

2008; Kuchibhotla et al., 2008; Minkeviciene et al., 2009; Brown et al., 2011; Busche et al., 57 

2012; Davis et al., 2014; Ping et al., 2015; Hahm et al., 2018), neuropathic pain (Calvo et al., 58 

2019), amyotrophic lateral sclerosis (Kuo et al., 2004; Gunes et al., 2020), Fragile X Syndrome 59 

(FXS) (Gibson et al., 2008; Deng and Klyachko, 2021), ischemia (Lee et al., 1999; Choi, 2020), 60 

traumatic brain injury (Huttunen et al., 2018), and epilepsy (Fisher et al., 2005).  K+ channels 61 

offer a fast response element to repolarize the membrane potential and prevent overexcitation.  62 

Na+-activated K+ (KNa) channels, in particular, could provide the first line-of-defense against a 63 

sudden increase in intracellular Na+ that occurs during neuronal injury and disease.  Indeed, 64 

physiologists initially reported that high levels of intracellular Na+ (20-180 mM) were required 65 

to activate KNa channels and suggested that they play a protective role during epileptic, ischemic, 66 

or hypoxic conditions (Kameyama et al., 1984; Luk and Carmeliet, 1990; Mitani and Shattock, 67 

1992; Jiang and Haddad, 1993; Dryer, 1994; Yuan et al., 2003).  Since the 68 

Slo2.2/Slack/KCNT1/KNa1.1 and Slo2.1/Slick/KCNT2/KNa1.2 genes were identified to encode KNa 69 

channels (Bhattacharjee et al., 2003; Yuan et al., 2003), referred to herein as Slo2/KNa channels, 70 

they have been found to be widely expressed in the central nervous system (Bhattacharjee et al., 71 

2002; Bhattacharjee et al., 2005; Rizzi et al., 2016).  Consistent with a protective role against 72 

over-excitation, mutations in the human Slo2/KNa genes, KCNT1 and KCNT2, have been linked 73 

to multiple forms of epilepsy (Heron et al., 2012; Ishii et al., 2013; Moller et al., 2015; Gururaj et 74 

al., 2017; Ambrosino et al., 2018; Mao et al., 2020). 75 
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Structure-function studies have shown that cytoplasmic co-factors and post-translational 76 

regulation can potentially shift Na+-sensitivity of Slo2/KNa channels to a more physiologically 77 

relevant range (Yuan et al., 2003; Tamsett et al., 2009; Huang et al., 2013) and knock-down/out 78 

studies of Slo2.1/KNa1.2 and Slo2.2/KNa1.1 in mice have demonstrated physiological functions of 79 

Slo2/KNa channels.  For example, Slo2/KNa channels have been suggested to contribute to pain 80 

sensation and adaptation (Brown et al., 2008; Lu et al., 2015; Martinez-Espinosa et al., 2015; 81 

Evely et al., 2017; Tomasello et al., 2017), particular types of learning (Bausch et al., 2015; 82 

Quraishi et al., 2020) and locomotor (Quraishi et al., 2020) behaviors.  Although a 83 

neuroprotective role against over-excitation and physiological roles in signaling are not mutually 84 

exclusive, the hypothesis that Slo2/KNa channels serve as a built-in mechanism against Na+ 85 

overload has remained largely untested. 86 

 Here, we use Drosophila as a model to test whether Slo2/KNa channels protect against 87 

over-excitation.  We examine the expression of the single Drosophila Slo2 (dSlo2)/KNa gene, 88 

then show that dSlo2/KNa channels carry a TTX-sensitive K+ current in cholinergic neurons that 89 

protects against behavioral abnormalities and seizure-like activity associated with prolonged 90 

exposure to a cholinergic agonist.  Since our results suggest that dSlo2/KNa channels are 91 

activated by the persistent Na+ current (INap), similar to Slo2/KNa in mammalian neurons (Budelli 92 

et al., 2009; Hage and Salkoff, 2012), we examine the role of dSlo2/KNa channels in genetic 93 

mutant and pharmacologically challenged backgrounds in which INap has been elevated, leaving 94 

the organism prone to seizure induction.  We show that loss of dSlo2/KNa in these models 95 

increases the occurrence of induced seizure-like behavior, the severity of seizure-like behavior, 96 

as well as the number of individuals that exhibit spontaneous seizures. 97 

  98 
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Materials and Methods 99 

Drosophila strains 100 

 w1118 was used as our wild-type control in this study.  We used the previously generated 101 

mutations and transgenic insertions: ChAT-GAL4 (BDSC #6798, 6013), 30y-GAL4, UAS-CD8-102 

GFP, Dα1-T2A-Gal4 (nAchRα1Mi00453-Gal4, BDSC #6670), para-RFP (Ravenscroft et al., 2020), 103 

ΔMdr65 (Denecke et al., 2017a), Mi13397 (Metaxakis et al., 2005; Venken et al., 2011), vas-104 

cas9 (BDSC #51323), GEFS+ (Sun et al., 2012)(gift from Dr. Diane O’Dowd), bang-senseless 105 

(bss1) originally denoted (basMW1) (Jan and Jan 1978) (gift from Dr. Mark Tanouye), julius 106 

seizureiso7.8 (jusiso7.8) previously known as slamdanceiso7.8 (sdaiso7.8) (Zhang et al., 2002; Horne et 107 

al., 2017) (gift from Dr. Mark Tanouye), easily-shocked (easPC80) (Ganetzky and Wu, 1982) (gift 108 

from Dr. Mark Tanouye), SK- (Abou Tayoun et al., 2011)(gift from Dr. Patrick Dolph), 109 

Shks133(Ganetzky and Wu, 1982); the following stocks, ChAT-T2A-LexA (ChATMi04508-LexA), 110 

GAD1-T2A-LexA (GADMi09277-LexA), VGlut-T2A-LexA (VGlutMi04979-LexA), LexAop-TdTom-nls, 111 

UAS-2xEYFP, pC(lox2-attB2-SA-T2A-Gal4-Hsp70)3, hs-Cre, and vas-ΦC31  were all from: 112 

(Diao et al., 2015) (gift from Dr. Benjamin White).  Unless noted as a gift, remaining stocks 113 

were obtained from the Bloomington Drosophila Stock Center (BDSC, as noted).  The following 114 

lines were generated and used in the current study: dSlo2/KNa
-, dSlo2-T2A-Gal4, dSlo2-myc, 115 

UAS-dSlo2/KNa, UAS-dSlo2/KNa-DN.  116 

dSlo2/KNa
-
 null mutant 117 

 CRISPR-Cas9 approaches, described previously (Gratz et al., 2015a; Gratz et al., 2015b), 118 

were employed to generate the null mutant dSlo2/KNa
-.  To target the pore region, sequence 119 

spanning the S5-S6 transmembrane region was inserted into the online tool: 120 
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http://tools.flycrispr.molbio.wisc.edu/targetFinder.  Primers that include two gRNA sequences 121 

(underlined) to target upstream (Fwd: 5’- CTT CGT GCT GGA TAC CAC AAA CGC -3’; Rev: 122 

5’- AAA CGC GTT TGT GGT ATC CAG CAC -3’) and downstream (Fwd: 5’- CTT CGA TGA 123 

CCA TAT AAA GCT GCG -3’; Rev: 5’-AAA CGC CAG CTT TAT ATG GTC ATC -3’) sequences 124 

flanking the dSlo2/KNa pore.  Primers were annealed, phosphorylated, and ligated into pU6-BbsI-125 

chiRNA vector.  A donor plasmid that would incorporate a screenable 3xP3>>DsRed marker 126 

into the deleted site was designed for homology directed repair (HDR).  Primers for the Left 127 

Homologous Arm (LHA) (Fwd: 5’- TAC TCA CCT GCT ACT TCG CCA CTC AAC TGA CCC 128 

AAA TTC -3’; Rev: 5’- TAC TCA CCT GCT ACT CTA CCG CTG GGG ATA AAT AAA AAA -3’), 129 

and Right Homologous Arm (RHA) (Fwd: 5’- TAC TGC TCT TCA TAT AGC TTT ATA TGG 130 

TCA TCA TG -3’; Rev: 5’- TAC TGC TCT TCA GAC ATT ATT GGG CGG GTC CCA GA -3’).  131 

Genomic DNA was isolated by standard phenol-chloroform extraction methods, followed by 132 

isopropanol precipitation.  PCR using the LHA primers and RHA primers generated two separate 133 

products, which were ligated into the pHD-DSRed-attp vector using AarI and SapI restriction 134 

sites, respectively.  gRNA and donor plasmids were microinjected into vas-cas9 flies (Rainbow 135 

Transgenic Flies Inc.).  Injected flies were crossed to w1118, and progeny were screened for 136 

integration of the donor plasmid.  Lines with successful deletion of dSlo2/KNa pore sequence, 137 

indicated by expression of DsRed in the eye, were balanced by standard genetic approaches.  138 

dSlo2/KNa
- null lines were verified by RT-PCR and DNA sequencing. 139 

UAS-dSlo2/KNa transgenic lines 140 

 dSlo2/KNa cDNA (kindly provided by Dr. Lawrence Salkoff) was digested from the pOX-141 

dSlo2/KNa plasmid using KpnI and XhoI sites and ligated into the pENTR1A vector by Genewiz 142 

LLC.  The pENTR1A-dSlo2/KNa vector was recombined with the pTW vector using Gateway 143 
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Technology LR Recombination, and confirmed by DNA sequencing.  pTW-dSlo2 was injected 144 

into w1118 embryos (Rainbow Transgenic Flies, Inc.).  Transgenic lines were identified and 145 

isolated and by standard techniques.  Positive UAS-dSlo2/KNa insertions were driven by elav-146 

Gal4 and over-expression of dSlo2/KNa was by RT-PCR.  147 

UAS-dSlo2/KNa-DN transgenic lines 148 

 dSlo2/KNa-DN sequence was generated, in which sequence encoding the pore was 149 

mutated from a glycine-tyrosine-glycine (5’-GGA TAC GGC-3’) to alanine-alanine-alanine (5’-150 

GCC GCC GCC-3’) (GYG>AAA).  A larger sequence encompassing this mutant pore sequence 151 

was generated (Genewiz Inc.), digested at endogenous DpnIII and ScaI restriction sites, ligated 152 

into the digested pENTR1A-dSlo2/KNa vector, and confirmed by DNA sequencing.  pENTR1A-153 

dSlo2-DN was recombined with the pTW vector using Gateway Technology LR Recombination 154 

to generate pTW-dSlo2/KNa-DN, which was injected into w1118 embryos (Rainbow Transgenic 155 

Flies, Inc.).  Transgenic lines were isolated and identified by standard techniques, and Gal4 156 

driven expression of dSlo2-DN was confirmed by RT-PCR.  157 

dSlo2-T2A-Gal4 line 158 

 The MiMIC line Mi13397 was used as a target for Trojan-mediated expression of Gal4 159 

(T2A-Gal4) that would be under the control of endogenous dSlo2/KNa regulatory elements.  160 

Mi13397 is located in a 5’ intronic region of all predicted splice forms of dSlo2/KNa.  Transgenic 161 

flies containing all 3 phases of T2A-Gal4, flanked by attB sites as well as loxP sites, were 162 

crossed to the Mi13397 line, as described in Diao et al. (2015).  Progeny were crossed to a line 163 

expressing hs-Cre as well as vas-ΦC31-Integrase.  Progeny from this cross were crossed to 164 

transgenic UAS-EYFP lines and screened for expression of EYFP, which would indicate 165 



 

9 
 

successful insertion in the correct phase.  EYFP positive progeny were backcrossed to build a 166 

stable stock, and successful insertion of T2A-Gal4 was further verified by DNA sequencing.   167 

dSlo2-T2A-LexA line 168 

The T2A-LexA cassette was inserted into the Mi13397 site to create the dSlo2-T2A-LexA 169 

line.  To allow for proper translation of LexA, the phase of the Mi13397 insertion in the 170 

dSlo2/KNa locus was predicted using the online tool 171 

(http://flypush.imgen.bcm.tmc.edu/pscreen/mimic.html), and confirmed to be phase-2 by DNA 172 

sequencing.  The plasmid pBS-KS-attB2-SA(2)-T2A-LexA:QFAD-Hsp70 (kindly provided by Dr. 173 

Ben White; (Diao et al., 2015)) was microinjected with the vas-ΦC31 integrase plasmid into 174 

Mi13397 embryos.  Individually injected flies were crossed to LexAop-TdTom-nls flies and 175 

progeny were screened for TdTom fluorescence.  176 

dSlo2-myc line 177 

 A position in Exon 5 (immediately following nucleotide 94 of Exon 5) near the 3’ end of 178 

dSlo2 was chosen for insertion myc. Optimal guide RNA (gRNA) target sites within Exon 5 were 179 

identified using the online tool (http://tools.flycrispr.molbio.wisc.edu/targetFinger/).  Based on 180 

these results, a sense primer 5’-CTT CGT TCT GCT CGA ACA TCA ACC -3’ and antisense 181 

primer 5’- AAA CGG TTG ATG TTC GAG CAG AAC -3’ encoding the gRNA sequence 182 

(underlined) were annealed, phosphorylated, and ligated into the BbsI sites in pU6-BbsI-chiRNA.  183 

A single-stranded oligodeoxynucleotide (ssODN) repair template was designed such that the myc 184 

sequence (GAA CAA AAA CTC ATC TCA GAA GAG GAT CTG) was in-frame with dSlo2/KNa 185 

and flanked by homologous regions of ~60 nt.  Importantly, the myc sequence also disrupts the 186 

gRNA target sequence, preventing Cas9 digestion of the repair template.  Both the pU6-BbsI-187 
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chiRNA-Exon5 plasmid and ssODN were injected into vas-Cas9 embryos (Rainbow Transgenic 188 

Flies, Inc.).  Individually injected flies were crossed to a double-balanced line and progeny from 189 

these were backcrossed to each other.  Once these flies began laying eggs, adults were pooled in 190 

groups of five and screened for successful insertion of the myc tag by PCR and restriction digest 191 

with EarI, a site located within the myc sequence.  If digestion occurred, progeny from this vial 192 

were subsequently crossed individually to double-balancer lines.  Once eggs were laid, the 193 

individual adult was screened for positive insertion.  Successful insertion of in-frame myc 194 

sequence was ultimately confirmed by DNA sequencing.    195 

Immunostaining and Imaging 196 

 Larval Body Wall Immunostaining.  Larvae were fileted in cold PBS along the dorsal 197 

midline with slight cuts made perpendicular at each end.  Corners of the body wall were pinned 198 

down on sylgard and tissue inside of the larvae was removed.  The fileted prep was washed 3x in 199 

cold PBS, then fixed in 4% paraformaldehyde (PFA) in PBS for 30 min. at room temperature.  200 

PFA was washed out 3 times with PBS.  The prepared larval body wall was then blocked in PBS 201 

with 0.5% Triton-X 100 (PBT) and 5% BSA for 2-3 hrs, then incubated for ~48 hours at 4˚C on 202 

rocker in PBT with 5% BSA and primary mouse anti-myc (Santa Cruz, 9E10) at 1:50.  Body 203 

walls were washed 3 times for 30 min., each in PBT with 5% BSA, then incubated in secondary 204 

goat anti-mouse conjugated to Alexafluor 647 at 1:2000 overnight at 4˚C.  Body walls were 205 

again washed 3 times for 30min. in blocking solution, washed 2 times in PBS, followed by 206 

fixation in 4% PFA for 10 min. to secure antibodies to their targets.  Body walls were then 207 

washed in PBS, then H2O, and mounted in VectaShield.  208 

 CNS Immunostaining.  Adult and larval Drosophila CNS were dissected in cold PBS.  209 

Following dissection, CNS were fixed in 4% PFA in PBS at room temperature for 20 min., 210 
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washed 2 times in PBS, and 2 times in PBT.  Primary antibodies used were mouse anti-myc 211 

(1:50, Santa Cruz), chicken anti-GFP (1:2000, Aves Labs), rabbit anti-RFP (1:2000, Rockland 212 

Immunochemicals, Inc.).  Primary antibodies were diluted in PBT with 5% BSA or NGS and 213 

incubated with CNS for 48-72 hours at 4˚C on rocker.  CNS were then washed 3x times in PBT 214 

for 10 min. each.  Alexa Fluorophores, anti-chicken 488, anti-rabbit 568, and anti-mouse 647 215 

from Invitrogen were used at a 1:2000 dilution in PBT with 5% BSA or NGS and incubated with 216 

CNS for 24-48 hours at 4˚C on rocker. CNS were again washed 3 times for 10 min. each in PBT, 217 

washed 2 times in PBS, and fixed in 4% PFA for 10 min. to secure antibodies to their targets.  218 

Following fixation, CNS were rinsed in PBS then H2O and mounted using Vectashield or 219 

DABCO (90% glycerol in PBS and 2.5% DABCO). Larval brains were oriented with the dorsal 220 

side facing the coverslip, while the adult brains were oriented with the ventral side facing the 221 

coverslip.  222 

 Images were acquired on either an upright Zeiss LSM 880 fluorescence confocal 223 

microscope or an inverted Zeiss LSM 800 fluorescence confocal microscope. Z-stacks and image 224 

tiling on the Zeiss ZEN software were used to acquire images of whole brains. Images were 225 

processed in ImageJ and maximum intensity Z-projections were generated when compiling Z-226 

stack images. 227 

 Immunostaining Embryonic Cultures.  Single embryos aged 5-6 hours (at room 228 

temperature) were dissociated in drop cultures of 20 μL culture medium, as previously described 229 

(Tsunoda and Salkoff, 1995a, 1995b; Eadaim et al., 2020).    After overnight primary antibody 230 

incubation at 4 °C, cultures were washed, and incubated with secondary.  Cultures were fixed in 231 

4% formaldehyde in PBS for 10 minutes, blocked (1% BSA or 5% goat serum, 0.1% sapponin in 232 

PBS) for 30 minutes, then incubated with primary antibody overnight at 4 °C.  Antibodies 233 
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against the following proteins were used at the indicated concentrations: anti-myc (1:50; c-Myc 234 

Antibody (9E10), Santa Cruz Biotechnology, Inc.), anti-RFP (1:2000; Rockland-Inc).  After 4 235 

washes (0.1% sapponin in PBS, 5 min each), we incubated cultures with Goat-anti-Rabbit/Mouse 236 

Alexa Fluor 568/488 (1:500-1000; Invitrogen) secondary antibodies at room temperature for 2 237 

hrs, washed again, then mounted them in p–phenylenediamine in 90% glycerol.  We imaged 238 

cultures with a 60X oil–immersion objective, using Zeiss Apotome technology to obtain optical 239 

sections.  Images were acquired with Zen Blue (2012) software (Zeiss) and processed for figure 240 

using Adobe Photoshop and Illustrator.   241 

Imidacloprid Feeding 242 

 Larval feeding was performed as previously described (Perry et al. 2008, Perry et al. 243 

2012, Somers et al. 2015).  An insecticide containing the active ingredient Imidacloprid 244 

(“Compare N Save Systemic Tree and Shrub Insect Drench”, Ragan & Massey, Inc. 245 

(Ponchatoula, LA)) was diluted 1:1000 in H2O.  From this dilution, Imidacloprid was added to 246 

standard cornmeal and agar food at the listed concentrations and allowed to solidify overnight in 247 

the dark.  Embryos were collected from adult flies on egg laying plates of grape juice and agar.  248 

Embryos were aged for 24 hours to the L1 larval stage.  20 L1 larvae were gently collected from 249 

the egg laying plates using a brush and placed on the cornmeal and agar food containing different 250 

concentrations of the insecticides.  Larvae were aged for 14-18 days in the dark to prevent 251 

degradation of the drug by exposure to light.  The larvae that made it to adulthood were counted 252 

and averaged over 3 separate feeding trials, each with 3 vials (20 larvae/vial) per genotype.  253 

 Acute exposure assays following eclosion were performed similar to a previously 254 

described study (Denecke et al., 2017b), with noted adjustments.  Media containing 5% sucrose 255 

and 1% agar was boiled to dissolve sucrose and agar, then Imidacloprid (“Compare N Save 256 
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Systemic Tree and Shrub Insect Drench”) was added to final concentration and stirred 257 

thoroughly.  4mLs of the food mixture was then aliquoted into separate vials and allowed to 258 

solidify overnight in the dark.  Newly-eclosed males (<24 hours) were collected and aged for 5 259 

days under 12 hr. light:12 hr. dark conditions.  On the 5th day, flies were starved in empty vials 260 

for 4 hours.  Flies were then placed in the Imidacloprid food mixture vials and left in the dark.  261 

Every 24 hours, flies were analyzed for their ability to stand, walk, or groom.  If flies were 262 

unable to stand or walk, or were dead, they were counted as “affected”.  263 

 For Imidacloprid feeding prior to mechanical stimulation, powdered Imidacloprid 264 

(Sigma-Aldrich, #138261-41-3) was dissolved in H2O to make a 2.36 mM stock solution and 265 

kept in the dark.  Dissolved Imidacloprid was added to media (5% sucrose + 1% agar) to a final 266 

concentration of 9ppm.  Male flies were aged for 3 days under 12 hr. light:12 hr. dark conditions.  267 

On the morning of the 3rd day, flies were placed on the mock- or Imidacloprid-food for 24 hours 268 

under 12 hr. light:12 hr. dark conditions.  Flies were then subjected to bang-sensitive assays 269 

blinded to the researcher.  Groups of 5 flies were transferred to empty vials and allowed to 270 

acclimate for at least 5 minutes, then were subjected to 30 seconds of vortex at high speed.  271 

Immediately following vortex, flies were analyzed to determine the fraction that were paralyzed.  272 

Fractions affected were averaged across multiple trials. 273 

Veratridine Feeding  274 

 Newly-eclosed male flies (5 per vial) rested, following CO2 exposure, for 24 hours under 275 

12 hr. light:12 dark conditions.  Flies were then starved for 24 hours (25 °C, ~64% humidity) in 276 

empty vials containing only H2O-soaked filter paper.  The H2O-soaked filter paper was replaced 277 

with filer paper soaked in 2% sucrose containing either 20µM Veratridine (V-110, Alomone 278 
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Labs, Inc.)  in dimethyl sulfoxide (DMSO) or the vehicle (“mock”; 0.05% DMSO) and left for 2 279 

hours.  Flies were then tested in mechanically-induced and spontaneous seizure assays. 280 

Mechanically-Induced Seizure Assays 281 

 Newly-eclosed male flies were aged for 2 days under 12 hr. light:12 hr. dark conditions, 282 

gently transferred individually to empty vials using a suction pipet to avoid the use of CO2.  Flies 283 

were allowed to acclimate to the new vials for at least 5 minutes, then subjected to a 10-second 284 

vortex on high speed.  Immediately following vortex, flies were videotaped for later analysis 285 

offline.  The time to each behavioral characteristic was noted by the researcher who was blinded 286 

to the genotype.  These characteristics included the time to both the recovery seizure and to full 287 

recovery; seizure was characterized by the inability to stand or walk and/or uncontrollable motor 288 

function.  Additionally, flies were scored for a secondary paralysis period, characterized by a 289 

period of quiescence following the recovery seizure that lasted for at least 3 seconds.  If flies 290 

exhibited a secondary paralysis, the time spent paralyzed was also measured.  These 291 

characteristics were averaged across trials of roughly 20 flies individually assayed for each 292 

genotype.  293 

Heat-Induced Seizure Assays 294 

 In experiments using the GEFS+ line, newly-eclosed females were aged for 2-3 days.  To 295 

induce seizures, 5 flies were placed in empty vials and allowed to acclimate for at least 5 296 

minutes.  Flies were then placed in a 40˚C water bath and behavior was videotaped.  Analysis of 297 

recordings was done offline with the researcher blinded to the genotype of the flies.  Seizure-like 298 

behavior, defined as uncontrolled motor behavior or paralysis, was scored as a fraction of the 299 

total flies every 10 seconds per vial and averaged across trials.  300 
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Spontaneous Seizure Assays 301 

 Newly-eclosed male flies were placed in vials in groups of 10 per vial and aged for 2 302 

days under 12 hr. light:12 hr. dark conditions.  Before testing, flies were gently transferred to 303 

empty vials, allowed to acclimate to the new environment for 30 minutes, then videotaped for 15 304 

minutes.  Videos were analyzed offline, with the researcher blinded to the genotype.  Seizures 305 

were characterized as random bouts of uncontrollable motor movement in which the flies were 306 

unable to stand or walk.  The number of overall seizures exhibited in a vial were totaled over the 307 

15-minute period and averaged across genotypes.   308 

Electrophysiological Recordings 309 

Whole-cell recordings were performed in perforated patch-clamp configuration by adding 310 

400 – 800 µg/ml Amphotericin-B (Sigma-Aldrich) in the pipette, as described previously (Ping 311 

and Tsunoda, 2011; Ping et al., 2011a).   For Na+ and K+ current recordings, we used external 312 

solution (in mM): NaCl 140, KCl 2, HEPES 5, CaCl2, 1.5, MgCl2 6, pH 7.2.  For Na+-free 313 

external solution, CholineCl was substituted for NaCl.  For Na+ current (only) recordings, we 314 

used Cs-based internal solution composition (in mM): CsCl 10, Cs-methanesulfonate 130, 315 

HEPES 10, EGTA 0.5, ATP-Mg 4, MgCl2 2, CaCl2 0.1; pH7.2.   Electrodes were filled with 316 

internal solution (in mM): K-gluconate 120, KCl 20, HEPES 10, EGTA 1.1, MgCl2 2, CaCl2 0.1, 317 

ATP-Mg, 4; pH 7.2.  All recordings were performed at room temperature.  Gigaohm seals were 318 

obtained for whole-cell recordings. Data was acquired and analyzed using an Axopatch 200B 319 

amplifier, Axon Digidata 1440A and pClamp 10.7 software (Molecular Devices Corp.).  320 

Recordings were digitized at 5 kHz and filtered at 2 kHz, using a lowpass Bessel filter.  321 

Additional analysis and presentation software used for all electrophysiological data include: 322 
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Clampfit 10.7 (Molecular Devices Corp.), Origin (Microcal Software), and Illustrator (Adobe).  323 

Averaged data presented as mean +/- SEM, p < 0.05 (Student’s t-test). 324 

Tetrodotoxin (TTX) (Sigma-Aldrich) and Veratridine (Alomone Labs) were prepared in 325 

stock solutions of 2 mM and 50 mM, respectively. Veratridine was dissolved in dimethyl 326 

sulfoxide (DMSO) for stock solution, then added to external solutions at final concentrations 327 

indicated in the text and the vehicle concentrations did not exceeded 0.01%.  Drugs were applied 328 

using a rapid application system, termed the “Y-tube method”, which can change the local 329 

external solution within a few seconds, as described elsewhere (Akaike et al., 1991; Min et al., 330 

1996). 331 

Experimental Design and Statistical Analyses 332 

 In these studies, male Drosophila were used for all comparisons except for those made 333 

with bss-/+ mutants (Figs. 5,6,8); because the bss gene is on the X chromosome, heterozygous 334 

bss- required that we use females.  Sample sizes and controls are indicated in the figure legends.  335 

All behavioral experiments were performed in multiple cohorts with genotypes blinded to the 336 

experimenter, as described in the Materials and Methods section for each experimental assay.  337 

Reported are mean values +/- SEMs and the standard statistical test used was the unpaired two-338 

tailed t-test.  The criterion used for statistical significance was p<0.05; lesser values (eg. p<0.01) 339 

are also noted in the figure legends. 340 

Results 341 

dSlo2/KNa Channels are Expressed in Excitatory Neurons in the CNS 342 

 To first examine where dSlo2/KNa is expressed in the CNS, we set out to generate a 343 

transgenic line expressing the transcriptional activator Gal4 under the control of native dSlo2/KNa 344 

regulatory elements.  Using the previously developed “Trojan exon” system (Diao et al., 2015), 345 
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we aimed to introduce a “Trojan exon”, containing a splice acceptor site followed by the T2A-346 

Gal4 sequence, into a coding intron within the dSlo2/KNa gene.  When spliced into the dSlo2/KNa 347 

coding transcript, the viral-based T2A signal is predicted to terminate translation of the 348 

dSlo2/KNa transcript and promote translation of Gal4 as a second protein product from the same 349 

transcript (Diao and White, 2012; Diao et al., 2015; Lee et al., 2018).  This results in Gal4 350 

expression that should mimic endogenous dSlo2/KNa expression; note that this will also result in 351 

truncation of dSlo2/KNa just upstream of the S1 transmembrane domain, making it in effect a null 352 

mutant of dSlo2/KNa.  To generate this line, ΦC31-mediated recombination was used to induce an 353 

in vivo exchange of an exogenously provided T2A-Gal4 cassette for a previously inserted Minos-354 

Mediated Integration Cassette (MiMIC) element (Venken et al., 2011), Mi13397; Mi13397 is 355 

present in a coding intron predicted to be incorporated into all splice forms of dSlo2.  Successful 356 

exchange of the T2A-Gal4 cassette was screened for and verified by DNA sequencing; we refer 357 

to this new line as dSlo2-T2A-Gal4.  We used dSlo2-T2A-Gal4 to drive expression of UAS-EYFP 358 

or UAS-CD8-GFP as a reporter for dSlo2/KNa expression in the larval and adult central nervous 359 

system (CNS). 360 

 In the CNS of third instar (L3) larvae, dSlo2-T2A-Gal4>>UAS-EYFP expression was 361 

most abundant in Kenyon cells (KCs) and cells in the ventral nerve cord (VNC) (Fig. 1A).  In the 362 

adult CNS, we observed widespread dSlo2/KNa reporter expression, with especially strong 363 

expression in KCs, and in the morphologically distinct motor neurons of the VNC (Fig. 1B).  364 

KCs have been shown to play a key role in associated visual and olfactory learning and memory 365 

function (Heisenberg et al., 1985; McGuire et al., 2001; Tanaka et al., 2008; van Swinderen, 366 

2009).  dSlo2/KNa reporter expression was also found in second order sensory processing cells, 367 

including the lamina and medulla of the optic lobe, and the antennal lobe that receives input from 368 
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olfactory receptor neurons (Fig. 1B).  Thus, dSlo2/KNa channels may function in regulating 369 

excitability in neurons involved in sensory processing, and learning and memory function. 370 

Since dSlo2/KNa expression appeared to be widespread, at least at low levels, we next 371 

investigated whether dSlo2/KNa is preferentially expressed in cholinergic, GABAergic, and/or 372 

glutamatergic neurons.  To do this, we used ChAT-T2A-LexA, GAD1-T2A-LexA, and VGlut-T2A-373 

LexA lines, respectively, which drive LexA expression in each of these respective neuronal 374 

subtypes.  LexA transgenes and dSlo2-T2A-Gal4 were used to drive expression of different 375 

colored fluorophores in the same brains.  dSlo2-T2A-Gal4 drove expression widely in 376 

cholinergic neurons, as expected, since the major excitatory neurotransmitter in the Drosophila 377 

brain is acetylcholine (Fig. 2A).  Since neurons localized to the medulla cortex exhibit a mixture 378 

of cholinergic and GABAergic neurons (Strother et al., 2017), we used this region to examine 379 

whether dSlo2-T2A-Gal4 was expressed in excitatory and/or inhibitory neurons.  Interestingly, 380 

all apparent dSlo2-T2A-Gal4>>UAS-EYFP positive neurons were also positive for ChAT-381 

LexA>>LexAop-TdTomato-nls (Fig. 2A).  In contrast, dSlo2-T2A-Gal4>>UAS-EYFP and Gad1-382 

LexA>>LexAop-TdTomato-nls were strikingly non-overlapping (Fig. 2B), suggesting that 383 

dSlo2/KNa channels are expressed exclusively in cholinergic neurons and excluded from 384 

GABAergic neurons.  dSlo2-T2A-Gal4>>UAS-CD8-GFP expression in glutamatergic cells 385 

appeared to be cell-type specific.  For example, in the medulla cortex of the optic lobe, dSlo2-386 

T2A-Gal4>>UAS-CD8-GFP and VGlutMi14979-LexA>>LexAop-TdTomato-nls expression showed 387 

no apparent overlap, whereas in the ventral nerve cord (VNC), significant overlap was observed 388 

in motor neurons (Fig. 2C).  The widespread expression in excitatory neurons in the brain, and in 389 

motor neurons, suggests that dSlo2/KNa channels might function to modulate neuronal, and 390 

p e r h a p s  b e h a v i o r a l ,  e x c i t a b i l i t y . 391 
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To gain further insight into how dSlo2/KNa channels might function in neuronal 392 

excitability, we set out to characterize the subcellular localization of dSlo2/KNa channels.  To do 393 

this, we generated a line in which DNA coding for myc was inserted into the endogenous 394 

dSlo2/KNa gene such that the translated myc epitope would be fused within the C-terminus of the 395 

channel subunits (see Materials and Methods); we refer to this line as dSlo2-myc.  We found that 396 

dSlo2-myc was differentially localized to cell bodies and axonal/dendritic sub-compartments in 397 

various neuronal subtypes.  For example, in KCs, dSlo2-myc expression was localized to cell 398 

bodies, the calyx, and peduncle, a structure consisting of KC axons that project to the mushroom 399 

body lobes (Fig. 1B, 2D), but were absent from the axons in the mushroom body lobes 400 

themselves.  Since the calyx consists of a mixture of dendritic processes from the KCs as well as 401 

axonal processes from other neurons such as the projection neurons (PNs), it is unclear whether 402 

dSlo2-myc was present in the dendrites of the KCs and/or axonal terminals from PNs.  We also 403 

examined the subcellular localization of dSlo2-myc in Class IV multidendritic (md) neurons 404 

whose axonal and dendritic processes are clearly distinguishable.  We found that dSlo2-myc 405 

channels were localized to axonal process of these neurons, but seemingly absent from dendrites 406 

and cell bodies (Fig. 2E).  Thus, dSlo2-myc appears to be trafficked to different neuronal sub-407 

compartments, depending on cell identity, where these dSlo2/KNa channels may dampen 408 

neuronal excitability by different mechanisms. 409 

 410 

Effects of a Cholinergic Agonist are Exacerbated by the Loss of dSlo2/KNa Channels 411 

 Given the expression of dSlo2/KNa in excitatory cholinergic neurons in the brain, and the 412 

likelihood that dSlo2/KNa channels would be activated by increased excitation, our goal was to 413 

test the long-standing hypothesis in the field that Slo2/KNa channels dampen excitability when 414 



 

20 
 

confronted with excessive excitation (Kameyama et al., 1984).  We first investigated whether 415 

dSlo2/KNa channels might function in circumstances of increased excitation induced by feeding 416 

flies the cholinergic agonist, Imidacloprid.  Activation of nicotinic acetylcholine receptors 417 

(nAChRs), the major excitatory receptor in the Drosophila CNS, results in an influx of cations, 418 

including Na+, which could in turn activate dSlo2/KNa channels.  Since we planned to feed flies 419 

Imidacloprid, which has been shown to act as a partial agonist for Dα1 nAChRs (Brown et al., 420 

2006; Perry et al., 2008; Ihara et al., 2018), we first confirmed that dSlo2/KNa channels and Dα1 421 

receptors have overlapping expression.  To do this, we generated and used dSlo2/KNa-T2A-LexA 422 

and Dα1-T2A-Gal4 lines to drive expression of LexAop-TdTomato-nls and UAS-CD8-GFP, 423 

respectively.  Throughout the CNS, we found that virtually all Dα1-positive cells were also 424 

positive for dSlo2/KNa reporter expression (Fig. 3A). 425 

We then examined the toxic effects of feeding wild-type larvae Imadacloprid.  We placed 426 

wild-type first instar (L1) larvae on food mixed with Imidacloprid, which they consumed for the 427 

rest of development, then scored for the number of viable adults that eclosed.  Consistent with 428 

earlier reports (Perry et al., 2008; Denecke et al., 2017b), we found that the fraction of larvae that 429 

survived to adulthood was progressively reduced as the concentration of Imidacloprid was 430 

increased (Fig. 3B).  We also tested ΔMdr65 mutants, which contain a deletion of the Mdr65 431 

gene that encodes an ATP-binding cassette transporter.  These mutants were previously shown to 432 

be highly susceptible to Imidacloprid treatment due to an inability to effectively efflux the 433 

compound from the CNS (Denecke et al., 2017a), and have been used here as a positive control 434 

for Imidacloprid toxicity.  Indeed, even at 0.6ppm Imidacloprid, only 23% of the ΔMdr65 larvae 435 

eventually eclosed as adults, compared to 78% of wild-type; at 1.2 ppm Imidacloprid, only 1% of 436 
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ΔMdr65 adults eclosed (Fig. 3B).  Previous studies have shown that this Imidacloprid toxicity is 437 

due to its hyper-activation of Dα1 nAChRs (Perry et al., 2008). 438 

Hyper-activation of Dα1 nAChRs would likely result in an overload of intracellular Na+, 439 

and perhaps activation of dSlo2/KNa channels as a protective measure.  To test if the loss of 440 

dSlo2/KNa channels would affect Imidacloprid toxicity, we generated a dSlo2/KNa
- null mutant 441 

line (see Materials and Methods) and examined whether dSlo2/KNa
- mutants exhibited any 442 

difference in Imidacloprid toxicity compared to wild-type.  We found that indeed dSlo2/KNa
- 443 

mutants were more sensitive to Imadacloprid.  At 1.2ppm and 1.8ppm Imidacloprid, 50% and 444 

35% of wild-type flies eclosed, respectively, while only 18% and 6% of dSlo2/KNa
- mutants 445 

eclosed, respectively (Fig. 3B).  We also tested the dSlo2-T2A-Gal4 line, which, as described 446 

above, is predicted to essentially be a null mutant of dSlo2/KNa.  We found that dSlo2-T2A-Gal4 447 

flies were also more susceptible to Imidacloprid than wild-type flies (Fig. 3B).  Our results show 448 

that Imidacloprid toxicity during development is more detrimental in the absence of dSlo2 449 

channels, suggesting that dSlo2 channels act protectively against Imidacloprid-induced 450 

hyperactivity.  451 

We next examined if adult flies acutely fed Imidacloprid exhibit detectable behavioral 452 

alterations.  For these experiments, flies were fed food mixed with Imidacloprid, then scored 453 

each day as “affected” if they were unable to walk, stand, or groom.  We found that after 3 days 454 

of feeding on 18ppm Imidacloprid or after 1 day of feeding on 55ppm Imidacloprid, an 455 

increasing number of wild-type flies were affected, with 100% of the flies affected after 4 days 456 

feeding on 55ppm Imidacloprid (Fig. 3C).  When dSlo2/KNa
- mutants were examined in 457 

concurrent assays, we found that significantly more dSlo2/KNa
- mutants were affected than wild-458 

type.  This can be seen at 4-5 days on 18ppm Imidacloprid, and 2-3 days on 55ppm Imidacloprid 459 



 

22 
 

(Fig. 3C).  To test if this increased susceptibility to Imidacloprid was due to the loss of 460 

dSlo2/KNa channels, we examined whether exogenous expression of dSlo2/KNa in a dSlo2/KNa
- 461 

mutant background would rescue the percent of flies affected by Imidacloprid.  To do this, we 462 

used the dSlo2-T2A-Gal4 line as a dSlo2/KNa loss-of-function background.  Indeed, like the 463 

dSlo2/KNa
- mutant, the dSlo2-T2A-Gal4 line showed high sensitivity to Imidacloprid (Fig. 3D); it 464 

is unclear why the dSlo2-T2A-Gal4 line was even more sensitive to Imidacloprid than dSlo2/KNa
-

465 

.  We generated UAS-dSlo2/KNa transgenic lines to test for rescue of this increased sensitivity.  466 

We used dSlo2-T2A-Gal4 to drive expression of UAS-dSlo2/KNa (dSlo2-T2A-Gal4>>UAS-467 

dSlo2/KNa) and tested for Imidacloprid susceptibility.  We found that the percent of flies affected 468 

after 2-3 days on Imidacloprid was indeed significantly reduced with expression of UAS-469 

dSlo2/KNa (Fig. 3D), suggesting that dSlo2/KNa channels function protectively against 470 

Imidacloprid-induced hyperactivity.  471 

Since other hyperactive lines have been characterized to exhibit paralysis upon 472 

mechanical stress (Parker et al., 2011b), we also tested whether mock- and Imidacloprid-fed 473 

wild-type and dSlo2/KNa
- flies exhibited any difference in mechanically-induced paralytic 474 

behavior.  We found that wild-type mock-treated flies and flies fed 9ppm Imidacloprid for 24 475 

hours showed no significant change in behavior after mechanical stimulation (Fig. 3E).  In 476 

contrast, 80% of Imidacloprid-fed dSlo2/KNa
-
 flies exhibited paralysis following mechanical 477 

stimulation (Fig. 3E).  Altogether, our results using Imidacloprid to over-activate nAChRs 478 

suggest that dSlo2/KNa channels function to dampen this excessive activity and protect against 479 

detrimental developmental and behavioral consequences. 480 

 481 

dSlo2 Channels are Activated by a TTX-Sensitive Na + Current in Neurons 482 
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 Mammalian Slo2/KNa channels have been shown to be activated by Na+ influx through 483 

tetrodotoxin (TTX)-sensitive Na+ channels, and in particular, by the persistent current Na+ 484 

current (INap) that follows the transient Na+ current component (Budelli et al., 2009; Hage and 485 

Salkoff, 2012).  To test if there is also a TTX-sensitive K+ current present in Drosophila neurons, 486 

we assayed primary neurons dissociated from ChAT-Gal4>>UAS-GFP embryos, which express 487 

GFP in ChaT-positive neurons, and grown in culture for 9-10 days in vitro (DIV).  In whole-cell 488 

perforated-patch mode, we applied voltage-clamp protocols to elicit voltage-dependent Na+ and 489 

K+ currents from ChAT-positive neurons.  From a holding potential of -90mV, we took 200ms 490 

voltage jumps to potentials from -50mV to +50mV, in 10 mV increments.  Based on extensive 491 

characterization of these neurons (Tsunoda and Salkoff, 1995a, 1995b; Ping et al., 2011a), this 492 

voltage protocol is expected to elicit a Na+ current encoded by the single voltage-dependent Na+ 493 

channel gene para, a rapidly activating transient A-type K+ current encoded by the Kv4/Shal 494 

gene, and delayed-rectifier type K+ currents encoded by the Kv2/Shab and Kv3/Shaw gene.  In the 495 

first 100ms of the voltage jump, Na+ and Kv4/Shal channels are likely to be activated and carry 496 

currents in opposing directions, making the visualization of either incomplete.  In the last 100ms 497 

of the voltage jump, however, the transient Na+ current component will be completely 498 

inactivated and only INap and sustained K+ currents will be represented.  Thus, we measured the 499 

sustained current component, by averaging the last 60 ms, before and after TTX (1 µM) bath 500 

perfusion; any TTX-sensitive current was isolated by subtracting the whole-cell current after 501 

TTX application from the whole cell current before TTX application.  We found a small outward 502 

current that could be measured from about +20 mV (Fig. 4A, D).  The outward nature of this 503 

current suggests the presence of a TTX-sensitive K+ current.  To confirm that this TTX-sensitive 504 

K+ current is Na+-dependent, we also removed Na+ from the extracellular bath solution and 505 
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performed the same experimental protocol.  Indeed, the small outward TTX-sensitive current 506 

was absent under these conditions (Fig. 4B, E). 507 

We next tested if this small sustained TTX-sensitive K+ current was encoded by the 508 

dSlo2/KNa gene.  To do this, we recorded from ChAT-positive neurons in primary cultures made 509 

from the dSlo2/KNa
- null mutant line.  We found no outward TTX-sensitive current present in 510 

dSlo2/KNa
- mutant neurons (Fig. 4C, F); instead, the TTX-sensitive current in dSlo2/KNa

- mutant 511 

neurons was a small inward current that likely represents INap (Fig. 4F).  These results suggest 512 

that dSlo2/KNa encodes a small sustained K+ current in excitatory Drosophila neurons that is 513 

activated by Na+ influx carried by TTX-sensitive Na+ channels. 514 

To examine if dSlo2/KNa channels are localized in close proximity to voltage-dependent 515 

Na+ channels, we immunostained similarly cultured and aged primary neurons from a 516 

Drosophila line expressing endogenously labeled dSlo2-myc and para-mCherry (Ravenscroft et 517 

al., 2020).  We found that dSlo2-myc and para-mCherry exhibited significant overlap in neuronal 518 

cell bodies and processes at 8-10 DIV (Fig. 4H).   In KCs of the adult brain, we observed that 519 

dSlo2-myc and para-RFP overlap in somas and in the peduncle, a structure housing axonal 520 

segments proximal to the KC cell body layer (Fig. 4I), but both were seemingly absent from 521 

more distal axonal regions in the mushroom body lobes.   These results suggest that dSlo2/KNa 522 

and voltage-dependent Na+ channels often co-localize in similar neuronal subcompartments, 523 

where INap influx through Na+ channels could activate nearby dSlo2/KNa channels. 524 

 525 

dSlo2/KNa
- Mutant Neurons Exhibit Excitability Similar to Wild-Type Neurons Under 526 

Basal Conditions 527 
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 We first examined whether dSlo2/KNa- null mutant neurons exhibit altered excitability 528 

under normal physiological conditions.  In current-clamp mode, we ramped current injection 529 

from 0 to 150 pA over 1000 ms and recorded membrane voltage changes.  We measured the 530 

charge transfer required to elicit the first action potential (AP) firing, the rate of change in 531 

membrane potential in the first 50 ms (slope), amplitude of the first AP, time to first AP peak, 532 

and the interval between the first and second APs.  We found no differences between wild-type 533 

and dSlo2/KNa- mutants for all of these measurements (Fig. 5), with the exception of an increase 534 

in the interval between the first and second AP (Fig. 5G).  Overall, however, there was no 535 

significant change in neuronal excitability under basal conditions.  Membrane resistance, cell 536 

capacitance, and resting membrane potentials were also not different between wild-type and 537 

dSlo2/KNa- mutants (Table-1).  These results are consistent with behavioral data in this study 538 

which show no difference between wild-type and dSlo2/KNa- mutants unless challenged with 539 

conditions of global over-excitation. 540 

  541 

Loss of dSlo2/KNa in GEFS+ Seizure Mutants Exacerbates Heat-Induced Seizure-like 542 

Behavior 543 

 We next set out to test if dSlo2/KNa channels might dampen excitation under conditions 544 

of hyperexcitation created by elevated levels of INap.  In Drosophila, there are multiple seizure 545 

models that exhibit an enhanced INap current.  First, we examined the GEFS+ mutant model, 546 

which was designed to contain a genomic point mutation in the para Na+ channel gene that is 547 

analogous to a human mutation that causes the disease, Generalized Epilepsy with Febrile 548 

Seizures Plus (GEFS+), which is due to an elevated INap current (Abou-Khalil et al., 2001; Sun et 549 

al., 2012).  Similar to effects in humans, Drosophila GEFS+ mutants exhibit an enhanced INap 550 
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current and seizure-like activity in response to increased temperature (Sun et al., 2012) (Fig. 6A).  551 

In contrast, wild-type and dSlo2/KNa
- mutants did not induce any seizure-like activity at 40 °C 552 

(Fig. 6A).  We next examined if the loss of dSlo2/KNa channels in GEFS+ mutants would affect 553 

seizure susceptibility.  Since GEFS+ mutants exhibit an enhanced INap current, and INap activates 554 

dSlo2/KNa channels, we reasoned that dSlo2/KNa channels might provide some initial protection 555 

against hyperactivity.  If this hypothesis is correct, we expect that the loss of dSlo2/KNa channels 556 

would result in greater seizure sensitivity.  We compared the GEFS+ mutation with and without 557 

the dSlo2/KNa
- null mutation.  We found that while 50% of GEFS+ mutants exhibited seizure-558 

like activity after ~100 seconds at 40 °C, GEFS+; dSlo2/KNa
- double mutants were significantly 559 

more sensitive to heat-induced seizure-like activity, with 50% of the flies seizing after only ~70 560 

seconds (Fig. 6A).  These results suggest that dSlo2/KNa channels function to dampen 561 

hyperactivity and suppress seizure-like behavior. 562 

 563 

Loss of dSlo2/KNa in INap-Affected “Bang-Sensitive” Seizure Models Results in Increased 564 

Susceptibility and Prolonged Seizure-like Behavior 565 

We next examined three “bang sensitive” mutants that exhibit an elevated INap current 566 

and consequent susceptibility to mechanically-induced seizure-like activity.  These mutants, 567 

julius seizureiso7.8 (jus-) (previously known as slamdanceiso7.8), easily-shockedPC80(eas-), and 568 

bang-senseless1 (bss-), have been well characterized as models of human epilepsy (Zhang et al., 569 

2002; Song and Tanouye, 2008; Marley and Baines, 2011; Parker et al., 2011a; Parker et al., 570 

2011b).  jus-, eas-, and bss- mutants all exhibit seizure-like activity induced by mechanical stress; 571 

this seizure-like activity has been well characterized both behaviorally and electrophysiologically 572 

(Benzer, 1971; Ganetzky and Wu, 1982; Pavlidis et al., 1994; Pavlidis and Tanouye, 1995; 573 
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Kuebler et al., 2001; Lee and Wu, 2002; Song and Tanouye, 2008; Marley and Baines, 2011; 574 

Parker et al., 2011a).  We set out to examine whether the dSlo2/KNa
- null mutation exacerbates 575 

these seizure-like phenotypes.  Because homozygous bss- mutants have been reported to exhibit 576 

such a strong phenotype, it wasn’t clear that we would be able to detect an exacerbated 577 

phenotype in this background; we therefore, used bss-/+ heterozygotes, which have been shown 578 

to exhibit a similar, albeit less severe seizure-like phenotype (Kuebler and Tanouye, 2000; 579 

Parker et al., 2011b).   580 

 Mechanical stress was invoked by a 10-second vortex of single flies in empty vials.  581 

While wild-type and dSlo2/KNa
- mutant flies immediately recovered from this mechanical 582 

stimulation (Fig. 6B), -, eas-, and bss-/+ mutants all exhibited the expected stereotypical 583 

sequence of seizure activity: a “Primary Paralysis” phase following an “Initial Seizure” that 584 

occurs during this mechanical stimulation, followed by a “Recovery Seizure”, and finally, “Full 585 

Recovery” (as diagramed in 5C; Fig. 6D-F), as previously reported (reviewed in (Parker et al., 586 

2011a)).  Seizure-like activity was characterized by uncontrollable motor movement and an 587 

inability to stand or walk.  We then tested if and how the absence of dSlo2/KNa affected this 588 

behavioral sequence in jus-, eas-, and bss-/+ mutant backgrounds.  We measured the time flies 589 

spent in Primary Paralysis, as well as the total time to Full Recovery.  We found that the loss of 590 

dSlo2/KNa channels in all bang-sensitive lines resulted in a significant increase in times of 591 

paralysis and times to Full Recovery (Fig. 6D-F).  For example, seizure mutants’ times to Full 592 

Recovery were lengthened by 57% to 163% when combined with the dSlo2/KNa
- mutation (Fig. 593 

6D-F).  Interestingly, in jus- and eas- mutants, the absence of dSlo2/KNa often caused a 594 

“Secondary Paralysis” period following the Recovery Seizure (diagramed in Fig. 5C; Fig. 6D-F); 595 

this tendency was largely absent in the jus- and eas- mutant backgrounds alone, although 596 
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routinely observed in bss-/+ mutants (Fig. 6D-F).  We quantified the duration of these Secondary 597 

Paralysis periods and found that the loss of dSlo2/KNa also prolonged these periods in all mutant 598 

backgrounds (Fig. 6D-F).   599 

We then tested if dSlo2/KNa channels play this protective role in excitatory neurons of the 600 

CNS, as suggested by our expression studies (Fig. 2A).  To do this, we generated a transgenic 601 

line expressing a dominant-negative (DN) dSlo2/KNa subunit under the control of UAS (UAS-602 

dSlo2/KNa-DN).  In this dSlo2/KNa-DN sequence, the highly conserved K+ channel pore sequence, 603 

glycine-tyrosine-glycine (GYG), was mutated to three alanines (GYG>AAA); this mutation has 604 

previously been shown to produce subunits that, upon multimerization with wild-type subunits, 605 

renders K+ channels non-functional (Perozo et al., 1993; Barry et al., 1998; Abou Tayoun et al., 606 

2011; Ping et al., 2011a).  Because we had observed widespread expression of dSlo2/KNa in most 607 

cholinergic neurons throughout the adult brain, we used ChAT-Gal4 to drive expression of UAS-608 

dSlo2/KNa-DN in cholinergic neurons of jus-, eas-, and bss-/+ mutant lines.  We found that ChAT-609 

Gal4>>UAS-dSlo2/KNa-DN expression increased the time from mechanical stimulation to Full 610 

Recovery in each of these seizure lines (Fig. 7).  Altogether, our results suggest that dSlo2/KNa 611 

channels protect excitatory neurons from hyperactivity and aid in the prevention of induced 612 

seizure-like behavior. 613 

 614 

dSlo2/KNa Channels Protect Flies from Mechanically-Induced Seizure-like Behavior 615 

Primed by Pharmacological Enhancement of INap  616 

 We next tested if pharmacological enhancement of the INap current component would also 617 

prime the nervous system for induction of seizure-like behavior, and whether the loss of 618 
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dSlo2/KNa would exacerbate this behavior.  To do this, we considered Veratridine, which has 619 

been shown in multiple mammalian cell types to prolong the open state of Na+ channels, thereby 620 

increasing the INap current (Barnes and Hille, 1988; Hage and Salkoff, 2012).  We tested 621 

Veratridine in primary cultured Drosophila neurons and found that bath perfusion of Veratridine 622 

(5 uM) indeed increased the INap current component of the Na+ current, with no significant effect 623 

on the transient Na+ current component (Fig. 8A). 624 

We then fed flies either vehicle (mock-treated) or Veratridine (20 µM) for 2 hours and 625 

subjected them to mechanical stress with a 10-second vortex.  While this mechanical stress did 626 

not induce the stereotypical sequence of seizure-like behavior exhibited by bang-sensitive flies 627 

(see Fig. 6C), it did result in seizure-like behavior immediately following mechanical 628 

stimulation.  To test if dSlo2/KNa channels function protectively against this seizure-like 629 

behavior, we compared mock- or Veratridine-fed wild-type and dSlo2/KNa
- flies.  We found that 630 

a significantly higher fraction of Veratridine-fed dSlo2/KNa
- mutants displayed mechanically-631 

induced seizure-like behavior, compared to mock-fed dSlo2/KNa
- mutants or Veratridine-fed 632 

wild-type flies (Fig. 8B).  To test the specificity of this effect, we also mock- and Veratridine-fed 633 

null mutants of the small-conductance Ca2+-activated K+ channel gene (SK-) and the voltage-634 

dependent Kv1/Shaker K+ channel gene (ShKS133).  SK- and ShKS133 mutants, whether mock- or 635 

Veratridine-fed, did not exhibit any more seizure-like behavior than wild-type (Fig. 8B).  Our 636 

results suggest that dSlo2/KNa channels protect neurons from seizure induction also in this 637 

Veratridine-primed model, in which the system is confronted with a global increase in INap. 638 

 639 

The Loss of dSlo2/KNa Reveals a Spontaneous Seizure Phenotype in INaP-Affected Seizure 640 

Models 641 
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 Bang-sensitive mutants are well known to require mechanical stress to induce seizure-642 

like behavior, and this was largely true for our Veratridine-primed model.  However, we noticed 643 

that when these seizure models contained the dSlo2/KNa
- mutation, a significant number of flies 644 

appeared to exhibit spontaneous seizure-like behavior.  One possibility is that dSlo2/KNa 645 

channels contribute to the threshold for seizure induction, and when absent in these seizure 646 

models, threshold is significantly reduced, thereby enabling spontaneous seizures to occur.  To 647 

test this, we quantified the number of seizures observed in groups of 10 flies over a 15-minute 648 

period; we first tested jus-, eas-, and bss-/+ mutants with and without dSlo2/KNa.  As expected, 649 

jus-, eas-, and bss-/+ flies all exhibited little to no spontaneous seizure-like activity, similar to 650 

wild-type (Fig. 9A).  In contrast, dSlo2/KNa
-; jus- and bss-/+; dSlo2/KNa

- double mutants both 651 

displayed a significant number of spontaneous seizures (Fig. 8A);  dSlo2/KNa
-;eas- double 652 

mutants, however, were similar to wild-type (Fig. 9A) and it is unclear why the eas- mutant 653 

background was less susceptible to spontaneous seizures than the other mutants. dSlo2/KNa
- 654 

mutants themselves displayed minimal spontaneous seizure activity (Fig. 9A), suggesting that 655 

conditions for spontaneous seizure-activity is primed by an enhancement in INap, and revealed by 656 

a lack of dSlo2/KNa channels.  To test if this effect is specific to the loss of dSlo2/KNa channels in 657 

cholinergic neurons, we drove expression of the dominant-negative UAS-dSlo2/KNa-DN 658 

transgene exclusively in cholinergic neurons in the jus- mutant, and assayed for spontaneous 659 

seizure-like activity.  Similar to the dSlo2/KNa
-;jus- double mutant, ChAT-Gal4>>UAS-660 

dSlo2/KNa-DN;jus- flies exhibited a significantly increased number of spontaneous seizures, 661 

compared to cholinergic expression of dSlo2-DN alone, or the jus mutation combined with the 662 

ChAT-Gal4 or UAS-dSlo2/KNa-DN alone (Fig. 9B).     663 
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  We also tested if Veratridine-enhancement of INap would similarly induce spontaneous 664 

seizure-like activity that would be exposed with the lack of dSlo2/KNa channels.  Wild-type and 665 

dSlo2/KNa
- flies, as well as SK- and ShKS133 K+ channel mutants, were mock- or Veratridine-fed 666 

for 2 hours.  Then, groups of 10 were observed over a 15-minute period for any seizure-like 667 

activity.  We found that the number of seizures was very low and not significantly different in 668 

wild-type, SK-, and ShKS133 flies, whether mock- or Veratridine-fed (Fig. 9C).  In contrast, 669 

Veratridine-fed dSlo2/KNa
- mutants exhibited a significantly elevated number of spontaneous 670 

seizures compared to Veratridine-fed wild-type flies or dSlo2/KNa
- mock-fed flies (Fig. 9C).  We 671 

also examined whether there were differences in the duration of observed seizures.  dSlo2/KNa
-

672 

;jus- and bss-/+;dSlo2/KNa
- double mutants exhibited a wider distribution of seizure durations 673 

than single mutant lines (Fig. 9D-E).  Similarly, Veratridine-fed dSlo2/KNa
- mutants displayed a 674 

wider range of seizure durations when compared with Veratridine-fed wild-type flies (Fig. 9F); 675 

all seizure-like events observed in wild-type flies lasted less than 3 seconds, while seizure events 676 

in dSlo2/KNa
- mutants lasted from 0.7 to 89 seconds.  Because of the low numbers of seizures 677 

seen in control lines, however, we were not able to perform meaningful statistical analyses on 678 

these distributions.  Altogether, our results suggest that when dSlo2/KNa channels are absent in 679 

models already susceptible to seizure, seizure threshold are lowered, resulting in an increased 680 

incidence of induced as well as spontaneous seizure behavior. 681 

 682 

Discussion 683 

 In this study, we show that when dSlo2/KNa channels are absent in genetic and 684 

pharmacological models that increase Na+ influx carried by either nAChRs or voltage-gated Na+ 685 

channels, effects such as –seizure-like behavior, paralysis, and death –are even worse, suggesting 686 
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that a role of dSlo2/KNa channels is to help prevent these outcomes when the nervous system is 687 

over-excited.  In particular, our data suggests that dSlo2/KNa channels in Drosophila, like their 688 

mammalian counterparts, are activated by the INap current carried by voltage-dependent Na+ 689 

channels.  We examined four genetic seizure models and a newly introduced pharmacological 690 

(Veratridine) model with enhanced INap currents.  The mechanism underlying the enhanced INap 691 

in each of these genetic seizure mutants, however, is different.  jus- and eas- mutations affect a 692 

novel transmembrane protein of unknown function (Horne et al., 2017) and ethanolamine kinase 693 

(Pavlidis et al., 1994), respectively, which have each been reported to affect alternative splicing 694 

of the para Na+ channel gene, increasing the inclusion of “exon-L”, which has been shown to be 695 

associated with increased INap (Lin et al., 2012).  In contrast, the increase in INap in the bss- and 696 

GEFS+ lines are due to point mutations in the para gene itself (Parker et al., 2011b; Sun et al., 697 

2012).  Notably, mutations that increase INap in mammalian systems have been associated with 698 

multiple types of human epilepsy (Kearney et al., 2001; Lossin et al., 2002; Vanoye et al., 2006; 699 

Chen et al., 2011).  And in all four genetic seizure models and Veratridine-fed wild-type flies, we 700 

showed that the loss of dSlo2/KNa channels results in increased seizure susceptibility and 701 

severity.  The observation that the loss of dSlo2/KNa channels similarly affects multiple INap-702 

affected Drosophila models bolsters the suggestion that the protective role of dSlo2/KNa channels 703 

is indeed due to activation by the enhanced INap current. 704 

 Interestingly, the degree to which the dSlo2/KNa
- null mutation and dSlo2/KNa-DN 705 

dominant-negative transgene exacerbated seizure phenotypes of the bang-sensitive mutants, jus-, 706 

eas-, and bss-, seems to be inversely related to the reported severity of each mutant phenotype.  707 

For example, the jus- mutant has been reported to exhibit the least severe phenotype of the three 708 

bang-sensitive mutants we tested (Kuebler and Tanouye, 2000), yet it was in this background 709 
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that dSlo2/KNa
- and dSlo2/KNa-DN resulted in the greatest percent increase in seizure indicators 710 

(eg. times of paralysis, times to full recovery, frequency of seizures, etc.) in both induced and 711 

spontaneous seizure-like behavior.  In contrast, we saw the mildest changes in seizure indicators 712 

with the bss- mutant, which has been reported to have the lowest seizure-threshold and most 713 

severe seizure phenotype of the bang-sensitive mutants (Kuebler and Tanouye, 2000).  The 714 

reason for this trend is unclear, but one speculation is that dSlo2/KNa channels may function 715 

protectively as a first-line-of-defense that raises the threshold for seizure induction, but as 716 

sustained and more severe over-excitation persists, dSlo2/KNa channels can do little to alleviate 717 

ensuing seizure activity.  This is a point that may need to be considered when evaluating 718 

conditions under which Slo2/KNa channels contribute to seizure threshold in mammalian 719 

systems.  Little has been reported about the role of Slo2/KNa channels in seizure; in a recent 720 

report, the knock-out of Slo2.2/Slack/KNa1.1 has been shown to result in a decrease in the electric 721 

shock stimulus needed to induce a seizure in a hindlimb extension assay (Quraishi et al., 2020). 722 

 Although roles for Slo2/KNa channels have been identified in nociceptive, thermal, and 723 

mechanical sensation (Lu et al., 2015; Martinez-Espinosa et al., 2015; Evely et al., 2017; 724 

Tomasello et al., 2017), as well as in reversal and motor learning (Bausch et al., 2015; Quraishi 725 

et al., 2020), there is a clear link between Slo2/KNa channels and non-physiological 726 

hyperactivity.  For example, there are numerous mutations in human Slo2/KNa KCNT1/KCNT2 727 

genes which have been associated with multiple forms of epilepsy, including malignant 728 

migrating partial seizures of infancy (MMPSI), autosomal dominant nocturnal frontal lobe 729 

epilepsy (ADNFLE), Ohtahara syndrome, sudden unexplained death in epilepsy (SUDEP), 730 

multifocal epilepsy, leukoencephalopathy, Brugada syndrome, and epilepsy of infancy with 731 

migrating focal seizures (EIMFS) (Heron et al., 2012; Ishii et al., 2013; Moller et al., 2015; 732 
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Gururaj et al., 2017; Ambrosino et al., 2018; Mao et al., 2020).  Some of these human mutations 733 

have been recapitulated in Xenopus oocytes (Barcia et al., 2012; Kim et al., 2014; Milligan et al., 734 

2014; Tang et al., 2016; McTague et al., 2018), CHO cells (Rizzo et al., 2016; Mao et al., 2020), 735 

HEK cells (Ambrosino et al., 2018), as well as human iPSC-derived neurons (Quraishi et al., 736 

2019), revealing both loss- and gain-of-function mutations.  An enduring question in the field has 737 

been, how do the many gain-of-function KNa channel mutations lead to hyperactivity?  738 

Genetically tractable systems, such as Drosophila, may provide in vivo modeling to eventually 739 

address this question. 740 

 Multiple factors contribute to the complexity of how Slo2/KNa channels affect neuronal 741 

excitability.  For example, we found that the subcellular distribution of dSlo2/KNa channels 742 

varied from one cell type to another, suggesting that dSlo2/KNa channels likely affect excitability 743 

differently, depending on cell type.  In addition, various factors, including Cl- and NAD+, have 744 

been reported to regulate Na+-sensitivity of Slo2/KNa channels (Yuan et al., 2000; Bhattacharjee 745 

et al., 2003; Yuan et al., 2003; Tamsett et al., 2009).  Slo2/KNa activation has also been reported 746 

downstream of multiple sources of Na+, including glutamate receptors, H-channels, and cyclic 747 

nucleotide gated channels (Nanou and El Manira, 2007; Lu et al., 2010; Aoki et al., 2018); little, 748 

however, is known about the physical interaction/proximity of Slo2/KNa channels to these 749 

channels or Na+ channels, which would greatly influence the responsiveness and role of Slo2/KNa 750 

channels.  Finally, we found that enhancement of seizure indicators by the dSlo2/KNa
- mutation in 751 

seizure prone backgrounds was difficult to rescue with exogenous expression of dSlo2/KNa (data 752 

not shown); one speculation is that neurons are very sensitive to expressed levels of dSlo2/KNa, 753 

making it difficult to titrate the right amount of dSlo2/KNa expression to rescue the dSlo2/KNa
- 754 

mutant phenotype without over-expressing dSlo2/KNa above wild-type levels.  Regulating precise 755 
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expression levels of dSlo2/KNa in vivo may be an additional challenge important to understanding 756 

how dSlo2/KNa channels affect neuronal excitability.        757 

Our current study supports a model in which one role of dSlo2/KNa channels is to provide 758 

a reserve K+ conductance that suppresses seizure induction when the nervous system is 759 

confronted with excessive excitation.  It will be interesting for future studies to explore what 760 

factors distinguish this protective role of dSlo2/KNa channels from roles in sensory processing 761 

and learning/memory function.  762 

 763 

  764 
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Figure Legends 765 

Figure 1.  dSlo2/KNa Reporter Expression in the Larval and Adult Nervous System. 766 

A, Representative optical sections, 0.6-0.8 µm, from an L3 larval brain show: (i) dSlo2-T2A-767 

Gal4>>UAS-EYFP expression in Kenyon Cells (kc), (ii) dSlo2-T2A-Gal4>>UAS-mCD8-GFP 768 

expression in the ventral nerve cord.  B, Representative optical sections and Z-projections from 769 

the adult brain: (i) Z-projection of 27 confocal sections spanning 16.5 m showing dSlo2-T2A-770 

Gal4>>UAS-mCD8-GFP expression in Kenyon Cells (kc), calyx (cx), and mushroom body 771 

lobes (α and β), (ii) Z-projection of 7 confocal sections spanning 3.5 m showing dSlo2-T2A-772 

Gal4>>UAS-mCD8-GFP expression in the antennal lobe (al), (iii) optical sections, 0.6-0.8 µm, 773 

showing dSlo2-T2A-Gal4>>UAS-mCD8-GFP expression in motor neurons (mn), (iv) optical 774 

sections, 0.6-0.8 µm, showing dSlo2-T2A-Gal4>>UAS-EYFP expression in the lamina (la) of 775 

the optic lobe, (v) optical sections, 0.6-0.8 µm, showing dSlo2-T2A-Gal4>>UAS-EYFP 776 

expression in the medulla (md) of the optic lobe.  All scale bars, 10µm.  777 

 778 

Figure 2.  dSlo2-T2A-Gal4 Drives Expression Selectively in Cholinergic Neurons. 779 

A-B, Representative optical sections, 0.6-0.8 µm, of UAS-EYFP driven by dSlo2-T2A-Gal4 780 

(dSlo2>>EYFP; green) through the medulla cortex of the adult brain.  LexAop-TdTom-nls 781 

(magenta) was simultaneously driven in A, cholinergic neurons with ChAT-T2A-LexA 782 

(ChAT>>TdTom), B, GABAergic neurons with Gad1-T2A-LexA (GAD>>TdTom).  C, 783 

Representative optical sections, 0.6-0.8 µm, showing dSlo2-T2A-Gal4>>UAS-mCD8-GFP 784 

(dSlo2>>CD8-GFP, green) expression in glutamatergic neurons identified by expression of 785 

VGlut-T2A-LexA>>UAS-TdTom-nls (VGlut>>TdTom) in the medulla (Top, Brain) and ventral 786 
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nerve cord (Bottom, VNC).  D, Representative optical sections, 0.6-0.8 µm, showing 30y-787 

Gal4>>UAS-CD8-RFP (30y>>CD8-RFP; magenta) and dSlo2-myc (dSlo2-myc; green) co-788 

immunolabeling in Kenyon Cells (Top; cell bodies (cb) and calyz (cx)) and in an optical cross-789 

section of the peduncle (ped; dotted white outlined).  E, Z-projection of 19 confocal sections 790 

spanning 18 m showing co-expression of ppk-Gal4>>UAS-CD4-TdTom (ppk>>TdTom; 791 

magenta) and dSlo2-myc (green) in Class IV multidendritic neurons.  Arrows denote axonal 792 

projection from this md neuron.  All scale bars, 10µm. 793 

 794 

Figure 3.  Effects of the Cholinergic Agonist, Imidacloprid, are Exacerbated in dSlo2/KNa
- 795 

Mutants.  A, Representative optical sections showing UAS-CD8-GFP and LexAop-TdTom-nls 796 

driven by Dα1-Gal4 and dSlo2-T2A-LexA, respectively (Dα1>>CD8-GFP (green) and 797 

dSlo2>>TdTom (magenta)), in Kenyon Cell bodies of the adult brain.  Scale bar, 10µm.  B, 798 

Mean percentage of adults that eclosed from groups of 20 L1 larvae raised on food with 799 

containing 0ppm, 0.6ppm, 1.2ppm, or 1.8ppm Imidacloprid.  Genotypes as indicated: wild-type 800 

(WT), dSlo2/KNa
- (dSlo2-), dSlo2-T2A-Gal4, and ∆Mdr65.  n = 6-9 groups per genotype.  C-D, 801 

Mean percentage of flies scored as “affected” (inability to stand or walk, see Materials and 802 

Methods) was averaged each day following placement of flies on food containing either 18ppm 803 

(Left) or 55ppm (Right) Imidacloprid.  Genotypes as indicated: wild-type (WT) and dSlo2/KNa
- 804 

(C), and dSlo2-T2A-Gal4 and dSlo2-T2A-Gal4>>UAS-dSlo2 (D).  n = 8-10 groups of 5 flies per 805 

group for each genotype.  E, Fraction of flies paralyzed following a 30-second mechanical 806 

stimulation (see Materials and Methods) after 24 hours of feeding either vehicle (Mock) or 9ppm 807 

Imidacloprid (IMI).  n = 12-16 trials of 5 flies per group for each condition and genotype.  Data 808 

are presented as mean ± SEM.  Mutant data compared to WT, *p < 0.05 , Student’s t test. 809 
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 810 

Figure 4.  dSlo2/KNa Encodes a TTX-Sensitive Outward Current in Neurons.   811 

A-C,  Na+ and K+ currents elicited from representative wild-type neurons in Na+-containing 812 

extracellular solution (A, WT+Na+) or Na+-free extracellular solution (B, WT-Na+), and 813 

dSlo2/KNa
-   neurons in Na+-containing extracellular solution (C, dSlo2-) at 9 DIV in response to 814 

voltage jumps to -50 mV to +50 mV, in 10 mV increments, before (Control) and after 1 µM 815 

tetrodotoxin (+TTX) application.  Current traces from the +TTX condition were subtracted from 816 

the Control condition to give TTX-sensitive current trace shown (KNa).  Scale bars, 100 pA, 10 817 

ms.  D-F, Plotted are current densities for Ctrl, +TTX, and KNa currents, as described for (A-C) 818 

at indicated test potentials for WT+Na+ (D), WT-Na+ (E), and dSlo2/KNa
- mutant (F) neurons.  819 

n= 12-14 cells.  G, Calculated current densities for the TTX-sensitive (KNa) current in WT+Na+, 820 

WT-Na+, and dSlo2- mutant neurons at a test potential of +40 mV; n= 12-14 cells.  D-G, Data are 821 

presented as mean +/- SEM.  *p = 0.018, Student’s t-test.  H, Optical sections through a 822 

representative cluster of neuronal cell bodies (Top) and extending processes (Bottom) of primary 823 

neurons cultured (8-10 DIV) from para-mCherry;dSlo2-myc embryos.  Cells are co-824 

immunostained for dSlo2-myc (green) and para-mCherry (red); Scale bar, 10 µm.  I, 825 

Representative optical sections showing co-immunostaining of para-RFP (magenta) and dSlo2-826 

myc (green) in Kenyon Cell somas (Top; Scale bar, 5 µm) and axons in the peduncle (Bottom, 827 

dotted white outline; Scale bar, 10 µm) from the intact adult brain. 828 

 829 

Figure 5.  dSlo2/KNa
- Mutant Neurons Exhibit Excitability Similar to Wild-Type Neurons 830 

Under Basal Conditions.  A, Representative membrane voltage responses from wild-type (WT) 831 
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and dSlo2/KNa- (dSlo2-) neurons to ramped current injection from 0 to 150 pA over 1000 ms; the 832 

first 165 ms are shown.  The following measurements were made: B, charge transfer required to 833 

elicit the first AP; C, rate of membrane potential change in the first 50 ms of ramp stimulation; 834 

D, peak amplitude of the first AP; E, time to the first AP peak; F, interval between peaks of the 835 

first and second AP.  n = 17-18 cells per genotype.  All data presented as mean ± SEM.  *p < 836 

0.05, Student’s t-test. 837 

 838 

Figure 6.   The Absence of dSlo2/KNa Channels in Multiple INap-Affected Seizure Models 839 

Results in Increased Seizure Susceptibility Following Heat/Mechanical Stimulation.   840 

A, Mean fraction of flies exhibiting seizure-like behavior shown for wild-type (WT), dSlo2/KNa
-, 841 

GEFS+, and GEFS+;dSlo2/KNa
- while subjected to 40˚C for the times indicated.  n = 10-12 842 

groups of 5 individuals per genotype.  B, Time to full recovery following 10-second mechanical 843 

stimulation for wild-type (WT) and dSlo2/KNa
- (dSlo2-).  C, Diagram showing typical sequence 844 

of seizure behavior in “bang-sensitive” models following mechanical stimulation.  D-F, Shown 845 

are mean time in primary paralysis, fraction of flies exhibiting secondary paralysis, time in 846 

secondary paralysis, and time to full recovery for individually assayed jus- (D), eas- (E), and bss-
847 

/+ (F) mutants with and without the dSlo2/KNa
- mutation, as indicated, immediately following 848 

10-second mechanical stimulation.  n = 17-19 flies per genotype.  All data presented as mean ± 849 

SEM.  Double mutants compared to jus-, eas-, and bss-/+ backgrounds, **p < 0.01, Student’s t 850 

test. 851 

 852 
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Figure 7.  Expression of Dominant-Negative dSlo2/KNa Subunit (dSlo2/KNa-DN) in 853 

Cholinergic Neurons Prolongs Induced Seizure-Like Behavior in INap-Affected Models.  854 

Shown are mean times that individual flies took to full recovery after mechanical stimulation.  855 

These times were measured in jus- (A), eas- (B), and bss-/+ (C) mutants with ChAT-Gal4 (Gal4), 856 

UAS-dSlo2/KNa-DN (UAS), or ChAT-Gal4>>UAS-dSlo2/KNa-DN (dSlo2-DN), as indicated.  857 

Data for jus-, eas-, bss-/+ alone are from Fig. 5 and shown for comparison.  All data are presented 858 

as mean ± SEM.  Comparisons as indicated, *p < 0.05, Student’s t test.   859 

 860 

Figure 8.  dSlo2/KNa
- Mutants fed Veratridine, an Enhancer of INap, Exhibit Increased 861 

Susceptibility to Mechanically-Induced Seizure-Like Behavior.  A, Representative whole-cell 862 

Na+ current recorded from a wild-type neuron (9 DIV) from a holding potential of -90 mV to a 863 

test potential of -20 mV before (Control; black trace) and after 5 µm Veratridine (+Veratridine; 864 

red trace) application.  Transient and Persistent components of the Na+ current are indicated.  865 

Scale bars, 20 pA, 10 ms).  B, Normalized Na+ current densities for the transient current 866 

component (Left; Transient) and persistent INap current component (Right; Persistent) from 867 

Control and Veratridine-treated neurons.  n = 9 cells.  C, Shown are the mean fraction of flies 868 

exhibiting seizure-like behavior immediately following a 10-second mechanical stimulation.  869 

Wild-type (WT), dSlo2/KNa
-, SK-, and ShKS133 (Sh-) flies were fed either vehicle (0.05% DMSO, 870 

Mock) or 20µM Veratridine (Vtd) for 2 hours prior to mechanical stimulation.  n = 10-23 groups 871 

of 5 flies/vial.  Data are presented as mean ± SEM.  Comparisons as indicated, *p < 0.05, 872 

Student’s t test. 873 

 874 
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Figure 9.  Absence of dSlo2/KNa Channels in Multiple INap-Affected Seizure Models Results 875 

in an Increased Incidence of Spontaneous Seizures.  A-C, Shown are mean numbers of 876 

spontaneous seizures observed in groups of 10 flies over a 15-minute period of time.  A,  Mean 877 

numbers of spontaneous seizures for wild-type (WT), dSlo2/KNa
-, and jus-, eas-, bss-/+ mutations 878 

alone and in combination with dSlo2/KNa
-, as indicated.  n = 7-8 groups for WT and single 879 

mutants, n = 14-16 groups for double-mutant genotypes with dSlo2-.  B, Mean numbers of 880 

spontaneous seizures for ChAT-Gal4>>UAS-dSlo2/KNa-DN (dSlo2-DN), and jus- alone or in 881 

combination with ChAT-Gal4 (Gal4), UAS-dSlo2/KNa-DN (UAS), or dSlo2-DN, as indicated.  n 882 

= 7-8 groups per genotype.  C, Mean numbers of spontaneous seizures for WT, dSlo2/KNa
-, SK-, 883 

and ShKS133 (Sh-) flies fed either vehicle (0.05% DMSO, Mock) or 20µM Veratridine for 2 hours 884 

prior to assay.  n = 8-10 groups per genotype.  All data presented as mean ± SEM. Comparisons 885 

as indicated, *p < 0.05, Student’s t test.  D-F, Shown, for descriptive purposes, are histograms of 886 

durations of spontaneous seizures grouped into indicated bins for indicated genotypes and 887 

conditions. 888 

 889 

Table-1.  Passive Electrical Properties of Wild-Type and dSlo2/KNa
- Neurons are Similar.  890 

Shown are measurements of capacitance, input resistance, and resting membrane potentials from 891 

wild-type (WT) and dSlo2/KNa- primary neurons at 8-10 DIV.  Data are presented as mean ± 892 

SEM; numbers of cells are indicated.  Values between genotypes were subjected to comparison 893 

and p-values are indicated, Student’s t-test.  894 

 895 

  896 
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 1 

 
Capacitance (pF) Input resistance (G) 

Resting membrane 
potential (mV) 

WT 8.17 ± 0.49 (n=17) 4.27 ± 0.40 (n=39) -41.50 ± 2.39 (n=14) 

dSlo2- 8.32 ± 0.90 (n=13) 3.14 ± 0.52 (n=38) -40.10 ± 2.70 (n=23) 

p-value, t-test 0.89 0.09 0.70 

 

 


