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Highlights: 12 

 NaV1.1A1783V alters voltage-dependence of activation and slow inactivation while not 13 

affecting fast inactivation. 14 

Depolarizing and hyperpolarizing shifts of activation and slow inactivation curves result 15 

in combined channel loss of function (LOF). 16 

  Simulations of NaV1.1A1783V interneuronal properties indicate reduced action 17 

potential firing rates comparable to full SCN1A haploinsufficiency, which is often found in 18 

Dravet syndrome. 19 

In silico modelling identifies impaired channel activation as the predominant 20 

mechanism of channel LOF. 21 

 Panneuronal induction of Scn1a+/A1783V in a cortical slice culture model confirms 22 

restriction of loss of function and its restriction to interneurons. 23 

Abstract 24 

Dravet syndrome (DS) is a developmental epileptic encephalopathy mainly caused by 25 

functional NaV1.1 haploinsufficiency in interneurons (IN). Recently, a new conditional mouse 26 

model expressing the recurrent human p.A1783V missense variant has become available. 27 

Here we provide an electrophysiological characterization of this variant in tsA201 cells, 28 

revealing both altered voltage-dependence of activation and slow inactivation without reduced 29 

sodium peak current density. Simulating IN excitability in a Hodgkin-Huxley one-compartment 30 

model suggested surprisingly similar firing deficits for Scn1aA1783V and full haploinsufficiency 31 

as caused by heterozygous truncation variants. Impaired NaV
A1783V channel activation was 32 

predicted to have a significantly larger impact on channel function than altered slow 33 
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inactivation and is therefore proposed as the main mechanism underlying IN dysfunction. The 34 

computational model was validated in cortical organotypic slice cultures derived from 35 

conditional Scn1aA1783V mice. Pan-neuronal activation of the p.A1783V variant in vitro 36 

confirmed the predicted IN firing deficit while demonstrating normal excitability of pyramidal 37 

neurons. Taken together these data demonstrate that despite maintained physiological peak 38 

currents density LOF gating properties may match effects of full haploinsufficiency on neuronal 39 

level, thereby causing DS. 40 

Introduction 41 

Dravet syndrome (severe myoclonic epilepsy in infancy (SMEI)) is a rare form of 42 

developmental epileptic encephalopathy characterized by an early febrile seizure onset in 43 

childhood followed by a high frequency seizure period with large diversity between seizure 44 

types (Dravet, 1978). The epilepsy phenotype is combined with a multitude of comorbidities, 45 

including intellectual disability, sleep disorder, motor dysfunction and an increased incidence 46 

for sudden death in epilepsy patients (SUDEP). More than 80% of diagnosed Dravet cases 47 

are caused by de-novo loss of function (LOF) variants causing functional haploinsufficiency of 48 

the SCN1A gene coding for the alpha-subunit of the voltage-gated sodium channel NaV1.1 49 

(Marini et al., 2011). NaV1.1 variants are associated with a variety of neurological diseases 50 

including familial febrile seizures, generalized epilepsy with febrile seizures plus (GEFS+), 51 

sporadic/familial hemiplegic migraine and Dravet syndrome resembling a clinical phenotype 52 

at the severe end of the spectrum (Gambardella & Marini, 2009). The high diversity of SCN1A 53 

associated disorders can be explained by a variety of gain and loss of function variants 54 

(Catterall, Kalume, & Oakley, 2010) which impair the channel on different levels including 55 

changed RNA transcription (Lange et al., 2019), reduced protein expression, altered 56 

membrane trafficking (Thompson, Porter, Kahlig, Daniels, & George, 2012), impaired ß-57 

subunit interaction (Spampanato et al., 2004) and channel dysfunction (Kluckova et al., 2020). 58 

In the last years, different cell culture and animal models have been established based on 59 

patient mutations to explore the different pathomechanisms of NaV1.1 leading to epileptic 60 

phenotypes. Most frequently, heterozygous NaV1.1 knockout mice, mimicking protein 61 

truncating nonsense variants found in Dravet patients, are used to investigate 62 

pathophysiological disease mechanisms (Favero, Sotuyo, Lopez, Kearney, & Goldberg, 2018; 63 

Mistry et al., 2014; Ogiwara et al., 2007; Yu et al., 2006). Such studies revealed a predominant 64 

role of LOF effects in certain inhibitory neuron classes including parvalbumin interneurons 65 

(PV-IN) (Bechi et al., 2012; Favero et al., 2018; Rubinstein et al., 2015; Tai, Abe, Westenbroek, 66 

Scheuer, & Catterall, 2014; Tiraboschi et al., 2020; Tran et al., 2020) However, nonsense 67 
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mutations only account for a subset of pathogenic variants leading to epileptic phenotypes:  68 

Especially milder epilepsy syndromes are often caused by missense variants within the protein 69 

coding sequence and were studied in IPSC-derived neurons (Xie et al., 2020) and mouse 70 

models (Das et al., 2021; Hedrich et al., 2014). However, also DS may be caused by missense 71 

variants (Marini et al., 2011). While protein truncation (nonsense variants) or diminished 72 

surface expression (certain missense variants) result in pronounced reduction of sodium peak 73 

currents the mechanisms of remaining missense variants can be more complex, as 74 

physiological gating properties of channels may be affected on multiple levels. While full 75 

haploinsufficiency is modelled well by heterozygous Scn1a knock out mice (PMID: 23922229), 76 

they may not generally reflect Dravet patient disease status for carriers of missense variants. 77 

To approach this uncertainty, conditional mice expressing the human Dravet missense variant 78 

p.A1783V (Depienne et al., 2009; Klassen et al., 2014) have been recently developed by the 79 

Dravet Syndrome European Federation (PMID: 31578435). However, the effects of p.A1783V 80 

on NaV1.1 channel function have not been delineated to date. A limited number of studies 81 

provide first insight in the effects of variant Scn1aA1783V channels on neuron excitability after 82 

breeding conditional Scn1aA1783V mice with Cre-driver lines. Depending on the exact genetic 83 

background of offspring animals, the subtype of studied neurons and the brain areas in which 84 

neurons were recorded, differential effects on neuron firing have been described (Almog et 85 

al., 2021; Kuo, Cleary, LoTurco, Chen, & Mulkey, 2019). Although loss of function of 86 

Scn1aA1783V has been assumed, the biophysical effects of the variant on NaV1.1 channel 87 

function have not yet been delineated. In this study we are providing a detailed comparative 88 

characterization of variant p.A1783V and wildtype (WT) gating properties in tsA201 cells. 89 

While full haploinsufficiency with reduced Na+ peak currents is a common feature in DS our 90 

recordings revealed clear LOF mechanisms, albeit with preserved overall sodium peak current 91 

density. Building on these data a single compartment computational neuron model was 92 

developed to predict and compare firing deficits in inhibitory and excitatory neurons for 93 

p.A1783V in comparison to full haploinsufficiency / heterozygous knockout. The model was 94 

electrophysiologically validated in cortical organotypic brain slice cultures derived from 95 

Scn1aA1783V mice. Interestingly, despite overall normal sodium peak current density, p.A1783V 96 

was predicted to cause a fairly strong IN firing deficit comparable to the heterozygous knockout 97 

condition. As for numerous other channelopathies correlations of the nature of SCN1A 98 

mutations (such as location in the channel, genetic mechanism and associated impact on 99 

encoded protein function) with disease severity have been described (Zuberi et al., 2011). Our 100 

data demonstrate that altered channel gating can outweigh maintained physiological sodium 101 

peak current density and translate pronounced functional impairment on neuronal level as 102 

frequently associated with DS. 103 
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Material and methods 104 

Mutagenesis 105 

The human Nav1.1 channel cloned in pCDM8 vector as described before (Hedrich et al., 2014) 106 

was corrected for two point mutations E650V and S1969A (Peters, Rosch, Hughes, & Ruben, 107 

2016) by site directed mutagenesis (Agilent technologies). The wildtype open reading frame 108 

included the canonical SCN1A adult isoform 2 (total length of 5997bp) equivalent to transcript 109 

NM_006920.5. To engineer the missense mutation p.A1783V into the human NaV1.1 channel, 110 

site-directed mutagenesis was performed using PCR with Pfu polymerase (Promega; 111 

mutagenesis primers 5’ to 3’; F: ATG TAC ATC GTG GTC ATC CTG GAG AAC TTC AGT, R: 112 

AGG ATG ACC ACG ATG TAC ATG TTC ACC ACA). The introduced mutations were verified 113 

and further mutations were excluded by sequencing the whole SCN1A cDNA prior to using 114 

the clones for transfection. Plasmid purification was performed from E.Coli One Shot 115 

TOP10/P3 (Thermo Scientific). 116 

  117 

tsA201 cell culture and transfection 118 

tsA201 cells were cultured in Dulbecco’s modified Eagle nutrient medium (Gibco) 119 

supplemented with pyruvate, 10% v/v fetal bovine serum (Pan Biotech) and 2 mM L-glutamine 120 

(Biochrom) at 37°C in a 5% CO2 humidified atmosphere. For transfection, cells with a passage 121 

from P15 - P22 were used. Before transfection, 800.000 - 1.000.000 cells were split in 35 mm 122 

petri dishes. 6 hours later, cells were transfected following standard transfection protocols for 123 

Mirus Trans-IT transfection agent: 4 µg of wildtype or mutant human SCN1A cDNA, encoding 124 

the NaV1.1 channel-α-subunit, and each of 0.4 µg of the human β1- and β2-subunits of voltage-125 

gated NaV channels, which had been previously modified to express either green fluorescent 126 

protein (pCLH-hb1-EGFP) or a CD8 marker (pCLH-hb2-CD8) to label cells expressing both 127 

subunits (Liao et al., 2010), were added to 250 µl of Opti-MEM (Gibco) and 7.5 µl of Mirus 128 

transit agent (Mirus Bio). After 20 minutes, transfection mixture was added to the cells. 129 

Electrophysiological whole cell recordings were performed 48 hours after transfection from 130 

tsA201 cells expressing all three sodium channel subunits indicated by an inward sodium 131 

current (α-subunit), surface coting with anti-CD8 antibody coated microbeads (Dynabeads 132 

M450, Dynal) (β1-subunit) and green fluorescence (β2-subunit). 133 

  134 
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Cortical brain slice cultures 135 

Coronal brain slices from postnatal B6(Cg)-Scn1atm1.1Dsf/J mice (Jackson laboratories) of either 136 

sex were obtained at P4 - 5. Mice were quickly decapitated and the cranium, brain stem and 137 

hindbrain were removed. The forebrain was placed in ice-cold artificial cerebrospinal fluid 138 

(aCSF) bubbled with carbogen (95% O2/5% CO2). The aCSF contained [in mM]: 118 NaCl, 3 139 

KCl, 1.5 CaCl2, 1 MgCl2, 25 NaHCO3, 1 NaH2PO4, 30 glucose, pH 7.4 with an osmolarity of 140 

310-320 mOsm/kg. Forebrains were glued with cerebellar end facing downwards onto an agar 141 

block and 350 μm-thick slices were cut using a vibratome (Microm, H650 V) in ice-cold aCSF. 142 

Afterwards, slices were placed in 36° C warm aCSF (bubbled with carbogen) for 10 minutes. 143 

Subsequently, coronal slices containing the somatosensory cortex were transferred to Millicell 144 

cell culture inserts (Merck Millipore) floating on slice culture medium (Minimum Essential 145 

Medium Eagle with 20% horse serum, 1 mM L-Glutamine, 0.00125% ascorbic acid, 0,001 146 

mg/ml insulin, 1mM CaCl2, 2 mM MgSO4, 1% Penicillin/Streptomycin,13 mM Glucose, pH 147 

7,28 and osmolarity 320 mOsm/kg). 148 

 149 

Electrophysiological recordings in tsA cells 150 

Whole cell patch clamp recordings in tsA201 cells were performed 48 hours after transfection. 151 

Cells were split in 35 mm petri dishes 1 hour prior to recordings and cells in each dish were 152 

used for up to one hour after transfer to the patch clamp setup. The extracellular bath solution 153 

contained [in mM]: 140 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 5 Hepes and 4 Glucose. pH was 154 

adjusted with HCl to 7.4 and osmolarity was 300-305 mOsm/kg. Patch pipettes were pulled 155 

from borosilicate glass (Science Products GmbH) using a Sutter P97 Puller (Sutter 156 

Instruments), with resistances of 1.5 – 3.0 MΩ. Intracellular solutions for patch pipettes 157 

contained [in mM]: 5 NaCl, 2 MgCl2, 5 EGTA, 10 Hepes and 130 CsF, pH of 7.4 (adjusted with 158 

CsOH) and an osmolarity of 290-295 mOsm/kg. Before seal formation cells were incubated 159 

for one minute with with anti-CD8 antibody coated microbeads. Signals were amplified with an 160 

Axopatch 200B (Molecular Devices) amplifier, digitized by a DigiData 1440 digitizer (Molecular 161 

Devices) and recorded with pClamp 10.7 software (Molecular devices). During recordings cells 162 

were held at -120 mV. 163 
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Electrophysiological recordings in slice culture 165 

Whole cell patch clamp recordings of excitatory pyramidal cells and fast-spiking inhibitory 166 

neurons in the somatosensory cortex were acquired 7-14 days after viral transduction with 167 

AAV8-hSyn-Cre-GFP (SignaGen) in organotypic cortical slice culture using an Axopatch 200B 168 

(Molecular Devices) amplifier, a DigiData 1440 digitizer and pClamp 10.7 software. Slices 169 

were positioned in a submerged-type recording chamber (Luigs & Neumann), continuously 170 

superfused with oxygenated recording aCSF and maintained at a temperature of 33 ± 1 °C. 171 

Cortical neurons transduced with AAV8-hSyn-Cre-GFP were visualized with an Axioskop 2FS 172 

(Zeiss) microscope. Patch pipettes were pulled from borosilicate glass (using a Sutter P97 173 

Puller) with resistances of 2.5 – 5.5 MΩ. Intracellular solutions for patch pipettes contained [in 174 

mM]: 140 K-Gluconate, 1 CaCl2, 10 EGTA, 2 MgCl2, 4 Na2-ATP, 10 HEPES and 0.45% 175 

biocytin, pH of 7.2 and an osmolarity of 300-310 mOsm/kg. Cortical pyramidal cells and fast 176 

spiking cortical inhibitory neurons were used for current clamp recordings. Cell identity was 177 

determined via morphological and electrophysiological properties and by posthoc GAD67-178 

staining after slice fixation. Whole-cell recordings were compensated for cell capacitance and 179 

series resistance 5 min after rupturing the seal. Recordings were corrected for a liquid junction 180 

potential of 15 mV and held at -70 mV. To block postsynaptic AMPA receptor driven 181 

depolarization waves, 20 µM CNQX (Sigma Aldrich) was added to the bath solution prior to 182 

recording. Cells showing unstable series resistance, resting membrane potential or shifts in 183 

resting membrane potentials were excluded from analysis. The input resistance of transfected 184 

cortical neurons was determined by the slope of a linear regression fit to corresponding steady 185 

state voltage responses plotted versus a series of current injections ranging from -10 to -110 186 

pA with -10 pA increments. For recording of action potentials, only events with a voltage peak 187 

amplitude surpassing 0 mV were regarded as action potentials. Neuronal train firing properties 188 

were analyzed by current squared pulse injections of increasing intensity (starting at – 50 pA 189 

and increasing by 25 pA per sweep up to +300 pA current injection for pyramidal cells; starting 190 

at – 0 pA and increasing by 50 pA per sweep up to +700 pA current injection for fast spiking 191 

interneurons) for 800 ms followed by a 5 s inter-sweep interval before the following current 192 

injection.  193 
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In silico modelling of cortical neurons  195 

Simulations were run with custom Python 3.7 software. We used a single compartment-based 196 

model with a cylindrical shape with length L and diameter d. The model is based (Pospischil 197 

et al., 2008) and consists of two sodium currents 𝐼𝑁𝑎,𝑤𝑡 and  𝐼𝑁𝑎,𝑚𝑢𝑡, a delayed rectifier 198 

potassium current 𝐼𝐾, a M-type potassium current 𝐼𝑀 and a leak current  𝐼𝑙𝑒𝑎𝑘 with 199 

𝐶𝑚�̇� = −𝐼𝑁𝑎 − 𝐼𝐾 − 𝐼𝑀 − 𝐼𝑙𝑒𝑎𝑘 + 𝐼𝑖𝑛𝑝𝑢𝑡 200 

𝐼𝑁𝑎,𝑤𝑡 = 𝑔𝑁𝑎,𝑤𝑡𝑚𝑤𝑡
3 ℎ𝑤𝑡𝑠𝑤𝑡[𝑉 − 𝐸𝑁𝑎] 201 

𝐼𝑁𝑎,𝑚𝑢𝑡 = 𝑔𝑁𝑎,𝑚𝑢𝑡𝑚𝑚𝑢𝑡
3 ℎ𝑚𝑢𝑡𝑠𝑚𝑢𝑡[𝑉 − 𝐸𝑁𝑎] 202 

𝐼𝐾 = 𝑔𝐾𝑛4[𝑉 − 𝐸𝐾] 203 

𝐼𝑀 = 𝑔𝑀𝑝[𝑉 − 𝐸𝐾] 204 

𝐼𝑙𝑒𝑎𝑘 = 𝑔𝑙𝑒𝑎𝑘[𝑉 − 𝐸𝑙𝑒𝑎𝑘] 205 

with membrane capacitance 𝐶𝑚 = 1μ𝐹/cm2. 𝐼𝑖𝑛𝑝𝑢𝑡 the input current, 𝐼𝑖 are the ionic currents 206 

with maximal conductance  𝑔𝑖, reversal potential 𝐸𝑖  and gating variables m, h, n, p with 207 

dynamics 208 

�̇�𝑖 = 𝛼𝑖(𝑉 − shift𝑖)[1 − 𝑥𝑖] − 𝛽𝑖(𝑉 − shift𝑖)𝑥𝑖 209 

and the slow inactivating gating variable s with  210 

𝜏𝑠�̇� =
1

1 + 𝑒𝑥𝑝(−[𝑉 − 𝑉ℎ − shifts]/𝑘)
− 𝑠 211 

where �̇�𝑖 is the derivative of the gating parameter with respect to time, α𝑖(𝑉) is the opening 212 

rate and β𝑖(V) the closing rate of the respective gate 𝑥𝑖. Steady-state curves and time 213 

constants are given by 𝑥∞,𝑖(V) = α𝑖(𝑉)/[α𝑖(𝑉) + β𝑖(𝑉)] and τ𝑖(V) = 1/[α𝑖(𝑉) + β𝑖(𝑉)], 214 

respectively. The dynamics of the slow inactivating gating variable s followed  215 

𝜏𝑠�̇� =
1

1 + 𝑒𝑥𝑝(−[𝑉 − 𝑉ℎ − 𝑠ℎ𝑖𝑓𝑡𝑠] 𝑘⁄ )
− 𝑠 216 

 217 

Like in Pospischil et al. (2008), parameters for gating variables m, h and n are taken from 218 

Traub and Miles (1991) and for gating variable p from  Yamada (1989). We constructed the 219 

slow inactivation gate s to be similar to observed kinetics in Vilin and Ruben, (2001). To 220 

simulate different neuron types, we adapted the conductivities of the ionic currents Pospischil 221 
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et al. (2008). All parameters that differ from Pospischil et al. (2008) are summarized in Table 222 

1.Effects of mutations were simulated with changes in the shifting parameter 𝑠ℎ𝑖𝑓𝑡𝑖 for the 223 

activation and slow inactivation sodium gates with  𝑠ℎ𝑖𝑓𝑡𝑖 = 0 unless stated otherwise. 224 

To simulate the effects of heterozygous mutations in SCN1A on the firing behaviour of 225 

pyramidal neurons and interneurons, we modelled different ratios of SCN1A and SCN8A 226 

expression in the respective neuron types with the assumption of equal gating kinetics in both 227 

sodium channels (𝑔𝑁𝑎,𝑤𝑡 = 𝑔𝑆𝐶𝑁1𝐴/2 +  𝑔𝑆𝐶𝑁8𝐴 and 𝑔𝑁𝑎,𝑚𝑢𝑡 = 𝑔𝑆𝐶𝑁1𝐴/2). The ratio of gene 228 

expression was 𝑔𝑆𝐶𝑁8𝐴 = 5𝑔𝑆𝐶𝑁1𝐴 for pyramidal neurons and 𝑔𝑆𝐶𝑁8𝐴 = 0.8𝑔𝑆𝐶𝑁1𝐴 for 229 

interneurons based on expression data from cortical mouse neurons (Yao et al., 2020). To 230 

investigate how each observed change in gating parameters contributes to the observed 231 

change in firing behaviour, we constructed several mutation models, one combined mutation 232 

model with all parameter changes and for each adapted parameter one model with only one 233 

respective change.  234 

Table 1: Simulation parameters for the cortical neuron models.  235 

 𝐸𝑁𝑎 

[mV] 

𝐸𝐾 

[mV] 

𝐸𝐿 

[mV] 

𝑔𝐾 [𝜇S/

cm2] 

𝑔M [𝜇S/

cm2] 

𝑔𝐿  

[𝜇S/cm2] 

𝜏𝑚𝑎𝑥,𝑀 

[ms] 

𝑘𝑠 

[mV] 

𝑉ℎ,𝑠 

[mV] 

d,L 

[𝜇𝑚] 

Interneuron 50 -90 -65 6.6 0.0485 0.274 934 -10 -60 60 

Pyramidal 4.8 0.065 0.105 1123.5 68 

Varying parameters 

  WT 𝑆𝐶𝑁1𝑎𝐴1783𝑉 activation 

shift 

slow 

inactivation 

shift 

slow 

inactivation 

time constant 

𝑆𝐶𝑁1𝐴+/− 

Interneuron 𝑔𝑁𝑎,𝑤𝑡  [𝜇𝑆/𝑐𝑚2] 84.0 60.7 60.7 60.7 60.7 60.7 

𝑔𝑁𝑎,𝑚𝑢𝑡 [𝜇𝑆

/𝑐𝑚2] 

0.0 23.3 23.3 23.3 23.3 0.0 

Pyramidal  𝑔𝑁𝑎,𝑤𝑡  [𝜇𝑆/𝑐𝑚2] 50.0 45.8 45.8 45.8 45.8 45.8 

𝑔𝑁𝑎,𝑚𝑢𝑡 [𝜇𝑆

/𝑐𝑚2] 

0.0 4.2 4.2 4.2 4.2 0.0 

 shiftm [mV] 0.0 10.0 10.0 0.0 0.0 0.0 

 shifts [mV] 0.0 -15.0 0.0 -15 0.0 0.0 

 𝜏𝑠 [s] 30.0 3.0 30.0 30.0 3.0 30.0 
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Whole cell patch clamp data analysis 237 

Currents for activation and inactivation properties of Nav1.1 sodium channel in expressed in 238 

tsA201 cells were recorded as described before (Hedrich et al., 2014). Conductance was 239 

determined by plotting the observed peak Na+-current and fitting by 240 

𝑔𝑁𝑎 (𝑉) =
𝑔𝑚𝑎𝑥(𝑉 − 𝐸𝑁𝑎)

(1 + 𝑒𝑥𝑝((𝑉 − 𝑉1/2)/𝑘𝑉))
 241 

with I as peak current, V as command voltage, gNa being the conductance, gmax the maximal 242 

conductance, ENa the observed reversal potential, kV as slope factor and V1/2 the half maximal 243 

activation. Steady-state fast and slow inactivation were fit to the Boltzmann equation: 244 

𝐼𝑁𝑎(𝑉) =
𝐼𝑚𝑎𝑥

(1 + 𝑒𝑥𝑝((𝑉 − 𝑉1/2)/𝑘)) + 𝑐
 245 

with Imax as the maximal evoked sodium current and c being an additional constant. Recovery 246 

from fast inactivation was analyzed by fitting with a 1-exponential equation: 247 

𝐼𝑁𝑎(𝑡)  =  𝐴(1 − 𝑒𝑥𝑝(−(𝑡 − 𝑡0)/𝜏𝑟𝑒𝑐)) + 𝑐 248 

with A as the maximal recovered current, t0 as the initial time delay and τrec as the time constant 249 

of recovery from fast inactivation. 250 

Entry into slow inactivation was fit by  251 

𝐼(𝑡) =  𝐴𝑒𝑥𝑝 (−
𝑡

𝜏𝑒𝑛𝑡𝑟𝑦
) +  𝑐 252 

with I(t) as remaining peak current after various duration of depolarizing pre-pulse, A as 253 

maximal amplitude of peak current, t the duration of pre-pulse and τentry as the time constant 254 

of slow inactivation. 255 

Use dependence was fit by a second-order exponential equation with 256 

𝐼(𝑡) =  𝐴1𝑒𝑥𝑝 (−
𝑡

𝜏1
) + 𝐴2𝑒𝑥𝑝 (−

𝑡

𝜏2
) + 𝑐 257 

Single action potentials properties for current clamp whole-cell recordings in slice culture were 258 

analyzed as followed: Input resistance was determined by the linear regression of plateau 259 

potentials at the end of a 500 ms long square pulse with negative current injection from -10 to 260 

-120 pA. Active properties of action potentials were analyzed from the second action potential 261 
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in train at a step current injection of 600 pA for fast-spiking interneurons and at 100 pA for 262 

pyramidal cells. The threshold of an action potential was determined as the voltage at which 263 

the first derivative dV/dt reached 20 mV/s. Action potential amplitude and rise time were 264 

measured from the threshold to the peak and the half-width was determined as the duration 265 

from 50% of the peak amplitude from the rising to the corresponding potential of the falling 266 

phase. 267 

 268 

Statistical analysis 269 

All data are displayed as Mean ± SEM. Statistical testing was performed via unpaired, two-270 

tailed t-test, n indicates the number of cells. 271 

All data were analyzed using Clampfit software of pClamp 10.703 (Axon Instruments), 272 

Microsoft Excel (Microsoft Corporation, Redmond, WA, USA). Statistics were performed using 273 

Graphpad 7 software (Graphpad prism, San Diego, CA, USA).   274 
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Results 275 

Biophysical characterization of SCN1AA1783V channel function in tsA201 cells reveals 276 

LOF with maintained peak sodium currents 277 

 278 

Figure 1: Biophysical properties of SCN1A wildtype and mutant channels SCN1AA1783V recorded in tsA201 279 

cells display a clear loss of function. (A) Representative currents recorded from tsA201 cells transfected with 280 

SCN1AWT (black traces) or SCN1AA1783V (red traces). (B) Peak Na+ currents normalized by cell capacitance were 281 

plotted versus command voltage and revealed no changes between WT and variant SCN1AA1783V channels. (C, 282 

right curve) Voltage-dependant steady state activation curves represented as normalized conductance fit by a 283 

Boltzmann function to the data points. (C, left curve) Voltage-dependent state of fast inactivation fit by a Boltzmann 284 

function to the data points. (D) Time course of recovery from fast inactivation at -100 mV. (E) Voltage-dependence 285 

of the time constant of fast inactivation τh analysed by a one exponential fit to inactivating phase of the sodium 286 

currents from the activation protocol. (G) Entry into slow inactivation represented as a first-order exponential fit to 287 

the data points. (H) Voltage-dependent steady-state of slow inactivation fit by a Boltzmann function as in (C). (F) 288 

Sodium current use dependence evoked by 50 pulses at a frequency of 40 Hz as normalized peak currents plotted 289 

against the time fit by a second order exponential fit. Number of recorded cells, exact values of statistically analysed 290 

parameters and p-values are listed in Supplement table 1.   291 

Variant or WT channels were transfected into tsA201 cells and whole-cell patch clamping was 292 

performed Representative raw current traces are shown in Figure 1A. While peak current 293 

density was not changed for variant channels in comparison to WT (Figure 1B) activation and 294 
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inactivation properties were markedly altered. We found a significant right shift of the half-295 

maximal conductance indicating that variant channels open and reach their maximal activation 296 

at more depolarized potentials (Figure 1C). Fast inactivation was unaffected as revealed by 297 

comparable voltage-dependence of steady state fast inactivation (Figure 1B), time constant τ 298 

(Figure 1E) and recovery from fast inactivation (Figure 1D) for WT and  NaV1.1A1783V channels.  299 

In contrast, entry into slow inactivation was accelerated (Figure 1G) and voltage-dependence 300 

was shifted to hyperpolarized potentials (Figure 1H). Overall loss of NaV1.1A1783V channel 301 

function became very obvious upon rapid successive depolarizing stimulations at 40 Hz 302 

revealing a markedly increased use-dependence with consecutively pronounced run down of 303 

the sodium current (Figure 1F). 304 

In silico modelling reveals pronounced interneuron firing impairment by NaV1.1A1783V 305 

Full haploinsufficiency is considered the genetic mechanism underlying the majority of SCN1A 306 

Dravet variants. About half of the described variants lead to protein truncation with reduced 307 

protein expression in affected neurons and likely markedly reduced current conductance 308 

(Marini et al., 2011). Our recordings revealed clear biophysical LOF changes of NaV1.1A1783V 309 

compared to WT, however no reduction of peak current density. Therefore, we next asked 310 

how these combined functional alterations translate to neuronal level and how they compare  311 

to the heterozygous knock out condition. To address these questions we built a Hodgkin-312 

Huxley  single compartment conductance-based model with the combined kinetic alterations 313 

reflecting intrinsic and firing properties of either cortical fast-spiking interneurons (IN) or 314 

excitatory neurons (EN). Differential SCN1A to SCN8A expression ratios of IN and EN as well 315 

as either the WT (NaV1.1+/+), the variant (NaV1.1+/A1783V) or the full haploinsufficiency (NaV1.1+/-316 

) condition were implemented. The parameters for the different model types are summarized 317 

in Table 1. Additionally, we simulated altered voltage-dependence of activation as well as 318 

altered voltage-dependence and kinetics of slow inactivation separately to dissect their joint 319 

or exclusive impact on neuron action potential firing in comparison to the WT and the full 320 

haplonisufficiency condition (Figure 2A). 321 
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 322 

Figure 2:  In silico modelling of neuron excitability (A) Action potentials in response to square pulse current 323 

injections of 300 pA of simulated cortical fast–spiking interneurons (upper traces) and cortical pyramidal cells (lower 324 

traces) with various modifications of NaV1.1 current kinetics based on findings in tsA recordings. Colors indicate 325 

different model conditions: WT (black), heterozygous shift of the voltage-dependence of steady-state activation 326 

(orange), heterozygous shift of the voltage-dependence of the steady-state slow inactivation (green), combination 327 

of both changes (red) and a heterozygous protein knockout (blue). The exact parameters for all simulated 328 

conditions are summarized in Table 1. (B) FI-curves of interneurons (left) and pyramidal cells (right) constructed 329 

from simulation studies displayed in (A). (C-G) Time courses of model variables during the first action potential 330 

after a 300 pA current injection. (C) Membrane voltage; (D) ratio of open sodium channels; (E) negative of sodium 331 

current; (F) potassium current; (G) absolute ratio of sodium current to potassium current. 332 

In the interneuron model, solely shifting the activation curve to more depolarized membrane 333 

potentials caused the most severe reductions of the firing rates in comparison to the WT in 334 

the firing behaviour, closely followed by the SCN1AA1783V and SCN1A+/- conditions. Shifting the 335 

slow inactivation curve to more hyperpolarized potentials reduced firing rates to a lesser 336 

extend (Figure 2B, left), whereas the faster slow inactivation model showed almost no 337 

changes (Supplement figure 1A,B). Simulations of the model with faster slow inactivation 338 

showed almost no difference to the WT firing rates, but were the only simulation with a similar 339 

accelerated rundown of sodium current amplitude as observed in TsA201 cells 340 

(Supplemental Figure 1C). All of these changes had almost no effect on the firing rate of the 341 

pyramidal model (Figure 2B, right).  342 

To better understand why shifting the activation curve for 50% of the NaV1.1. channels (to 343 

mimic the heterozygote patient situation) had a stronger effect on neuronal firing than the 344 

simulation of the heterozygous protein knock-out, we analyzed the dynamics of the first action 345 
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potential waveform in more detail (Figure 2C-G). Although on a first glance the action potential 346 

waveforms seemed to be rather similar (Figure 2C), the sodium activation gate (Figure 2D) 347 

of the model with a shifted activation curve (orange) opens later and closes earlier than of the  348 

WT (black) and the SCN1A+/- models (blue). The resulting sodium current is reduced during 349 

AP initiation and rising phase of the action potential compared to the WT simulation but is 350 

similar during the falling phase of the action potential in comparison to the WT simulation. Only 351 

at the very end of the AP is the sodium current is again slightly reduced. The SCN1A+/-  model 352 

in contrast has a generally reduced sodium current (Figure 2E). The delayed rectifier 353 

potassium current is affected in similar ways by the variants. For the SCN1A+/- model its 354 

reduction is most prominent (Figure 2F). However, relative to the potassium current the 355 

sodium current is most strongly reduced by the shift in the activation curve found during the 356 

final phase of afterhyperpolarization (Figure 2G). 357 

 358 

Scn1aA1783V LOF is restricted to inhibitory neurons in cortical mouse brain slice cultures 359 

 360 

Figure 3: In vitro studies of neuronal excitability (A) Representative AP trains in response to 800 ms step 361 

current injections from cortical pyramidal cells in brain slice cultures and (C) from fast-spiking interneurons 362 

expressing WT (black traces) and heterozygous variant NaV1.1+/A1783V channels (red traces). (B) f-I curves of 363 

pyramidal cells from heterozygously floxed mice showed the same frequency of action potential firing while (D) 364 
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fast-spiking inhibitory neurons started eliciting action potentials at higher current injections and maintained lower 365 

AP frequencies up to higher current injections. Number of recorded cells, exact values of statistically analyzed 366 

parameters and p-values are listed in Supplemental Tables 2 & 3. 367 

To confirm the simulated effects of SCN1AA1783V on a neuronal firing, we performed whole-cell 368 

patch clamp recordings in cortical brain slice cultures derived from P4-5 heterozygous B6(Cg)-369 

Scn1atm1.1Dsf/J mice or WT littermates for control. Cultures were transduced at day 1 in vitro 370 

(1DIV) with adeno-associated-virus 8 (AAV8) encoding Cre-recombinase under the human 371 

synapsin promoter in order to induce recombination and subsequent expression of the 372 

p.A1783V variant. Since Scn1a is upregulated in the postnatal period only from P11 onwards 373 

(Cheah et al., 2013), this early expression of Cre recombinase allowed for recombination of 374 

transduced neurons carrying the floxed Scn1aA1783V allele before endogenous upregulation of 375 

the Scn1a gene. This approach ensured activation of the variant following the endogenous 376 

expression time-course of the NaV1.1 channel.  7 to 14 days after successful viral transduction 377 

indicated by the fluorescent reporter EGFP, we patched transfected cortical neurons: We 378 

found a loss of function in cortical fast-spiking interneurons (Figure 3D) while the firing of 379 

cortical excitatory neurons (Figure 3B) was not altered. Transduced fast-spiking interneurons 380 

of floxed mice displayed a significantly increased rheobase, a reduced maximum firing 381 

frequency as well as a reduced input resistance compared to transduced interneurons of WT 382 

littermates. For other active single AP properties, we didn’t find any alterations; AP threshold, 383 

AP amplitude, AP rise time and AP half width within evoked AP trains were undistinguishable 384 

between transduced WT and heterozygous mutant slices. This LOF of neuronal firing found in 385 

fast-spiking interneurons was not present in patched cortical pyramidal neurons as indicated 386 

by unaltered f-I curves of AP trains. Nevertheless we could detect a small reduction of the 387 

input resistance of EN. However, this effect was too mild to cause alterations of the analysed 388 

action potential properties.   389 
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Discussion 390 

Full haploinsufficiency is considered the leading genetic cause of DS, resulting in impaired 391 

excitability predominantly of interneurons (Catterall, Dib-Hajj, Meisler, & Pietrobon, 2008). In 392 

this study we functionally characterized the human recurrent Scn1aA1783V DS variant. While 393 

reduced sodium peak current density is a common feature associated with DS, our analysis 394 

revealed altered activation and slow inactivation properties, albeit with preserved sodium peak 395 

current density. However, an enhanced use-dependent rundown of Na+ current was observed 396 

upon repetitive stimulations. Although an interference of the variant (localized at the end of 397 

segment 6 in domain 4) with local determinants of fast inactivation would have been 398 

conceivable (Ulbricht, 2005) fast inactivation was found unchanged. Since fast inactivation 399 

was unaffected, use-dependence can only be attributed to slow inactivation characteristics of 400 

the variant. This could be indeed be confirmed by in silico modelling of Na+ current with 401 

physiological or accelerated slow inactivation kinetics (Supplemental Figure 1C). 402 

Interestingly modelling of neuron excitability predicted a fairly strong overall interneuron AP 403 

firing deficit for NaV1.1+/A1783V at comparable levels to the simulated full haploinsufficiency 404 

condition (NaV1.1+/-). Since our tsA201 cell recordings had revealed a ~25 % sodium current 405 

rundown upon 40 Hz stimulation we speculated that altered slow inactivation and associated 406 

enhanced use dependence might largely account for the predicted interneuron firing deficit. 407 

Importantly the model correctly predicted enhanced use-dependence of NaV1.1A1783V currents 408 

and confirmed accelerated slow inactivation as the only underlying mechanism 409 

(Supplemental Figure 1C). However, when simulating f-I curves for fast spiking interneurons 410 

with different time constants of slow inactivation, an acceleration of τ only had a marginal effect 411 

on neuronal firing (Supplement Figure 1A). Interestingly in silico modelling predicted a fairly 412 

strong overall interneuron AP firing deficit for NaV1.1+/A1783V at comparable levels to the full 413 

haploinsufficiency condition (NaV1.1+/-). 414 

According to our simulations, shifted voltage-dependence of fast activation was predicted as 415 

the main driver of the impaired interneuron firing. Comparison to the simulated NaV1.1+/- 416 

condition revealed a surprisingly similar action potential deficit. While surprising at first these 417 

findings could at least partially be explained when putting the activation properties and relative 418 

levels of conducted currents of NaV1.1+/A1783V and NaV1.1+/- in context with the different phases 419 

of the action potential. Conductance based modelling suggested a reduced number of sodium 420 

channels available to participate in action potential initiation due to the shifted activation curve 421 

and subsequently delayed opening of the channels. This effect was qualitatively similar to 422 

NaV1.1+/- (with only a limited number of available channels due to the simulated heterozygous 423 

knock out condition) in this early phase of an action potential and was predicted to account for 424 
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most of the overall LOF.  In the falling phase of the action potential, however, NaV1.1+/A1783V 425 

yielded relatively larger currents than NaV1.1+/- and accordingly recruited more potassium 426 

channels. Our simulations predicted that the induced potassium current outweighed the 427 

conducted sodium current in the early hyperpolarzing phase in neurons expressing 428 

NaV1.1+/A1783V. This relative surplus of K+ current led to pronounced afterhyperpolarization and 429 

a prolonged time window until the next spike could occur, altogether increasing the LOF effect. 430 

Consistent with our data pronounced shifts of voltage-dependence of activation have also 431 

been described for other LOF mutations associated with epilepsy, such as SCN1AI1656M 432 

(Lossin et al., 2003), SCN1AD249E (Kluckova et al., 2020) and SCN1AR859C (Barela et al., 2006). 433 

Like SCN1AA1783V these variants also feature unaltered current density in comparison to the 434 

WT. In future studies it would be interesting to model neuron firing properties of these variants 435 

for comparison with our Scn1a+/A1783V and Scn1a+/- data and for correlation with associated 436 

clinical phenotypes. 437 

Scn1a is predominantely expressed in IN (Yao et al., 2020) while EN mainly rely on NaV1.6 438 

for action potential initiation. Hence a dysfunction of IN but not EN was expected and was 439 

indeed reflected in silico. These data were confirmed in cortical brain slice cultures derived 440 

from conditional Scn1a+/A1783V mice after Cre-dependent activation of the variant (via AAV 441 

mediated transduction of neurons within the slice cultures). We found a significant rightward 442 

shift of the FI-curve and prominent shift of the rheobase in cortical IN, while no alterations 443 

could be detected in EN. Our findings are consistent with data obtained in hippocampal 444 

interneurons expressing Scn1a+/A1783V mice which also displayed a shift in rheobase and a 445 

firing deficit at higher current injections (Almog et al., 2021).  446 

In summary, SCN1AA1783V results in altered voltage-dependence of activation and slow 447 

inactivation while maintaining sodium peak current density. IN excitability was simulated in 448 

silico by a Hodgkin-Huxley one-compartment model suggesting largely similar firing 449 

impairment for NaV1.1+/A1783V in comparison to NaV1.1+/- resembling full haploinsufficiency. 450 

Impaired NaV
A1783V voltage-dependent activation was suggested as main mechanism 451 

underlying IN dysfunction. 452 
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