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Interneuron dysfunction in a new knock-in mouse model of SCN1A GEFS+  83 

 84 

Abstract: 85 

Advances in genome sequencing have identified over 1300 mutations in the SCN1A 86 

sodium channel gene that result in genetic epilepsies. However, it still remains unclear how 87 

most individual mutations within SCN1A result in seizures. A previous study has shown that the 88 

K1270T (“KT”) mutation, linked to GEFS+ (Genetic Epilepsy with Febrile Seizure plus) in 89 

humans, causes heat-induced seizure activity associated with a temperature-dependent 90 

decrease in GABAergic neuron excitability in a Drosophila knock-in model. To examine the 91 

behavioral and cellular effects of this mutation in mammals, we introduced the equivalent KT 92 

mutation into the mouse (Mus musculus) Scn1a (Scn1aKT) gene using CRISPR/Cas9 and 93 

generated mutant lines in two widely used genetic backgrounds: C57BL/6NJ and 129X1/SvJ. In 94 

both backgrounds, mice homozygous for the KT mutation had spontaneous seizures and died 95 

by postnatal day 23. There was no difference in mortality of heterozygous KT mice compared to 96 

wild-type littermates up to 6 months old. Heterozygous mutants exhibited heat-induced seizures 97 

at ~42ºC, a temperature that did not induce seizures in wild-type littermates. In acute 98 

hippocampal slices at permissive temperatures, current-clamp recordings revealed a 99 

significantly depolarized shift in action potential threshold and reduced action potential 100 

amplitude in parvalbumin-expressing inhibitory CA1 interneurons in Scn1aKT/+ mice. There was 101 
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no change in the firing properties of excitatory CA1 pyramidal neurons. These results suggest 102 

that a constitutive decrease in inhibitory interneuron excitability contributes to the seizure 103 

phenotype in the mouse model.  104 

Keywords: SCN1A; GEFS+; epilepsy; seizures; parvalbumin interneurons; CRISPR/Cas9. 105 

 106 

Significance statement: 107 

A fundamental challenge in understanding the etiology and developing treatments for genetic 108 

epilepsies is the heterogeneity of the phenotypes. Over 1300 genetic mutations in SCN1A, a 109 

gene that encodes the voltage gated sodium channel Nav1.1, are associated with epilepsies of 110 

widely different severity. The mechanisms by which the R1648H SCN1A mutation result in a 111 

GEFS+ phenotype have been studied extensively in a well-established knock-in mouse model. 112 

To understand how other GEFS+ causing SCN1A mutations affect neural circuits and behaviors, 113 

we established a second knock-in mouse model using CRISPR/Cas9 editing. The K1270T 114 

SCN1A knock-in mice represent an important tool for identifying similarities and differences in 115 

mechanism of action with R1648H and other epilepsy mutations, and for development of 116 

mutation-specific therapies. 117 

 118 

Introduction 119 

Mutations in the SCN1A gene, which encodes the  subunit of the voltage-gated 120 

sodium channel Nav1.1, result in a broad spectrum of genetic epilepsies. Among 1300 121 

known epilepsy causing SCN1A mutations, approximately 10% of the missense 122 

mutations are associated with genetic epilepsy with febrile seizures plus (GEFS+) 123 

(Miller and Sotero de Menezes, 2019; Zhang et al., 2017). Individuals with GEFS+ 124 

exhibit seizures induced by fever (febrile seizures) that begin in infancy but persist 125 

beyond six years of age (hence, febrile seizures plus or FS+). Some GEFS+ patients 126 

develop additional seizure phenotypes later in life, including afebrile generalized tonic-127 
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clonic, myoclonic or absence seizures (Abou-Khalil et al., 2001; Escayg et al., 2001; 128 

Meng et al., 2015; Scheffer, 1997; Schutte et al., 2016; Zhang et al., 2017). The 129 

mechanisms underlying the GEFS+ disorder associated with different missense 130 

mutations remain poorly understood. Moreover, variations in seizure severity can occur 131 

even in family members with identical SCN1A mutations (Abou-Khalil et al., 2001; 132 

Zhang et al., 2017), suggesting that environmental factors and/or genetic modifiers can 133 

affect the phenotype (Bergren et al., 2009; Hawkins et al., 2011; Hawkins and Kearney, 134 

2016; Jorge et al., 2011). This has made developing effective therapies for treating 135 

GEFS+ patients challenging.  136 

Genetic models with specific missense mutations have been important in 137 

evaluating the cellular and circuit mechanisms contributing to GEFS+. A rat model of 138 

GEFS+ (SCN1A N1417H) demonstrated reduced action potential amplitudes in 139 

hippocampal interneurons that are likely to contribute to the hyperthermia-induced 140 

seizure phenotype (Hayashi et al., 2011; Mashimo et al., 2010). A genetic knock-in 141 

model for SCN1A epilepsy in mice carrying the GEFS+ causing R1648H mutation, 142 

results in animals that exhibit heat-induced seizures as well as sleep, cognitive and 143 

social behavior deficits. Evaluation of the electrophysiological properties of hippocampal 144 

and cortical neurons in brain slices or dissociated neurons reveals impaired action 145 

potential firing in inhibitory neurons, consistent with the idea that alterations in the 146 

excitation-inhibition balance contribute to heat-induced seizures (Hedrich et al., 2014; 147 

Martin et al., 2010). Given the large number of SCN1A mutations that give rise to 148 

genetic epilepsy, mouse models with mutations other than R1648H are critical for 149 

identifying common as well as distinct mechanisms by which single mutations can result 150 

in a GEFS+ phenotype. This will ultimately facilitate the development of personalized 151 

anti-epileptic medicine. 152 
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In this study, we focused on the K1270T mutation identified in a large, 153 

multigenerational family. A previous study on a GEFS+ K1270T knock-in Drosophila 154 

line, carrying the mutation in the fly’s only sodium channel gene para, resulted in 155 

alterations in sodium currents at high temperatures that reduced firing specifically in 156 

inhibitory neurons, contributing to a heat-induced seizure phenotype (Sun et al., 2012). 157 

Another study, evaluating the K1270T mutation in human induced pluripotent stem cell 158 

(hiPSC)-derived neurons also revealed reduced excitability of inhibitory neuron but the 159 

underlying alterations in sodium currents appear to be different in the fly and the stem 160 

cell model (Xie et al., 2020). Here, we used CRISPR/Cas9 to generate a new mouse 161 

model of the GEFS+ SCN1A K1270T mutation. This new knock-in mouse model allows 162 

additional comparison of the effect of the K1270T mutation between species, and in 163 

conjunction with the R1648H mouse model broadens our ability to explore how distinct 164 

missense mutations alter cellular and circuit mechanisms underlying SCN1A GEFS+ 165 

phenotypes. 166 

 167 

Materials and Methods 168 

1. Animals 169 

Mice were maintained on a (12:12h) light/dark cycle (Lights On: ZT0 at 6:30h local time 170 

and Lights Off: ZT12 at 18:30h local time) with ad libitum food (Envigo-Teklad global 171 

rodent diet #2020X) and water. Mice were housed in groups and not individually. All 172 

animal procedures were performed in accordance with the [Author name, University] 173 

animal care committee’s regulations. Scn1a*K1259T mutant mice (hereafter referred to 174 

as Scn1aKT) modeling human SCN1A*K1270T were generated by CRISPR/Cas9 and 175 

maintained on a C57BL/6NJ (JAX Stock # 005304) or 129X1/SvJ (JAX Stock # 000691) 176 

background. Details of the targeting of Scn1a are provided below. In some experiments 177 
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Scn1aKT/+ mice were mated with a PV-Cre (JAX Stock # 017320) and Ai14-td-Tomato 178 

reporter (JAX Stock # 007908) on a C57BL/6J background to generate wild-type and 179 

heterozygous mice that have parvalbumin (PV) neurons endogenously labeled with 180 

fluorescent red td-Tomato marker. 181 

 182 

2. Generation of Scn1aKT mice 183 

Mutant mice were generated by introducing the human K1270T missense mutation 184 

within exon 19 at an equivalent position (K1259T) in mouse Scn1a gene via 185 

CRISPR/Cas9 in combination with a single-stranded oligodeoxynucleotide (ssODN) for 186 

use in homology dependent repair (HDR). PCR was used to synthesize a DNA template 187 

that was subsequently used to produce the sgRNA72 using T7 RNA polymerase. The 188 

DNA template was generated by PCR using a forward primer (5’ – 189 

gttaatacgactcactatagTCCTGGAGATGCTCCTCAAAgtttaagagctatgctg-3’) that contained 190 

(from 5’ – 3’) a T7 ribopromoter, the 20 base guide sequence 191 

(TCCTGGAGATGCTCCTCAAA), and a region of homology to plasmid pSLQ1651-192 

sgTelomere(F+E) (Addgene #51024; (Chen et al., 2013)). The reverse primer (5’ – 193 

GAAAAAAAGCACCGACTCGGTGCC – 3’) defined the 3’ end of the single guide RNA 194 

(sgRNA72). Thirty-cycles of PCR was performed using both primers, 5ng of pSLQ1651-195 

sgTelomere(F+E) and 1uM each primer plus 200uM dNTPs. After purification of the 196 

PCR product, T7 RNA polymerase was used to synthesize the sgRNA (sgRNA72). 197 

Messenger RNA encoding Cas9 was synthesized using T7-mediated in vitro 198 

transcription of bbCas9pluspAAA (Addgene #82581; (Pritchard et al., 2017)) followed by 199 

capping and poly-adenylylation as directed by the manufacturer (mMessage mMachine 200 

T7 ultra transcription kit, Thermo-Fisher). B6SJLF2/J fertilized mouse oocytes were 201 

microinjected with sgRNA72 (10ng/ul), Cas9 mRNA (10ng/ul) and a modified single-202 
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stranded deoxyribonucleotide (ssODN) (Integrated DNA Technologies, Ultramer) as a 203 

template for HDR. The ssODN contained the desired sequence to introduce the K1259T 204 

amino acid change, silent base changes to reduce likelihood of re-cutting of the desired 205 

allele, and a silent base change to generate an EcoRV site for screening (5’-206 

ACCATGCTGGAGTATGCTGACAAAGTCTTCACTTACATTTTCATCCTtGAGATGCTCCTgAccTGGGTc207 

GCCTATGGaTATCAAACATACTTCACCAATGCCTGGTGTTGGCTAGACTTCTTA-3’). Surviving 208 

oocytes were transferred to the reproductive tract of pseudo-pregnant CD-1 females. 209 

After screening of offspring, a single male with the desired modification (#1472) was 210 

used to establish two lines of Scn1aKT mice: one on a C57BL/6NJ and a second on a 211 

129X1/SvJ strain background by backcrossing with wild-type female mice (JAX stock 212 

#005304 or #000691 respectively) for at least five generations.  213 

 214 

3. PCR  215 

To screen for mice with the Scn1aKT mutation, DNA extracted from toe biopsies (Lysis 216 

buffer and proteinase K, Viagen) was amplified using a Scn1a-specific forward primer 217 

(5’-TTCCATCCCAAGGAAATACCATGT-3’) and a reverse primer (5’-218 

GCCTATCTTGTCATCACAACACAGTG-3’). PCR amplification was performed for 35 219 

cycles of 94 C for 30s, 59 C for 30s and 72 C for 30s using recombinant 5U/µL Taq 220 

polymerase was prepared in 10X Buffer with 50mM MgCl2 (Invitrogen) in the reaction 221 

mix. The 388bp PCR amplicon was digested with 20U EcoRV restriction enzyme 222 

prepared in 10X NEB 3.1 buffer (New England Biolabs) and incubated at 37 oC for 223 

60min to distinguish between the wild-type (388bp) and mutant (223bp and 165bp) 224 

alleles. 225 

 226 

4. Off-target screening  227 
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Potential off-target effects for CRISPR/Cas9 + sgRNA72 were screened using online 228 

tools Cas-OFFinder (http://www.rgenome.net/cas-offinder/) and Synthego CRISPR 229 

design tool (https://www.synthego.com/products/bioinformatics/crispr-design-tool). 230 

Genomic DNA was extracted from the mouse tail biopsies with DirectPCR Lysis 231 

Reagent (Viagen Biotech) and Proteinase K (Roche). Amplicons were produced with 232 

Taq polymerase with the following conditions: 95 oC for 2 min [95 oC for 30 sec + 60 oC 233 

for 30 sec + 72 oC for 30 sec] x 35 cycles, and 72 oC for 7 min. PCR products were 234 

confirmed by gel electrophoresis, purified (QIAquick PCR Purification kit, Qiagen), 235 

subjected to Sanger sequencing (Retrogen) and analyzed in Mac Vector software. 236 

Primers for PCR amplification and sequencing for off-target analysis are listed in 237 

Extended Data Table 1-1. 238 

 239 

5.Heat-induced seizures  240 

Wild-type and Scn1aKT/+ mice, post-natal day 30 - 40 (P30-P40) of both sexes and 241 

weighing ≥15g were used to screen for occurrence of heat-induced behavioral seizures. 242 

Each mouse was anesthetized using 1-2% isoflurane for 30-45 sec and a rectal 243 

temperature probe (RET 3, Braintree Scientific) was inserted and secured to the tail to 244 

monitor body temperature throughout the experiment. After anesthesia, animals were 245 

allowed to recover in their home cages for at least 15 min during which time the animals 246 

resumed normal activity and their core body temperature stabilized at 36-37 oC. Animals 247 

were introduced into a custom-built forced air chamber fitted with a digital temperature 248 

controller and a thermocouple device to control and maintain the set temperature. A 249 

plexiglass front panel enabled video recording of each heating episode. Seizures were 250 

scored offline by an experimenter blind to mouse genotype, based on a modified Racine 251 

scale: 1- mouth and facial movements; 2- head nodding; 3- forelimb clonus, usually one 252 
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limb; 4- forelimb clonus with rearing; and 5- generalized tonic-clonic seizure, rearing, 253 

falling over (Cheah et al., 2012).  254 

For each animal, the seizure threshold temperature, latency to seizure and 255 

seizure behavior score were measured. Seizure threshold was defined as the 256 

temperature at which the first behavioral seizure of any severity was observed. Seizure 257 

latency was defined as the time (min) from the introduction of the mouse into the 258 

heating chamber (time = 0) to the onset of the first behavioral seizure at seizure 259 

threshold as described above. The experiment was terminated when 1) the mouse 260 

completed a seizure bout, or 2) body temperature of the mouse reached 44 °C. 261 

Following retrieval from the heat chamber, each mouse was placed on a pre-chilled dish 262 

to rapidly restore normal body temperature. Of the 46 mice that underwent the heat-263 

induced assay, ~15% of mice (6 on 129X1 and 1 on B6N) did not recover from heat-264 

induced seizures. The remaining 39 mice were returned to home cage after they 265 

resumed normal activity and grooming. All mice used for the experiment were 266 

euthanized at the end of the day. All experiments were done between ZT3 and ZT10, 267 

where ZT0 is 6:30h local time. 268 

 269 

6. EEG monitoring  270 

EEG traces were obtained in wild-type and heterozygous mice between 3-4 months of 271 

age (Pinnacle Technologies) as previously described (Kim et al., 2018). Each mouse 272 

was anesthetized with ketamine and xylazine (10 mg and 1 mg per kg, intraperitoneal) 273 

until there was no limb-withdrawal response to noxious foot pinch. Prefabricated EEG 274 

headsets (#8201, Pinnacle Technologies) were surgically implanted overlying the 275 

hippocampus, and cemented in place with a fast-acting adhesive and dental acrylic. 276 

Two wires were placed on the shoulder muscles for electromyographic (EMG) 277 
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recording. Mice were allowed to recover for 5-7 d before recordings were initiated. After 278 

recovery from surgery, each mouse was placed in a cylindrical plexiglass chamber for 279 

continuous EEG monitoring over 7-9 d (24 h d−1). Electrographic EEG seizures 280 

episodes were manually detected by scanning the raw data files using Sirenia Seizure 281 

software (Pinnacle Technologies) while the experimenter was blind to mouse genotype. 282 

Electrographic seizures were defined as high-frequency, high-voltage synchronized 283 

polyspike waves with amplitudes at least twofold greater than background that lasted 284 

≥15 s. 285 

 286 

7. Cell quantification 287 

Wild-type and heterozygous mice with genetically labeled PV neurons (Scn1a+/+; PV-288 

Cre; Ai14-td-Tomato or Scn1aKT/+; PV-Cre; Ai14-td-Tomato) were transcardially perfused 289 

with 4% paraformaldehyde (PFA). Brains were harvested and post fixed in 4% PFA at 4 290 

C overnight and processed as described previously (Frankowski et al., 2019). Coronal 291 

serial sections (50 µm) of the brain were cut and mounted on charged slides (Superfrost 292 

plus, Fisher Scientific) in Fluoromount G (Southern Biotech) medium. Sections were 293 

imaged using Zeiss Axio Imager.M2 fluorescence microscope with a 10X objective and 294 

cell counts were performed with ZEN software. Td-Tomato labeled PV cells were 295 

counted in both hemispheres from three brain slices per animal from the dorsal 296 

hippocampus in the CA1 region. In each brain slice, PV cell counts were normalized to 297 

the area of the CA1 to obtain PV cell density (cells/mm2). PV cell density counted 298 

across 18 brain sections, across both hemispheres, obtained from 3 mice/genotype 299 

were averaged to determine mean cell density (cells/mm2) for each genotype. Mean PV 300 
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cell density between wild-type and heterozygous mice (n=3) was compared using two-301 

tailed unpaired Student’s t-test. 302 

 303 

8. Whole cell electrophysiology  304 

Electrophysiological recordings were obtained from excitatory pyramidal cells and td-305 

Tomato labeled PV inhibitory interneurons from the CA1 region of the hippocampus. 306 

Brains were quickly harvested from deeply anesthetized wild-type and Scn1aKT/+ 307 

C57BL/6NJ littermates (P28-40), and 300-350 µm coronal brain slices were prepared in 308 

oxygenated ice-cold high-sucrose artificial cerebrospinal fluid (ACSF) containing: 309 

150mM sucrose, 124 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4·H2O, 2 mM 310 

MgSO4·7H2O, 26 mM NaHCO3, 10 mM dextrose and 2 mM CaCl2. Slices were kept at 311 

32 oC for at least 30 min prior to electrophysiological recordings using Axopatch 700B, 312 

Digidata 1440A and pCLAMP10.1 or 10.2 software. Electrophysiological recordings 313 

were performed at room temperature (25 oC) with glass pipettes with open tip resistance 314 

of 3-6 MΩ (TW150F-3, World Precision Instruments or #534332-921 100µL calibrated 315 

pipettes, VWR International). The bath solution consisted of ACSF: 124 mM NaCl, 3 316 

mM KCl, 1.25 mM NaH2PO4·H2O, 2 mM MgSO4·7H2O, 26 mM NaHCO3, 10 mM 317 

dextrose and 2 mM CaCl2. Electrodes were filled with internal solution either 1) 120 mM 318 

potassium gluconate, 20 mM NaCl, 0.1 mM CaCl2, 2 mM MgCl2, 1.1 mM EGTA; 10 mM 319 

HEPES, 4.5 mM Na2ATP (pH= 7.2), or 2) 140 mM potassium gluconate, 1 mM NaCl, 1 320 

mM CaCl2, 1 mM MgCl2, 5 mM EGTA, 10 mM HEPES, 3 mM KOH and 2 mM ATP (pH 321 

=7.2). Osmolarity of external ACSF and internal solution was adjusted to 310-312 322 

mOsm and 288-290 mOsm respectively using VAPRO 5200 osmometer (Wescor). 323 

Signals were obtained using pCLAMP10.2 with a Bessel filter at 2-4 KHz and a low-324 

pass filter at 10KHz. The passive properties of the cell were determined in voltage 325 
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clamp mode. Resting membrane potentials were measured immediately after break-in 326 

with no current injection at current clamp mode. To record firing properties, cells were 327 

injected with a series of long (1000ms) current steps in 10pA increments, between -328 

80pA to 200pA for excitatory neurons and -80pA to 900pA for PV inhibitory neurons. 329 

The number of action potentials fired in 1000ms was compared between wild-type and 330 

heterozygous mice. Data analysis was performed using pCLAMP Clampfit10.6 and 331 

Microsoft Excel.  332 

 333 

9. Quantification and Statistics 334 

All data sets were analyzed with D’Agostino and Pearson normality test before carrying 335 

out parametric statistical tests; data sets that did not follow a normal distribution were 336 

compared using nonparametric Mann-Whitney test. Survivorship curves were compared 337 

between wild-type, heterozygous and homozygous mice with log-rank Mantel-Cox test. 338 

Mouse mean body weights for each genotype were calculated with at least three mice 339 

per time point. Mean body weight across each day was compared among homozygous, 340 

heterozygous, and wild-type mice with multiple t tests of two-way ANOVA. Body weights 341 

between heterozygous and wild-type mice in respective strain background were 342 

compared using two-way ANOVA with genotype and postnatal age (days) as factors, 343 

followed by Sidak’s post hoc multiple comparisons. Rate of change of body temperature 344 

across time, seizure threshold temperature, seizure latency and Racine score were 345 

compared between wild-type and heterozygous mice using two-tailed unpaired 346 

Student’s t-test or Mann-Whitney test as specified in the text. Percentage of mice that 347 

had heat-induced seizures was compared between genotypes with Fisher’s exact test. 348 

Mean PV cell density between wild-type and heterozygous mice was compared using 349 

two-tailed unpaired Student’s t-test. For each individual recorded cell, the AP threshold, 350 
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amplitude and half-width were measured from the first evoked action potential. Phase 351 

graphs were generated by plotting the first derivative (dv/dt) of the AP waveform against 352 

the membrane potential of the AP trace (Vm). AP threshold was calculated as the 353 

voltage at which the first derivative (dV/dt) of the AP waveform reached 10 mV/ms 354 

(Favero et al., 2018). AP amplitude was computed as the height from AP threshold 355 

(determined from phase plots) to the maximum peak of the AP waveform. Action 356 

potential characteristics and passive cell membrane properties (cell capacitance, input 357 

resistance and resting membrane potential) were compared between genotypes using 358 

two-tailed unpaired Student's t-test or Mann-Whitney test as specified in the text (p < 359 

0.05). Curves of firing frequency vs injected currents were compared between 360 

heterozygous and wild-type mice using two-way ANOVA (genotype and injected current 361 

as factors) with repeated measures. To determine spike frequency adaptation, ratio of 362 

inter-spike interval (ISI) between the first two and last two spikes (ISI1/ISIn) was 363 

calculated in Clampfit and compared between genotypes using Mann-Whitney test. ISI 364 

duration was determined from the first suprathreshold current injection step that elicited 365 

sustained tonic firing, as described in a previous study (Favero et al., 2018). All 366 

statistical tests were performed in Prism 8 (Graph Pad Software Inc.). Representative 367 

neuronal firing traces were plotted using MATLAB (MathWorks), all other data figures 368 

were plotted using Prism 8 (Graph Pad Software Inc.) and Delta Graph 7.1 (RedRock 369 

Software).  370 

 371 

Results 372 

1. Generation of Scn1aKT mutant mice  373 
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The human GEFS+ associated K1270T mutation is located in the second 374 

transmembrane region of the third homology domain of the Nav1.1 sodium channel 375 

(Figure 1A, asterisk). The equivalent amino acid in the mouse Nav1.1 channel is at 376 

K1259 (Figure 1B). To generate a SCN1A K1270T missense mouse model, a single 377 

guide RNA (sgRNA72, Figure 1B) was used (see Methods) to target the Cas9 cut site 378 

immediately upstream of the desired KT mutation in exon 19 (c.4227A) of the mouse 379 

Scn1a gene (Figure 1B). The repair template introduced a two base-pair mutation that 380 

converts a lysine (K: AAA) residue to threonine (T: ACC). For initial screening and 381 

routine genotyping, a silent mutation that results in an EcoRV restriction site was also 382 

included in the repair template (Figure 1B). The DNA sequence modified by homology 383 

dependent repair is tracked by incorporation of silent mutations introduced via the repair 384 

template (Figure 1B). Following CRISPR mediated gene editing, the Scn1aKT allele 385 

carries the desired missense mutation that results in a K to T conversion, an EcoRV 386 

restriction enzyme cut site, and two additional silent mutations to prevent Cas9 activity 387 

on the repaired allele. To remain consistent with the nomenclature in human subjects 388 

(Abou-Khalil et al.,2001), the mutant allele is referred to as Scn1aKT (K1270T) (Figure 389 

1B). Single guide RNA, plus Cas9 mRNA and ssODN repair template were injected into 390 

mouse zygotes, and surviving embryos were transplanted into pseudo-pregnant CD-1 391 

females (Figure 1C). A single founder G0 male was identified that contained the 392 

Scn1aKT mutation and the EcoRV site, confirmed by PCR amplification and sequencing. 393 

To establish stable breeding lines in two different genetic backgrounds, this founder 394 

male was bred to C57BL/6NJ (or B6NJ) and 129X1/SvJ (or 129X1) females. Lines were 395 

backcrossed for at least 5 generations (Figure 1C). Transmission of the mutant allele 396 

was verified by PCR amplification and sequencing to confirm the presence of both the 397 

Scn1aKT mutation and EcoRV site at the appropriate locations in the offspring in 398 
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subsequent generations (Figure 1D). Routine genotyping of animals took advantage of 399 

the EcoRV site to distinguish between wild-type, heterozygous and homozygous mutant 400 

animals (Figure 1E). Restriction digestion of the 388 bp PCR product from the mutant 401 

allele by EcoRV produced 223 bp and 165 bp products, while 402 

the wild-type allele 388 bp product is not digested.  403 

 To determine if the mutant lines contained confounding off-target mutations that 404 

can arise during CRISPR gene editing we identified potential off-targets sites using Cas-405 

OFFinder (Bae et al., 2014) and the Synthego CRISPR design tool. Since both 406 

Scn1aKT/+ mutant lines were backcrossed to wild-type B6NJ or 129X1 backgrounds for a 407 

minimum of 5 generations, it was unlikely that a mutation caused by an off-target effect 408 

of CRISPR/Cas9 would be present on a chromosome other than chromosome 2, the 409 

location of Scn1a (C57BL/6NJ; Chr2; 66.3 Mb, GRCm38.p6, Ensembl release 98). 410 

Therefore, the analysis focused on potential off-target sites on chromosome 2. Three 411 

sites were identified containing up to 3 mismatches (Table 1). One site was in Scn3a 412 

and a second in Scn7a; both are paralogs of Scn1a located within 1Mb of Scn1a. The 413 

third site was in Cd44 gene, located at 102.8Mb, that encodes a multifunctional cell-414 

surface glycoprotein involved in cell-cell interaction, adhesion, and migration (Isacke 415 

and Yarwood, 2002; Ruiz et al., 1995). DNA from two wild-type Scn1a+/+ and two 416 

heterozygous Scn1aKT/+ mice were amplified by PCR (Extended Data Table 1-1) and 417 

sequenced across the potential off-target region at each locus. There was no evidence 418 

of off-target mutations based on the homozygous wild-type genomic DNA sequence 419 

observed at the 3 top potential off-target sites in all animals (Table1, Extended Data 420 

Figure 1-1). 421 

 422 
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2. Scn1aKT/KT mice have reduced lifespan 423 

Some SCN1A mutations that lead to either Dravet Syndrome (DS) or GEFS+ epilepsy 424 

have been correlated with premature death in mouse models (Yu et al., 2006; Ogiwara 425 

et al., 2007; Martin et al., 2010). To determine if the Scn1aKT mutation affected longevity, 426 

life-span assays were conducted. Homozygous mutants (Scn1aKT/KT) in both genetic 427 

backgrounds died between P17-P25 with average lifespan of 19.6  0.6d and 19.3  428 

1.2d for 129X1 and B6NJ strains respectively (Figure 2A and 2B). The lifespan of the 429 

homozygous mutants is significantly shorter than heterozygous and wild-type littermates 430 

in their respective background (Mantel Cox test, df 2, 129X1 strain: Chi square = 81.8; 431 

B6NJ: Chi square = 24.9, p < 0.0001) There was no difference in the lifespan of 432 

heterozygous (Scn1aKT/+) and wild-type (Scn1a+/+) littermates in the same background 433 

observed up to 6 months (Figure 2A and 2B, Extended Data Table 2-1).   434 

Spontaneous seizures were observed in some of the homozygous mice during 435 

daily monitoring and weighing of animals over the course of the lifespan assay (video 436 

V1). To determine if spontaneous seizure activity is correlated with death in the mutant 437 

mice, continuous video monitoring was conducted on three litters of 129X1 mice, 438 

between ages P18-P25, which included seven homozygous Scn1aKT/KT mice and their 439 

heterozygous mutant and wild-type littermates. All seven homozygous mice examined 440 

exhibited multiple spontaneous seizures with excessive jumping, limb jerking, falling on 441 

side, hind leg extension characteristics of classic tonic-clonic seizures (i.e., Racine 442 

score 5, video V1). All seven homozygous mice died immediately following spontaneous 443 

seizure events. No spontaneous seizures were observed in any of the heterozygous 444 

mutant or wild-type littermates during the same time period. 445 
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Mean body weight of the Scn1aKT/KT homozygous mice in the 129X1 and B6NJ 446 

strains increased at a similar rate to Scn1aKT/+ and Scn1a+/+ littermates between P5 and 447 

P16 (Figure 2C and 2D; multiple t tests of two way ANOVA, p > 0.05). Between P17-448 

P21, homozygous mutant mice started dying in both the 129X1 and B6NJ strains so it 449 

was not possible to do accurate statistical comparisons during this period. There was no 450 

difference in the mean body weight of heterozygous Scn1aKT/+ and wild-type Scn1a+/+ 451 

animals monitored up to P30-P32 in the 129X1 background (Figure 2C, two-way 452 

ANOVA, interaction F (9,360) = 0.74, p > 0.05, followed by Sidak’s post hoc comparison) 453 

or the B6N background (Figure 2D, two-way ANOVA, interaction F (13,161) = 0.06, p > 454 

0.9999, followed by Sidak’s post hoc comparison). Individual data points of mouse body 455 

weight across age has been summarized in Extended Data Table 2-1. 456 

 457 

3. Scn1aKT/+ mice exhibit heat-induced seizures 458 

Pedigree analysis of human families with inherited GEFS+ has shown that individuals 459 

heterozygous for SCN1A mutations can exhibit a variety of seizure phenotypes with 460 

different clinical severity (Abou-Khalil et al., 2001; Zhang et al., 2017). However, febrile 461 

seizures are the most common feature of GEFS+ patients, including patients 462 

heterozygous for the K1270T mutation. To determine if the heterozygous mice 463 

phenocopy the heat-induced seizures observed in human patients, individual mice 464 

(P30-40) were fitted with a rectal temperature probe before being placed into a custom-465 

built chamber pre-heated to 50 oC (Figure 3A, top panel). By slowly changing the 466 

chamber temperature using the heating protocol shown in Figure 3A, mouse body 467 

temperature was increased at the rate of ~0.3 oC/min to a final temperature of 44 oC, 468 

similar to previously published thermal seizure induction protocols (Oakley et al., 2013; 469 

Warner et al., 2017). There was no difference in the mean body temperature across 470 
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time between control Scn1a+/+ and heterozygous Scn1aKT/+ mice in both backgrounds 471 

(Figure 3B and 3C, two-tailed unpaired Student’s t-test, 129X1- p = 0.783; B6NJ- p = 472 

0.318), indicating no overt changes in thermoregulation in Scn1aKT/+ mice.  473 

In the 129X1-enriched strain, no wild-type Scn1a+/+ mouse exhibited heat-474 

induced seizures. In contrast, under identical conditions, all heterozygous Scn1aKT/+ 475 

mice had heat-induced seizures (Figure 3D). In the B6NJ background, a small 476 

percentage (33%) of the wild-type Scn1a+/+ mice exhibited heat-induced seizures while 477 

all heterozygous Scn1aKT/+ mice had heat-induced seizures (Figure 3D, video V2). The 478 

percentage of animals that had heat-induced seizures was significantly higher in 479 

heterozygous mutants compared to wild-type mice in both backgrounds (Fisher’s exact 480 

test, 129X1 p < 0.0001; B6NJ p = 0.009). There was no difference in the percentage of 481 

animals displaying heat-induced seizures between heterozygous Scn1aKT/+ mice in the 482 

129X1 versus the B6NJ background (Figure 3D; Fisher’s exact test, p > 0.999).  483 

Average seizure threshold temperature was similar in the heterozygous 484 

Scn1aKT/+ mice in both backgrounds: 129X1 - 42.6  0.20 oC, B6NJ - 42.7  0.06 oC 485 

(Figure 3E; two-tailed unpaired Student’s t-test, p = 0.782). In the small number of B6NJ 486 

wild-type mice that did have seizures (3 out of 9 mice), the mean seizure threshold 487 

temperature was significantly higher than the heterozygous mice: Scn1a+/+ - 43.7  0.08 488 

oC vs Scn1aKT/+ - 42.7  0.06 oC (Figure 3E, two-tailed unpaired Student’s t-test, p < 489 

0.0001). Seizure latency is defined as the time from introducing animals into the pre-490 

heated chamber to the onset of the first behavior seizure. There was no difference in 491 

the latency to seizure onset between heterozygous mice in either strain: 129X1 - 12.7  492 

0.9min, B6NJ - 14.1  1.2 min (Figure 3F; Mann-Whitney test, p = 0.290). Similarly, 493 

latency to seizure onset was not different between wild-type (Scn1a+/+ - 14.7  1.1 min) 494 
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and heterozygous mice (Scn1aKT/+ -14.1  1.2 min) on B6NJ background (Figure 3E,  495 

two-tailed unpaired Student’s t-test, p = 0.813).  496 

The seizure severity in each mouse was scored on a modified Racine scale 497 

(Cheah et al., 2012). No difference was observed in the maximum Racine score, 498 

representative of the most severe heat- induced seizure behavior, between 499 

heterozygous Scn1aKT/+ mice in both backgrounds (Figure 3G; Mann-Whitney test, p 500 

>0.9999). Mice would typically begin to exhibit heat-induced seizures with head-nodding 501 

(Racine score 2) and rapidly progress to forelimb clonus, falling on sides, hindlimb 502 

extension and/or uncontrolled jumping (Racine score 3-5). About 40% of heterozygous 503 

mice tested on 129X1 (6 out of 15) and B6NJ (4 out of 9) backgrounds exhibited severe 504 

seizure phenotypes (Racine score of 5) characterized by uncontrolled jumping and/or 505 

generalized tonic-clonic seizures. Taken together, our data demonstrate that all 506 

heterozygous mutant mice exhibit heat-induced seizures with similar frequency, seizure 507 

threshold, latency and seizure severity in a strain-independent manner.  508 

The Scn1aKT/+ mice were also screened for spontaneous seizures via continuous 509 

EEG monitoring over a seven-day period. EEG monitoring was performed on adult mice 510 

on the 129X1-enriched background between the age of 3-4 months. One out of five 511 

heterozygous (Scn1aKT/+) animals exhibited spontaneous seizures whereas none of the 512 

wild-type littermate (Scn1a+/+) animals examined in parallel (n=5) displayed 513 

spontaneous seizures (Extended Data Figure 3-1). These results suggest that the 514 

Scn1aKT mutation can lead to a spontaneous seizure phenotype in some heterozygous 515 

animals, consistent with some individuals with the K1270T mutations exhibiting afebrile 516 

seizures (Abou-Khalil et al., 2001). 517 

 518 
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4. Impaired excitability of parvalbumin-positive interneurons in Scn1aKT/+ mice   519 

Several mutations in Scn1a have been associated with reduced excitability of PV-520 

expressing inhibitory interneurons in mouse models of Dravet Syndrome (Cheah et al., 521 

2012; Ogiwara et al., 2007; Rubinstein et al., 2015; Tai et al., 2014; Yu et al., 2006) and 522 

GEFS+ (R1648H) disorders (Hedrich et al., 2014; Martin et al., 2010). Reduced 523 

excitability of inhibitory neurons has also been implicated in a Drosophila model of the 524 

K1270T mutation (Sun et al., 2012). To examine the effect of K1270T mutation on PV 525 

interneurons, Scn1aKT/+ mice were crossed with PV-Cre mice and Ai14-td-Tomato 526 

reporter on a C57BL/6J background (i.e., to generate Scn1aKT/+;PV-Cre;Ai14-td-Tomato 527 

mice). Genetic labeling of PV neurons with td-Tomato was confirmed by 528 

immunostaining brain slices with anti-PV antibody and nuclei marker DAPI (Extended 529 

Data Figure 4-1). No difference was observed in mean cell density of td-Tomato labeled 530 

PV interneuron in CA1 hippocampus between wild-type and heterozygous mice (Figure 531 

4A, two-tailed unpaired Student’s t-test, p = 0.791).  532 

To evaluate firing properties of the inhibitory PV interneurons, acute slices of the 533 

mouse hippocampus were prepared from P30-P40 mice and whole cell current clamp 534 

recordings were obtained from td-Tomato+ neurons from hippocampal CA1. 535 

Characteristic fast spiking firing patterns were observed in td-Tomato+ neurons in both 536 

Scn1a+/+ and Scn1aKT/+ mice (Figure 4B). Curves of firing frequency versus injected 537 

currents in PV interneurons were not significantly different between the Scn1aKT/+ (gray, 538 

open circles) and Scn1a+/+ mice (black, triangles) (Figure 4C, two-way ANOVA with 539 

repeated measures, interaction: F(90, 1890) = 0.1346, p > 0.9999). However, a comparison 540 

of single action potential properties of PV interneurons revealed differences between 541 

Scn1aKT/+ and Scn1a+/+ mice (Table 2, Figure 4D-4H). AP threshold was estimated from 542 

phase plots of first derivative (dv/dt) of the first ever AP fired (Figure 4D). Although both 543 
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heterozygous and wild-type PV interneurons fired brief action potentials with a rapid 544 

afterhyperpolarization (Figure 4E), the action potential threshold in Scn1aKT/+ was more 545 

depolarized than Scn1a+/+ mice (Table 2, Figure 4F, Mann-Whitney test, p = 0.0069). 546 

Also, action potential amplitude in Scn1aKT/+ was reduced compared to wild-type 547 

Scn1a+/+ (Table 2, Figure 4E, Figure 4G, Mann-Whitney test, p = 0.005). Action potential 548 

half-width was broader in Scn1aKT/+ compared Scn1a+/+ mice (Table 2, Figure 4H, Mann-549 

Whitney test, p = 0.031). There was no significant difference in spike frequency 550 

adaptation (ISI1/ISIn) or in the other intrinsic membrane properties measured including 551 

whole cell capacitance, input resistance and rest membrane potential (RMP) between 552 

Scn1a+/+ and Scn1aKT/+ mice (Table 2). These results suggest that the K1270T GEFS+ 553 

mutation leads to significant impairment in action potential firing of PV interneurons 554 

without altering the relationship of firing frequency vs injected currents.  555 

 556 

5. Excitability of CA1 pyramidal neurons is unaltered in Scn1aKT/+ mice. 557 

Although hyperexcitability in Scn1a epilepsy mouse models has been largely associated 558 

with impaired firing in inhibitory neurons (Cheah et al., 2012; Dutton et al., 2013; 559 

Hedrich et al., 2014; Martin et al., 2010; Ogiwara et al., 2007; Rubinstein et al., 2015; 560 

Tai et al., 2014; Yu et al., 2006), several studies suggest that excitatory neuronal firing 561 

could also be altered as seen in a human iPSC SCN1A model (Liu et al., 2013) and an 562 

SCN2A mouse model (Ogiwara et al., 2018). Action potential firing was recorded in 563 

excitatory hippocampal CA1 pyramidal neurons from adult (P28-P40) mouse brain 564 

slices. Representative traces from wild-type Scn1a+/+ and heterozygous Scn1aKT/+ mice 565 

show regular spiking firing pattern with characteristic AP-doublet as seen in the 100 pA 566 

step (Figure 5A). Firing frequency vs injected current curves are not significantly 567 

different between Scn1aKT/+ (grey curve, open circles) and the Scn1a+/+ littermates 568 
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(black curve, triangles) (Figure 5B, two-way ANOVA with repeated measures, 569 

interaction: F(28, 756) = 0.6038, p = 0.948). AP threshold values were estimated from 570 

phase plots of the first derivative (dv/dt) of AP waveform and were not different between 571 

Scn1aKT/+ and Scn1a+/+ mice (Figure 5C and Figure 5E). Similarly, there was no 572 

significant difference in AP amplitude or AP half-width, or spike frequency adaptation 573 

(ISI1/ISIn) between Scn1aKT/+ and Scn1a+/+ mice (Figures 5F-5G, Table 3, two-tailed 574 

unpaired Student’s t-test, p > 0.05). There was no difference in other membrane 575 

properties including cell capacitance, input resistance, and RMP (Table 3, two-tailed 576 

unpaired Student’s t-test, p > 0.05). These results suggest that the K1270T mutation, 577 

similar to other Scn1a mouse models, preferentially impairs firing of inhibitory 578 

interneurons in hippocampal CA1 (Cheah et al., 2012; Dutton et al., 2013; Hedrich et 579 

al., 2014; Martin et al., 2010; Ogiwara et al., 2007; Rubinstein et al., 2015; Tai et al., 580 

2014; Yu et al., 2006). 581 

 582 

Discussion 583 

 584 

Seizure behavior  585 

To our knowledge, this is the first study reporting the use of CRISPR/Cas9-based gene-586 

editing to generate a mouse model of human GEFS+ epilepsy. All mice heterozygous 587 

for the K1270T GEFS+ mutation, in both the 129X1 and the B6NJ background, 588 

exhibited heat-induced seizures. This is consistent with the febrile seizure phenotype 589 

observed in the majority of patients with one copy of the K1270T mutant allele (Abou-590 

Khalil et al., 2001).  The seizure threshold temperature of heterozygous Scn1aKT/+ mice 591 

(42-43 oC) is higher than the typical body temperature of human patients during fever. 592 

However, this is not unexpected given a previous report demonstrating heat-induced 593 
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seizure behavior at similarly elevated temperatures in another mouse GEFS+ model, 594 

R1648H Scn1aRH/+ (Martin et al., 2010). While there is potential for off-target mutations 595 

associated with CRISPR editing, it seems unlikely this contributes to the seizure 596 

phenotype based on DNA sequencing indicating there was no evidence of mutant 597 

sequences at the three most likely off-target sites. These findings, together with the 598 

observation that seizures occurred at significantly lower temperature threshold in 599 

Scn1aKT/+ mice compared to their wild-type littermates, strongly supports the hypothesis 600 

that the presence of one copy of the K1270T mutation results in the heat-induced 601 

seizure phenotype. 602 

We also report spontaneous seizure behavior, based on continuous EEG 603 

recordings, in 1 of 5 of the heterozygous Scn1aKT/+ mutants, that was not observed in 5 604 

wild-type littermates monitored in parallel. While the sample size is small, this finding is 605 

similar to results in the R1648H GEFS+ mouse model where 2 of 14 Scn1aRH/+ mice 606 

exhibited spontaneous seizures while none was observed in wild-type littermates 607 

(Martin et al., 2010).  The result in the Scn1aKT/+ genotype is not unexpected since 608 

some, but not all, of the patients with the K1270T GEFS+ patients exhibit spontaneous 609 

as well as febrile seizures (Abou-Khalil et al., 2001). Analysis on larger sample size of 610 

animals will be required to describe the range of spontaneous seizure behaviors 611 

associated with the K1270T mutation. 612 

Unlike the human population where all individuals with the K1270T mutation are 613 

heterozygous, the mouse model also provides the opportunity to evaluate animals 614 

homozygous for the mutant gene. Consistent with other mouse models of GEFS+ or 615 

Dravet syndrome (DS), homozygous Scn1aKT/KT mice display a dramatically reduced life 616 

span compared to the heterozygous mutant and wild-type littermates (Cheah et al., 617 

2012; Martin et al., 2010; Ogiwara et al., 2007; Yu et al., 2006). In contrast to the study 618 
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of Dravet syndrome (DS) mice (Yu et al., 2006) there was no difference in lifespan 619 

between the mutant mice on C57BL/6NJ and 129X1/SvJ backgrounds. However, similar 620 

to the other models, continuous video monitoring revealed recurrent spontaneous 621 

seizures in the Scn1aKT/KT mice just prior to death (Cheah et al., 2012; Ogiwara et al., 622 

2007; Yu et al., 2006). Sudden unexpected death in epilepsy (SUDEP) is known to 623 

occur, possibly due to lethal cardiac arrhythmias following severe seizures in Scn1a 624 

knock-in R1407X DS mouse model (Auerbach et al., 2013) and Scn1a+/- knockout DS 625 

mouse model (Kalume et al., 2013). Future studies that include simultaneous EEG and 626 

electrocardiogram monitoring could help determine if cardiac dysfunction is associated 627 

with death following spontaneous seizures in the Scn1aKT/KT mice. It will also be 628 

interesting to determine if heat-induced seizures in juvenile homozygous mutant mice 629 

(evaluated prior to their death) have reduced seizure threshold and seizure latency 630 

compared to the heterozygous mutants as seen in R1648H GEFS+ mouse model 631 

(Martin et al,.2010).  632 

In addition to heat-induced/spontaneous seizures and reduced lifespan in 633 

homozygous mutants, the R1648H mutation in knock-in mice also results in mild 634 

impairment in social behavior and learning/ memory tasks (Sawyer et al., 2016). Future 635 

studies on the K1270T knock-in mice will include evaluation of sleep/wake cycles, 636 

learning/memory and cognitive behavior, social interaction, and effects of stressors. 637 

Comparison with R1648H GEFS+ and other existing mouse models of epilepsy will be 638 

informative in identifying both common and distinct features associated with specific 639 

mutations.  640 

 641 

Alterations in neuronal firing in Scn1aKT/+ mice 642 
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Reduced excitability of PV interneurons has been implicated in contributing to 643 

hyperexcitable circuits in Scn1a mouse models of DS and GEFS+ (Dutton et al., 2013; 644 

Favero et al., 2018; Hedrich et al., 2014; Rubinstein et al., 2015; Tai et al., 2014). The 645 

selective impairment of evoked firing in hippocampal CA1 PV-expressing inhibitory 646 

neurons in the Scn1aKT/+ mice is consistent with these previous models. However, the 647 

mouse hippocampus also contains a variety of inhibitory GABAergic interneuron 648 

subtypes including somatostatin (SST) and vasoactive intestinal peptide (VIP)-649 

expressing neurons, that play an important role in microcircuit activity (Pelkey et al., 650 

2017; Soltesz and Losonczy, 2018). Dysfunction in one or more of these inhibitory 651 

neuron populations could also disrupt both the feedback and feedforward inhibitory 652 

circuitry, contributing to seizure activity (Khoshkhoo et al., 2017; Paz and Huguenard, 653 

2015). NaV1.1 is predominantly localized in the soma and in the axon initiating segment 654 

of PV-positive neurons (Ogiwara et al., 2007) but it is also present in SST and VIP 655 

neurons (Goff and Goldberg, 2019; Li et al., 2014; Ogiwara et al., 2007; Tai et al., 656 

2014). One study showed that selective deletion of Nav1.1 in PV or SST-expressing 657 

neurons resulted in reduced neuronal excitability but led to phenotypically distinct 658 

behavioral disorders, suggesting distinct roles of interneurons subpopulations in 659 

mediating DS phenotypes (Rubinstein et al., 2015). In addition, irregular spiking of VIP 660 

interneurons has been associated with DS phenotypes in an Scn1a+/- mouse model 661 

(Goff and Goldberg, 2019). These studies emphasize the need for future work focused 662 

on multiple subtypes of interneuron populations to better understand how the K1270T 663 

mutation contributes to seizure phenotypes in Scn1a mouse models. 664 

The excitability of GABAergic PV interneurons was impaired in heterozygous 665 

Scn1aKT/+ mice as reflected in reduced AP amplitude and depolarized AP threshold. 666 

This is similar to the finding of APs with reduced amplitude and broadened half-width in 667 
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hippocampal interneurons of heterozygous and homozygous Scn1a knock-out mice (Yu 668 

et al., 2006). However, unlike the inhibitory neurons in the R1648H GEFS+ mouse 669 

model, where neuronal firing frequency was reduced in the mutants (Martin et al., 670 

2010), the I/F relationship in PV interneurons remained unchanged in K1270T 671 

heterozygous mutant mice despite the changes in AP properties. A previous study of 672 

hippocampal bipolar neurons in a rat model of SCN1A N1417H GEFS+ disorder also 673 

reported a reduction in AP amplitude without alteration in AP frequency (Mashimo et al., 674 

2010). In these cases, it is possible that the voltage dependence of activation and 675 

steady-state inactivation are altered in opposite directions and thus, “cancel out” their 676 

effects on the I/F relationship. It is also possible the unchanged I/F relationship is due to 677 

compensatory alterations in the number and/or locations of ion channels encoded by 678 

other genes.   679 

The present study did not evaluate the properties of the underlying sodium 680 

currents. However, studies in heterologous systems have shown that missense 681 

mutations located in transmembrane segments can lead to misfolding of the sodium 682 

channel assembly (Bechi et al., 2015; Rusconi et al., 2009, 2007) reviewed in 683 

(Mantegazza and Broccoli, 2019; Terragni et al., 2018). The Scn1a K1270T missense 684 

mutation, located in the S2 transmembrane segment of domain DIII, could lead to 685 

misfolding of the Nav1.1 channel in a way that alters voltage-dependent gating 686 

properties and/or trafficking of the channel, which in turn could contribute to the reduced 687 

AP amplitude. In the future, analysis of the sodium current properties and high 688 

resolution cryo-EM or x-ray diffraction data will be important in determining how the 689 

subcellular changes that contribute to reduced excitability. 690 

Since the K1270T mouse model displays heat-induced seizures at high body 691 

temperatures, future studies to determine how elevated temperatures affect the firing 692 
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properties and sodium channel function in PV neurons will be important to further 693 

understand the seizure mechanism. In addition, a detailed study of synaptic 694 

transmission in the hippocampal circuit at permissive and nonpermissive temperature 695 

will be critical in understanding the effects of K1270T mutation on the 696 

excitation/inhibition (E/I) balance in the brain. 697 

 698 

Comparison of cellular mechanisms in three K1270T knock-in model systems  699 

Elucidating the cellular machinery that regulates neuronal function in taxonomically 700 

diverse models can help identify both conserved and distinct pathways that lead to 701 

seizure phenotypes, an important step toward developing patient-specific therapies. A 702 

previous study has generated a knock-in Drosophila line carrying the same K1270T 703 

mutation in para, the only sodium channel gene in flies. In addition, isogenic pairs of 704 

human induced pluripotent stem cell (iPSC) -derived neurons carrying the K1270T 705 

mutation have also been developed. Common alterations in all three models provide 706 

insight into how the SCN1A K1270T mutation gives rise to seizures. Comparing the  707 

findings of the iPSC, fly and mouse models consistently reveal that the K1270T 708 

mutation leads to impaired evoked firing properties of inhibitory neurons (Sun et al., 709 

2012; Xie et al., 2020). This mutation also results in reduced spontaneous firing in 710 

inhibitory neurons in the fly (Sun et al., 2012). Reduced inhibition may result in an 711 

imbalance of excitation and inhibition in the neural network, as shown in the iPSC 712 

model, which may further induce seizure generation as shown in the fly and mouse 713 

models.  714 

  However, the specific alterations in sodium currents associated with impaired 715 

firing in inhibitory neurons appear to be different in the three models, identifying distinct 716 

cellular mechanisms that lead to heat-induced seizure phenotypes. In the K1270T 717 
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mutant fly model, reduced firing in inhibitory neurons at elevated temperature is 718 

associated with a  temperature-dependent hyperpolarized shift in the deactivation 719 

threshold of persistent sodium currents (Sun et al., 2012). Reduced firing frequency and 720 

AP amplitude in iPSC-derived inhibitory neurons carrying the K1270T mutation, even in 721 

the absence of elevated temperature, is associated with a constitutive reduction in 722 

sodium current density (Xie et al., 2020). In the current study of the K1270T mouse 723 

model, PV inhibitory firing frequency is not reduced in recordings made at room 724 

temperature. However, excitability is impaired based on a depolarizing shift in the AP 725 

threshold and a reduction in the AP amplitude. This suggests that the K1270T mutation 726 

in mice, like human iPSC-derived neurons, might result in constitutive reduction in 727 

sodium currents that makes PV interneurons less excitable.  728 

Future studies that examine sodium current properties in K1270T mutant mice, 729 

particularly focused on the effects of elevated temperature, may reveal additional 730 

alterations in persistent sodium current properties observed in the Drosophila model. A 731 

recent study of the Dravet Syndrome mutation H939R in the SCN1A gene in a mouse 732 

model and patient hiPSC-derived mixed forebrain neurons, found dysfunction of Nav1.1 733 

channels lead to alterations in the electrophysiological properties of excitatory and 734 

inhibitory neurons in both models (Dyment et al. 2020). The mutant mice replicated 735 

typical features of DS phenotypes including reduced longevity, susceptibility to 736 

spontaneous and heat-induced seizures; but also included the novel finding of reduced 737 

acetylcholine expression in hippocampal neurons (Dyment et al., 2020). This 738 

demonstrates the importance of studying novel mouse models to identify distinct cellular 739 

mechanisms that contribute to mutation specific disease phenotypes.  740 

The K1270T mutant mouse model generated for the present study provides 741 

insights into how this mutation alters activity in behaviourally relevant circuits which is 742 
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not possible in the Drosophila or hiPSC GEFS+ models. Experimental animal models 743 

and clinical studies, have demonstrated that enhancing serotonin (5-HT) levels in the 744 

brain inhibits hyperexcitability, suggesting that 5-HT receptors can act as potential anti-745 

epileptic drug targets (Griffin et al., 2018; Igelström, 2012; Schutte et al., 2014; Venzi et 746 

al., 2016). Both 5-HT receptor agonists or reuptake blockers (such as fluoxetine and 747 

citalopram) can have anti-seizure effects (Albano et al., 2006; Favale et al., 2003, 1995; 748 

Silenieks et al., 2019). A previous study has shown that enhancing 5-HT levels can 749 

suppress sensitivity to heat-induced seizures in a dose-dependent manner in Scn1a 750 

(S1231R) DS flies but exacerbates heat-induced seizures in K1270T GEFS+ flies 751 

(Schutte et al., 2014). Possible mechanism of 5-HT dependent suppression of seizures 752 

involves enhanced spontaneous firing of GABAergic local neuron (LN) that differentially 753 

affect seizure susceptibility in DS vs GEFS+ flies (Schutte et al., 2014). It would be 754 

interesting to determine if enhancing 5-HT levels in K1270T mutant mice worsens the 755 

heat-induced seizure phenotype (similar to Drosophila K1270T model), by performing 756 

simultaneous EEG recordings on mice undergoing heat-induced seizures. We speculate 757 

that key effects of the mutation that are preserved across multiple species (fruit-flies, 758 

mice and humans) are likely to reflect cellular mechanisms contributing to the disease 759 

phenotype in human. The Scn1a K1270T mouse is the second GEFS+ mouse model to 760 

be reported and it closely mimics the human patient phenotype. This new mouse model 761 

can further advance our understanding of the variable seizure phenotypes and complex 762 

cellular circuitry associated with sodium ion channel mutation dependent epilepsy.  763 
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 947 

Figure Legends 948 
 949 
Figure 1. Generation of Scn1aKT/+ mouse using CRISPR/Cas9. (A) The GEFS+ causing 950 

K1270T mutation (asterisk) is located in S2 transmembrane segment of domain III of 951 

the alpha subunit of Nav1.1 ion channel encoded by the human SCN1A gene. (B) 952 

Location of the guide RNA relative to the Cas9 cut site and the locus of the K1259T 953 

mutation in the mouse Scn1a gene and the Nav1.1 protein sequence. Repair template 954 

sequence with the base pair changes introducing the K-T mutation and the EcoRV cut 955 

site. All edited nucleotides are shown in lowercase letters and the homology-dependent 956 

repair region is represented by underlined letters. Two additional silent mutations 957 

(asterisks) were added to prevent re-cutting by Cas9 following HDR. (C) Outline of the 958 

steps followed to generate Scn1aKT mouse colonies in B6NJ and 129X1 genetic 959 

backgrounds from a single founder G0 male. (D) DNA sequence comparison between a 960 

wild-type (Scn1a+/+) and a heterozygous (Scn1aKT/+) mouse showing missense K-T 961 

mutation and another silent mutation that results in an EcoRV cut site. DNA 962 
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chromatograms of Scn1a+/+ and Scn1aKT/+ mice showing no off-target effects is shown in 963 

Extended Data Figure 1-1. (E) A representative agarose gel shows PCR amplified DNA 964 

bands digested with EcoRV which distinguishes between mice homozygous for the 965 

mutant allele, Scn1aKT/KT (223 bp and 165 bp), Scn1a+/+ wild-type mice homozygous for 966 

the wild-type allele (388 bp) and heterozygous Scn1aKT/+ mice carrying one copy each 967 

of wild-type (388 bp) and mutant (223 and 165 bp) alleles. 968 

 969 

Figure 2. Homozygous (Scn1aKT/KT) mice have a shortened lifespan in both genetic 970 

backgrounds. (A,B) Survivorship plots of wild-type (Scn1a+/+) and mutant mice over a 971 

period of one month in 129X1 and B6NJ strains respectively. Homozygous (Scn1aKT/KT) 972 

mice in both backgrounds displayed reduced mean lifespan (129X1 =19.9 days; B6NJ = 973 

20.3 days) compared to heterozygous (Scn1aKT/+) and wild-type (Scn1a+/+) littermates 974 

assayed in parallel. (C,D) Body weight of mutant mice (Scn1aKT/+ and Scn1aKT/KT) was 975 

not different from wild-type (Scn1a+/+) littermates before the age of P20 (Mann-Whitney 976 

test, p < 0.05). Data is represented as mean ± S.E.M. Individual data points of mouse 977 

survival and body weights observed across time is listed in detail in Extended Data 978 

Table 2-1. 979 

 980 

Figure 3. Heterozygous mice (Scn1aKT/+) exhibit heat-induced seizures and 981 

spontaneous seizures. (A) Custom-built heating chamber and schematic of the heating 982 

protocol used for inducing seizures. (B, C) Change in mean body temperature over time 983 

in wild-type (Scn1a+/+) and heterozygous mice (Scn1aKT/+) in 129X1 and B6NJ strains 984 

respectively. (D) Percentage of mice exhibiting heat-induced seizures in both strains. 985 

(E) Seizure threshold temperature and (F) latency to heat-induced seizures in wild-type 986 

(Scn1a+/+) and heterozygous (Scn1aKT/+) mice in both strains. (G) Maximum Racine 987 
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scores of heat-induced seizures exhibited by heterozygous (Scn1aKT/+) mice in both 988 

genetic strains are shown. Each dot represents maximum Racine score in a single 989 

mouse. Data shown in panels B-G are mean ± S.E.M. Number of animals are shown in 990 

parentheses. Representative electrographic (EEG) traces from a wild-type (Scn1a+/+) 991 

and a heterozygous (Scn1aKT/+) mouse on 129X1 strain is shown in Extended Data 992 

Figure 3-1. 993 

 994 

Figure 4. Reduced excitability of PV interneurons in Scn1aKT/+ mice. (A, left) 995 

Representative wild-type and heterozygous mouse brain sections depicting td-Tomato 996 

labeled PV interneurons (red) and DAPI (blue). so-stratum oriens, sp-stratum 997 

pyramidale, sr-stratum radiatum. Scale bar is 50 µM. Co-immunolabeling of td-Tomato 998 

positive PV interneurons with anti-PV antibody is shown in Extended Data Figure 4-1. 999 

(A, right) Mean cell density of td-Tomato labeled PV interneurons is not different 1000 

between wild-type and heterozygous mice (n = 3 mice per genotype, two tailed 1001 

Student’s t-test). (B) Representative traces of PV interneurons from wild-type (Scn1a+/+) 1002 

and heterozygous (Scn1aKT/+) littermates at different current injection steps. (C) Input-1003 

output curves showing AP firing frequency in PV interneurons against current injection 1004 

steps between 0 pA and 900 pA, data points for 50 pA step increment is shown here. 1005 

No difference in PV firing frequency between Scn1aKT/+ (grey curve, open circles) and 1006 

wild-type Scn1a+/+ mice (black curve, triangles) was seen (two-way ANOVA with 1007 

repeated measures, p > 0.05). (D) Phase plots of the first derivative (dv/dt) was plotted 1008 

against membrane potential (Vm) for the representative AP traces shown in panel E. 1009 

Arrow indicates the AP threshold. (E) Expanded representative traces of first AP fired 1010 

from a PV interneuron recorded from a Scn1a+/+ and Scn1aKT/+ mouse. Circles represent 1011 

the AP threshold determined from phase plots in panel D and the peak of action 1012 
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potentials. Arrows represent AP amplitude. (F) AP threshold is more depolarized in 1013 

Scn1aKT/+ mice compared to wild-type Scn1a+/+ mice. (F) AP amplitude is also reduced 1014 

in Scn1aKT/+ mice compared to Scn1a+/+ littermates. (G) AP half-width is increased in 1015 

Scn1aKT/+ mice. (F-H) All statistical comparisons done by Mann-Whitney test. Data 1016 

shown are average of 14 and 9 cells from Scn1a+/+ and Scn1aKT/+ littermates 1017 

respectively recorded from at least 3 different mice. Data is represented as mean ± 1018 

S.E.M.  1019 

 1020 

Figure 5. Firing property of CA1 excitatory neurons in Scn1aKT/+ mice remains unaltered. 1021 

(A) Representative traces of action potential firing from CA1 excitatory cells in wild-type 1022 

(Scn1a+/+) and heterozygous (Scn1aKT/+) mice in response to increasing current 1023 

injection steps. (B) No difference in firing frequency at a series of current injection steps 1024 

was found between heterozygous Scn1aKT/+ mice and Scn1a+/+ littermates (two-way 1025 

ANOVA, p > 0.05). (C) Phase plots (dv/dt versus membrane potential) of the 1026 

representative AP traces shown in panel D. Arrow indicates the AP threshold. (D) 1027 

Expanded single AP traces from Scn1a+/+ and Scn1aKT/+ mice. Circles represent the 1028 

inflection point (AP threshold) and the peak of action potentials, arrow indicate AP 1029 

amplitude.  (E-G) No change observed in AP threshold, AP amplitude and AP half-width 1030 

between heterozygous Scn1aKT/+ and Scn1a+/+ mice (two-tailed unpaired Student’s t-1031 

test, p > 0.05). Data shown is average of 12 and 17 cells from Scn1a+/+ and Scn1aKT/+ 1032 

littermates respectively recorded from at least 7 different mice. Data represented as 1033 

mean ± S.E.M. 1034 

 1035 

Table 1. Summary of off-target analysis. Results of Cas-OFFinder analysis of sgRNA72 1036 

targets on mouse chromosome 2. The intended target for sgRNA72 is within Scn1a, 1037 
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shown in green. The location of each of the three potential off-target sites on mouse 1038 

chromosome 2 identified by Cas-OFFinder is shown. The mismatches are indicated by 1039 

lowercase bold letters. The underlined region indicates the 10 nucleotide seed region 1040 

proximal to the PAM site. The vertical line at the 3’ end of each target or off-target site 1041 

indicates the boundary between the gRNA target and the adjacent Cas9 PAM (NGG) 1042 

sequence. No off-target effects were found when Scn1a K1270T WT and heterozygous 1043 

mouse DNA was amplified using specific primers (shown in Extended Data Table 1-1) 1044 

and sequences were analyzed (Extended Data Figure1-1). 1045 

 1046 

Table 2. Electrophysiological properties of PV interneurons between recorded from 1047 

heterozygous (Scn1aKT/+) and control (Scn1a+/+) mice respectively is shown. Statistical 1048 

comparisons were made with unpaired Mann-Whitney test except resting membrane 1049 

potential that was compared with Student’s unpaired t-test. Asterisks * and ** denote p 1050 

values < 0.05 and 0.01 respectively. 1051 

 1052 

Table 3. Electrophysiological properties of excitatory CA1 pyramidal neurons from 1053 

heterozygous (Scn1aKT/+) and control (Scn1a+/+) mice. Statistical comparisons were 1054 

made with two-tailed unpaired Student’s t-test. 1055 

 1056 

Extended Data Table 1-1. Primers for PCR amplification and sequencing for off-target 1057 

analysis. The table lists the genes, exon positions and sequences of the forward and 1058 

reverse primers used to screen off-target effects in Scn1a K1270T mice. Fwd and Rev 1059 

are abbreviated for forward and reverse set of primers.  1060 

 1061 
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E Extended Data Table 2-1. Individual data points for (A) survivorship curve and (B) mean 1062 

body weight of mice across postnatal age (days) in both strains – 129 and B6N. na – 1063 

not applicable, d – dead. M1,2,3… individual mouse under study. 1064 

 1065 

Extended Data Figure 1-1. Analysis of off-target effects. Chromatograms of DNA 1066 

sequence of two wild-type Scn1a+/+ (#17 and #26) and two heterozygous Scn1a KT/+ 1067 

(#21 and #23) mice, obtained from different parents are shown. No off-target effects 1068 

were detected at three loci on mouse chromosome 2, namely, Scn3a, Scn7a and Cd44. 1069 

At each locus, the region highlighted in blue corresponds to the potential off-target site 1070 

for the guide RNA (sgRNA72) and the red line denotes the PAM sequence. The Cas9 1071 

cut site is shown by the vertical double arrowhead line. 1072 

 1073 

Extended Data Figure 3-1. Representative electrographic traces from a 4-month old 1074 

wild-type (Scn1a+/+) and a heterozygous (Scn1aKT/+) mouse on 129X1 strain. (Left) 1075 

Normal EEG and EMG traces from a wild-type mouse during baseline activity. (Right) 1076 

Example EEG and corresponding EMG recordings during a spontaneous seizure 1077 

episode (shaded box) in the heterozygous mouse. The seizure episode, highlighted in 1078 

the shaded box, shows a classic EEG waveform with high amplitude and high frequency 1079 

polyspike discharges is expanded below. This animal experienced an average of 18.1  1080 

5.3 seizures per day with a mean seizure duration of 38.9  6.2s. 1081 

 1082 

Extended Data Figure 4-1. A representative PV interneuron (arrow) which was 1083 

genetically labeled with td-Tomato (magenta) in Scn1aKT/+;PV-Cre;Ai14-tdTomato mice 1084 
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and co-immunostained with anti-PV antibody (green) and DAPI (blue). Right most panel 1085 

shows the merged image. Scale bar is 50 µM. 1086 

 1087 

Video V1. Homozygous mouse pup shows spontaneous seizures. 1088 

Video V2. Heterozygous mouse shows heat-induced seizures. 1089 
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sgRNA72  crRNA   TCCTGGAGATGCTCCTCAAA 

Genomic DNA Chr Position Mismatches Locus Off-target effect 

TCCTGGAGATGCTCCTCAAA|TGG chr2 66299689 0 Scn1a N/A 

TCCTGGAaATGCTCCTCAAA|TGG chr2 65482216 1 Scn3a No 

TtCTGGAGATGCTtCTCAAg|TGG chr2 66689597 3 Scn7a No 

TtCTGGAGATGCTCCTCAtt|CGG chr2 102858300 3 Cd44 No 

 

Table 1. Summary of off-target analysis. Results of Cas-OFFinder analysis of sgRNA72 targets 

on mouse chromosome 2. The intended target for sgRNA72 is within Scn1a, shown in green. The 

location of each of the three potential off-target sites on mouse chromosome 2 identified by Cas-

OFFinder is shown. The mismatches are indicated by lowercase bold letters. The underlined 

region indicates the 10 nucleotide seed region proximal to the PAM site. The vertical line at the 3’ 

end of each target or off-target site indicates the boundary between the sgRNA target and the 

adjacent Cas9 PAM (NGG) sequence. No off-target effects were found when Scn1a K1270T WT 

and heterozygous mouse DNA was amplified using specific primers (shown in Extended Data 

Table 1-1) and sequences were analyzed (Extended Data Figure1-1). N/A - not applicable. 
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Properties Scn1a+/+ Scn1aKT/+ p value 

cells # (animals #) 14 (5) 9 (3)  

Capacitance (pF) 45.58  9.16 60.0  18.69 0.402 

Input resistance (M ) 111.79  21.86 74.83  8.94 0.477 

Resting potential (mV) -65.14  0.61 -63.88  0.82 0.227 

AP threshold (mV) -41.79  0.77 -37.70  1.28** 0.0069 

AP amplitude (mV) 61.24  1.88 48.26  4.01** 0.005 

AP half-width (ms) 0.285  0.01 0.332  0.01* 0.031 

Spike Frequency Adaptation (ISI1/ISIn) 0.820  0.11 0.883  0.19 0.926 

 

Table 2. Electrophysiological properties of PV interneurons between recorded from 

heterozygous (Scn1aKT/+) and control (Scn1a+/+) mice respectively is shown. Statistical 

comparisons were made with unpaired Mann-Whitney test except resting membrane potential 

that was compared with Student’s t-test. Asterisks * and ** denote p values < 0.05 and 0.01 

respectively. 
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Properties Scn1a+/+ Scn1aKT/+ p value 

cells # (animals #) 12 (8) 17 (9)  

Capacitance (pF) 27.71  1.93 31.77  3.23 0.340 

Input resistance (M ) 182.04  20.59 187.62  13.58 0.815 

Resting potential (mV) -65.16  1.01 -65.09  0.69 0.947 

AP threshold (mV) -42.99  1.36 -43.29  1.54 0.891 

AP amplitude (mV) 77.27  3.30 69.28  3.90 0.152 

Spike Frequency Adaptation (ISI1/ISIn) 0.234  0.04 0.384  0.07 0.085 

Table 3. Electrophysiological properties of excitatory CA1 pyramidal neurons from 

heterozygous (Scn1aKT/+) and control (Scn1a+/+) mice. Statistical comparisons were made with 

two-tailed unpaired Student’s t-test. 


