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 30 

Abstract  31 

Dravet Syndrome (DS) is a catastrophic form of paediatric epilepsy mainly 32 

caused by non-inherited mutations in the SCN1A gene. DS patients suffer 33 

severe and life-threatening focal and generalised seizures which are often 34 

refractory to available anti-seizure medication. Antisense oligonucleotides 35 

(ASOs) based approaches may offer treatment opportunities in DS. MicroRNAs 36 

are short non-coding RNAs that play a key role in brain structure and function 37 

by post-transcriptionally regulating gene expression, including ion channels. 38 

Inhibiting microRNA-134 (miR-134) using an antimiR ASO (Ant-134) has been 39 

shown to reduce evoked seizures in juvenile and adult mice and reduce 40 

epilepsy development in models of focal epilepsy. The present study 41 

investigated the levels of miR-134 and whether Ant-134 could protect against 42 

hyperthermia-induced seizures, spontaneous seizures and mortality (SUDEP) in 43 

F1.Scn1a(+/-)tm1kea mice. At P17, animals were intracerebroventricular injected 44 

with 0.1 – 1 nmol of Ant-134 and subject to a hyperthermia challenge at P18. A 45 

second cohort of P21 F1.Scn1a(+/-)tm1kea mice received Ant-134 and were 46 

followed by video and EEG monitoring until P28 to track the incidence of 47 

spontaneous seizures and SUDEP. Hippocampal and cortical levels of miR-134 48 

were similar between wildtype and F1.Scn1a(+/-)tm1kea mice. Moreover, Ant-134 49 

had no effect on hyperthermia-induced seizures, spontaneous seizures and 50 

SUDEP incidence were unchanged in Ant-134 treated DS mice. These findings 51 

suggest that targeting miR-134 does not have therapeutic applications in DS. 52 

 53 

 54 
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 55 

Significance Statement 56 

Several preclinical models of epilepsy have implicated miR-134 as a 57 

therapeutic target for seizure control and anti-epileptogenesis. The present 58 

study here explored whether targeting miR-134 has effects on seizures and 59 

mortality in a mouse model of Dravet Syndrome. The results indicate that 60 

suppression of miR-134 using an antimiR did not protect against hyperthermia-61 

induced seizures, spontaneous seizures or SUDEP in F1.Scn1a(+/-)tm1kea mice. 62 

The findings suggest that miR-134 is not a therapeutic target in DS. 63 

 64 

 65 
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 80 

Introduction  81 

Epilepsy is a common, chronic brain disease characterised by an 82 

enduring predisposition to generate epileptic seizures (Fisher et al., 2014). Most 83 

monogenic causes of epilepsy arise from inherited or de novo mutations in 84 

genes that encode protein components of ion channels or neurotransmitter 85 

systems. This includes Dravet Syndrome (DS), an intractable form of childhood 86 

epilepsy with an incidence of 1:15,700 births (Wu et al., 2015). Most DS 87 

patients carry de novo mutations in one allele of the SCN1A gene leading to 88 

haploinsufficiency of the type 1 voltage-gated sodium channel α subunit 89 

(Nav1.1). Since Nav1.1 is enriched in fast-spiking parvalbumin (PV) 90 

interneurons, loss-of-function mutations in SCN1A result in reduced Na+ influx 91 

leading reduced firing of inhibitory neurons and brain hyperexcitability (Yu et al., 92 

2006; Jiang et al., 2018).  93 

The earliest DS symptoms in both humans and mouse models are 94 

primarily characterised by sensitivity to hyperthermia-induced seizures (Oakley 95 

et al., 2009; Gataullina and Dulac, 2017). Severe spontaneous recurrent 96 

seizures (SRS) emerge soon after and there is a high incidence of sudden 97 

unexpected death in epilepsy (SUDEP) (Shmuely et al., 2016). Seizures in DS 98 

patients are largely refractory to current therapies. Although seizure frequency 99 

declines with age, individuals with DS often experience long-lasting cognitive 100 

and motor impairments (Genton et al., 2011; Shmuely et al., 2016). Therefore, 101 

there is an urgent need to find effective treatments for this catastrophic 102 

childhood epilepsy.  103 

Precision therapies designed to restore SCN1A expression recently 104 

entered clinical trials (NCT04740476, NCT04442295). However, most recently 105 

approved therapies for DS remain non-precision therapies involving broad 106 

targets to regulate brain excitability including CBD, stiripentol and fenfluramine. 107 

In addition to these small molecules, a recent study using antisense 108 

oligonucleotides (ASOs) to knockdown the TAU protein in neurons reduced 109 

epilepsy, SUDEP, and autism-like behaviour in a mouse model of Dravet 110 

syndrome (Shao et al., 2022). These studies highlight that SRS, SUDEP and 111 
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behaviour impairments in DS can be controlled by distinct mechanisms 112 

associated with brain excitability but not necessarily linked directly to the 113 

genetic mutation. The effectiveness of these therapies at different life-stages of 114 

DS remains unclear, however, necessitating the pursuit of additional strategies.  115 

MicroRNAs (miRNAs) are small noncoding RNAs which have emerged 116 

as potential treatment targets in epilepsy (Brennan and Henshall, 2020; 117 

Chakraborty et al., 2021; Morris et al., 2021). Several miRNAs play crucial roles 118 

in brain development by tightly regulating post-transcriptional expression of 119 

genes implicated in brain excitability and neuronal network function (Follert et 120 

al., 2014). Among these, microRNA-134 (miR-134) is a leading candidate, a 121 

brain-enriched neuronal miRNA which has been reported to be upregulated in 122 

pre-clinical rodent models of seizures and epilepsy and in resected brain tissue 123 

from children and adults with drug-resistant temporal lobe epilepsy (Jimenez-124 

Mateos et al., 2012; Peng et al., 2013; Reschke et al., 2017).  125 

The broad effect in multiple rodent models of seizures and epilepsy using 126 

locked nucleic acid oligonucleotide ASOs called antimiRs  (Ant-134) have been 127 

linked to de-repression of structural and transcriptional proteins including Lim-128 

domain-containing protein kinase1 (Limk1), Doublecortin (Dcx) and cAMP 129 

response element binding protein (Creb1), which can directly alter synaptic 130 

function and brain excitability (Schratt et al., 2006; Gao et al., 2010; Gaughwin 131 

et al., 2011; Morris et al., 2019). Thus, Ant-134 promotes a potent seizure 132 

reduction in adult models of evoked seizures and epilepsy (Jimenez-Mateos et 133 

al., 2012; Reschke et al., 2021). Targeting miR-134 also reduced kainic acid-134 

induced seizures, at least within a narrow dose-range, in juvenile (P21) mice 135 

(Campbell et al., 2021). Interestingly, in a mouse model of Angelman Syndrome 136 

carrying a loss-of-function mutation in the maternally-inherited copy of the 137 

Ube3a gene, Ant-134 treatment also reduced effectively the susceptibility to 138 

audiogenically-evoked seizures (Campbell et al., 2022). Whether targeting miR-139 

134 has effects in other models of genetic epilepsy is unknown, although ion 140 

channel-specific epilepsies can be treated by miRNA-targeting antimiRs in mice 141 

(Gross et al., 2016; Tiwari et al., 2019).  142 

Here, we investigate if miR-134 suppression would protect against 143 

hyperthermia-induced seizures, SRS and SUDEP in F1.Scn1a(+/-)tm1kea mice by 144 
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directly regulating proteins related to synaptic function and brain excitability 145 

commonly associated with the prolonged and sustained effects of Ant-134 on 146 

epilepsy. The results show that ant-134 treatment is not effective in suppressing 147 

seizures in F1.Scn1a(+/-)tm1kea mice, suggesting that miR-134 is not able to 148 

modulate the epileptogenic process in Dravet syndrome and does not represent 149 

a therapeutic target for the disease. 150 

 151 

 152 

Materials and methods 153 

Mice and ethics statement  154 

Scn1atm1Kea mice which have a deletion of the first coding exon were 155 

generated by homologous recombination in TL1 ES cells (129S6/SvEvTac) as 156 

previously described (Miller et al., 2014). Male Scn1a(+/-)tm1Kea mice on the 157 

129S6/SvEvTac background were crossed with inbred female mice 158 

C57BL/6JOlaHsd resulting in [129XB6]F1.Scn1a(+/-) mice offspring, referred to 159 

herein as F1.Scn1a(+/-)tm1Kea. Both male and female F1.Scn1a(+/-)tm1Kea or wild-160 

type littermates F1.Scn1a(+/+)tm1Kea used in experiments were genotyped before 161 

postnatal day 7 (P7). All animal experiments were performed in accordance with 162 

the European Communities Council Directive (86/609/EEC) and approved by 163 

the Research Ethics Committee of the Royal College of Surgeons in Ireland 164 

(REC 1302bbb) under license from the Department of Health (AE19127/P064), 165 

Dublin Ireland. Animals were maintained in a light (08:00 - 20:00) / dark cycle 166 

(20:00 - 08:00) with food and water ad libitum.   167 

  168 

Intracerebroventricular injections of antimiRs 169 

At P17, mice were weaned and injected via i.p with buprenorphine 170 

(0.3mg/ml) and placed in an adapted stereotaxic frame under anaesthesia 171 
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(isoflurane/oxygen 5% for induction and 3% for maintenance). Body 172 

temperature was maintained by a feedback-controlled heat blanket. After topical 173 

application of EMLA cream 5%, a midline scalp incision was performed and a 174 

craniotomy was drilled to allow direct ICV injections (coordinates from Bregma: 175 

anterior–posterior (AP)+0.3 mm, lateral (L)= +0.9 mm, ventral (V)=−1.35 mm 176 

relative to the dura mater (See Extended Data Fig.1-1 for representative images 177 

of i.c.v injections in P21 mice). Mice were randomly assigned into 5 different 178 

groups: (+/+)scr 1nmol, (+/-)scr 1nmol, (+/-) Ant-134 0.1nmol, (+/-)Ant-134 179 

0.5nmol and (+/-)Ant-134 1nmol to receive three different doses of mmu-miR-180 

134-5p miRCURY LNA  inhibitor (Ant-134; Exiqon; 0.1, 0.5 or 1 nmol in 2 µl 181 

PBS) or a non-targeting scrambled control (scr; Exiqon, 1 nmol in 2 µl PBS) 182 

using a 2 µl Hamilton syringe at a rate of 1 µl/min. After surgery, animals were 183 

immediately placed in an incubator at 33°C and monitored for 30 min before 184 

returning to the home cage. 185 

 186 

Ant-134 testing on hyperthermia-induced seizures during the febrile stage 187 

of DS  188 

A P18, animals were subjected to a hyperthermia-induced seizures 189 

threshold assay as previously described (Gerbatin et al., 2022). First, the 190 

mouse was gently hand-restrained in a supine position with tail lifted. Then, a 191 

temperature probe (RET-4, physitemp) covered with Vaseline was inserted into 192 

the rectum and taped on the tail, to keep it in place throughout the procedure. 193 

Later, animals were placed into a Plexiglass box with an infrared heat lamp (HL-194 

1, physitemp, Clifton, New Jersey) positioned above and the rectal probe 195 

attached to a TCAT-2DF thermocontroller (physitemp, Clifton, New Jersey). 196 
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Mice were held at 37.5 ◦C for 5 min to become accustomed to the chamber. 197 

Then core body temperature was gradually elevated by 0.5 ◦C every 2 min until 198 

a seizure occurred or until reaching 42.5 ◦C. If reaching that temperature, 199 

animals were held for 3 min before turning off the heat lamp. After that, mice 200 

remained 5 min in the chamber for observation of any late occurring seizures 201 

before they were removed, cooled down and considered seizure free. If the 202 

mouse had a seizure during the hyperthermia challenge, the heating process 203 

was stopped immediately to cool down the mouse to 37 ◦C on a cold metal 204 

surface. Seizure severity was classified according to the Racine scale scoring 205 

system with few modifications (Racine, 1972; Van Erum et al., 2019). No 206 

behaviour changes (0), mouth and facial movements (1), head nodding (2), 207 

unilateral forelimb clonus (3), bilateral forelimb clonus with rearing (4), rearing 208 

and falling (loss of posture) (5), wild running or jumping (6) and tonic hindlimb 209 

extension possible leading to death (7).  210 

 211 

Measurement of miR-134 and antimiR knockdown  212 

To evaluate miR-134 levels in the febrile stage, animals received an 213 

intraperitoneal overdose of pentobarbital 30 minutes after the hyperthermia 214 

challenge to be transcardially perfused with ice-cold PBS to remove the brain 215 

and micro-dissect the cortex and hippocampus for molecular analyses. During 216 

the worsening stage of DS, a sub-group of mice i.c.v injected at P21 with Ant-217 

134 0.1nmol, were also euthanised 24 hrs later (at P22) to evaluate the 218 

silencing of miR-134 in cortex and hippocampus. RNA was extracted from the 219 

ipsilateral hippocampus and cortex using 750 µL of Trizol (Sigma-Aldrich), to 220 

homogenise the samples followed by a centrifugation at 12000g for 10 min at 4 221 



 
 

8 
 

°C. Phase separation was performed by adding 200 µL of chloroform (Sigma-222 

Aldrich), to each sample and vigorously mixing for 15 seconds before incubating 223 

at room temperature for 5 min. Samples were centrifuged at 15600 g for 15 min 224 

at 4°C. The upper phase was removed and 450 µL of isopropanol (Sigma-225 

Aldrich), was added and samples were stored at -20 °C overnight. Samples 226 

were centrifuged at 15600 g for 15 min at 4 °C and 750 µL of 75% cold ethanol 227 

(Sigma-Aldrich), was used to wash the pellet. Samples were centrifuged at 228 

13300 g for 5 min and the ethanol was removed. Finally, pellets were left to dry 229 

for 1h and resuspended in 25 µL of RNase free H20. The quantity and quality of 230 

RNA were measured using a Nanodrop Spectrophotometer (Thermo Fisher 231 

Scientific). Samples with a 260/280 ratio between 1.8 and 2.2 were considered 232 

acceptable; 250 ng of total mRNA was used to produce cDNA by reverse 233 

transcription using Multiscribe reverse transcriptase enzyme (Invitrogen). 234 

Generated cDNA was diluted with nuclease-free dH2O in a ratio of 1:10. 235 

1 µl of diluted cDNA was then mixed with a master mix containing 5 µl 2x 236 

TaqMan Fast Universal PCR Master Mix, 0.5 µl mmu-miR-134 (Applied 237 

Biosystems miRNA assay ID 001186, primer 238 

UGUGACUGGUUGACCAGAGGGG) and 3.5µl of dH2O. Samples were added 239 

in triplicates in a 96-well plate. The plate was then covered with an optical 240 

adhesive film (MicroAmp, Applied Biosystems) and briefly centrifuged at 1000 g 241 

for 1min and placed in the QuantStudio™ 12K Flex PCR system. Comparative 242 

CT values were measured. MiRNA levels were normalised using RNU19 243 

(Applied Biosystems miRNA assay ID 001003) expression and relative fold 244 

change in miRNA levels were calculated using the comparative cycle threshold 245 

method (2-ΔΔCT). 246 
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Analysis of mRNA expression  247 

qPCR was performed using the QuantiTech SYBR Green kit (QIAGEN) 248 

and the LightCycler 1.5 (Roche Diagnostics). Each reaction tube contained 2 µl 249 

cDNA sample, 10 µl SYBR Green QuantiTech Reagent (QIAGEN), 1.25 M 250 

primer pair (Sigma-Aldrich), and RNase free water (Invitrogen) to a final volume 251 

of 20 µl. Using LightCycler 1.5 software, data were analyzed and normalized to 252 

the expression of -actin. Primers used (Sigma-Aldrich) were as follows: ß-actin 253 

forward 5’-AGGTGTGATGGTGGGAATGG, reverse 5’-254 

GGTTGGCCTTAGGGTTCAGG; Lim Kinase1 forward, 5’-255 

TTATCGGGCGTGTGAATGCA, reverse 5’-ACCAGACAAGTGCATGGGAA; 256 

Creb1 forward 5’-TGGGGACTGGCATTTTGTA, reverse 5’-257 

GCAGGAGAAAGCACAGCAAA; Doublecortin forward, 5’-258 

GGAGTGGGTTACATTTACACCAT, reverse 5’-259 

GTCTGAGGAACAGACATAGCTT. 260 

 261 

Video EEG recordings of spontaneous seizures and SUDEP during the 262 

worsening stage of DS 263 

At P21, another cohort of F1.Scn1a(+/-)tm1kea mice underwent surgery as 264 

above to be randomly i.c.v injected with mmu-miR-134-5p miRCURY LNA 265 

inhibitor (Ant-134; Exiqon; 0.1 nmol in 2 µl PBS) or a non-targeting scrambled 266 

control (scr; Exiqon, 0.1 nmol in 2 µl PBS). Three screw electrodes were 267 

implanted to allow for EEG recordings and secured with dental cement and 268 

special glue. The screw electrodes were placed bilaterally to the midline over 269 

the cerebral cortex followed by the reference electrode positioned over the 270 

nasal sinus. After surgery, animals were immediately placed in an incubator at 271 
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33°C and monitored for 30 min. Once fully recovered, single housed mice were 272 

connected to the lead socket of a swivel commutator, which was connected to a 273 

brain monitor amplifier for EEG digital recordings. Gel diet was added in the 274 

cage and vEEG recordings were performed from 12:30 p.m to 18:30 p.m (6 275 

hours/day) followed by video monitoring from 18:30 p.m to 12:30 p.m (18 276 

hours/day) until P28. Immediately after acute vEEG recordings, single housed 277 

mice in their home cages were transferred to a room equipped with a high 278 

resolution, infrared video cameras (Hikvision). Continuous digital videos were 279 

recorded at 30 fps and stored in a Dell PC workstation. Video recordings were 280 

reviewed offline at 16x speed using VSplayer software (version 6.0.0.4) and 281 

suspected seizures were reviewed at 1x speed. Duration of seizures were 282 

defined from the beginning to end of the behavioural convulsion. The severity of 283 

spontaneous seizures was scored based on a new revised Racine Scale (Van 284 

Erum et al., 2019): Normal behaviour (0), Generalized tonic-clonic seizure 285 

(GTCS), rearing, clonus and loss of balance/posture/falling (5), GTCS + wild 286 

running and/or jumping (6) and GTCS ending with full tonic hindlimb extension 287 

(180 degrees relative to torso) possibly leading to cardiorespiratory arrest and 288 

death (7). Seizure severity assessment was limited to scores (0,5,6 and 7) to 289 

ensure consistency of analyses. When a mouse was found dead in a cage, the 290 

video was reviewed to determine whether it was preceded by a severe GTCS 291 

ending with full hindlimb extension. 292 

 293 

Statistical analyses 294 

The normality of the data was analysed using D’Agostino and Pearson’s 295 

omnibus normality test. Data were analysed using one-way analysis of variance 296 
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(ANOVA), Kruskal-Wallis test (followed by two-stage step-up method of 297 

Benjamini, Krieger and Yekutiel correction for multiple comparisons), unpaired 298 

two-tailed Student t test, Mann-Whitney U test and Kaplan-Meier method 299 

followed by Tukey's post hoc test, as appropriate. Grubbs' test with alpha = 0.01 300 

was applied to detect outliers in mRNA levels of Dcx. The specific statistical test 301 

used for each experiment are indicated in the figure legends. Data are 302 

expressed as standard deviations (SD) or median with interquartile range (IQR), 303 

as appropriate. Differences between groups were considered statistically 304 

significant when p<0.05. Experiments and data were analysed blind to genotype 305 

and treatment. 306 

 307 

Results 308 

Evaluation of Ant-134 on hyperthermia-induced seizures in F1.Scn1a(+/-309 

)tm1kea mice 310 

Sensitivity to hyperthermia is a hallmark of DS onset. In the first 311 

experiment, we investigated if the silencing of miR-134 by Ant-134 could 312 

prevent the development of hyperthermia-induced seizures in F1.Scn1a(+/-313 

)tm1kea mice during the febrile stage of DS. A total of 6-7 mice per group were 314 

used and data was analysed by Kruskal Wallis test. At P17, F1.Scn1a(+/-)tm1kea 315 

mice were i.c.v injected with 0.1, 0.5 or 1 nmol dose of Ant-134 followed by the 316 

hyperthermia challenge at P18 (Fig.1A).  As body temperature was elevated, all 317 

scr F1.Scn1a(+/-)tm1kea mice developed seizures at temperatures ranging from 318 

37.5°C to 39.5°C (P=0.0009, Fig. 1B) presenting a median duration ~ 20 s 319 

(P=0.003, Fig. 1C) and severity 5 according to a modified Racine scale score 320 

(P=0.0006, Fig. 1D). Notably, none of three different doses of ant-134 321 
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influenced the temperature threshold for seizure development (Fig. 1B). The 322 

duration and severity of seizures also remained unchanged in F1.Scn1a(+/-323 

)tm1kea Ant-134 treated mice when compared to F1.Scn1a(+/-)tm1kea scr mice 324 

(Fig. 1C,D).  325 

 326 

 327 

 328 

miR-134, Creb1, Limk1, Dcx and Scn1a expression after hyperthermia-329 

induced seizures in F1.Scn1a(+/-)tm1kea mice  330 

Next, transcript levels of miR-134 in the ipsilateral cortex and 331 

hippocampus were investigated 24 hrs after Ant-134 injections (Fig. 1E, 332 

Extended data Fig. 1-2). All results reported here were analysed by One-way 333 

analysis of variance (ANOVA) with a total of 6-7 mice per group. No statistical 334 

difference in the levels of miR-134 in cortex or hippocampus was observed 335 

between WT controls and F1.Scn1a(+/-)tm1kea mice, confirming miR-134 is not 336 

differentially expressed in the DS mouse model (Fig. 1E, Extended data Fig. 1-337 

2A). F1.Scn1a(+/-)tm1kea treated mice with 0.1, 0.5 and 1nmol dose of Ant-134 338 

showed a miR-134 knockdown of 71.7%, 86.9% and 82.5% respectively, when 339 

compared to scr F1.Scn1a(+/-)tm1kea  (P=0.001, P<0.0001 and P=0.0002 340 

respectively, Fig. 1E). Cortical and hippocampal levels of miR-134 targets 341 

including Limk1, Creb1 and Dcx were also investigated (Fig. 1F,G,H, Extended 342 

Data Fig.1-2B,C,D). No statistical difference was observed in the levels of all 343 

miR-134 targets between WT scr and F1.Scn1a(+/-)tm1kea scr mice in both brain 344 

regions (Fig. 1F,G,H and Extended Data Fig.1-2B,C,D). In contrast, 345 

hippocampal levels of Dcx and cortical Limk1 levels were upregulated in 346 
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F1.Scn1a(+/-)tm1kea mice treated with ant-134 0.1 nmol when compared to scr 347 

F1.Scn1a(+/-)tm1kea mice (P<0.0001 and P= 0.009, Fig. 1H and Extended Data 348 

Fig.1-2B respectively). These findings confirm that inhibiting miR-134 349 

upregulates some, but not all, miR-134 targets in DS model mice. Lastly, we 350 

investigated if Ant-134 0.1nmol could have any effect on Scn1a transcript levels 351 

in DS mice. However, similar Scn1a levels were observed between scr 352 

F1.Scn1a(+/-)tm1kea and Ant-134 F1.Scn1a(+/-)tm1kea treated mice in both brain 353 

regions (Fig. 1I and Extended Data Fig.1-2E). 354 

Ant-134 does not change the frequency of spontaneous seizures and 355 

SUDEP in F1.Scn1a(+/-)tm1kea  mice 356 

Some therapeutics may fail against hyperthermia-induced seizures but 357 

nevertheless work against spontaneous seizures and SUDEP (Hawkins et al., 358 

2017). Previous work showed that Ant-134 when injected at 0.1 nmol reduced 359 

seizures evoked by systemic kainic acid in P21 mice (Campbell et al., 2021). 360 

Based on this, using a second cohort of mice, we investigated whether Ant-134 361 

dose (0.1nmol) injected at P21 would reduce the frequency of spontaneous 362 

seizures and SUDEP (recorded by vEEG and video monitoring) experienced by 363 

F1.Scn1a(+/-)tm1kea mice until P28 during the worsening stage of DS (Fig. 2A, n 364 

= 6 mice per group). 365 

Figure 2B, C show the frequency of spontaneous seizures and SUDEP for scr 366 

and Ant-134 treated F1.Scn1a(+/-)tm1kea mice. Student’s t test revealed no 367 

difference in the total number of spontaneous seizures over the period between 368 

scr and Ant-134 treated F1.Scn1a(+/-)tm1kea mice (Fig. 2C). Furthermore, the 369 

duration and severity of spontaneous seizures were similar between both 370 

groups (Fig. 2D, Student’s t test; E, Mann-Whitney test). Next, we investigated if 371 
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Ant-134 had any effect on the incidence of SUDEP in F1.Scn1a(+/-)tm1kea mice 372 

(Fig. 2F). Notably, no difference was observed in survival rates in F1.Scn1a(+/-373 

)tm1kea mice treated with Ant-134 when compared to control (Fig. 2F, long-rank 374 

test). Lastly, another cohort of mice were injected at P21 with Ant-134 (0.1nmol) 375 

or its vehicle to assess the silencing of miR-134 in hippocampus at P22 (Fig. 376 

2A,G, n = 6 mice per group). As expected, lower levels of miR-134 were 377 

observed in the hippocampus of F1.Scn1a(+/-)tm1kea mice treated with Ant-134 378 

when compared to control (Fig. 2G). Ant-134 0.1nmol promoted a knockdown of 379 

~ 57% of miR-134 levels in F1.Scn1a(+/-)tm1kea mice (Fig. 2G, Mann-Whitney 380 

test). 381 

 382 

Discussion 383 

Extensive preclinical data has shown that inhibition of miR-134 is a 384 

potential treatment for drug-resistant focal epilepsy. Recent studies also 385 

showed inhibiting miR-134 can reduce evoked seizures in immature mice and 386 

reduce seizures in a genetic model of a neurodevelopmental disorder. The 387 

present study shows that miR-134 knockdown induced by an ASO antimiR does 388 

not reduce hyperthermia-induced seizures, spontaneous seizures or SUDEP in 389 

F1.Scn1a(+/-)tm1kea mice. These findings indicate limitations in the application of 390 

miR-134 targeting for certain genetic forms of epilepsy. 391 

Early DS symptoms are primarily characterized by febrile seizures 392 

emerging during the first year of life (febrile stage of DS) (Gataullina and Dulac, 393 

2017). Accordingly, P18 F1.Scn1a(+/-)tm1kea mice i.c.v injected with scr showed 394 

sensitivity to hyperthermia-induced seizures in temperatures ~38.5°C. 395 

Preclinical studies have shown that i.c.v injection of antagomir targeting miRNA-396 
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134 protects against evoked seizures in multiple rodent models of epilepsy, 397 

including models of earlier-life seizures and neurodevelopmental disorders 398 

(Reschke et al., 2017; Gao et al., 2019; Campbell et al., 2021; Campbell et al., 399 

2022). In the first study here, we found that suppression of miR-134 by antimiR 400 

ASOs did not affect seizure duration, severity or temperature threshold for 401 

F1.Scn1a(+/-)tm1kea mice. These findings suggest that miR-134 is not involved in 402 

the susceptibility to hyperthermia-induced seizures experienced by 403 

F1.Scn1a(+/-)tm1kea mice. 404 

MiRNA-134 has been found upregulated in the hippocampus of children 405 

and adults with MTLE (Jimenez-Mateos et al., 2012; Peng et al., 2013). 406 

Similarly, many preclinical models of seizures and epilepsy have shown 407 

increased levels of miRNA-134, which has been associated with seizure 408 

susceptibility (Peng et al., 2013; Reschke et al., 2017; Gao et al., 2019). 409 

However, miR-134 is not upregulated in all epilepsy models, including kainic 410 

acid-induced seizures in P21 mice and elevated miR-134 was observed in the 411 

cerebellum but not hippocampus in a mouse model of the neurodevelopmental 412 

disorder Angelman syndrome (Campbell et al., 2021; Campbell et al., 2022). 413 

Here, we showed that F1.Scn1a(+/-)tm1kea scr mice express normal levels of 414 

miR-134 in the cortex and hippocampus. This suggests that miR-134 does not 415 

have a key role in the pathological molecular mechanisms underlying DS. 416 

Key miR-134 targets in epilepsy have been identified including Limk1, 417 

Creb1 and Dcx that regulate dendritic spine dynamics, synaptic plasticity, and 418 

direct neuronal migration after neurogenesis, respectively (Schratt et al., 2006; 419 

Gao et al., 2010; Gaughwin et al., 2011; Morris et al., 2019). In the intra-420 

amygdala kainate model of epilepsy in mice, the upregulation of miR-134 421 
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expression was followed by a corresponding decrease of transcript levels of 422 

Limk1 and Creb1 in the hippocampus (Jimenez-Mateos et al., 2012). Ant-134 423 

produced de-repression of both genes (Jimenez-Mateos et al., 2012). In a 424 

paediatric model of status epilepticus in P21 mice, Ant-134 treatment de-425 

repressed cortical Dcx levels and this effect was associated with seizure 426 

suppression (Campbell et al., 2021). Similarly, in a genetic mouse model of 427 

Angelman Syndrome, the reduced susceptibility to audiogenic-evoked seizures 428 

in Ant-134-treated N4 Ube3am–/p+ mice was associated with upregulation of Dcx 429 

(mRNA and protein) in the hippocampus and increased Creb1 protein in cortex 430 

(Campbell et al., 2022). Here, we found that scr F1.Scn1a(+/-)tm1kea mice show 431 

similar levels of miR-134 and related targets (Limk1,Creb1 and Dcx) in 432 

comparison to the scr F1.Scn1a(+/+)tm1kea group. In contrast, Ant-134 treatment 433 

increased Limk1 and Dcx levels in cortex and hippocampus of F1.Scn1a(+/-434 

)tm1kea   mice respectively. Furthermore, no difference in Scn1a expression was 435 

observed between scr and Ant-134 F1.Scn1a(+/-)tm1kea mice. These results 436 

suggest that the epilepsy aetiology is important for whether or not Ant-134 can 437 

exert anticonvulsant effects and that upregulation of miR-134 targets 438 

(commonly associated with a potent and sustained effect on epilepsy) are not 439 

relevant for the seizure susceptibility experienced by F1.Scn1a(+/-)tm1kea mice.  440 

Between P21 and P28, DS model mice display frequent and severe 441 

spontaneous seizures which are associated with SUDEP (Kalume et al., 2013). 442 

When delivered shortly after an epilepsy-inciting episode of status epilepticus, 443 

Ant-134 produces potent and lasting suppression of spontaneous seizures in 444 

different rodent models of epilepsy (Jimenez-Mateos et al., 2012; Reschke et 445 

al., 2017; Reschke et al., 2021). Here, we found that Ant-134 treatment was not 446 
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effective in suppressing spontaneous seizures and SUDEP during the 447 

worsening stage of DS in F1.Scn1a(+/-)tm1kea mice. Therefore, Ant-134 had no 448 

protective effects in either stage of the model (febrile or worsening stage). This 449 

was unlikely to be due to insufficient Ant-134 since its knockdown was 450 

confirmed using tissues from injected mice and the dose used was the same as 451 

those previously effective in other models (Jimenez-Mateos et al., 2012; 452 

Reschke et al., 2017; Campbell et al., 2021). Taken together, these results 453 

indicate that the mechanisms of ictogenesis in DS are not sensitive to miR-134 454 

inhibition, reinforcing that DS has alternative miRNAs driving the 455 

pathophysiology of this disease.  456 

Therefore, Ant-134 results on DS were negative and it was not due to 457 

incorrect study design or dose. Thus, these findings have helped to resolve the 458 

issue of whether this miRNA targeting approach is broadly effective in epilepsy 459 

or as appears to be the case, etiology - or syndrome-specific. While insufficient 460 

inhibitory drive is thought to be a common mechanism underlying epilepsies, 461 

differences in how this arises be it due to single gene dysfunction or broader 462 

network damage may underlie the results. That is, this specific miRNA targeting 463 

approach may better suit the complex pathophysiology of TLE rather than the 464 

more specific or singular cause in DS. One way to address this in the future 465 

would be to test Ant-134 in another genetic model. In addition, it would be timely 466 

to profile some of the genetic epilepsies for aberrant miRNA expression and 467 

target only those specific to that model or those miRNAs which directly 468 

suppress the haploinsufficient transcript. 469 
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 630 

 631 

Tables: 632 

 Experiment Data structure Type of test Power 

1B - D Temperature threshold, Seizure 
duration and Racine scale 
respectively 

non normal 
distribution 

Kruskal Wallis test 95% 

1E – I and 
Extended 

data  
Fig. 1-2 

miR-134, Limk1, Creb1, Dcx and 
scn1a relative expression 
respectively 

normal distribution One-way analysis of 
variance (ANOVA) 

95% 

2C-D Number of seizure and seizure 
duration 

normal distribution Student t test 95% 

2E and 2G Racine scale and miR-134 non normal 
distribution 

Mann-Whitney test 95% 

2F % Survival non normal 
distribution 

long-rank test 95% 

 633 

Table 1: Statistical table showing the relevant information related to each statistical test 634 

performed.  635 

 636 

Figure Legends: 637 

Figure 1: Ant-134 dose response curve on hyperthermia-induced seizures in F1.Scn1a(+/-638 

)tm1kea  mice. (A), At P17 mice were weaned and i.c.v injected with 0.1, 0.5 or 1 nmol dose of 639 

Ant-134 or scr. At P18, hyperthermia challenge was induced by placing the animals in a 640 

thermostat-controlled heating chamber. (B) Graphs show the temperature threshold for mice to 641 

develop a seizure, (C) median duration of seizures and (D) the respective seizure severity 642 
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according to a modified Racine scale. (E) Transcript levels of miR-134 in the ipsilateral 643 

hippocampus 24 hrs after scr or Ant-134 injections. (F,G,H,I) Expression of validated targets of 644 

miR-134 (Limk1, Creb1 and Dcx) and scn1a levels in scr or Ant-134-treated mice. B,C,D 645 

(Kruskal Wallis test- median IQR), E,F,G,H,I One-way analysis of variance (ANOVA), mean 646 

(SD). **p<0.01, ***p<0.001, ****p<0.0001. One outlier from Ant-134 F1.Scn1a(+/-)tm1kea treated 647 

mice group was removed according to Grubbs' test (alpha = 0.01) in Dcx transcript levels. 648 

Representative images of i.c.v injections with methylene blue in P21 mice can be found in 649 

Extended Data Fig. 1-1. Relative expression of miR-134, its validated targets (Limk1, Creb1 and 650 

Dcx) and scn1a levels in cortical tissue can be found in Extended Data Fig. 1-2. 651 

 652 

Figure 2: Ant-134 0.1nmol does not prevent SRS and SUDEP occurrence in F1.Scn1a(+/-653 

)tm1kea mice. A, schematic showing the experimental design used to investigate the occurrence 654 

of SRS, SUDEP and miRNA-134 levels in F1.Scn1a(+/-)tm1kea mice during the worsening stage 655 

of DS. (B), Representation of the frequency of SRS experienced by scr and Ant-134 656 

F1.Scn1a(+/-)tm1kea treated mice according to a colour scale ranging from 0 to 10 seizures or 657 

more. (C) Quantitative analyses of SRS between P21 and (D,E) Seizure duration and severity in 658 

Ant-134 treated mice compared to scr. (F) SUDEP rates between scr and Ant-134 F1.Scn1a(+/-659 

)tm1kea treated mice. (G) Taqman results confirming Ant-134 0.1 nmol produced a knockdown in 660 

miR-134 levels when compared to scr mice. (H,I) EEG representative trace of SRS in scr and 661 

Ant-134 F1.Scn1a(+/-)tm1kea treated mice. (n=6 /group), C,D (Student t test - mean (SD), E and 662 

G (Mann-Whitney test - median IQR), F, long-rank test. **p<0.01. 663 

 664 

 665 

 Extended Data Figure 1-1. Representative images of i.c.v injections in P21 mice. Methylene 666 

blue into the ventricles of (A) male and (B) female P21 mice. 667 

 668 

Extended Data Figure 1-2. Ant-134 0.1nmol effect on miR-134, Limk1, Creb1, Dcx and Scn1a 669 

expression in the ipsilateral cortex of F1.Scn1a(+/-)tm1kea mice. (A) Graph shows the miR-134 670 

levels in the ipsilateral cortex and (B,C,D,E) the expression of validated targets of miR-134 671 

Limk1, Creb1 and Dcx  and  the respective Scn1a levels ~24 hrs after scr or Ant-134 0.1nmol 672 
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i.c.v injections. A,B,C,D and E, One-way analysis of variance (ANOVA), mean (SD). **p<0.01, 673 

****p<0.0001. 674 

 675 

 676 






