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Abstract 50 

Objective: Pharmacoresistance and the lack of disease-modifying actions of current anti-51 

seizure drugs persist as major challenges in the treatment of epilepsy. Experimental models of 52 

chemoconvulsant-induced status epilepticus remain the models of choice to discover potential 53 

anti-epileptogenic drugs but doubts remain as to the extent to which they model human 54 

pathophysiology. The aim of the present study was to compare the molecular landscape of the 55 

intraamygdala kainic acid model of status epilepticus in mice with findings in resected brain 56 

tissue from patients with drug-resistant temporal lobe epilepsy (TLE).  57 

Methods: Status epilepticus was induced via intraamygdala microinjection of kainic acid in 58 

C57BL/6 mice and gene expression analysed via microarrays in hippocampal tissue at acute 59 

and chronic time-points. Results were compared to reference datasets in the intraperitoneal 60 

pilocarpine and intrahippocampal kainic acid model and to human resected brain tissue 61 

(hippocampus and cortex) from patients with drug-resistant TLE. 62 

Results: Intraamygdala kainic acid injection in mice triggered extensive dysregulation of gene 63 

expression which was ~3-fold greater shortly after status epilepticus (2729 genes) when 64 

compared to epilepsy (412). Comparison to samples of patients with TLE revealed a 65 

particular high correlation of gene dysregulation during established epilepsy. Pathway 66 

analysis found suppression of calcium signalling to be highly conserved across different 67 

models of epilepsy and patients. CREB was predicted as one of the main up-stream 68 

transcription factors regulating gene expression during acute and chronic phases and 69 

inhibition of CREB reduced seizure severity in the intraamygdala kainic acid model. 70 

Significance: Our findings suggest the intraamygdala kainic acid model faithfully replicates 71 

key molecular features of human drug-resistant temporal lobe epilepsy and provides potential 72 

rationale target approaches for disease-modification through new insights into the unique and 73 

shared gene expression landscape in experimental epilepsy. 74 
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Key point box: 75 

 More genes show expression changes shortly following intraamygdala kainic acid-76 

induced status epilepticus when compared to established epilepsy. 77 

 The intraamygdala kainic acid mouse model mimics closely the gene expression 78 

landscape in the brain of patients with temporal lobe epilepsy.  79 

 Supressed calcium signalling in the brain as common feature across experimental 80 

models of epilepsy and patients with temporal lobe epilepsy. 81 

 CREB is a major up-stream transcription factor during early changes following status 82 

epilepticus and once epilepsy is established. 83 

 84 
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Introduction 100 

A major challenge in epilepsy is the lack of adequate treatment with >30% of patients 101 

remaining resistant to currently available anti-seizure drugs (ASDs).1, 2 Moreover, ASDs may 102 

cause severe adverse-effects and, critically, current pharmacological treatment remains purely 103 

symptomatic and does not significantly alter the course of the disease.3 Thus, there is a 104 

pressing need for the identification of drug targets with a different mechanism of action. The 105 

most common drug refractory form of epilepsy in adults is temporal lobe epilepsy (TLE) 106 

involving different structures within the limbic system, including the amygdala and 107 

hippocampus.4 Pathological processes occurring during epileptogenesis include structural and 108 

functional changes such as ongoing neurodegeneration and reorganization of neural 109 

networks.5 Mounting data obtained via gene expression profiling suggests these processes are 110 

driven in part by large-scale changes in the gene expression landscape within the brain.6-14 111 

Whereas animal models of acute seizures (e.g., pentylenetetrazol and maximal 112 

electroshock) have been successful in the identification of ASDs, the identification of anti-113 

epileptogenic drugs and drugs to treat refractory epilepsy most likely requires different 114 

models that phenocopy the chronic stage of the disease.15 The translational value of a model 115 

depends, however, on there being extensive homology with the human pathophysiology or 116 

we risk developing ineffective treatments. Currently, rodent models of status epilepticus (SE) 117 

remain the preferred method for generating drug-resistant epilepsy. The extent to which these 118 

match the molecular landscape of human refractory TLE remains uncertain. The 119 

intraamygdala kainic acid (IAKA) model of focal-onset SE in mice produces unilateral 120 

pathology and drug-resistant epilepsy after a short latent period.16 The model is increasingly 121 

used for studying mechanisms of epileptogenesis and the testing of novel anti-epileptogenic 122 

drugs.17-23 Whereas changes in the transcriptome have been analysed shortly following SE in 123 
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the model,24, 25 global changes in gene expression during chronic epilepsy and whether 124 

alterations in gene expression reflect changes occurring in patients remains to be established. 125 

Here, we compared the gene expression profile in the IAKA mouse model with 126 

reference data from patients with drug-resistant TLE and two other models of SE as 127 

comparator. Our results reveal excellent molecular concordance between the IAKA model 128 

and human TLE and identify potential targets for disease-modifying treatments. 129 

 130 

 131 

Methods  132 

 133 

Animal model of status epilepticus 134 

Animal experiments were performed in accordance with the principles of the 135 

European Communities Council Directive (2010/63/EU) and approved by the Research 136 

Ethics Committee of the Royal College of Surgeons in Ireland (RCSI) (REC 1322, 842) and 137 

the Irish Health Products Regulatory Authority (AE19127/P038). Experiments were carried 138 

out in 8-12-week-old C57Bl/6 male mice bred at RCSI.26 SE was induced in fully awake 139 

mice via a microinjection of kainic acid (KA) (0.3 µg in 0.2 µl phosphate-buffered saline 140 

(PBS)) (Sigma-Aldrich, Dublin, Ireland) into the basolateral amygdala. Vehicle-injected 141 

control animals received 0.2 µl PBS. The anticonvulsive lorazepam (6mg/kg) (Wyetch, 142 

Taplow, UK) was delivered i.p. 40 min post-IAKA or vehicle to curtail seizures and reduce 143 

morbidity and mortality. Electroencephalogram (EEG) was recorded from cortical implanted 144 

electrodes (Xltek recording system; Optima Medical Ltd, Guildford, UK) starting 10 min 145 

prior IAKA administration. 146 

 147 

EEG quantification and behavioral assessment of seizure severity during status epilepticus 148 
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Seizures were analysed via Labchart7 (ADInstruments Ltd, Oxford, United 149 

Kingdom).27 EEG total power (μV2) was analysed by integrating frequency bands from 0-150 

100 Hz. Power spectral density heat maps were generated using Labchart7 (frequency (0-151 

40 Hz), amplitude (0-50 mV)). Clinical behaviour were scored every 5 min for 40 min after 152 

IAKA according to a modified Racine Scale.28 Score 1, immobility and freezing; Score 2, 153 

forelimb and/or tail extension, rigid posture; Score 3, repetitive movements, head bobbing; 154 

Score 4, rearing and falling; Score 5, continuous rearing and falling; Score 6, severe tonic–155 

clonic seizures. The highest score attained during each 5 min period was recorded by an 156 

observer blinded to treatment. 157 

 158 

Drug treatment 159 

To determine the effects of CREB1 on SE, additional mice received an 160 

intracerebroventricular (i.c.v.) infusion of 2 nmol of the CREB1 inhibitor 666-1529, 30 in 2 μl 161 

volume (PBS in 0.2% Dimethyl sulfoxide) 10 min before IAKA and 60 min post-lorazepam 162 

treatment to reach a final concentration of 1 mM in the ventricle (ventricle volume was 163 

calculated as 35 µl). 164 

 165 

RNA isolation and microarrays analysis 166 

Mice were sacrificed 8 h or 14 days post-SE. Ipsilateral hippocampi were quickly 167 

dissected and pooled (n = 3 per pooled sample). Total tissue RNA was extracted using the 168 

Maxwell® 16 LEV simplyRNA Tissue Kit (Promega, AS1280). RNA quantification was 169 

performed with Qubit RNA Hs Assay kit (Thermo-Fisher Scientific, Q32852) and RNA 170 

integrity QC with Agilent Bioanalyzer 2100, using RNA Nano Assay (Agilent Technologies 171 

5067-1511) and RNA Pico Assay (Agilent Technologies 5067-1513). cDNA library 172 

preparation and amplification were performed with WTA2 kit (Sigma-Aldrich) using 2-5 ng 173 
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of total RNA as template. cDNA was amplified for 22 cycles and purified using PureLink 174 

Quick PCR Purification Kit (Invitrogen, K310001). 8 µg of the cDNA from each sample 175 

were fragmented and labelled with GeneChip Mapping 250K Nsp assay kit (Affymetrix, 176 

900753). Hybridization was performed as described previously31 during 16 h at 45ºC. 177 

Washing and staining steps were performed in the GeneAtlas Fluidics Station (Affymetrix, 178 

00-0079), following the specific script for Mouse MG-430 PM Arrays. Arrays were scanned 179 

with GeneAtlas Scanner, and CEL files were done with GeneAtlas software (Affymetrix). 180 

Processing of microarray samples was performed using R and Bioconductor.32 Raw CEL files 181 

were normalized using RMA background correction and summarization. Probeset annotation 182 

was performed using Affymetrix version na35. For each gene, a linear model was used to 183 

find significant differences between IAKA- or vehicle (PBS)-treated mice. Analysis of 184 

differential expression was performed using a linear model implemented in the R package 185 

"limma”33. P-values were adjusted with the Benjamini and Hochberg correction. We 186 

considered one gene to be down-regulated with an adjusted P-value ≤ 0.01 and FC < -1.2 and 187 

up-regulated with adjusted P-value ≤ 0.01 and FC > 1.2 in at least one probe. If the same 188 

transcript showed opposite results for different probes, the transcript was considered as not 189 

changed. 190 

 191 

RNA extraction and quantitative PCR (qPCR) 192 

RNA extraction was performed using whole hippocampi.34 RNA concentration was 193 

measured via a nanodrop Spectrophotometer (Thermo Scientific, Rockford, IL, U.S.A) and 194 

absorbance determined at a ratio of 260/280. Samples with an absorbance ratio between 1.8-195 

2.2 were considered acceptable. 500 µg of total mRNA was used to produce cDNA by 196 

reverse transcription using SuperScript III reverse transcriptase enzyme (Invitrogen, CA, 197 

U.S.A). qPCR was performed using LightCycler 1.5 (Roche Diagnostics, GmbH, Mannheim, 198 
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Germany). Each reaction tube contained 2 μl cDNA, 10 μl SyBR green Quantitect Regent 199 

(Quiagen Ltd, Hilden, Germany), 1.25 μM primer pair (Sigma, Dublin, Ireland) and RNAse 200 

free water (Invitrogen CA, U.S.A) to a final volume of 20 μl. Data were analysed and 201 

normalized to the expression of β-actin. Primers used (Sigma, Dublin, Ireland) are listed in 202 

Table S4.  203 

 204 

Comparison of gene expression changes between models 205 

Overlap of differentially expressed genes between different models was analyzed 206 

using the hypergeometric distribution test. Gene profiling data of the pilocarpine mouse 207 

model (12 h and 6 weeks post-SE) was obtained from10 and for the intrahippocampal KA 208 

(IHKA) model (6 h and 2 weeks post-SE) from.35 Transcriptome changes in TLE patients 209 

was previously reported in14 for cortical tissue samples from 86 mesial temporal lobe 210 

epilepsy (mTLE) patients vs. 75 neurologically healthy controls, and12, for sclerotic 211 

hippocampus vs. non-spiking neocortex from 10 TLE patients. Genes were considered 212 

overlapping when the representation factor (RF) was > 2 and P < 0.05, and dissimilar when 213 

RF was < 0.5 and P < 0.05. Complete set of genes used in our study is shown in Table S2. 214 

 215 

Gene Ontology analysis  216 

Pathways analysis of up- and down-regulated genes (adj. P-value ≤ 0.01 and FC > ± 217 

1.2) in the IAKA model (8 h and 14 days post-SE) and of overlapping genes between IAKA 218 

model and TLE patients12 were analyzed using DAVID Bioinformatics Resources 6.7, KEGG 219 

pathway annotation.36 This included also the analysis of Calcium signalling pathways, down-220 

regulated transcripts in TLE patients and different epilepsy mouse models. 221 

 222 

IPA analysis 223 
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       Analysis of upstream regulators was performed applying QIAGEN's Ingenuity® 224 

Pathway Analysis (IPA®) (QIAGEN Inc., www.qiagen.com/ingenuity)37 to genes found 225 

differentially expressed (adj. P-value < 0.01 and FC > 1.5) in the IAKA mouse model at 8 h 226 

and 14 days post-SE.  227 

 228 

Data analysis 229 

Statistical analysis was performed using SPSS 25.0 (SPSS® Statistic IBM®). Data 230 

are represented as mean ± S.E.M. (Standard Error of the Mean) with 95% confidence 231 

interval. Higher or lower points (outliers) are plotted individually or are not plotted. The 232 

normality of the data was analyzed by Shapiro-Wilk test (n < 50) or o Kolmogorov-Smirnov 233 

(n > 50). Homogeneity of variance was analyzed by Levente test. For comparison of two 234 

independent groups, two-tailed unpaired t-Student’s test (data with normal distribution), 235 

Mann-Whitney-Wilcoxon or Kolmogorov-Smirnov tests (non-normal distribution) was 236 

performed. Enrichment tests were carried out by using one-sided Fisher's exact test. 237 

Significance was accepted at P < 0.05.  238 

 239 

Data availability 240 

Data supporting the findings of this study are available from the corresponding 241 

authors upon reasonable request. Records have been approved and assigned GEO accession 242 

numbers; however, until the acceptance of the manuscript, these will be kept private. 243 

GSE122228 - Identification of differentially expressed genes in the hippocampus in the 244 

intraamygdala kainic acid mouse model of SE. 245 

 246 

 247 

Results 248 
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 249 

Larger transcriptome changes following status epilepticus compared to established epilepsy 250 

in intraamygdala KA-treated mice 251 

To study global changes in transcript levels following SE and during epilepsy, mRNA 252 

was extracted from ipsilateral hippocampi of mice subjected to IAKA-induced SE16 at two 253 

different time-points and analysed via microarrays (total of 21549 genes). As a first time-254 

point we chose 8 h post-SE, time-point when EEG activity usually has returned to baseline 255 

levels and first signs of seizure-induced neurodegeneration appear; however, without wide-256 

spread cell death observed at 24 h post-SE.38 As a second time-point we chose 14 days post-257 

SE, a time-point when all mice subjected to IAKA normally experience the occurrence of 258 

spontaneous seizures.16, 19, 25 To reduce inter-sample variability, each sample analysed was a 259 

pool of three ipsilateral hippocampi (Fig. 1A). Genes were considered as differentially 260 

expressed when the adjusted P-value was ≤ 0.01 and fold change (FC) < -1.2 for down-261 

regulated and FC > 1.2 for up-regulated transcripts (Fig. 1B, Table S1). A set of transcripts 262 

were also validated via qRT-PCR, which confirmed the microarray findings for Hspa1b, Atf4, 263 

Ctsz and Laptm5 (Fig. S1A,B).  264 

The greatest fold changes in gene expression post-SE were found for known activity-265 

regulated transcripts including c-Fos (FC = 58.1) and Inhb (FC = 33.2). The most down-266 

regulated transcripts were Hes5 (FC = -6.8) and Gpr12 (FC = -4.0) (Fig. 1C). A similar 267 

number of genes were up- (1366) and down-regulated (1363) post-SE. In contrast, during 268 

epilepsy, genes were mainly up-regulated (331) with only 81 genes down-regulated (Fig. 269 

1D). Furthermore, more genes showed alterations of their mRNA levels following SE (2729 270 

genes, 12.6%) when compared to established epilepsy (412 genes, 1.9%) (Fig. 1D,E). 271 

Finally, a very significant overlap was found between genes up- and down-regulated in the 272 

same direction at both time-points (Fig. 1F). 273 
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Taken together, our results show that IAKA-induced SE leads to a unique expression 274 

profile during SE and epilepsy with changes in mRNA levels being more prominent post-SE 275 

when compared to established epilepsy. 276 

 277 

The intraamygdala KA mouse model mimics the hippocampal gene expression profile of 278 

TLE in humans 279 

Chemoconvulsant-induced SE is one of the most common strategies to identify novel 280 

anti-epileptic drugs with KA and pilocarpine being the most frequently used.15 In order to 281 

establish whether gene expression changes are similar between models, we compared 282 

transcriptome profiles of the IAKA mouse model with transcriptome changes reported for 283 

other models were epilepsy is induced via SE including the IHKA mouse model35 and the i.p. 284 

pilocarpine mouse model10 (Table S2). This revealed a similar expression pattern between 285 

the IAKA and i.p. pilocarpine mouse model at both time-points, post-SE and during epilepsy, 286 

with expression changes being more similar during established epilepsy (Fig. 2A). Notably, 287 

the IAKA and IHKA mouse model showed an almost complete overlap in gene expression at 288 

both time-points, post-SE and epilepsy (Fig. 2B). 289 

Next, to determine the extent to which mRNA changes occurring in mouse models are 290 

translatable to TLE in humans, we compared transcriptome changes with recently published 291 

transcriptome changes in TLE patients. This included a study analysing changes in sclerotic 292 

hippocampi vs. neocortex of TLE patients12 and a study analysing gene expression changes in 293 

cortical tissue from patients with mTLE14 (Table S2). Here we found a very strong 294 

correlation between transcriptome changes identified in the IAKA mouse model during 295 

established epilepsy with transcriptome changes observed in TLE patients (hippocampus and 296 

cortex) (Fig. 2C). Similarly, to the IAKA model, there was also a strong correlation of 297 

dysregulated genes between the IHKA model and TLE patients (Fig. S2A). In contrast, the 298 

transcriptional profile differed greatly when comparing between human TLE and expression 299 
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changes 8 h following IAKA-induced SE (Fig. S2B). Finally, we also compared 300 

transcriptome profiles between the i.p pilocarpine mouse model and TLE patients. Although 301 

there was a good overlap among down-regulated genes between pilocarpine-injected mice 302 

and TLE patients, this correlation was lost among up-regulated genes. Moreover, the 303 

magnitude of enrichments was minor when compared to both KA mouse models (Fig. S2C), 304 

suggesting KA mouse models reflecting closer molecular changes that occur in the brain of 305 

TLE patients. 306 

 307 

Suppressed calcium signalling as a common feature across experimental models of 308 

epilepsy and TLE patients 309 

To identify pathways and functional groups of genes affected by expression changes 310 

in the IAKA mouse model, differentially expressed transcripts were analyzed by GO terms 311 

using the bioinformatic tool DAVID.39 This revealed that post-SE up-regulated genes are 312 

mainly associated with signalling pathways (e.g., MAPK, PI3K-Akt) and down-regulated 313 

genes with metabolism and synaptic transmission (Fig. 3A and Table S3). At 14 days post-314 

SE when epilepsy was established, up-regulated genes are highly enriched in pathways linked 315 

to waste removal (e.g., Phagosome, Lysosome) and down-regulated genes are mainly linked 316 

to pathways controlling synaptic transmission (Fig. 3A), similar to down-regulated genes 317 

post-SE (Fig. 3A, Table S3).  318 

GO term analysis of dysregulated genes shared between the IAKA mouse model 319 

(established epilepsy) and TLE patients found a significant enrichment of genes linked to 320 

intracellular signalling (e.g., PI3K-Akt, MAPK, TGF-β) and lysosome activity among up-321 

regulated genes and genes associated with synaptic transmission (e.g., Calcium signalling, 322 

Long-term potentiation) among down-regulated genes (Fig. 3B). Most notably, genes 323 
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enriched in Calcium signaling were significantly affected in all three conditions (Fig. 3A,B 324 

and Table S3). 325 

To further assess whether the enrichment of down-regulated genes involved in 326 

calcium signalling is a common response across different models, GO terms of altered 327 

transcripts were analyzed in all three animal models (KA, pilocarpine) and TLE patients.12, 14 328 

This confirmed Calcium signalling being a common pathway suppressed in mouse models of 329 

epilepsy and TLE patients (Fig. 3C, Table S3). Down-regulated genes involved in Calcium 330 

signaling and altered post-SE and in human TLE are shown in Table 1. Microarray results 331 

were confirmed via single qRT-PCR analysis of selected down-regulated transcripts involved 332 

in Calcium signalling either unique to IAKA-induced SE (Fig. 3D) or common between SE 333 

and epilepsy (Fig. 3E). 334 

  In summary, our results reveal overlap of several altered pathways between the IAKA 335 

mouse model and human TLE, particularly genes linked to calcium signaling, thereby 336 

identifying possible novel treatment targets for epilepsy. 337 

 338 

CREB is a major transcription factor controlling gene transcription following 339 

intraamygdala status epilepticus and during epilepsy 340 

Analysis via the Ingenuity Pathway Analysis (IPA®)37 predicted several transcription 341 

factors to regulate gene expression changes post-SE and during epilepsy. Most notably, the 342 

majority of identified transcription factors are unique to SE or epilepsy (e.g., TRP53 and FOS 343 

post-SE), confirming the limited overlap of differently expressed genes between conditions. 344 

Some transcription factors were, however, predicted to control gene expression in both 345 

conditions, including MYC (up-regulated genes post-SE and during epilepsy) and CREB1, 346 

linked to both up- and down-regulated genes under both conditions (Fig. 4A).  347 
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To test whether CREB1 has a role during seizure-induced pathology in the IAKA 348 

mouse model, mice were treated i.c.v. with the CREB1-specific inhibitor 666-1530 10 min 349 

before IAKA injection and 1 h after treatment with lorazepam (Fig. 4B). Demonstrating 350 

CREB1 regulating the expression of genes linked to Calcium signalling, both CamK4 and 351 

Grm5 transcripts, down-regulated post-SE, were increased in mice treated with the CREB1 352 

inhibitor 666-15 when compared to vehicle-injected mice 8 h post-SE (Fig. 4C). Suggesting a 353 

functional role for CREB1 during IAKA-induced SE, mice treated with the CREB1 inhibitor 354 

666-15 experienced less severe seizures during SE as evidenced by a reduction in behavioural 355 

seizures (Fig. 4D), lower seizure total power (Fig. 4E-F) and lower transcript level of the 356 

neuronal activity-regulated gene c-Fos post-SE (Fig. 4G).  357 

Thus, our results demonstrate that the IAKA model is a valid model to screen for and 358 

test novel anticonvulsive and antiepileptic drugs. 359 

 360 

 361 

Discussion 362 

 Here, by using a genome-wide gene expression analysis of the hippocampal 363 

transcriptome post-IAKA-induced SE, we demonstrate that the IAKA mouse model mimics 364 

closely molecular changes in the brain of patients with TLE once epilepsy is established and 365 

therefore represents a valid model for the testing of novel antiepileptogenic drug targets. 366 

 If we are to identify potential anti-epileptogenic and disease-modifying treatments for 367 

drug-resistant epilepsy, then the models we use must phenocopy the human pathophysiology. 368 

Large-scale changes in gene expression caused by injuries to the brain (e.g., traumatic brain 369 

injury, SE) are widely recognized to contribute to the development of epilepsy.5, 7, 40 Using an 370 

arsenal of different experimental models of acquired epilepsy, we have now detailed 371 

knowledge of the disease-specific expression changes occurring in most of these models and 372 
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of the molecular machinery driving these changes including transcriptional and post-373 

transcriptional mechanisms.6, 10, 41-43 We have now extended this data by characterizing 374 

expression changes in the hippocampus of the IAKA mouse model19 during both SE and 375 

epilepsy. 376 

 A first result of our microarray analysis is that gene expression changes are much 377 

more prominent post-SE when compared to established epilepsy. This is in line with previous 378 

studies using models of SE induced via other chemoconvulsants.8, 10 Another result in 379 

agreement with previous studies is the fact that functional profiles are broadly unique to each 380 

condition.8, 10 While these findings are not surprising, they confirm the importance of 381 

transcriptional changes during the initial insult which may initiate a cascade of pathological 382 

changes leading eventually to the development of epilepsy. The reason for this initial surge in 383 

gene expression changes is most likely due to the increased neuronal excitability experienced 384 

during SE. Why SE and epilepsy lead to the dysregulation of a different gene pool remains 385 

elusive. The most obvious explanations include differences in seizure severity (SE vs. 386 

spontaneous seizure), time-point of tissue analysis relative to seizures and underlying 387 

pathology (i.e., acute neurodegeneration vs. chronically diseased brain). Interestingly, genes 388 

dysregulated during both conditions are either up- or down-regulated, suggesting some 389 

common regulatory mechanisms during both SE and epilepsy.  390 

Our pathway analysis of genes dysregulated in the IAKA model showed in particular 391 

genes linked to signalling pathways to be enriched among up-regulated genes and genes 392 

associated with metabolism and synaptic transmission among down-regulated genes post-SE. 393 

This is broadly in line with pathway analysis in other models (e.g., MAPK family)6, 10 and 394 

suggests different stimuli activating similar pathways. During epilepsy, pathways most 395 

affected in the IKAK model included pathways involved in waste removal (up-regulated) and 396 

synaptic transmission (down-regulated). In particular, genes linked to lysosome activity were 397 
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among the most affected genes. This is in good agreement with previous studies showing 398 

genes linked to the mTOR pathway to be commonly dysregulated during epilepsy.8, 10 Of 399 

note, autophagic/lysosomal system-related proteins are increasingly recognized to play an 400 

important role during epilepsy with drugs targeting autophagy reported to modulate seizures 401 

in several models.44 402 

 While we have amassed much data on gene expression in different models, there has 403 

been a paucity of cross-model comparisons. Here, we compared our findings in the IAKA 404 

mouse model with two commonly used mouse models to induce SE and epilepsy (i.e., IHKA 405 

and i.p. pilocarpine). The main findings here were that gene expression changes are much 406 

more similar between both KA mouse models when compared to the pilocarpine model. An 407 

unexpected result was the almost complete overlap between both KA models, post-SE and 408 

during epilepsy. This is even more remarkable, as both models display different pathologies 409 

during and post-SE. This includes severe seizures during IAKA-induced SE with cell death 410 

mainly restricted to the ipsilateral CA3 subfield vs. mostly non-convulsive SE and 411 

widespread hippocampal neurodegeneration in the IHKA mouse model.23 In contrast, when 412 

we compared the IAKA model with the i.p. pilocarpine mouse model, similarities were less 413 

obvious, in particular post-SE. Thus, gene expression changes seem to be more dependent on 414 

chemoconvulsant used than pathology. It is, however, important to keep in mind that 415 

pilocarpine was delivered i.p. in contrast to the intracerebral delivery of KA in the two other 416 

models.  417 

   One of the main results of our study is the close correlation of gene expression in the 418 

KA models when compared to human TLE. This is an important finding as this strongly 419 

reinforces the rational for using these models to identify and test novel anti-epileptogenic 420 

drugs. Another important finding is that these similarities are restricted to established 421 

epilepsy and partly lost when we compared human tissue with mouse tissue collected shortly 422 
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following SE, suggesting established epilepsy in mice is a much better model for TLE. Why 423 

the pilocarpine model shows less similarities with human TLE we do not know. The 424 

pilocarpine model is, however, associated with peripheral immune responses prior to the 425 

induction of SE and most likely reflects a mixture of an ischemic and excitotoxic insult.45 In 426 

line with a strong overlap in gene expression between the IAKA mouse model and TLE 427 

patients, pathway analysis of common dysregulated genes revealed similar pathways to be 428 

affected when compared to affected pathways during established epilepsy in the IAKA 429 

model. Most notably, calcium signalling is one of the most consistently affected pathways 430 

across models and patients which is consistent with previous reports.6, 46, 47 The effects of 431 

suppressed calcium signaling remain to be established. It is, however, tempting to speculate 432 

this being a protective mechanism reducing synaptic transmission and thereby 433 

hyperexcitability in brain tissue. Interestingly, calcium signalling was also suppressed in mice 434 

undergoing epileptic preconditioning.24 435 

 Finally, our IPA analysis predicted the cAMP responsive element binding protein 436 

CREB as one of the main up-stream transcription factors regulating gene transcription during 437 

SE and epilepsy. This is in line with previous findings identifying CREB as one of the main 438 

transcription factors in the pilocarpine mouse model.10 A role for CREB during seizures has 439 

been previously demonstrated with decreased levels of CREB leading to seizure reduction 440 

following pilocarpine in mice.48 Whether CREB contributes to seizures via the regulation of 441 

calcium signalling warrants, howver, further investigation. Interestingly, P53 was predicted 442 

as one of the main transcription factors driving gene transcription post-SE. P53 has 443 

previously been linked to seizure generation and cell death in the IAKA model.49 While our 444 

IPA analysis has focused primarily on transcription factors, other mechamiosns may also 445 

impact on mRNA levels such as microRNAs or mRNA polyadenylation among many 446 

others.31, 41 447 
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Possible limitations of our study include that gene expression has only been analyzed 448 

shortly post-SE and once epilepsy was already established omitting the seizure-free latent 449 

period. The latent period in the IAKA mouse model is, however, almost absent23 and the 450 

process of epileptogenesis is ongoing beyond the occurrence of the first epileptic seizure.5 451 

Moreover, expression profiles have been analyzed using different analysis platforms (e.g., 452 

microarray vs. sequencing) and cut-offs for analysis might be different. In addition, time-453 

points analyzed relative to initial insult differ between animal models. We have, however, 454 

taken into account the different disease timelines of each model (e.g., much longer latent 455 

period in the pilocarpine model compared to the IAKA model).16, 45 Moreover, some changes 456 

may have been masked by analyzing the whole hippocampus rather than subfields. Previous 457 

studies analysing gene expression in TLE patients have, however, used resected hippocampal 458 

tissue regardless of subfields.  459 

 In summary, our results demonstrate the IAKA mouse model closely mimicking 460 

human TLE thus providing strong rational for using the IAKA model to identify potential 461 

targets for disease-modifying treatments. 462 

 463 
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Figure Legends 634 

Figure 1. Gene expression analysis post-intraamygdala KA-induced status epilepticus 635 

and during epilepsy. (A) Schematic showing experimental design using the intraamygdala 636 

kainic acid (IAKA)-induced SE mouse model. Mice were euthanatized at two time-points: 8 637 

h post-SE (acute) and 14 days (chronic epilepsy). Ipsilateral hippocampi were removed and 638 

transcript levels analyzed via microarray. (B) Volcano plot of genes analyzed by microarray. 639 

The X-axis represents the log2 ratio of gene expression levels and the Y-axis the adjusted P-640 

value based on –log10. The red dashed line denotes the significant level (P ≤ 0.01). Purple 641 

dots represent genes with most dramatic expression changes. (C) Heatmap of genes showing 642 

the most dramatic expression changes (down-regulated fold change (FC) < -1.75 blue; up-643 

regulated FC > 4 yellow), post-SE (acute) (top part) and during chronic epilepsy (bottom 644 

part). (D) Bar chart representing the number of dysregulated genes post-SE and in chronic 645 

epilepsy. (E) Venn diagram showing overlap of differentially expressed genes at the two 646 

time-points analyzed. (F) Comparison of differentially expressed genes post-SE and during 647 

epilepsy. The Y-axis represents the fold change enrichment and X-axis shows the different 648 

gene regulation post-SE (8 h). Colours show the different gene regulation during epilepsy (14 649 

days). One-sided Fisher’s exact test (***P < 0.001). 650 

 651 

Figure 2. Comparison of genes undergoing expression changes in experimental models 652 

of epilepsy and TLE patients. Graphs showing comparison of dysregulated genes in the 653 

hippocampus of (A) mice subjected to IAKA and intraperitoneal (i.p.) pilocarpine and (B) 654 

mice subjected to IAKA and IHKA post-SE and during chronic epilepsy. (C) Comparison of 655 

dysregulated genes in hippocampus of IAKA (14 days) and hippocampi from patients with 656 

TLE (left panel) and cortex from patients with mTLE (right panel). Up-regulated genes are 657 

presented in yellow in both conditions and down-regulated genes are presented in blue. 658 
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Overlap: Representation Factor (RF) > 2 and P < 0.05, and dissimilar RF < 0.5 and P < 0.05. 659 

Hypergeometric test. 660 

  661 

Figure 3. Gene Ontology (GO) analysis and validation of microarray results. Gene count 662 

histogram from GO analysis using DAVID resources of differentially expressed genes in (A) 663 

post-SE and in epilepsy, (B) TLE patients and IAKA epileptic mice common dysregulated 664 

genes. (C) Number of genes of calcium signalling pathway in down-regulated genes in IAKA 665 

and IHKA mouse models of epilepsy, in TLE patients (hippocampus and cortex) and in the 666 

i.p. pilocarpine model of epilepsy (one-sided Fisher’s exact test). (D-E) mRNA level analysis 667 

by qRT-PCR of down-regulated genes involved in calcium signalling, (D) following SE 668 

(control n= 4/7, post-SE n= 4/6) and (E) at both time-points (control n = 7 (Ltpr1) and 8 669 

(CamK4), post-SE n = 7 (Ltpr1) and 9 (CamK4); control n = 8, epilepsy n = 10). Two-sided 670 

unpaired t-test. Data are mean ± S.E.M. * P < 0.05 ** P < 0.01 *** P < 0.001. 671 

 672 

Figure 4. CREB1 as up-stream transcription factor during status epilepticus and 673 

epilepsy. (A) Prediction of transcription factors involved in gene upregulation (yellow) and 674 

downregulation (blue) post-SE and during epilepsy by using Ingenuity Pathway Analysis 675 

(IPA®). Of note, transcription factor CREB1 is one of the transcription factors with highest 676 

amount of predicted target genes among up- and down-regulated gene pool during both 677 

conditions, post-SE and during epilepsy. (B) Schematic of experimental design to test 678 

CREB1 inhibition on SE. Mice subjected to IAKA were treated i.c.v. with the CREB1 679 

inhibitor 666-15 (2 nmol) 10 min before KA injection and 1 h after lorazepam treatment. (C) 680 

Graphs showing increased mRNA levels of the two CREB1 target genes, CamK4 and Grm5. 681 

(D) Behavioural severity of seizures (mean Racine score) scored each 5 min and total score, 682 

in mice subjected to IAKA treated with vehicle (Veh) (n = 4) and treated with the CREB1 683 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 14, 2020. ; https://doi.org/10.1101/2020.05.12.092338doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.12.092338
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

inhibitor 666-15 (n = 5). (E) Representative EEG recordings presented as heat maps of 684 

frequency and amplitude data showing reduced seizure severity in mice treated with the 685 

CREB1 inhibitor 666-15. (F) Bar chart showing decreased EEG total power during SE in 686 

mice treated with the CREB1 inhibitor 666-15 (n = 9) when compared to vehicle-treated mice 687 

(n = 7). (G) Reduced transcript levels of the neuronal activity-regulated gene c-Fos in mice 688 

treated with the CREB1 inhibitor 666-15 when compared to vehicle-treated mice 8 h post-689 

lorazepam injection (n = 5 per group). (C-G) Two-sided unpaired t-test. Data are mean ± 690 

S.E.M. * P < 0.05. 691 

 692 

Supplementary Figure 1. Validation of differently expressed genes detected via 693 

microarray analysis. (A) Log2 fold change of mRNA levels obtained by microarray analysis 694 

and (B) mRNA levels analysed by qRT-PCR and normalized to β-Actin of genes which are 695 

up-regulated post-SE and during epilepsy. Two-sided unpaired t-test. Data are mean ± S.E.M. 696 

* P < 0.05, ** P < 0.01, *** P < 0.001. 697 

 698 

Supplementary Figure 2. Additional comparisons of dysregulated genes between animal 699 

models of epilepsy and patients. Graphs showing the comparison of dysregulated genes in 700 

TLE patients (hippocampus (left) and cortex (right)) with (A) the IHKA mouse model during 701 

epilepsy (15 days post-KA injection), (B) the IAKA mouse model following post-SE (8 h) 702 

and (C) the i.p. pilocarpine epilepsy model (6 weeks post-pilocarpine injection). Up-regulated 703 

genes common between two conditions are presented in yellow and down-regulated genes 704 

common between conditions in blue. Overlap: Representation Factor (RF) > 2 and P < 0.05, 705 

and dissimilar RF < 0.5 and P < 0.05. Hypergeometric test. 706 
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Calcium signalling (down-regulated genes) - mouse models of epilepsy and/or TLE paƟents

Table 1

Symbol Gene Name IAKA TLE human i.p. Pilocarpine IHKA
ADCY1 Adenylate cyclase 1 (brain) post-SE Cx & Hipp -- --
ADCY2 Adenylate cyclase 2 (brain) -- Hipp post-SE & Epilepsy Epilepsy
ADCY3 Adenylate cyclase 3 -- Cx -- --
ADCY9 Adenylate cyclase 9 post-SE Cx -- --
ADRA1B Adrenoceptor α 1B -- Hipp -- --
ADRA1D Adrenoceptor α 1D -- Cx -- --
ADRB1 Adrenoceptor β 1 -- Cx & Hipp -- --
ATP2A2 Atpase, Ca++ transporƟng, cardiac muscle, slow twitch 2 -- -- post-SE & Epilepsy --
ATP2B1 Atpase, Ca++ transporƟng, plasma membrane 1 -- Cx & Hipp post-SE & Epilepsy --
ATP2B2 Atpase, Ca++ transporƟng, plasma membrane 2 -- Cx & Hipp post-SE & Epilepsy --
ATP2B3 Atpase, Ca++ transporƟng, plasma membrane 3 post-SE Cx Epilepsy --
BDKRB2 Bradykinin receptor B2 -- Hipp -- --
CACNA1B Calcium channel, voltage-dependent, N type, α 1B subunit -- Hipp post-SE --
CACNA1C Calcium channel, voltage-dependent, L type, α 1C subunit -- Cx post-SE --
CACNA1D Calcium channel, voltage-dependent, L type, α 1D subunit post-SE -- post-SE --
CACNA1E Calcium channel, voltage-dependent, R type, α 1E subunit -- -- post-SE --
CACNA1F Calcium channel, voltage-dependent, L type, α 1F subunit -- Hipp -- --
CACNA1G Calcium channel, voltage-dependent, T type, α 1G subunit -- Cx & Hipp -- --
CACNA1H Calcium channel, voltage-dependent, T type, α 1H subunit -- -- post-SE & Epilepsy --
CACNA1I Calcium channel, voltage-dependent, T type, α 1I subunit -- Cx -- --
CAMK2A Calcium/calmodulin-dependent protein kinase II α post-SE Cx & Hipp post-SE & Epilepsy --
CAMK2B Calcium/calmodulin-dependent protein kinase II β -- Cx post-SE & Epilepsy --
CAMK2G Calcium/calmodulin-dependent protein kinase II γ post-SE Cx post-SE --
CAMK4 Calcium/calmodulin-dependent protein kinase IV post-SE & Epilepsy Cx -- --
CCKBR Cholecystokinin B receptor -- -- -- Epilepsy
CD38 CD38 molecule -- -- post-SE --
CHRM1 Cholinergic receptor, muscarinic 1 -- Hipp post-SE & Epilepsy --
CHRM2 Cholinergic receptor, muscarinic 2 -- Hipp -- --
CHRM3 Cholinergic receptor, muscarinic 3 Epilepsy Hipp -- --
DRD5 Dopamine receptor D5 -- Hipp -- --
EDNRB Endothelin receptor type B -- -- post-SE --
ERBB4 V-erb-b2 avian erythroblasƟc leukemia viral oncogene h4 post-SE -- -- --
GNA11 Guanine nucleoƟde binding protein , α 11 (Gq class) -- Cx post-SE & Epilepsy --
GNA15 Guanine nucleoƟde binding protein , α 15 -- Cx -- --
GNAL Guanine nucleoƟde binding protein , α acƟvaƟng -- -- post-SE & Epilepsy --
GNAQ Guanine nucleoƟde binding protein , q polypepƟde post-SE -- post-SE --
GNAS GNAS complex locus -- -- post-SE & Epilepsy --
GRIN1 Glutamate receptor, ionotropic, N-methyl D-aspartate 1 -- Hipp Epilepsy --
GRIN2A Glutamate receptor, ionotropic, N-methyl D-aspartate 2A -- Cx & Hipp -- --
GRM1 Glutamate receptor, metabotropic 1 -- -- post-SE Epilepsy
GRM5 Glutamate receptor, metabotropic 5 post-SE Hipp -- --
HTR2A 5-hydroxytryptamine receptor 2A, G protein-coupled -- Hipp -- --
HTR4 5-hydroxytryptamine receptor 4, G protein-coupled -- Hipp -- --
HTR5A 5-hydroxytryptamine receptor 5A, G protein-coupled -- Hipp -- --
ITPKA Inositol-trisphosphate 3-kinase A post-SE Cx & Hipp -- Epilepsy
ITPKB Inositol-trisphosphate 3-kinase B -- -- post-SE --
ITPR1 Inositol 1,4,5-trisphosphate receptor, type 1 post-SE & Epilepsy Cx & Hipp post-SE Epilepsy
ITPR2 Inositol 1,4,5-trisphosphate receptor, type 2 -- -- post-SE --
NOS1 Nitric oxide synthase 1 (neuronal) post-SE -- -- Epilepsy
NOS2 Nitric oxide synthase 2, inducible -- Cx & Hipp -- --
NTSR1 Neurotensin receptor 1 (high affinity) -- Hipp -- Epilepsy
ORAI2 ORAI calcium release-acƟvated calcium modulator 2 -- -- post-SE --
ORAI3 ORAI calcium release-acƟvated calcium modulator 3 post-SE -- -- --
P2RX5 Purinergic receptor P2X, ligand-gated ion channel, 5 -- -- -- Epilepsy
P2RX6 Purinergic receptor P2X, ligand-gated ion channel, 6 -- Cx -- --
PDE1A Phosphodiesterase 1A, calmodulin-dependent -- -- post-SE Epilepsy
PDE1B Phosphodiesterase 1B, calmodulin-dependent post-SE Hipp post-SE & Epilepsy --
PHKA2 Phosphorylase kinase, α 2 (liver) post-SE -- -- --
PHKB Phosphorylase kinase, beta -- -- Epilepsy --
PHKG1 Phosphorylase kinase, γ 1 (muscle) post-SE -- -- --
PLCB1 Phospholipase C, β 1 (phosphoinosiƟde-specific) post-SE Cx & Hipp post-SE --
PLCB3 Phospholipase C, β 3 (phosphaƟdylinositol-specific) -- -- post-SE --
PLCB4 Phospholipase C, β 4 -- Cx post-SE --
PLCD4 Phospholipase C, delta 4 -- Hipp -- --
PLCG1 Phospholipase C, γ 1 -- -- post-SE & Epilepsy --
PPIF PepƟdylprolyl isomerase F -- -- Epilepsy --
PPP3CA Protein phosphatase 3, catalyƟc subunit, α isozyme post-SE Cx & Hipp post-SE & Epilepsy --
PPP3CB Protein phosphatase 3, catalyƟc subunit, β isozyme -- Hipp -- --
PPP3CC Protein phosphatase 3, catalyƟc subunit, γ isozyme -- Cx -- --
PPP3R1 Protein phosphatase 3, regulatory subunit B, α -- Cx & Hipp post-SE & Epilepsy --
PRKACA Protein kinase, camp-dependent, catalyƟc, α -- Cx Epilepsy --
PRKCA Protein kinase C, α -- Cx post-SE & Epilepsy --
PRKCB Protein kinase C, β -- Cx & Hipp post-SE --
PTGER1 Prostaglandin E receptor 1 (subtype EP1), 42kda -- Cx -- --
PTGER3 Prostaglandin E receptor 3 (subtype EP3) -- Hipp -- --
PTK2B Protein tyrosine kinase 2 β post-SE & Epilepsy Cx post-SE & Epilepsy Epilepsy
RYR1 Ryanodine receptor 1 (skeletal) post-SE -- -- --
RYR2 Ryanodine receptor 2 (cardiac) post-SE Cx & Hipp post-SE Epilepsy
RYR3 Ryanodine receptor 3 Epilepsy -- post-SE --
SLC25A4 Solute carrier family 25, member 4 -- Cx Epilepsy --
SLC8A1 Solute carrier family 8, member 1 -- Cx post-SE & Epilepsy Epilepsy
SLC8A2 Solute carrier family 8 (Na/Ca exchanger), member 2 -- -- Epilepsy --
SPHK2 Sphingosine kinase 2 post-SE Cx post-SE --
TACR1 Tachykinin receptor 1 -- Cx -- --
TACR3 Tachykinin receptor 3 -- -- -- Epilepsy
TRHR Thyrotropin-releasing hormone receptor -- -- -- Epilepsy
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