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Abstract 43 

Lateralization of hippocampal function is indicated by varied outcomes of patients with 44 

neurological disorders that selectively affect one hemisphere of this structure, such as temporal 45 

lobe epilepsy (TLE). The intrahippocampal kainic acid (IHKA) injection model of TLE allows for 46 

targeted damage to the left or right hippocampus, enabling systematic comparison of effects of 47 

left-right asymmetry on seizure and non-seizure outcomes. Although varying non-seizure 48 

phenotypic outcomes based on injection side in dorsal hippocampus were recently evaluated in 49 

this model, differences in chronic seizure patterns in left- (IHKA-L) vs. right-injected (IHKA-R) 50 

IHKA animals have yet to be evaluated. Here, we assessed hippocampal seizure incidence in 51 

male and female IHKA-L and IHKA-R mice. Females displayed increased electrographic seizure 52 

activity compared to males at both 2 and 4 months post-injection. In addition, IHKA-L females 53 

showed higher seizure frequency than IHKA-R on diestrus and estrus at 2 months post-54 

injection, but seizure duration and percent time in seizures were only higher in IHKA-L females 55 

on diestrus. These cycle stage-associated changes, however, did not persist to 4 months post-56 

injection. Furthermore, this lateralized difference in seizure burden was not observed in males. 57 

These results indicate for the first time that the side of IHKA injection can shape chronic 58 

electrographic seizure burden. Overall, these results demonstrate a female-specific left-right 59 

asymmetry in hippocampal function can interact with estrous cycle stage to shape chronic 60 

seizures in mice with epilepsy, with implications for neural activity and behavior in both normal 61 

and disease states. 62 

 63 

  64 
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Significance Statement 65 

Seizures in temporal lobe epilepsy often originate in the hippocampus, and patient outcomes 66 

can depend on whether the seizures initiate in the left or right hippocampus. Although rodent 67 

brain function appears less lateralized than in humans, emerging evidence indicates stronger 68 

lateralization of hippocampal function in mice than previously thought. Here, we systematically 69 

compared chronic epilepsy profiles in mice based on whether left or right hippocampus is the 70 

main site of seizure generation. Males did not show a left-right asymmetry in epilepsy severity, 71 

but females showed effects of seizure initiation side that varied with estrous cycle stage. These 72 

results thus suggest a female-specific lateralization of hippocampal function can interact with the 73 

estrous cycle to shape chronic seizures in mice with epilepsy. 74 

 75 

  76 
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Introduction 77 

 The human brain is structurally and functionally lateralized (Gazzaniga, 1995). Although 78 

the hippocampus shows structural symmetry, neuroimaging studies suggest distinct functional 79 

roles of the two human hippocampi (Howard et al., 2011; Maguire and Frith, 2003). Importantly, 80 

several neurological diseases affect the hippocampus. The damage inflicted from neurological 81 

disorders such as stroke and epilepsy can be unilaterally localized. Furthermore, patient 82 

outcomes can vary based on whether this damage is present in the left or right hippocampus. 83 

For example, patients with ischemic stroke injury in the left hippocampus have more apparent 84 

memory dysfunction than those with damage in the right (Schaapsmeerders et al., 2015). 85 

Additionally, people with epilepsy whose seizures arise from the left hippocampus show a 86 

higher degree of cognitive impairment than with right hippocampal seizure foci (Addis et al., 87 

2007; Alessio et al., 2006; Phuong et al., 2021). This variation in outcomes based on the 88 

hemisphere containing the unilateral seizure focus may result from underlying functional 89 

lateralization in the hippocampus.  90 

Temporal lobe epilepsy (TLE) is a common form of focal epilepsy in which seizures arise 91 

from a specific subregion and hemisphere of the temporal lobe, particularly the hippocampus 92 

(Engel, 2001). Interestingly, clinical observations in women with TLE suggest that the 93 

lateralization of a patient’s seizure focus can impact seizure patterning in relationship to the 94 

menstrual cycle. For instance, clinical evidence suggests left-sided seizure foci are associated 95 

with higher incidence of seizures that cluster in the few days prior to and during menstruation, 96 

known as perimenstrual catamenial seizures, whereas right-sided seizure foci are associated 97 

with non-catamenial patterning of seizures spread across the menstrual cycle (Herzog, 2008; 98 

Quigg et al., 2009). Women with catamenial epilepsy are at higher risk for resistance to 99 

antiseizure medications (Choi et al., 2020), underscoring the importance of identifying the 100 
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underlying mechanisms. Furthermore, recent imaging studies have suggested that shifting 101 

levels of ovarian hormones across the menstrual cycle can have structural and functional 102 

ramifications on the human hippocampus (Gloe et al., 2021; Taylor et al., 2020), although it 103 

remains unclear how these effects may interact with seizure focus lateralization to shape 104 

seizure patterning in relation to the ovarian cycle. 105 

Recent studies demonstrating lateralization in the rodent hippocampus (Jordan, 2020) 106 

support the use of rodent models in investigating the mechanisms that underlie these 107 

differences. The intrahippocampal kainic acid (IHKA) mouse model of TLE, which allows for 108 

epileptogenic insults to be selectively targeted to the left or right hemisphere, shows 109 

neuropathological changes similar to human TLE (Bouilleret et al., 1999; Gröticke et al., 2008; 110 

Riban et al., 2002). This model also displays epileptiform discharges and spontaneous recurrent 111 

seizures (Bouilleret et al., 1999) that are hallmarks of human TLE (French et al., 1993; Mathern 112 

et al., 1995; Rusina et al., 2021). To date, researchers using this model have arbitrarily targeted 113 

the left or right hippocampus for KA injection, in the absence of systematic examination of 114 

differential outcomes of left and right IHKA injections. In a recent study, however, non-seizure 115 

phenotypic outcomes in C57BL/6J females injected with KA in the left or the right dorsal 116 

hippocampus were compared (Cutia et al., 2022). It was determined that dentate gyrus granule 117 

cell dispersion was altered in an injection site-specific manner (Cutia et al., 2022), indicating 118 

lateralized phenotypes at the level of the hippocampus. However, recent work has suggested 119 

that granule cell dispersion does not correlate to chronic seizure severity in left-injected IHKA 120 

mice (Lisgaras and Scharfman, 2022). Therefore, whether the lateralization effect in granule cell 121 

dispersion contributes to functional differences in hippocampal seizure incidence remains 122 

unclear. Furthermore, it is unknown whether potential lateralized differences in seizure 123 

occurrence are shaped by animal sex and, in females, estrous cycle stage. Here, the hypothesis 124 
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that the laterality of IHKA injection leads to differential patterning of subsequent spontaneous 125 

recurrent seizures, both based on sex and estrous cycle stage, was tested. 126 

 127 

Methods 128 

Animals and estrous cycle monitoring 129 

Animal procedures used in this study complied with the ARRIVE guidelines and were 130 

approved by the Institutional Animal Care and Use Committee of the University of Illinois 131 

Urbana-Champaign. Female and male C57BL/6J mice (#000664, Jackson Laboratories) were 132 

purchased for delivery at 6 weeks of age. Mice were then housed in a 14:10 h light:dark cycle 133 

(lights off at 1900 h) and given food and water ad libitum. Animals were group-housed (2-5 mice 134 

per cage) until the time of electrode implantation, after which all mice were housed singly.  135 

Beginning one week after arrival, estrous cycle monitoring in females was performed 136 

between 0900 and 1100 h using a vaginal cytology protocol previously described (Pantier et al., 137 

2019). Female mice were assessed for at least 14 days to verify regular cycles prior to entering 138 

the study and resumed estrous cycle monitoring for the duration of the local field potential (LFP) 139 

recording periods. Cycle lengths for each mouse at each recording period were calculated as 140 

the average time to progress from one stage of estrus through all other stages to another phase 141 

of estrus for all captured cycles (Li et al., 2018, 2017). To evaluate the development of 142 

differences in seizures over time, mice were recorded and underwent estrous cycle monitoring 143 

at both 2 and 4 months post-injection (mpi).  144 

  145 
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Stereotaxic IHKA and LFP electrode implantation surgeries 146 

All stereotaxic surgeries were carried out under isoflurane anesthesia (2-3%, vaporized 147 

in 100% oxygen) with carprofen (0.5 mg/ml) for analgesia. Female mice underwent stereotaxic 148 

unilateral injection of KA (Tocris Bioscience; 50 nl of 20 mM prepared in 0.9% sterile saline) on 149 

the first day of diestrus following the first estrous cycle monitoring period. Age-matched males 150 

(> postnatal day 60) were injected in the same manner. Injections were randomly targeted to the 151 

left or right dorsal hippocampal region (relative to Bregma: 2.0 mm posterior, 1.5 mm lateral, 1.4 152 

mm ventral to cortical surface) as previously described (Li et al., 2017). Age-matched controls 153 

were injected with the same volume at the same location with saline. Saline-injected animals 154 

(female: left n = 5, right n = 5; males: left n = 3, right n = 4) showed no seizures and thus were 155 

not included in analyses.  156 

 All animals were allowed two weeks to recover from the injection before undergoing a 157 

second surgery for LFP electrode implantation. Two twisted bipolar electrodes (P1 158 

Technologies) were implanted into the ipsilateral hippocampus just dorsal and lateral to the 159 

injection site (relative to Bregma: 2.0 mm posterior, 1.75 mm lateral, 1.25 mm ventral) 160 

(Armstrong et al., 2013; Cutia et al., 2022; Li et al., 2020; Li and Christian-Hinman, 2022). 161 

Anchor micro-screws (J.I. Morris Co.) were placed into the skull and stabilized with dental 162 

cement (Teets “Cold Cure” Dental Cement). Mice were singly housed after electrode 163 

implantation and for the duration of the remaining experimental period.  164 

 165 

LFP recording and analysis 166 

One week after electrode implantation, the mice were tethered to an electrical 167 

commutator (P1 Technologies) connected to a Brownlee 440 amplifier (NeuroPhase) with gain 168 
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set at 1 K. LFP signals were recorded as the local field potential differential between the two 169 

electrodes (Armstrong et al., 2013), sampled at 2 KHz and digitized to recorder software written 170 

in MATLAB (Armstrong et al., 2013). Mice were recorded at 1, 2, and 4 mpi. The 2 and the 4 171 

mpi recording periods were evaluated in the current study; the LFP data collected at 1 mpi from 172 

the female animals in the present study were included in another study (Cutia et al., 2022), and 173 

are therefore not shown here. In addition, some female mice (IHKA-R = 2, IHKA-L = 5) included 174 

in this study were included in a previous publication (Li et al., 2020), but the analysis of the data 175 

from these animals carried out in the previous work is distinct from that reported here.  176 

All recordings were analyzed with an automated electrographic seizure analyzer (Zeidler 177 

et al., 2018) with the minimal seizure duration set at five seconds and the interictal interval at six 178 

seconds. It should be noted that most seizures detected in the IHKA mouse model are 179 

electrographic and do not generalize to behavioral convulsive seizures (Bouilleret et al., 1999; 180 

Gröticke et al., 2008; Klein et al., 2015).  181 

 182 

Hippocampal granule cell dispersion visualization and quantification 183 

Brains from a randomly selected subset of females and males  (8-10 mice per group) 184 

were sectioned into 40 μm-thick coronal sections using a freezing microtome (Leica SM 2010R). 185 

Every third section from the dorsal hippocampal region was used for histology, with a total of 186 

four to six sections evaluated for each mouse. Sections were stained with cresyl violet (Sigma-187 

Aldrich C5042) for 12 minutes at room temperature, dehydrated using graded ethanol solutions 188 

(70-100%), before being cleaned with Xylene and coverslipped with Permount. Images were 189 

collected using an Olympus BX43 brightfield microscope with an Infinity 3-6UR Teledyne 190 

Lumenera Camera and Infinity Capture software (Lumenera). Dentate gyrus granule cell 191 
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dispersion ipsilateral to the KA injection was quantified as previously described (Cutia et al., 192 

2022; Lisgaras and Scharfman, 2022). 193 

 194 

Ovarian hormone assays 195 

 After completion of LFP recordings at 4 mpi, trunk blood was collected from the female 196 

mice at the time of euthanasia. All female mice were euthanized by decapitation on diestrus 197 

between 1200 and 1600 h. Trunk blood was stored at 4°C for 24 h, and centrifuged for 15 198 

minutes at 4°C. Serum was then isolated and stored at -80°C until the time of assay. Enzyme-199 

linked immunosorbent assays (ELISAs) for progesterone (IBL America, IB79105) and estradiol 200 

(American Laboratory Products Co., 11-ESTHU-E01) were performed on serum samples using 201 

commercial kits according to the manufacturers' instructions and evaluated using a Bio-Tek 202 

800TS Microplate Absorbance Reader. One serum sample from the IHKA-L and one from the 203 

IHKA-R group were excluded from the study based on low quality. One IHKA-R sample was 204 

tested for progesterone but not for estradiol due to limited sample volume. Additionally, given 205 

limited sample volume, all samples were run in singlet to accommodate multiple hormone 206 

assays. Intra-assay coefficient of variation values calculated from controls run in duplicate were 207 

5.1 for estradiol and 6.8 for progesterone. 208 

 209 

Statistical analysis  210 

All statistical comparisons were performed using R software. Comparisons of seizure 211 

parameters between male and female IHKA-L and -R animals were made using two-way 212 

ANOVA and Tukey’s post hoc tests. Comparisons of seizure parameters between IHKA-L and -213 
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R females within individual estrous cycle stages were made using two-sample t-tests, or 214 

Wilcoxon rank sum tests depending on the normality of the data. Comparisons of progesterone, 215 

estradiol, and the progesterone-to-estradiol (P4:E2) ratio between IHKA-L and IHKA-R groups 216 

were made using Wilcoxon rank sum tests. Normality was evaluated using Shapiro-Wilks tests, 217 

and homogeneity of variance was evaluated using Levene’s tests. Correlations between percent 218 

of time in seizures and granule cell dispersion, estrous cycle length, and hormone levels were 219 

made using Pearson’s correlations. Information on the estimation statistics used to generate 220 

statistically significant results in the study is provided in Table 1. 221 

 222 

Results 223 

Seizure burden is increased in IHKA females compared to males at 2 months after injection 224 

 Both male (IHKA-L = 9, IHKA-R = 8) and female (IHKA-L = 17, IHKA-R = 20) mice were 225 

evaluated to characterize sex differences in general seizure patterning and in response to the 226 

side of targeted injection (Figure 1A). Recordings collected across a 7-day period at 2 mpi were 227 

evaluated for each mouse and averaged for group comparisons. Seizure frequency (seizures 228 

per hour) differed between groups based on both injection site (F(1,51) = 4.12, p = 0.047) and 229 

sex (F(1,51) = 12.40, p = 0.0009, Figure 1B). Specifically, IHKA-L females displayed elevated 230 

seizure frequency compared to both IHKA-L (p = 0.005) and IHKA-R males (p = 0.002, Figure 231 

1B). IHKA-R females also showed higher seizure frequency than IHKA-R males (p = 0.005). 232 

Seizure duration also displayed a sex difference (F(1,51) = 9.79, p = 0.002, Figure 1C), with 233 

longer seizure duration in IHKA-L females compared to both IHKA-L (p = 0.02) and IHKA-R 234 

males (p = 0.03, Figure 1C). IHKA-R females also showed higher duration compared to IHKA-R 235 

males (p = 0.02, Figure 1C). The mean percent time in seizures also differed by injection site 236 
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(F(1,51) = 4.45, p = 0.04) and sex (F(1,51) = 17.14, p = 0.0001, Figure 1D), as IHKA-L females 237 

spent more time in seizures than IHKA-L (p = 0.0007) and IHKA-R males (p = 0.0004), and 238 

IHKA-R females spent more time in seizures than IHKA-R males (p = 0.0007, Figure 1D).  239 

 240 

Sex differences in seizure duration and percent time in seizures persist to 4 months after 241 

injection 242 

 To characterize the progression of seizure activity over time in these animals, the same 243 

animals evaluated at 2 mpi were also evaluated at 4 mpi, with the exception of two IHKA-R 244 

females that died prior to the 4-month time point. By 4 mpi, there was no effect of injection site 245 

(F(1,49) = 0.0001, p = 0.99) or sex  (F(1,48) = 2.17, p = 0.15, Figure 2A) on seizure frequency. 246 

Seizure duration, however, was still affected by sex and higher in females compared to males 247 

(F(1,49) = 11.84, p = 0.001, Figure 2B). Percent time in seizures was also influenced by sex 248 

(F(1,49) = 8.95, p = 0.004, Figure 2B), as IHKA females displayed higher time in seizures than 249 

male counterparts (IHKA-L: p = 0.02, IHKA-R: p = 0.02, Figure 2B). Together, these results 250 

indicate that IHKA females maintain higher seizure duration and percent time in seizures than 251 

males when recorded at 4 mpi. 252 

 253 

Left-right asymmetry in seizure burden in IHKA females is most pronounced on diestrus at 2 254 

months after injection 255 

 To investigate the relationship of estrous cycle phase to seizure patterns, female 256 

animals were evaluated across diestrus, estrus, and proestrus. Recordings from three days of 257 

each estrous cycle stage from at least three different cycles per mouse were averaged to 258 
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quantify seizure parameters present on each estrous cycle stage. At 2 mpi, IHKA-L females 259 

displayed higher seizure frequency than IHKA-R during diestrus and estrus (diestrus: t = 2.05, 260 

p-value = 0.05; estrus t = 2.41, p-value = 0.02, Figure 3A), with a trend towards elevated 261 

seizure frequency in IHKA-L females during proestrus (t = 1.97, p = 0.06, Figure 3A). However, 262 

seizure duration and percent time in seizures were higher in IHKA-L compared to IHKA-R 263 

females only during diestrus (seizure duration: W = 261, p-value = 0.04, Figure 3B; time in 264 

seizure: W = 286, p-value = 0.004, Figure 3C). These results suggest that there are distinct 265 

elevations in seizure parameters in IHKA-L compared to IHKA-R females at 2 mpi, and that 266 

these differences are more pronounced during diestrus. 267 

 268 

Left-right asymmetries and effects of estrous cycle stage on seizure burden in females are 269 

dampened by 4 months after injection 270 

 In contrast to the pattern of asymmetric seizure burden at 2 mpi, there were no 271 

appreciable differences between IHKA-L and IHKA-R females in any seizure parameters on 272 

diestrus or estrus at 4 mpi (Figure 4). During proestrus, however, IHKA-R animals showed 273 

trends for elevated seizure frequency (t = -2.00, df= 32, p = 0.05, Figure 4A) and percent time 274 

in seizures (t = -1.99, df = 32, p = 0.06, Figure 4C). These results suggest that the influences of 275 

injection side on seizure parameters in females are less distinct at 4 mpi. 276 

 277 

Degree of granule cell layer dispersion is not correlated to seizure burden severity 278 

Once LFP recordings were completed, brains from a subset of IHKA-L (male n = 9; 279 

female n = 10) and IHKA-R (male n = 8; female n = 10) mice were collected and sectioned for 280 

analysis of granule cell layer dispersion through visualization with Nissl stain (Figure 5A). 281 

Granule cell dispersion was calculated as the ratio between the value for the hippocampus 282 
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ipsilateral to the site of injection and the equivalent portion of hippocampus contralateral to the 283 

side of injection (I:C ratio) (19). There were no differences between IHKA groups in proportions 284 

of mice with and without granule cell dispersion (Figure 5B). As all brain samples were 285 

collected after completion of recordings at the 4 mpi timepoint, these ratios were compared to 286 

the average percent of time that each animal spent in seizures at the 4 mpi recording period. 287 

There were no correlations between percent time spent in seizures and I:C ratio in IHKA-L 288 

(males: r2 = 0.60, p = 0.08; females r2 = 0.1, p = 0.77) nor IHKA-R mice (males: r2 = -0.34, p = 289 

0.38; females: r2 = -0.28, p = 0.5) (Figure 5C). These results indicate that the degree of granule 290 

cell dispersion and seizure severity are not correlated when assessed at 4 mpi in the IHKA 291 

model. 292 

 293 

Estrous cycle prolongation is not correlated to seizure burden 294 

 Estrous cycle disruption is common in a majority of female IHKA mice (Cutia et al., 2022; 295 

Li et al., 2017). To determine if the degree of estrous cycle disruption is correlated to the 296 

severity of seizure burden, and if this relationship changes over time, estrous cycle lengths of 297 

each mouse were quantified from the cycle monitoring data collected during LFP recordings and 298 

correlated to the percentage of time in seizures of each mouse over a 7-day period 299 

encompassing all cycle stages. There were no correlations found between estrous cycle length 300 

and percent of time in seizures for IHKA-R mice at either 2 (r2 = 0.3, p = 0.20) or 4 mpi (r2 = 301 

0.08, p = 0.75) (Figure 6). IHKA-L females showed a weak correlation at 2 mpi (r2 = 0.5, p = 302 

0.04) but showed no correlation at 4 mpi (r2 = 0.15, p = 0.56). These data align with previous 303 

work that reported no significant correlation between cycle length and seizure burden in IHKA-R 304 

mice at 2 mpi (Li et al., 2020).  305 

 306 

Circulating estradiol and progesterone levels are not correlated with seizure burden at 4 mpi  307 
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 Circulating ovarian hormones fluctuate in rodents across the estrous cycle, and seizure 308 

activity can also change with estrous cycle stage (Christian et al., 2020; Nilsson et al., 2015). To 309 

evaluate whether the chronic seizure burden correlated with circulating ovarian hormone levels 310 

in the present cohort, we measured estradiol and progesterone in serum collected on diestrus 311 

from the IHKA female animals following completion of LFP recordings at 4 mpi. There were no 312 

differences in estradiol (IHKA-L 13.23 ± 1.79 pg/ml, n = 16; IHKA-R 10.00 ± 1.27 pg/ml, n = 17, 313 

p = 0.2) or progesterone (IHKA-L 3.36 ± 0.44 ng/ml, n = 16; IHKA-R 4.04 ± 0.84 ng/ml, n = 18, p 314 

= 0.86) levels based on the side of IHKA injection. Additionally, there was no difference in the 315 

P4:E2 ratio between IHKA-L (315.20 ± 52.04 pg/ml) and IHKA-R groups (455.58 ± 106.45 pg/ml, 316 

p = 0.56), consistent with previous findings (Cutia et al., 2022). Furthermore, there was no 317 

correlation between circulating progesterone levels and the percent time in seizure in the 7 days 318 

prior to euthanasia for IHKA-L (r2 = -0.14, p = 0.60) or IHKA-R females (r2 = 2.4 x 10-5, p = 0.99, 319 

Figure 7A). There were also no correlations between estradiol (IHKA-L: r2 = -0.27, p = 0.32; 320 

IHKA-R: r2 = 0.31, p = 0.23, Figure 7B) or the P4:E2 ratio (IHKA-L: r2 = 0.09, p = 0.74; IHKA-R: 321 

r2 = - 0.54, p = 0.17, Figure 7C) and the percent time in seizure.  322 

 323 

Discussion 324 

Clinical evidence indicates that the hemisphere of a temporal lobe seizure focus may 325 

influence seizure cluster patterning in women with epilepsy (Herzog, 2008; Quigg et al., 2009). 326 

Preclinical evidence suggests that the IHKA model of TLE holds validity for investigating 327 

mechanisms of the aforementioned clinical findings, as differences in hippocampal granule cell 328 

dispersion and pituitary gene expression are altered based on site of IHKA injection (Cutia et al., 329 

2022). Despite this evidence, the relationship between seizure patterns in IHKA animals and the 330 

site of injection has yet to be documented. In the present study, we evaluated the development 331 
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and presentation of seizures recorded with LFP at 2 and 4 mpi in male and female IHKA-L and -332 

R mice. The results indicate a distinct sex difference in seizure parameters between male and 333 

female IHKA mice, with higher seizure burden in females. In addition, IHKA-L females display 334 

higher overall seizure burden compared to IHKA-R females on diestrus at 2 mpi. On proestrus 335 

and estrus, however, this effect is only present for seizure frequency. These results suggest that 336 

the phase of the estrous cycle influences left-right asymmetry in seizure burden in IHKA 337 

females. 338 

Sex differences have been observed across multiple animal models of TLE and seizure 339 

induction (Christian et al., 2020). For example, female rats typically have longer latency to acute 340 

seizures and lower mortality rates after systemic pilocarpine injection (Mejıás-Aponte et al., 341 

2002). In another study, male rats treated systemically with pilocarpine developed longer lasting 342 

seizures over a period of several months, whereas female rats tended to have higher frequency 343 

of seizures (Matovu and Cavalheiro, 2022). In a systemic kainic acid injection seizure induction 344 

model, male rats had greater susceptibility to seizures than their female counterparts (Mejıás-345 

Aponte et al., 2002). In mice, however, the results regarding systemic KA injection have been 346 

mixed, with one study reporting higher mortality rates, more severe seizures, and increased 347 

neurodegeneration in females (Zhang et al., 2008), but another study describing higher 348 

mortality, seizure severity, cognitive impairment, hippocampal neuron loss, and reactive gliosis 349 

in males (Li and Liu, 2019). With respect to chronic epilepsy in the IHKA model, one report 350 

indicated that female mice do not show the same latent period duration following IHKA injection 351 

as males, and that hippocampal paroxysmal discharges were rare in females when examined 4 352 

weeks after injection (Twele et al., 2016). By contrast, another study conducted using the IHKA 353 

model did not indicate an effect of sex on seizures, cognitive impairment, or histopathology 354 

(Zeidler et al., 2018), although this latter study was not powered to evaluate sex differences. 355 

Here, males showed reduced overall seizure burden compared to females, in contrast to other 356 
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IHKA studies in mice. However, the effect of sex in animal models of epilepsy can vary greatly, 357 

influenced by factors such as methodology of seizure induction, measurement criteria for 358 

seizures, the species and/or strain of animal, and the age at which seizures are induced 359 

(Christian et al., 2020; Scharfman and MacLusky, 2014). 360 

Once brain tissue was harvested at 4 mpi, the level of granule cell dispersion was 361 

quantified and correlated to the percentage of time spent in seizures for each animal. The lack 362 

of correlations observed between granule cell dispersion and seizure burden is in agreement 363 

with other recent studies (Lisgaras and Scharfman, 2022). Although pyramidal cell layer length 364 

has been correlated with seizure severity in IHKA mice, this relationship was shown in a cohort 365 

in which seizure activity was monitored at the cortical surface using subdural screw electrodes 366 

(Lisgaras and Scharfman, 2022). A similar analysis could not be done using the present dataset 367 

due to the location of the LFP electrode in the hippocampus. Another limitation is that the tissue 368 

could only be collected after all LFP recordings were complete at 4 mpi. In this regard, 369 

lateralized differences in granule cell dispersion at 2 mpi were previously shown in a cohort of 370 

animals that were not implanted with LFP electrodes (Cutia et al., 2022). As we observed a 371 

decrease in lateralized effects in seizure parameters at 4 mpi, it remains possible that granule 372 

cell dispersion (and/or other signs of hippocampal sclerosis) and seizure burden are correlated 373 

at 2 mpi.   374 

The differences in seizure patterns of IHKA-L and -R mice on certain estrous cycle 375 

stages may arise due to interactions between fluctuating ovarian hormones and basal 376 

differences in the left and right hippocampi. For example, the left and right murine hippocampi 377 

have distinct populations of synapses (El-Gaby et al., 2015; Shinohara et al., 2008), and there is 378 

evidence for left-right asymmetry in hippocampal function in mice (Shipton et al., 2014). There is 379 

also evidence that gonadal hormones can impact hippocampal lateralization, with androgen 380 

receptor signaling suggested to underlie larger granule cell layer volume in the right 381 
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hippocampus of both male and female C57BL/6J mice (Tabibnia et al., 1999). Therefore, it is 382 

possible that the fluctuations in ovarian hormones across the estrous cycle, and lateralized 383 

interactions between ovarian hormones and the hippocampus, produce left-right asymmetry in 384 

emergent hippocampal phenotypes. In mice, the P4:E2 ratio is higher on diestrus than on 385 

proestrus and estrus (Christian et al., 2020; Walmer et al., 1992), and lower P4:E2 may promote 386 

seizure activity in humans (Bonuccellia et al., 1989; Herzog, 2015; Herzog et al., 1997). A 387 

limitation of the lack of correlation between chronic seizure burden and progesterone/estradiol 388 

levels in the present study is that the hormones were measured in blood samples collected at 4 389 

mpi, whereas the left-right asymmetry in seizure burden was most prominent at 2 mpi. However, 390 

previous work indicated a lack of difference in serum progesterone and estradiol, and P4:E2 391 

ratio, between IHKA-L and IHKA-R diestrous females at 2 mpi (Cutia et al., 2022), suggesting 392 

that a relationship between circulating levels of these hormones and left-right asymmetry 393 

seizure burden at 2 mpi is unlikely. However, a differential response of left vs. right 394 

hippocampus to estradiol and/or progesterone actions cannot be ruled out, nor can differences 395 

in local hippocampal synthesis of these hormones or their metabolites (Brann et al., 2022; Sato 396 

and Woolley, 2016; Tokuda et al., 2011). 397 

 Previous work established that the estrous cycle can have impacts on interictal spike 398 

presentation in systemic kainic acid and pilocarpine models of TLE in rats (D’Amour et al., 399 

2015), and IHKA mice can exhibit elevated seizure duration and time spent in seizures on 400 

proestrus and estrus combined compared with diestrus (Li et al., 2020). Importantly, most IHKA 401 

female mice exhibit elongated estrous cycles (Cutia et al., 2022; Ingram et al., 2022; Li et al., 402 

2020, 2018, 2017; Li and Christian-Hinman, 2022). Here, estrous cycle length was not 403 

significantly correlated to seizure burden in either IHKA-L or -R mice, consistent with previous 404 

reports (Li et al., 2020). Therefore, it does not appear that higher epilepsy severity drives 405 

greater estrous cycle disruption, nor is there a reciprocal relationship of cycle disruption 406 
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promoting increased seizure burden in the IHKA model. In previous work examining mice 407 

without LFP recordings, estrous cycle disruption persisted to 4 mpi in IHKA-R but not IHKA-L 408 

females (Cutia et al., 2022). The dissipation in phenotypes in IHKA-L females suggests that 409 

asymmetries may be influenced by the progression of the disease, the increased age of the 410 

animals, or both. The progressive decline of certain physiological functions as mice age could 411 

shape the varied patterns seen at different timepoints. It is also possible that the observed 412 

differences at 2 mpi are indicative of differential rates of disease progression that eventually 413 

normalize, such that seizure severity lacks overt sex- and hemisphere-based differences by 4 414 

mpi. In total, these findings suggest that injection site and time of recording after injection in 415 

IHKA female mice are factors to be considered in experimental design that can shape overall 416 

seizure burden outcomes. 417 

The female-specific presence of seizure burden asymmetries aligns with clinical findings 418 

of reproductive endocrine disorder development among TLE patients. Male and female patients 419 

with TLE often develop reproductive endocrine dysfunction (Herzog et al., 1986a, 1986b), but 420 

females more consistently develop higher rates of dysfunction than the general population 421 

(Herzog et al., 1986b; Herzog and Schachter, 2001). Moreover, the propensities for developing 422 

polycystic ovary syndrome or hypothalamic amenorrhea are differentially based on the 423 

hemisphere of the seizure focus in females (Herzog, 1993; Kalinin and Zheleznova, 2007). 424 

These findings indicate that there may be differential mechanisms in the left and right 425 

hemispheres that contribute to the ability of seizures to promote reproductive endocrine 426 

dysfunction. Furthermore, the different patterns of seizure clustering in association with 427 

menstrual cycle phase in females with left- or right-sided TLE (Herzog, 2008; Quigg et al., 2009) 428 

suggest that left-right asymmetry can shape the presentation of both epilepsy and associated 429 

comorbidities. The present findings of female-specific asymmetry in seizure presentation are 430 

thus consistent with clinical reports, and support the translational validity of the IHKA mouse 431 
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model in recapitulating at least some mechanistic differences in structural or functional changes 432 

due to seizures in the left and right hippocampus, as well as sex differences in this lateralization. 433 

 The IHKA mouse model displays many characteristics recapitulating human epilepsy, 434 

underscoring the validity of its use in investigating neural mechanisms of TLE. The present work 435 

indicates that seizure burden outcomes within this preclinical model are influenced by sex and, 436 

in females, laterality of epileptogenic insult. Female mice also show estrous cycle-associated 437 

changes in seizure activity that vary depending on the hemisphere of targeted hippocampal 438 

damage. This work thus reveals female-specific left-right asymmetry in functional properties of 439 

the murine hippocampus, with implications for both normal and disease states. 440 

  441 
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Figure Legends 603 

Figure 1. Sex differences in seizure parameters at 2 months after IHKA injection. A) 604 

Example seizure traces. B-D) Circles represent individual values of the average number of 605 

seizures per hour (B), average seizure duration (C), and average percent time in seizure (D) for 606 

each mouse plotted with mean ± SEM in black lines. *p < 0.05, **p < 0.01, ***p < 0.001 two-way 607 

ANOVA and Tukey’s post hoc tests.  608 

 609 

Figure 2. Higher seizure duration in females at 4 months after IHKA injection. A-C) Circles 610 

represent individual values of the average number of seizures per hour (A), average seizure 611 

duration (B), and average percent time in seizure (C) for each mouse plotted with mean ± SEM 612 

in black lines. *p < 0.05, **p<0.01 two-way ANOVA and Tukey’s post hoc tests. 613 

 614 

Figure 3. Seizure burden is elevated in IHKA-L females on diestrus 2 months after IHKA 615 

injection. A-C) Circles represent individual values of the average number of seizures per hour 616 

(A), average seizure duration (B), and average percent time in seizure (C) for each IHKA 617 

female, plotted with mean ± SEM in black lines. *p < 0.05, **p < 0.01 two-sample t-test or 618 

Wilcoxon ranked sum test based on data normality. 619 

 620 

Figure 4. Lateralization and cycle stage effects on seizure burden in females are 621 

dampened at 4 months after IHKA injection. A-C) Circles represent individual values of the 622 

average number of seizures per hour (A), average seizure duration (B), and average percent 623 

time in seizure (C) for each IHKA female, plotted with mean ± SEM in black lines. 624 
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Figure 5. Seizure burden severity is not correlated to the degree of granule cell 625 

dispersion at 4 mpi. A) Representative images of Nissl staining, illustrating granule cell 626 

dispersion, CA1 cell death, and damage from LFP electrode implantation. Scale bar = 1 mm. B) 627 

Proportions of mice in each group that did (colored bars) or did not (black bars) display granule 628 

cell dispersion by visual inspection. C) Relationship of the percent time in seizure as a function 629 

of the ipsilateral-to-contralateral (I:C) granule cell area ratio. Circles indicate individual mice. 630 

Solid lines indicate the linear regression of best fit.  631 

 632 

Figure 6. Seizure burden severity is not correlated to the degree of estrous cycle 633 

disruption. Percent of time in seizure as a function of estrous cycle length for each mouse 634 

evaluated at 2- (left) and 4-months post injection (right) in IHKA-L (top) and IHKA-R (bottom) 635 

groups. Circles indicate individual mice. Solid lines indicate the linear regression of best fit.  636 

 637 

Figure 7. Circulating levels of ovarian hormones on diestrus are not correlated with 638 

seizure burden severity at 4 mpi.  A-C) Percentage of time spent in seizures as a function of 639 

serum progesterone (A), estradiol (B), and P4:E2 ratio (C) levels of hormones in circulation for 640 

each mouse in IHKA-L (left) and IHKA-R (right) groups. Circles indicate individual mice. Solid 641 

lines indicate the linear regression of best fit.  642 
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Figure  Graph Data Structure Test p Value 95% Confidence Interval 
Figure 1B IHKA-L males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.005 23.96 to 38.42 and 41.46 to 57.72 
Figure 1B IHKA-R males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.005 14.60 to 41.80 and 33.88 to 42.66 
Figure 1B IHKA-R males vs. IHKA-L females normally distributed Two-way ANOVA, Tukey's post hoc test 0.002 14.60 to 41.80 and 41.46 to 57.72 
Figure 1C IHKA-L males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.02 11.94 to 17.58 and 17.01 to 21.67 
Figure 1C IHKA-R males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.02 9.36 to 17.16 and 15.65 to 20.51 
Figure 1C IHKA-R males vs. IHKA-L females normally distributed Two-way ANOVA, Tukey's post hoc test 0.03 9.36 to 17.16 and 17.01 to 21.67 
Figure 1D IHKA-L males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.0007 9.43 to 16.87 and 20.87 to 20.71 
Figure 1D IHKA-R males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.0007 5.03 to 17.23 and 15.90 to 23.00 
Figure 1D IHKA-R males vs. IHKA-L females normally distributed Two-way ANOVA, Tukey's post hoc test 0.0004 5.03 to 17.23 and 20.87 to 20.71 
Figure 2B IHKA-L males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.006 11.16 to 16.92 and 15.94 to 20.22 
Figure 2B IHKA-R males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.006 10.25 to 17.07 and 16.85 to 21.25 
Figure 2B IHKA-L males vs. IHKA-R females normally distributed Two-way ANOVA, Tukey's post hoc test 0.03 10.25 to 17.07 and 15.94 to 20.22 
Figure 2C IHKA-L males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.02 6.58 to 16.78 and 12.81 to 20.15 
Figure 2C IHKA-R males vs. females normally distributed Two-way ANOVA, Tukey's post hoc test 0.02 6.27 to 13.29 and 14.67 to 22.19 
Figure 3A Diestrus normally distributed Two-sample t test 0.05 29.30 to 44.04 and 39.53 to 58.65 
Figure 3A Estrus normally distributed Two-sample t test 0.02 33.63 to 44.29 and 42.51 to 57.33 
Figure 3B Diestrus non-normal distribution Wilcoxon rank sum test 0.04 15.13 to 21.63 and 19.37 to 27.37 
Figure 3C Diestrus non-normal distribution Wilcoxon rank sum test 0.04 13.77 to 24.67 and 23.83 to 37.59 

 

Table 1. Statistical table of significant results. 

 


