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Abstract

Lateralization of hippocampal function is indicated by varied outcomes of patients with neurologic disorders
that selectively affect one hemisphere of this structure, such as temporal lobe epilepsy (TLE). The intrahippo-
campal kainic acid (IHKA) injection model of TLE allows for targeted damage to the left or right hippocampus,
enabling systematic comparison of effects of left-right asymmetry on seizure and nonseizure outcomes.
Although varying nonseizure phenotypic outcomes based on injection side in dorsal hippocampus were re-
cently evaluated in this model, differences in chronic seizure patterns in left- (IHKA-L) versus right-injected
(IHKA-R) IHKA animals have yet to be evaluated. Here, we assessed hippocampal seizure incidence in male
and female IHKA-L and IHKA-R mice. Females displayed increased electrographic seizure activity compared
with males at both two and fourmonths postinjection. In addition, IHKA-L females showed higher seizure fre-
quency than IHKA-R on diestrus and estrus at twomonths postinjection, but seizure duration and percent time
in seizures were only higher in IHKA-L females on diestrus. These cycle stage-associated changes, however,
did not persist to fourmonths postinjection. Furthermore, this lateralized difference in seizure burden was not
observed in males. These results indicate for the first time that the side of IHKA injection can shape chronic
electrographic seizure burden. Overall, these results demonstrate a female-specific left-right asymmetry in hip-
pocampal function can interact with estrous cycle stage to shape chronic seizures in mice with epilepsy, with
implications for neural activity and behavior in both normal and disease states.
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Significance Statement

Seizures in temporal lobe epilepsy (TLE) often originate in the hippocampus, and patient outcomes can de-
pend on whether the seizures initiate in the left or right hippocampus. Although rodent brain function ap-
pears less lateralized than in humans, emerging evidence indicates stronger lateralization of hippocampal
function in mice than previously thought. Here, we systematically compared chronic epilepsy profiles in
mice based on whether left or right hippocampus is the main site of seizure generation. Males did not show
a left-right asymmetry in epilepsy severity, but females showed effects of seizure initiation side that varied
with estrous cycle stage. These results thus suggest a female-specific lateralization of hippocampal func-
tion can interact with the estrous cycle to shape chronic seizures in mice with epilepsy.
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Introduction
The human brain is structurally and functionally lateral-

ized (Gazzaniga, 1995). Although the hippocampus shows
structural symmetry, neuroimaging studies suggest distinct
functional roles of the two human hippocampi (Maguire
and Frith, 2003; Howard et al., 2011). Importantly, several
neurologic diseases affect the hippocampus, and the dam-
age inflicted from neurologic disorders such as stroke
and epilepsy can be unilaterally localized. Furthermore,
patient outcomes can vary based on whether this dam-
age is present in the left or right hippocampus. For example,
patients with ischemic stroke injury in the left hippocampus
have more apparent memory dysfunction than those
with damage in the right (Schaapsmeerders et al., 2015).
Additionally, people with epilepsy whose seizures arise
from the left hippocampus show a higher degree of cogni-
tive impairment than with right hippocampal seizure foci
(Alessio et al., 2006; Addis et al., 2007; Phuong et al.,
2021). This variation in outcomes based on the hemisphere
containing the unilateral seizure focus may result from
underlying functional lateralization in the hippocampus.
Temporal lobe epilepsy (TLE) is a common form of focal

epilepsy in which seizures arise from a specific subregion
and hemisphere of the temporal lobe, particularly the hip-
pocampus (Engel, 2001). Interestingly, clinical observa-
tions in women with TLE suggest that the lateralization of
a patient’s seizure focus can impact seizure patterning in
relationship to the menstrual cycle. For instance, clinical
evidence suggests left-sided seizure foci are associated
with higher incidence of seizures that cluster in the few
days before and during menstruation, known as peri-
menstrual catamenial seizures, whereas right-sided sei-
zure foci are associated with noncatamenial patterning of
seizures spread across the menstrual cycle (Herzog,
2008; Quigg et al., 2009). Women with catamenial epi-
lepsy are at higher risk for resistance to antiseizure medi-
cations (Choi et al., 2020), underscoring the importance of
identifying the underlying mechanisms. Furthermore, re-
cent imaging studies have suggested that shifting levels
of ovarian hormones across the menstrual cycle can have
structural and functional ramifications on the human hip-
pocampus (Taylor et al., 2020; Gloe et al., 2021), although
it remains unclear how these effects may interact with sei-
zure focus lateralization to shape seizure patterning in re-
lation to the ovarian cycle.
Recent studies demonstrating lateralization in the rodent

hippocampus (Jordan, 2020) support the use of rodent

models in investigating the mechanisms that underlie these
differences. The intrahippocampal kainic acid (IHKA) mouse
model of TLE, which allows for epileptogenic insults to
be selectively targeted to the left or right hemisphere,
shows neuropathological changes similar to human TLE
(Bouilleret et al., 1999; Riban et al., 2002; Gröticke et al.,
2008). This model also displays epileptiform discharges
and spontaneous recurrent seizures (Bouilleret et al.,
1999) that are hallmarks of human TLE (French et al.,
1993; Mathern et al., 1995; Rusina et al., 2021). To date,
researchers using this model have arbitrarily targeted the
left or right hippocampus for KA injection, in the absence
of systematic examination of differential outcomes of left
and right IHKA injections. In a recent study, however,
nonseizure phenotypic outcomes in C57BL/6J females
injected with KA in the left or the right dorsal hippocam-
pus were compared (Cutia et al., 2022). It was deter-
mined that dentate gyrus granule cell dispersion was
altered in an injection site-specific manner (Cutia et al.,
2022), indicating lateralized phenotypes at the level of
the hippocampus. However, recent work has sug-
gested that granule cell dispersion does not correlate
to chronic seizure severity in left-injected IHKA mice
(Lisgaras and Scharfman, 2022). Therefore, whether the
lateralization effect in granule cell dispersion contributes to
functional differences in hippocampal seizure incidence re-
mains unclear. Furthermore, it is unknown whether potential
lateralized differences in seizure occurrence are shaped by
animal sex and, in females, estrous cycle stage. Here, the
hypothesis that the laterality of IHKA injection leads to differ-
ential patterning of subsequent spontaneous recurrent seiz-
ures, both based on sex and estrous cycle stage, was
tested.

Materials and Methods
Animals and estrous cycle monitoring
Animal procedures used in this study complied with the

ARRIVE guidelines and were approved by the Institutional
Animal Care and Use Committee of the University of
Illinois Urbana-Champaign. Female and male C57BL/6J
mice (#000664, The Jackson Laboratory) were purchased
for delivery at sixweeks of age. Mice were then housed in
a 14/10 h light/dark cycle (lights off at 7 P.M.) and given
food and water ad libitum. Animals were group-housed
(two to five mice per cage) until the time of electrode im-
plantation, after which all mice were housed singly.
Beginning one week after arrival, estrous cycle monitor-

ing in females was performed between 9 and 11 A.M.
using a vaginal cytology protocol previously described
(Pantier et al., 2019). Female mice were assessed for at
least 14 d to verify regular cycles before entering the
study and resumed estrous cycle monitoring for the dura-
tion of the local field potential (LFP) recording periods.
Cycle lengths for each mouse at each recording period
were calculated as the average time to progress from one
stage of estrus through all other stages to another phase
of estrus for all captured cycles (J. Li et al., 2017, 2018).
To evaluate the development of differences in seizures
over time, mice were recorded and underwent estrous
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cycle monitoring at both two and fourmonths postinjec-
tion (mpi).

Stereotaxic IHKA and LFP electrode implantation
surgeries
All stereotaxic surgeries were conducted under isoflurane

anesthesia (2–3%, vaporized in 100% oxygen) with carprofen
(0.5mg/ml) for analgesia. Female mice underwent stereotaxic
unilateral injection of KA (Tocris Bioscience; 50 nl of 20 mM

prepared in 0.9% sterile saline) on the first day of diestrus fol-
lowing the first estrous cyclemonitoring period. Age-matched
males (. postnatal day 60) were injected in the samemanner.
Injections were randomly targeted to the left or right dorsal
hippocampal region (relative to bregma: 2.0 mm posterior,
1.5 mm lateral, 1.4 mm ventral to cortical surface) as previ-
ously described (J. Li et al., 2017). Age-matched controls
were injected with the same volume at the same location with
saline. Saline-injected animals (female: left n=5, right n=5;
males: left n=3, right n=4) showed no seizures and thus
were not included in analyses.
All animals were allowed two weeks to recover from the

injection before undergoing a second surgery for LFP
electrode implantation. Two twisted bipolar electrodes

(P1 Technologies) were implanted into the ipsilateral hip-
pocampus just dorsal and lateral to the injection site (rela-
tive to bregma: 2.0 mm posterior, 1.75 mm lateral, 1.25
mm ventral; Armstrong et al., 2013; J. Li et al., 2020; Cutia
et al., 2022; J. Li and Christian-Hinman, 2022). Anchor mi-
croscrews (J.I. Morris Co) were placed into the skull and
stabilized with dental cement (Teets “Cold Cure” Dental
Cement). Mice were singly housed after electrode implan-
tation and for the duration of the remaining experimental
period.

LFP recording and analysis
One week after electrode implantation, the mice were

tethered to an electrical commutator (P1 Technologies)
connected to a Brownlee 440 amplifier (NeuroPhase) with
gain set at 1 K. LFP signals were recorded as the local
field potential differential between the two electrodes
(Armstrong et al., 2013), sampled at 2 kHz and digitized to
recorder software written in MATLAB (Armstrong et al.,
2013). Mice were recorded at 1, 2, and 4 mpi. The 2 and
the 4 mpi recording periods were evaluated in the current
study; the LFP data collected at 1 mpi from the female an-
imals in the present study were included in another study

Table 1: Statistical table of significant results

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 23.96–38.42 and 41.46–57.72

Figure 1B IHKA-R males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.005 14.60–41.80 and 33.88–42.66

Figure 1B IHKA-R males
vs IHKA-L
females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.002 14.60–41.80 and 41.46–57.72

Figure 1C IHKA-L males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.02 11.94–17.58 and 17.01–21.67

Figure 1C IHKA-R males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.02 9.36–17.16 and 15.65–20.51

Figure 1C IHKA-R males
vs IHKA-L
females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.03 9.36–17.16 and 17.01–21.67

Figure 1D IHKA-L males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.0007 9.43–16.87 and 20.87–20.71

Figure 1D IHKA-R males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.0007 5.03–17.23 and 15.90–23.00

Figure 1D IHKA-R males
vs IHKA-L
females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.0004 5.03–17.23 and 20.87–20.71

Figure 2B IHKA-L males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.006 11.16–16.92 and 15.94–20.22

Figure 2B IHKA-R males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.006 10.25–17.07 and 16.85–21.25

Figure 2B IHKA-L males
vs IHKA-R
females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.03 10.25–17.07 and 15.94–20.22

Figure 2C IHKA-L males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.02 6.58–16.78 and 12.81–20.15

Figure 2C IHKA-R males
vs females

Normally distributed Two-way ANOVA,
Tukey’s post hoc test

0.02 6.27–13.29 and 14.67–22.19

Figure 3A Diestrus Normally distributed Two-sample t test 0.05 29.30–44.04 and 39.53–58.65
Figure 3A Estrus Normally distributed Two-sample t test 0.02 33.63–44.29 and 42.51–57.33
Figure 3B Diestrus Non-normal distribution Wilcoxon rank-sum test 0.04 15.13–21.63 and 19.37–27.37
Figure 3C Diestrus Non-normal distribution Wilcoxon rank-sum test 0.04 13.77–24.67 and 23.83–37.59
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(Cutia et al., 2022), and are therefore not shown here. In
addition, some female mice (IHKA-R=2, IHKA-L= 5) in-
cluded in this study were included in a previous publica-
tion (J. Li et al., 2020), but the analysis of the data from
these animals conducted in the previous work is distinct
from that reported here.
All recordings were analyzed with an automated elec-

trographic seizure analyzer (Zeidler et al., 2018) with the
minimal seizure duration set at 5 s and the interictal inter-
val at 6 s. It should be noted that most seizures detected
in the IHKA mouse model are electrographic and do not
generalize to behavioral convulsive seizures (Bouilleret et
al., 1999; Gröticke et al., 2008; Klein et al., 2015).

Hippocampal granule cell dispersion visualization and
quantification
Brains from a randomly selected subset of females and

males (8–10 mice per group) were sectioned into 40-mm-
thick coronal sections using a freezing microtome (Leica
SM 2010R). Every third section from the dorsal hippocam-
pal region was used for histology, with a total of four to six
sections evaluated for each mouse. Sections were stained
with cresyl violet (Sigma-Aldrich C5042) for 12min at room
temperature, dehydrated using graded ethanol solutions
(70–100%), before being cleaned with Xylene and cover-
slipped with Permount. Images were collected using an
Olympus BX43 brightfield microscope with an Infinity 3-
6UR Teledyne Lumenera Camera and Infinity Capture soft-
ware (Lumenera). Dentate gyrus granule cell dispersion ip-
silateral to the KA injection was quantified as previously
described (Cutia et al., 2022; Lisgaras and Scharfman,
2022).

Ovarian hormone assays
After completion of LFP recordings at 4 mpi, trunk

blood was collected from the female mice at the time of
euthanasia. All female mice were euthanized by decapitation
on diestrus between 12 and 4 P.M. Trunk blood was stored
at 4°C for 24 h, and centrifuged for 15min at 4°C. Serum
was then isolated and stored at �80°C until the time of
assay. ELISAs for progesterone (IBL America, IB79105) and
estradiol (American Laboratory Products Co, 11-ESTHU-
E01) were performed on serum samples using commercial
kits according to the manufacturers’ instructions and eval-
uated using a Bio-Tek 800TS Microplate Absorbance
Reader. One serum sample from the IHKA-L and one from
the IHKA-R group were excluded from the study based on
low quality. One IHKA-R sample was tested for progester-
one but not for estradiol because of limited sample volume.
Additionally, given limited sample volume, all samples were
run in singlet to accommodate multiple hormone assays.
Intra-assay coefficient of variation values calculated from
controls run in duplicate were 5.1 for estradiol and 6.8 for
progesterone.

Statistical analysis
All statistical comparisons were performed using R soft-

ware. Comparisons of seizure parameters between male
and female IHKA-L and IHKA-R animals were made using
two-way ANOVA and Tukey’s post hoc tests. Comparisons
of seizure parameters between IHKA-L and IHKA-R females
within individual estrous cycle stages were made using two-
sample t tests, or Wilcoxon rank-sum tests depending on
the normality of the data. Comparisons of progesterone,

Figure 1. Sex differences in seizure parameters at twomonths after IHKA injection. A, Example seizure traces. B–D, Circles repre-
sent individual values of the average number of seizures per hour (B), average seizure duration (C), and average percent time in sei-
zure (D) for each mouse plotted with mean 6 SEM in black lines. *p, 0.05, **p, 0.01, ***p, 0.001 two-way ANOVA and Tukey’s
post hoc tests.
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estradiol, and the progesterone-to-estradiol (P4:E2) ratio
between IHKA-L and IHKA-R groups were made using
Wilcoxon rank-sum tests. Normality was evaluated using
Shapiro–Wilks tests, and homogeneity of variance was
evaluated using Levene’s tests. Correlations between
percent of time in seizures and granule cell dispersion,
estrous cycle length, and hormone levels were made
using Pearson’s correlations. Information on the estima-
tion statistics used to generate statistically significant re-
sults in the study is provided in Table 1.

Results
Seizure burden is increased in IHKA females
compared with males at twomonths after
injection
Both male (IHKA-L=9, IHKA-R=8) and female (IHKA-

L=17, IHKA-R=20) mice were evaluated to characterize
sex differences in general seizure patterning and in response
to the side of targeted injection (Fig. 1A). Recordings col-
lected across a 7-d period at 2 mpi were evaluated for each
mouse and averaged for group comparisons. Seizure fre-
quency (seizures per hour) differed between groups based
on both injection site (F(1,51) =4.12, p=0.047) and sex
(F(1,51) =12.40, p=0.0009; Fig. 1B). Specifically, IHKA-L fe-
males displayed elevated seizure frequency compared with
both IHKA-L (p=0.005) and IHKA-R males (p=0.002; Fig.
1B). IHKA-R females also showed higher seizure frequency
than IHKA-R males (p=0.005). Seizure duration also dis-
played a sex difference (F(1,51) =9.79, p=0.002; Fig. 1C),
with longer seizure duration in IHKA-L females compared
with both IHKA-L (p=0.02) and IHKA-R males (p=0.03; Fig.
1C). IHKA-R females also showed higher duration com-
pared with IHKA-R males (p=0.02; Fig. 1C). The mean per-
cent time in seizures also differed by injection site
(F(1,51) =4.45, p=0.04) and sex (F(1,51) =17.14, p=0.0001;
Fig. 1D), as IHKA-L females spent more time in seizures
than IHKA-L (p=0.0007) and IHKA-R males (p=0.0004),
and IHKA-R females spent more time in seizures than IHKA-
Rmales (p=0.0007; Fig. 1D).

Sex differences in seizure duration and percent time in
seizures persist to fourmonths after injection
To characterize the progression of seizure activity over

time in these animals, the same animals evaluated at 2
mpi were also evaluated at 4 mpi, with the exception of
two IHKA-R females that died before the four-month
time point. By 4 mpi, there was no effect of injection site
(F(1,49) = 0.0001, p= 0.99) or sex (F(1,48) = 2.17, p= 0.15;
Fig. 2A) on seizure frequency. Seizure duration, however,
was still affected by sex and higher in females compared
with males (F(1,49) = 11.84, p= 0.001; Fig. 2B). Percent
time in seizures was also influenced by sex (F(1,49) = 8.95,
p= 0.004; Fig. 2B), as IHKA females displayed higher
time in seizures than male counterparts (IHKA-L: p=
0.02, IHKA-R: p= 0.02; Fig. 2B). Together, these results
indicate that IHKA females maintain higher seizure dura-
tion and percent time in seizures than males when re-
corded at 4 mpi.

Left-right asymmetry in seizure burden in IHKA
females is most pronounced on diestrus at
twomonths after injection
To investigate the relationship of estrous cycle phase to

seizure patterns, female animals were evaluated across
diestrus, estrus, and proestrus. Recordings from 3 d of
each estrous cycle stage from at least three different
cycles per mouse were averaged to quantify seizure pa-
rameters present on each estrous cycle stage. At 2 mpi,
IHKA-L females displayed higher seizure frequency than
IHKA-R during diestrus and estrus (diestrus: t=2.05, p-
value =0.05; estrus t = 2.41, p-value = 0.02; Fig. 3A),
with a trend toward elevated seizure frequency in IHKA-
L females during proestrus (t = 1.97, p = 0.06; Fig. 3A).
However, seizure duration and percent time in seizures
were higher in IHKA-L compared with IHKA-R females

Figure 2. Higher seizure duration in females at fourmonths after
IHKA injection. A–C, Circles represent individual values of the
average number of seizures per hour (A), average seizure dura-
tion (B), and average percent time in seizure (C) for each mouse
plotted with mean 6 SEM in black lines. *p, 0.05, **p, 0.01
two-way ANOVA and Tukey’s post hoc tests.
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only during diestrus [seizure duration: W=261, p-value=0.04
(Fig. 3B); time in seizure: W=286, p-value=0.004 (Fig. 3C)].
These results suggest that there are distinct elevations in sei-
zure parameters in IHKA-L compared with IHKA-R females at
2 mpi, and that these differences are more pronounced dur-
ing diestrus.

Left-right asymmetries and effects of estrous cycle
stage on seizure burden in females are dampened by
fourmonths after injection
In contrast to the pattern of asymmetric seizure burden

at 2 mpi, there were no appreciable differences between
IHKA-L and IHKA-R females in any seizure parameters on
diestrus or estrus at 4 mpi (Fig. 4). During proestrus, however,
IHKA-R animals showed trends for elevated seizure fre-
quency (t = �2.00, df = 32, p=0.05; Fig. 4A) and percent
time in seizures (t = �1.99, df=32, p=0.06; Fig. 4C). These
results suggest that the influences of injection side on seizure
parameters in females are less distinct at 4mpi.

Degree of granule cell layer dispersion is not
correlated to seizure burden severity
Once LFP recordings were completed, brains from a

subset of IHKA-L (male n=9; female n=10) and IHKA-R
(male n=8; female n=10) mice were collected and sec-
tioned for analysis of granule cell layer dispersion through
visualization with Nissl stain (Fig. 5A). Granule cell disper-
sion was calculated as the ratio between the value for the
hippocampus ipsilateral to the site of injection and the
equivalent portion of hippocampus contralateral to the
side of injection (I:C ratio) (Cutia et al., 2022). There were
no differences between IHKA groups in proportions of
mice with and without granule cell dispersion (Fig. 5B).
As all brain samples were collected after completion of
recordings at the 4 mpi time point, these ratios were
compared with the average percent of time that each an-
imal spent in seizures at the 4 mpi recording period.
There were no correlations between percent time spent
in seizures and I:C ratio in IHKA-L (males: r2 = 0.60,

Figure 3. Seizure burden is elevated in IHKA-L females on diestrus twomonths after IHKA injection. A–C, Circles represent individu-
al values of the average number of seizures per hour (A), average seizure duration (B), and average percent time in seizure (C) for
each IHKA female, plotted with mean 6 SEM in black lines. *p, 0.05, **p, 0.01 two-sample t test or Wilcoxon rank-sum test
based on data normality.
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p= 0.08; females r2 = 0.1, p= 0.77) nor IHKA-R mice
(males: r2 = �0.34, p= 0.38; females: r2 = �0.28, p= 0.5;
Fig. 5C). These results indicate that the degree of granule
cell dispersion and seizure severity are not correlated
when assessed at 4 mpi in the IHKA model.

Estrous cycle prolongation is not correlated to seizure
burden
Estrous cycle disruption is common in a majority of fe-

male IHKAmice (J. Li et al., 2017; Cutia et al., 2022). To de-
termine whether the degree of estrous cycle disruption is
correlated to the severity of seizure burden, and whether
this relationship changes over time, estrous cycle lengths
of each mouse were quantified from the cycle monitoring
data collected during LFP recordings and correlated to the
percentage of time in seizures of each mouse over a 7-d
period encompassing all cycle stages. There were no cor-
relations found between estrous cycle length and percent
of time in seizures for IHKA-R mice at either 2 (r2 = 0.3,

p=0.20) or 4 mpi (r2 = 0.08, p=0.75; Fig. 6). IHKA-L fe-
males showed a weak correlation at 2 mpi (r2 = 0.5,
p=0.04) but showed no correlation at 4 mpi (r2 = 0.15,
p=0.56). These data align with previous work that reported
no significant correlation between cycle length and seizure
burden in IHKA-R mice at 2 mpi (J. Li et al., 2020).

Circulating estradiol and progesterone levels are not
correlated with seizure burden at 4 mpi
Circulating ovarian hormones fluctuate in rodents across

the estrous cycle, and seizure activity can also change with
estrous cycle stage (Nilsson et al., 2015; Christian et al.,
2020). To evaluate whether the chronic seizure burden cor-
related with circulating ovarian hormone levels in the pres-
ent cohort, we measured estradiol and progesterone in
serum collected on diestrus from the IHKA female animals
following completion of LFP recordings at 4 mpi. There
were no differences in estradiol (IHKA-L 13.2361.79pg/
ml, n=16; IHKA-R 10.0061.27pg/ml, n=17, p=0.2) or

Figure 4. Lateralization and cycle stage effects on seizure burden in females are dampened at fourmonths after IHKA injection. A–
C, Circles represent individual values of the average number of seizures per hour (A), average seizure duration (B), and average per-
cent time in seizure (C) for each IHKA female, plotted with mean 6 SEM in black lines.
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progesterone (IHKA-L 3.366 0.44ng/ml, n=16; IHKA-R
4.046 0.84ng/ml, n=18, p=0.86) levels based on the side
of IHKA injection. Additionally, there was no difference in
the P4:E2 ratio between IHKA-L (315.20652.04pg/ml) and
IHKA-R groups (455.586 106.45pg/ml, p=0.56), consist-
ent with previous findings (Cutia et al., 2022). Furthermore,
there was no correlation between circulating progesterone
levels and the percent time in seizure in the 7d before eutha-
nasia for IHKA-L (r2 = �0.14, p=0.60) or IHKA-R females
(r2 = 2.4� 10�5, p=0.99; Fig. 7A). There were also no corre-
lations between estradiol (IHKA-L: r2 = �0.27, p=0.32;
IHKA-R: r2 = 0.31, p=0.23; Fig. 7B) or the P4:E2 ratio (IHKA-
L: r2 = 0.09, p=0.74; IHKA-R: r2 = �0.54, p=0.17; Fig. 7C)
and the percent time in seizure.

Discussion
Clinical evidence indicates that the hemisphere of a

temporal lobe seizure focus may influence seizure cluster
patterning in women with epilepsy (Herzog, 2008; Quigg

et al., 2009). Preclinical evidence suggests that the IHKA
model of TLE holds validity for investigating mechanisms
of the aforementioned clinical findings, as differences in
hippocampal granule cell dispersion and pituitary gene
expression are altered based on site of IHKA injection
(Cutia et al., 2022). Despite this evidence, the relationship
between seizure patterns in IHKA animals and the site of
injection has yet to be documented. In the present study,
we evaluated the development and presentation of seiz-
ures recorded with LFP at 2 and 4 mpi in male and female
IHKA-L and IHKA-R mice. The results indicate a distinct
sex difference in seizure parameters between male and
female IHKA mice, with higher seizure burden in females.
In addition, IHKA-L females display higher overall seizure
burden compared with IHKA-R females on diestrus at 2
mpi. On proestrus and estrus, however, this effect is only
present for seizure frequency. These results suggest that
the phase of the estrous cycle influences left-right asym-
metry in seizure burden in IHKA females.

Figure 5. Seizure burden severity is not correlated to the degree of granule cell dispersion at 4 mpi. A, Representative images of
Nissl staining, illustrating granule cell dispersion, CA1 cell death, and damage from LFP electrode implantation. Scale bar =1 mm.
B, Proportions of mice in each group that did (colored bars) or did not (black bars) display granule cell dispersion by visual inspec-
tion. C, Relationship of the percent time in seizure as a function of the ipsilateral-to-contralateral (I:C) granule cell area ratio. Circles
indicate individual mice. Solid lines indicate the linear regression of best fit.
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Sex differences have been observed across multiple ani-
mal models of TLE and seizure induction (Christian et al.,
2020). For example, female rats typically have longer la-
tency to acute seizures and lower mortality rates after sys-
temic pilocarpine injection (Mejías-Aponte et al., 2002). In
another study, male rats treated systemically with pilocar-
pine developed longer lasting seizures over a period of sev-
eral months, whereas female rats tended to have higher
frequency of seizures (Matovu and Cavalheiro, 2022). In a
systemic kainic acid injection seizure induction model, male
rats had greater susceptibility to seizures than their female
counterparts (Mejías-Aponte et al., 2002). In mice, however,
the results regarding systemic KA injection have been
mixed, with one study reporting higher mortality rates, more
severe seizures, and increased neurodegeneration in fe-
males (Zhang et al., 2008), but another study describing
higher mortality, seizure severity, cognitive impairment, hip-
pocampal neuron loss, and reactive gliosis in males (F. Li
and Liu, 2019). With respect to chronic epilepsy in the IHKA
model, one report indicated that female mice do not show
the same latent period duration following IHKA injection as
males, and that hippocampal paroxysmal discharges were
rare in females when examined fourweeks after injection
(Twele et al., 2016). By contrast, another study conducted
using the IHKA model did not indicate an effect of sex on
seizures, cognitive impairment, or histopathology (Zeidler et
al., 2018), although this latter study was not powered to
evaluate sex differences. Here, males showed reduced
overall seizure burden compared with females, in contrast
to other IHKA studies in mice. However, the effect of sex in
animal models of epilepsy can vary greatly, influenced by
factors such as methodology of seizure induction, measure-
ment criteria for seizures, the species and/or strain of ani-
mal, and the age at which seizures are induced (Scharfman
andMacLusky, 2014; Christian et al., 2020).
Once brain tissue was harvested at 4 mpi, the level of

granule cell dispersion was quantified and correlated to
the percentage of time spent in seizures for each animal.

The lack of correlations observed between granule cell dis-
persion and seizure burden is in agreement with other re-
cent studies (Lisgaras and Scharfman, 2022). Although
pyramidal cell layer length has been correlated with seizure
severity in IHKA mice, this relationship was shown in a co-
hort in which seizure activity was monitored at the cortical
surface using subdural screw electrodes (Lisgaras and
Scharfman, 2022). A similar analysis could not be done
using the present dataset because of the location of the
LFP electrode in the hippocampus. Another limitation is
that the tissue could only be collected after all LFP record-
ings were complete at 4 mpi. In this regard, lateralized dif-
ferences in granule cell dispersion at 2 mpi were previously
shown in a cohort of animals that were not implanted with
LFP electrodes (Cutia et al., 2022). As we observed a de-
crease in lateralized effects in seizure parameters at 4 mpi,
it remains possible that granule cell dispersion (and/or
other signs of hippocampal sclerosis) and seizure burden
are correlated at 2 mpi.
The differences in seizure patterns of IHKA-L and IHKA-

R mice on certain estrous cycle stages may arise because

Figure 6. Seizure burden severity is not correlated to the degree
of estrous cycle disruption. Percent of time in seizure as a func-
tion of estrous cycle length for each mouse evaluated at two
(left) and four months postinjection (right) in IHKA-L (top) and
IHKA-R (bottom) groups. Circles indicate individual mice. Solid
lines indicate the linear regression of best fit.

Figure 7. Circulating levels of ovarian hormones on diestrus are
not correlated with seizure burden severity at 4 mpi. A–C,
Percentage of time spent in seizures as a function of serum pro-
gesterone (A), estradiol (B), and P4:E2 ratio (C) levels of hor-
mones in circulation for each mouse in IHKA-L (left) and IHKA-R
(right) groups. Circles indicate individual mice. Solid lines indi-
cate the linear regression of best fit.
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of interactions between fluctuating ovarian hormones and
basal differences in the left and right hippocampi. For ex-
ample, the left and right murine hippocampi have distinct
populations of synapses (Shinohara et al., 2008; El-Gaby
et al., 2015), and there is evidence for left-right asymmetry
in hippocampal function in mice (Shipton et al., 2014).
There is also evidence that gonadal hormones can impact
hippocampal lateralization, with androgen receptor sig-
naling suggested to underlie larger granule cell layer vol-
ume in the right hippocampus of both male and female
C57BL/6J mice (Tabibnia et al., 1999). Therefore, it is pos-
sible that the fluctuations in ovarian hormones across the
estrous cycle, and lateralized interactions between ovar-
ian hormones and the hippocampus, produce left-right
asymmetry in emergent hippocampal phenotypes. In mice,
the P4:E2 ratio is higher on diestrus than on proestrus
and estrus (Walmer et al., 1992; Christian et al., 2020),
and lower P4:E2 may promote seizure activity in humans
(Bonuccelli et al., 1989; Herzog et al., 1997; Herzog, 2015).
A limitation of the lack of correlation between chronic sei-
zure burden and progesterone/estradiol levels in the pres-
ent study is that the hormones were measured in blood
samples collected at 4 mpi, whereas the left-right asymmetry
in seizure burden was most prominent at 2 mpi. However,
previous work indicated a lack of difference in serum proges-
terone and estradiol, and P4:E2 ratio, between IHKA-L and
IHKA-R diestrous females at 2 mpi (Cutia et al., 2022), sug-
gesting that a relationship between circulating levels of these
hormones and left-right asymmetry in seizure burden at 2 mpi
is unlikely. However, a differential response of left versus right
hippocampus to estradiol and/or progesterone actions can-
not be ruled out, nor can differences in local hippocampal
synthesis of these hormones or their metabolites (Tokuda et
al., 2011; Sato andWoolley, 2016; Brann et al., 2022).
Previous work established that the estrous cycle can

have impacts on interictal spike presentation in systemic
kainic acid and pilocarpine models of TLE in rats (D’Amour
et al., 2015), and IHKA mice can exhibit elevated seizure du-
ration and time spent in seizures on proestrus and estrus
combined compared with diestrus (J. Li et al., 2020).
Importantly, most IHKA female mice exhibit elongated es-
trous cycles (J. Li et al., 2017, 2018, 2020; Cutia et al., 2022;
Ingram et al., 2022; J. Li and Christian-Hinman, 2022). Here,
estrous cycle length was not significantly correlated to sei-
zure burden in either IHKA-L or -Rmice, consistent with pre-
vious reports (J. Li et al., 2020). Therefore, it does not
appear that higher epilepsy severity drives greater estrous
cycle disruption, nor is there a reciprocal relationship of
cycle disruption promoting increased seizure burden in the
IHKA model. In previous work examining mice without LFP
recordings, estrous cycle disruption persisted to 4 mpi in
IHKA-R but not IHKA-L females (Cutia et al., 2022). The dis-
sipation in phenotypes in IHKA-L females suggests that
asymmetries may be influenced by the progression of the
disease, the increased age of the animals, or both. The pro-
gressive decline of certain physiological functions as mice
age could shape the varied patterns seen at different time-
points. It is also possible that the observed differences at 2
mpi are indicative of differential rates of disease progression
that eventually normalize, such that seizure severity lacks

overt sex-based and hemisphere-based differences by 4
mpi. In total, these findings suggest that injection site and
time of recording after injection in IHKA female mice are fac-
tors to be considered in experimental design that can shape
overall seizure burden outcomes.
The female-specific presence of seizure burden asym-

metries aligns with clinical findings of reproductive endo-
crine disorder development among TLE patients. Male and
female patients with TLE often develop reproductive endo-
crine dysfunction (Herzog et al., 1986a, b), but females
more consistently develop higher rates of dysfunction than
the general population (Herzog et al., 1986b; Herzog and
Schachter, 2001). Moreover, the propensities for develop-
ing polycystic ovary syndrome or hypothalamic amenorrhea
are differentially based on the hemisphere of the seizure
focus in females (Herzog, 1993; Kalinin and Zheleznova,
2007). These findings indicate that there may be differential
mechanisms in the left and right hemispheres that contrib-
ute to the ability of seizures to promote reproductive endo-
crine dysfunction. Furthermore, the different patterns of
seizure clustering in association with menstrual cycle phase
in females with left-sided or right-sided TLE (Herzog, 2008;
Quigg et al., 2009) suggest that left-right asymmetry can
shape the presentation of both epilepsy and associated co-
morbidities. The present findings of female-specific asymme-
try in seizure presentation are thus consistent with clinical
reports, and support the translational validity of the IHKA
mouse model in recapitulating at least some mechanistic
differences in structural or functional changes because of
seizures in the left and right hippocampus, as well as sex
differences in this lateralization.
The IHKA mouse model displays many characteristics

recapitulating human epilepsy, underscoring the validity
of its use in investigating neural mechanisms of TLE. The
present work indicates that seizure burden outcomes
within this preclinical model are influenced by sex and, in
females, laterality of epileptogenic insult. Female mice also
show estrous cycle-associated changes in seizure activity
that vary depending on the hemisphere of targeted hippo-
campal damage. This work thus reveals female-specific
left-right asymmetry in functional properties of the murine
hippocampus, with implications for both normal and dis-
ease states.
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