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Abstract

Recently, we demonstrated that Scn2aK1422E female mice showed a distinct distribution of flurothyl-induced seizure
thresholds. To evaluate whether the estrous cycle contributes to this effect, estrous cycle monitoring was performed in mice
that had undergone ovariectomy, sham surgery, or no treatment prior to seizure induction. Ovariectomy did not affect the non-
unimodal distribution of flurothyl seizure thresholds observed in Scn2aK1422E females. Additionally, seizure thresholds were
not associated with estrous cycle stage in mice that underwent sham surgery or in non-surgerized (intact) mice. Interestingly,
intact Scn2aK1422E females showed evidence of disrupted estrous cyclicity, an effect not previously described in a genetic
epilepsy model.

Figure 1. Evaluating estrous cyclicity and flurothyl-induced seizure susceptibility in Scn2aE/+ female mice following
ovariectomy, sham surgery, or no surgery (intact):
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(A) Schematic of experimental design for time points of surgery, estrous cycle monitoring and flurothyl seizure induction.
Ovariectomy is abbreviated as OVX (B) Distributions of latencies to generalized tonic-clonic seizure (GTCS) were evaluated
for unimodality/non-unimodality using hypothesis testing (top). Latency to first GTCS in WT and Scn2aE/+ female mice
under different surgical conditions (bottom). Previously published data (Echevarria-Cooper et al., 2022) are replotted as WT
Intact and E/+ Intact. Data from intact Scn2aE/+ females had a non-unimodal distribution while intact WT females had a
unimodal distribution. WT females that underwent either OVX or sham surgery also had unimodal distributions. Scn2aE/+

females that underwent OVX had a non-unimodal distribution similar to intact controls. Scn2aE/+ females that underwent
sham surgery had a distribution that did not reach statistical significance for non-unimodality but is still significantly different
from WT controls (P=0.0218, Kolmogorov-Smirnov test). (C) Latency to first flurothyl-induced GTCS in sham
ovariectomized WT and Scn2aE/+ female mice during pro/estrus (abbreviated P/E; open circles: proestrus; closed circles:
estrus) or diestrus (abbreviated D). Two-way ANOVA showed only a significant main effect of genotype [F(1,31)=9.791,
P=0.0038]. Post hoc-analysis showed that Scn2aE/+ females in pro/estrus had an elevated threshold for GTCS compared to
stage-matched WT controls (WT: 201.3 ± 45.2 s, Scn2aE/+: 271.0 ± 67.0 s, *P=0.0268; Sidak’s post-hoc test). Symbols
represent individual mice, horizontal lines represent mean, and error bars represent SD; n = 4-15/stage/genotype. (D) Percent
of sham ovariectomized WT and Scn2aE/+ female mice (n = 19-20 per genotype) with regular vs irregular estrous cycles (WT:
45.0% irregular, Scn2aE/+:68.4% irregular). Proportion of mice with irregular cyclicity was not significantly different between
genotypes (P=0.2003, Fisher’s Exact test). Irregular cyclicity was defined as having a cycle length (average time to progress
from one stage of estrus to the next) that exceeded 7 days or spending more than 50% of the monitoring period in any given
stage. (E) Percent of monitoring time spent in each stage differed between sham Scn2aE/+ and WT mice [F(1.744,
62.77)=15.00, P<0.0001, two-way repeated measures ANOVA], with Scn2aE/+ mice spending less time in proestrus than WT
mice (*P=0.0084; Sidak’s post-hoc test). (F) Latency to first flurothyl-induced GTCS in untreated WT and Scn2aE/+ female
mice during pro/estrus (abbreviated P/E; open circles: proestrus; closed circles: estrus) or diestrus (abbreviated D). Two-way
ANOVA showed only a significant main effect of genotype [F(1,32)=18.47, P=0.0002]. Post hoc-analysis showed that
Scn2aE/+ females in pro/estrus had an elevated threshold for GTCS compared to stage-matched WT controls (WT: 185.5 ±
30.6 s, Scn2aE/+: 290.0 ± 67.0 s, ***P=0.0006; Sidak’s post-hoc test). Symbols represent individual mice, horizontal lines
represent mean, and error bars represent SD; n = 6-13/stage/genotype. (G) Percent of sham untreated WT and Scn2aE/+ female
mice (n = 20-21 per genotype) with regular vs irregular estrous cycles (WT: 19.1% irregular, Scn2aE/+:60.0% irregular).
Proportion of Scn2aE/+ female mice with irregular cyclicity was significantly greater compared to WT (*P=0.0109, Fisher’s
Exact test). Irregular cyclicity was defined as having a cycle length (average time to progress from one stage of estrus to the
next) that exceeded 7 days or spending more than 50% of the monitoring period in any given stage. (H) Percent of monitoring
time spent in each stage differed between intact Scn2aE/+ and WT mice [F(1.822,71.08)=20.40, P<0.0001, two-way repeated
measures ANOVA], with Scn2aE/+ mice spending more time in diestrus (*P=0.0148; Sidak’s post-hoc test) and less time in
proestrus (**P=0.0011; Sidak’s post-hoc test) compared to WT mice.

Description
Genetic variants in SCN2A, encoding the NaV1.2 voltage-gated sodium channel, are associated with a range of
neurodevelopmental disorders (NDD) including severe epilepsy syndromes and autism spectrum disorder (ASD) (Sanders et
al., 2018). Phenotypic variability observed across SCN2A-related NDD can be partially attributed to distinct changes in the
biophysical properties of mutant channels (Ben-Shalom et al., 2017; Wolff et al., 2017; Berecki et al., 2022). However,
recurrent and inherited variants show heterogeneity even among individuals with the same variant, suggesting that phenotype
expressivity may be subject to modifying factors (Syrbe et al., 2016). The variant SCN2A-p.K1422E is associated with infant-
onset developmental delay, infantile spasms, and features of ASD. We previously demonstrated that both male and female
Scn2aK1422E heterozygous mice (abbreviated as Scn2aE/+ going forward) had a higher threshold for flurothyl-induced
generalized tonic-clonic seizure (GTCS) compared to WT (Echevarria-Cooper et al., 2022). Within that initial data set, we also
noted that the cumulative distribution of latencies to GTCS in Scn2aE/+ females was significantly different from the other
groups (Echevarria-Cooper et al., 2022). This effect was subsequently replicated in two additional cohorts of Scn2aE/+ and
WT females (Echevarria-Cooper et al., 2022). This is suggestive of a potential genotype-dependent interaction with a sex-
specific modifying factor. Furthermore, sex differences have been reported in a number of NDD including epilepsy and ASD
(Werling and Geschwind, 2013; Jacquemont et al., 2014; Savic, 2014).
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Epilepsy represents a diverse group of conditions for which differences between males and females can vary across different
types of seizures (McHugh and Delanty, 2008; Savic, 2014; Christian et al., 2020a; Reddy et al., 2021). The neurobiological
basis for sex differences in seizure susceptibility is likewise varied and the subject of ongoing research (Christian et al., 2020a;
Reddy et al., 2021). It has been widely documented that women with epilepsy often show a cyclical pattern of altered seizure
susceptibility during specific phases of the menstrual cycle (Newmark and Penry, 1980; Reddy, 2004; Herzog and Fowler,
2008). This pattern of “catamenial epilepsy” is a neuroendocrine condition that affects between 25-75% of women with
epilepsy (Reddy, 2009). Additionally, menstrual disorders are more common in women with epilepsy than in the general
population (Herzog, 2008). The association between seizure susceptibility and the menstrual cycle can be attributed to
fluctuations in hormones and corresponding changes in neurosteroid levels (Herzog, 1999; Reddy, 2004; Christian et al.,
2020a; Reddy et al., 2021). Rodent models have been used extensively to examine this association, revealing complex,
sometimes contradictory effects of ovarian hormones and neurosteroids on seizure susceptibility (Finn and Gee, 1994;
Woolley, 2000; van Luijtelaar et al., 2001; Scharfman et al., 2005; D’Amour et al., 2015; Li et al., 2020; Reddy et al., 2021). In
general, estradiol is proconvulsant and progesterone (along with its neurosteroid derivative allopregnanolone) is
anticonvulsant (Velíšková and DeSantis, 2013; Christian et al., 2020a; Reddy et al., 2021). Woolley and colleagues showed
previously that neither estradiol nor progesterone affect susceptibility to flurothyl-induced seizures in ovariectomized rats
(Woolley, 2000). However, effects of the ovarian hormones on seizure susceptibility have not been evaluated in the context of
an epilepsy-associated genetic variant, and it is possible that the K1422E variant may affect sensitivity to ovarian hormones.
The nuclear estrogen receptor alpha is a transcription factor that is activated by endogenous estrogens (e.g. estradiol) and has
been shown to target Scn2a in sexually dimorphic brain regions (Gegenhuber et al., 2022). Based on these findings, we
hypothesized that ovarian sex hormones affect susceptibility to flurothyl-induced seizures in Scn2aE/+ female mice.

To test our hypothesis, we sought to answer two essential questions. First, we wanted to know if circulating ovarian sex
hormones are necessary to observe the non-unimodal distribution of flurothyl seizure thresholds in Scn2aE/+ mice. Second, we
wanted to know if flurothyl seizure thresholds are associated with a particular stage of the estrous cycle. To evaluate whether
the estrous cycle is associated with flurothyl seizure thresholds in Scn2aE/+ mice, we performed ovariectomy (OVX) or sham
surgery. A schematic of the experimental design is shown in Figure 1A. After a recovery period of 7-14 days, we performed
daily monitoring of the estrous cycle. Flurothyl was used to induce GTCS in WT and Scn2aE/+ mice 17-24 days after surgery
(7-9 weeks of age). Specifically, we wanted to compare the distribution of latencies to GTCS in surgically treated mice against
historical data from untreated mice (Echevarria-Cooper et al., 2022). We reasoned that if circulating ovarian sex hormones
were affecting flurothyl-seizure threshold, then removing these hormones via OVX would collapse the distribution observed in
Scn2aE/+ females such that it would be more similar to the distributions observed in WT females or Scn2aE/+ males
(Echevarria-Cooper et al., 2022). In order to statistically evaluate distributions for unimodality/non-unimodality, we used
Hartigan’s dip test and the multimode test proposed by Ameijeiras-Alonso and colleagues (Hartigan and Hartigan, 1985;
Ameijeiras-Alonso et al., 2019). The historical data from non-surgerized (intact) Scn2aE/+ females had a non-unimodal
distribution, while historical data from intact WT females had a unimodal distribution (Figure 1B). Surgically treated (OVX
and sham) WT females also had unimodal distributions of GTCS latencies similar to intact controls (Figure 1B). Contrary to
our hypothesis, OVX did not affect the distribution of GTCS latencies in Scn2aE/+ females; the distribution representing this
group was non-unimodal and significantly different from WT as determined by Kolmogorov-Smirnov test comparing
cumulative distributions (Figure 1B; P=0.0240). The above data suggest that ovarian sex hormones do not significantly
contribute to flurothyl seizure thresholds in WT or Scn2aE/+ mice. Scn2aE/+ females that underwent sham surgery had a
distribution that did not reach statistical significance for non-unimodality, although it was still significantly different from WT
controls as determined by Kolmogorov-Smirnov test comparing cumulative distributions (Figure 1B, P=0.0218). For
Scn2aE/+ mice undergoing surgery, modes of the distributions are less distinct likely due to the smaller group sizes and/or
effects of surgery. However, this does not impact the statistical testing, which focused simply on unimodality versus non-
unimodality.

Estrous cycle monitoring in surgically treated mice served a dual purpose. First, it allowed us to evaluate the success of OVX
versus sham surgeries. Blind calls of surgical condition based on estrous cycle monitoring were nearly 100% accurate, with the
exception of a single subject which was excluded. Second, it allowed us to evaluate whether flurothyl seizure threshold is
associated with a particular stage of the estrous cycle in Scn2aE/+ mice that underwent sham surgery. We grouped subjects
based on the estrous cycle stage determined on the day of flurothyl seizure induction. For the purposes of analysis, we
compared stages that are estradiol-dominant (proestrus and estrus) with diestrus (progesterone-dominant) (Broestl et al., 2018;
Li et al., 2020). Two-way ANOVA comparing average latency to GTCS in sham surgery Scn2aE/+ females and WT controls
showed a significant main effect of genotype (Figure 1C) in agreement with our previous findings on flurothyl seizure
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threshold in Scn2aE/+ mice (Echevarria-Cooper et al., 2022). There was no significant effect of estrous cycle stage or
genotype-by-stage interaction (Figure 1C). Although the genotype effect appears to be driven by the pro/estrus groups such
that Scn2aE/+ females had a higher threshold for GTCS (271.0 ± 67.0 s) compared to WT (201.3 ± 45.2 s; Figure 1C), the WT
diestrus group was underrepresented (n = 4). Group numbers were unequal when comparing estrous cycle stage because we
opted to maximize the number of subjects undergoing seizure induction on the same day under identical conditions. However,
due to the lack of effect in the OVX treatment condition, there was little incentive to round out these estrous stage group
numbers. Ultimately, these findings provide convergent evidence that the ovarian sex hormones do not significantly affect
flurothyl seizure thresholds in Scn2aE/+ mice. Other neurobiological mechanisms apart from the acute influence of sex
hormones have been proposed to address sex differences in seizure susceptibility (Christian et al., 2020). In this case, any
proposed mechanism would have to account for why the distribution of seizure thresholds is uniquely non-unimodal in
Scn2aE/+ females. One possibility is that variation in one or more modifier genes confers sex-specific protection to females
such that there is an increased threshold for penetrance of the K1422E variant. This is similar to a hypothesis that has been
proposed to explain the “female protective effect” in ASD (Virkud et al., 2009; Jacquemont et al., 2014; Gockley et al., 2015;
Werling, 2016). Another possibility is that female mice are differentially exposed to androgens in utero based on their
intrauterine position relative to male siblings (Lathe, 2004). Androgen exposure in utero is known to mediate early brain
development and could influence seizure susceptibility in differentially exposed females (Baron-Cohen, 2002; Christian et al.,
2020b).

As part of our estrous cycle monitoring in surgically treated mice, we evaluated overall cycle regularity. A subject was defined
as having an irregular cycle if cycle length exceeded 7 days or if the subject spent more than 50% of time in any given stage
(Li et al., 2016, 2020). We noted that a proportion of both WT and Scn2aE/+ sham ovariectomized mice had irregular cyclicity
(WT: 45.0%, Scn2aE/+: 68.4%), likely because of surgical intervention (Figure 1D). The percent of monitoring time in each
stage detailed in Figure 1E showed that Scn2aE/+ sham mice spent less time on average in proestrus relative to WT sham
mice. In order to exclude the confounding factor of surgical trauma, we wanted to evaluate whether flurothyl seizure threshold
is associated with a particular stage of the estrous cycle in an additional cohort of untreated mice. Similar to what was
observed in sham surgery mice (Figure 1C), two-way ANOVA comparing average latency to GTCS in non-surgerized (intact)
Scn2aE/+ females and WT controls showed only a significant main effect of genotype, but no significant effect of estrous cycle
stage or genotype-by-stage interaction (Figure 1F). Again, this effect appears to be driven by the pro/estrus groups such that
Scn2aE/+ females had a higher threshold for GTCS (290.0 ± 67.0 s) compared to WT (185.5 ± 30.6 s; Figure 1F).
Interestingly, while the proportion of sham surgery mice with irregular cyclicity was not significantly different between
genotypes (Figure 1D), the proportion of intact Scn2aE/+ females with irregular cyclicity was significantly greater than WT
(WT: 19.1%, Scn2aE/+: 60.0% irregular; P=0.0109, Fisher’s exact test; Figure 1G). The percent of monitoring time in each
stage differed between intact Scn2aE/+ and WT mice, with Scn2aE/+ spending less time in proestrus and more time in diestrus
relative to WT intact mice (Figure 1H). However, there was no correlation between percentage of time in each stage and
GTCS seizure latency. This suggests that disrupted estrous cyclicity may be causally associated with the K1422E variant.

Disrupted estrous cyclicity has been observed in other rodent models of epilepsy, but this is the first demonstration of such an
effect in a pathogenic variant model, particularly SCN2A-related NDD (Edwards et al., 1999; Fawley et al., 2012; Li et al.,
2016, 2018). This is important because epilepsy is generally associated with an increased risk for reproductive endocrine
disorders, such as disrupted menstruation (Herzog, 1999, 2008; Christian et al., 2020). However, the degree of comorbidity
between these conditions and SCN2A-related NDD specifically has not been formally studied. It has been shown that circadian
signals from the suprachiasmatic nucleus (SCN) to gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus are
required for estrous cyclicity (Loh et al., 2014; Miller and Takahashi, 2014). Sleep disturbances are frequently reported in
individuals with SCN2A-related NDD, highlighting a connection between SCN2A and circadian rhythms (Crawford et al.,
2021). Region-specific deficiency of Scn2a has been used to model sleep disturbances in mice and is associated with disrupted
firing of SCN neurons and changes in the expression of circadian entrainment pathway genes (Ma et al., 2022). This suggests a
possible mechanism by which changes in Scn2a function could lead to disrupted estrous cyclicity. Overall, we believe the
current study reflects a technically sound experimental approach to probe the questions raised by our hypothesis, and our
results support rejection of our original hypothesis that circulating ovarian sex hormones affect seizure susceptibility in
Scn2aE/+ mice. Importantly, in conducting this study, we discovered disrupted estrous cyclicity in Scn2aE/+ mice, highlighting
the value of investigating sex-specific effects and estrous cycle in genetic epilepsies and NDD, as well as in the broader field
of neuroscience.

Methods
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Mice. Female heterozygous Scn2aE/+ and WT mice for experiments were obtained from the line Scn2aem1Kea (MGI:6390565;
MMRRC:069700-UCD), which is maintained as an isogenic strain on C57BL/6J (#000664, Jackson Laboratory, Bay Harbor,
ME). Mice were maintained in a specific pathogen free barrier facility with a 14 h light/10 h dark cycle and access to food and
water ad libitum. All animal care and experimental procedures were approved by the Northwestern University Animal Care
and Use Committees in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Principles outlined in the ARRIVE (Animal Research: Reporting of in vivo Experiments) guideline were considered when
planning experiments (Sert et al., 2020).

Surgeries. Bilateral ovariectomy (OVX) or sham surgery was performed on female WT and Scn2aE/+ mice at 5-6 weeks of
age as previously described (Souza et al., 2019). For both surgeries, subjects were deeply anesthetized with a cocktail of
ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively, IP), followed by administration of preoperative analgesia (20
mg/kg meloxicam, SC) and local anesthesia for the primary incision site (infiltration using 20 µL of 0.2% lidocaine). A
primary midline skin incision and bilateral body wall incisions were performed to access the ovaries. For OVX, the ovarian fat
pads were exteriorized, a crush injury was induced in the uterine horns below the ovaries, and the ovaries were subsequently
removed. For sham surgeries, no crush injury was induced, and the intact ovarian fat pads were re-internalized following
identification of the ovaries. At the conclusion of surgery, sustained release buprenorphine was administered (1 mg/kg, SC) for
post-operative analgesia and atipamezole hydrochloride was administered (1 mg/kg, SC) to reverse the effects of anesthesia.
All surgically treated subjects were housed individually during recovery and estrous cycle monitoring.

Estrous cycle monitoring. Estrous cycle monitoring was performed using a vaginal lavage protocol as previously described
(Pantier et al., 2019). Cycle monitoring was conducted from 0700 to 0800 daily. Vaginal cytology was assessed using light
microscopy (Olympus CX33 Biological Microscope) and representative images of each sample at 10x magnification were
captured using an Apple iPhone 13 Pro (Camera app; 3x zoom) via the microscope eye piece. Estrous cycle stage was
determined by evaluating the proportion of relevant cell types in a given sample as previously described (Nelson et al., 1982;
Byers et al., 2012; McLean et al., 2012). An additional classification, “unclear” was used to designate samples that contained
significant cellular debris, making stage determination difficult. Cycle monitoring was performed in two cohorts of female WT
and Scn2aE/+ mice beginning at 5-8 weeks of age. The first cohort consisted of mice that underwent either OVX or sham
surgery (n = 19–20 per genotype and treatment, blinded to treatment). Subjects were allowed 7-14 days to recover from
surgery before daily estrous cycle monitoring was performed leading up to, and on the day of, flurothyl seizure induction
(Figure 1A). The monitoring period was at least 9 days for each for each subject, corresponding to approximately 2 cycles of
average length (Nelson et al., 1982). Estrous cycle monitoring data was used to make blinded calls of surgical condition based
on estrous cyclicity (i.e., cycle regularity). A subject was defined as having an irregular cycle if cycle length (average time to
progress from one stage of estrus to the next) exceeded 7 days or if the subject spent more than 50% of time in any given stage
(Li et al., 2016, 2020). A subject was blind called as having undergone OVX if it had an irregular cycle with a majority of
samples determined to be “unclear” (Ng et al., 2010). A single subject was excluded from analyses due to being blind called as
receiving a sham surgery despite actually receiving OVX. The second cohort consisted of consisted of non-surgerized mice (n
= 20–21 per genotype) evaluated separately from the previous cohort. Daily estrous cycle monitoring was performed leading
up to, and on the day of flurothyl seizure induction. The monitoring period was 12 days for each subject, corresponding to
approximately 3 cycles of average length (Nelson et al., 1982). Estrous cycle monitoring data was used to evaluate estrous
cyclicity using the criteria defined above. Detailed estrous cycle monitoring data is available at
https://doi.org/10.18131/pvcx7-p9x63.

Flurothyl seizure induction. Susceptibility to seizures induced by the chemoconvulsant flurothyl (Bis(2,2,2-trifluoroethyl)
ether, Sigma-Aldrich, St. Louis, MO, USA) was assessed in two cohorts of female WT and Scn2aE/+ mice at 7-10 weeks of
age. Flurothyl was introduced into a clear, plexiglass chamber (2.2 L) by a syringe pump at a rate of 20 µL/min and allowed to
volatilize. Latency to first GTCS with loss of posture was recorded. The first cohort consisted of mice that underwent either
OVX or sham surgery (n = 19–20 per genotype and treatment). The second cohort consisted of non-surgerized mice (n = 20–
21 per genotype) evaluated separately from the previous cohort.

Statistical analysis

Distributions of latencies to flurothyl-induced GTCS were evaluated for unimodality/non-unimodality in six groups based on
genotype and surgical condition using the R packages ‘diptest’ and ‘multimode’ (RStudio 4.2.0) (Ameijeiras-Alonso et al.,
2021; Maechler, 2021; R Core Team, 2021). Both analytical methods involve hypothesis testing in which unimodality
represents the null hypothesis and a P-value of ≤ 0.05 resulted in rejection of the null hypothesis. P-values for all groups are
shown in Figure 1B. Two distributions representing previously published data (Echevarria-Cooper et al., 2022) from untreated
female WT and Scn2aE/+mice are replotted as “WT Intact” (n = 61) and “E/+ Intact” (n = 62) in Figure 1B. These
distributions were not previously evaluated specifically for unimodality/non-unimodality. Mice from these historical groups
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did not undergo estrous cycle monitoring. The remaining four distributions represent WT and Scn2aE/+mice that underwent
either OVX or sham surgery and subsequent estrous cycle monitoring. All other comparisons were performed using GraphPad
Prism (v 9.4.1). Two-way ANOVA was used to look at the effect of genotype and estrous cycle stage on latency to GTCS in
the sham surgery cohort and in a separate cohort of non-surgerized mice (Figure 1C &E). Sidak’s post-hoc test was used to
compare group means. Fisher’s exact test was used to compare irregular estrous cycle risk between genotypes in the sham
surgery cohort and in a separate cohort of non-surgerized mice (Figure 1D &F).

Acknowledgements: We thank Dr. Emma Liechty for ovariectomy training and Nathan Speakes for technical assistance.

References
Ameijeiras-Alonso J, Crujeiras RM, Rodríguez-Casal A. 2019. Mode testing, critical bandwidth and excess mass. TEST. 28:
900-919. DOI: 10.1007/s11749-018-0611-5

Ameijeiras-Alonso J, Crujeiras RM, Rodriguez-Casal A. 2021. multimode : An R Package for Mode Assessment. Journal of
Statistical Software. 97(9):1-32. DOI: 10.18637/jss.v097.i09

Baron-Cohen S. 2002. The extreme male brain theory of autism. Trends Cogn Sci 6(6): 248-254. PubMed ID: 12039606

Ben-Shalom R, Keeshen CM, Berrios KN, An JY, Sanders SJ, Bender KJ. 2017. Opposing Effects on Na(V)1.2 Function
Underlie Differences Between SCN2A Variants Observed in Individuals With Autism Spectrum Disorder or Infantile Seizures.
Biol Psychiatry 82(3): 224-232. PubMed ID: 28256214

Berecki G, Howell KB, Heighway J, Olivier N, Rodda J, Overmars I, et al., Petrou S. 2022. Functional correlates of clinical
phenotype and severity in recurrent SCN2A variants. Commun Biol 5(1): 515. PubMed ID: 35637276

Broestl L, Worden K, Moreno AJ, Davis EJ, Wang D, Garay B, et al., Dubal DB. 2018. Ovarian Cycle Stages Modulate
Alzheimer-Related Cognitive and Brain Network Alterations in Female Mice. eNeuro 5(6). PubMed ID: 30627643

Byers SL, Wiles MV, Dunn SL, Taft RA. 2012. Mouse estrous cycle identification tool and images. PLoS One 7(4): e35538.
PubMed ID: 22514749

Christian CA, Reddy DS, Maguire J, Forcelli PA. 2020. Sex Differences in the Epilepsies and Associated Comorbidities:
Implications for Use and Development of Pharmacotherapies. Pharmacol Rev 72(4): 767-800. PubMed ID: 32817274

Crawford K, Xian J, Helbig KL, Galer PD, Parthasarathy S, Lewis-Smith D, et al., Helbig I. 2021. Computational analysis of
10,860 phenotypic annotations in individuals with SCN2A-related disorders. Genet Med 23(7): 1263-1272. PubMed ID:
33731876

D'Amour J, Magagna-Poveda A, Moretto J, Friedman D, LaFrancois JJ, Pearce P, et al., Scharfman HE. 2015. Interictal spike
frequency varies with ovarian cycle stage in a rat model of epilepsy. Exp Neurol 269: 102-19. PubMed ID: 25864929

Echevarria-Cooper DM, Hawkins NA, Misra SN, Huffman AM, Thaxton T, Thompson CH, et al., Kearney JA. 2022. Cellular
and behavioral effects of altered NaV1.2 sodium channel ion permeability in Scn2aK1422E mice. Hum Mol Genet 31(17):
2964-2988. PubMed ID: 35417922

Edwards HE, Burnham WM, Ng MM, Asa S, MacLusky NJ. 1999. Limbic seizures alter reproductive function in the female
rat. Epilepsia 40(10): 1370-7. PubMed ID: 10528931

Fawley JA, Pouliot WA, Dudek FE. 2012. Pilocarpine-induced status epilepticus and subsequent spontaneous seizures: lack of
effect on the number of gonadotropin-releasing hormone-positive neurons in a mouse model of temporal lobe epilepsy.
Neuroscience 203: 153-9. PubMed ID: 22209855

Finn DA, Gee KW. 1994. The estrus cycle, sensitivity to convulsants and the anticonvulsant effect of a neuroactive steroid. J
Pharmacol Exp Ther 271(1): 164-70. PubMed ID: 7965710

Gegenhuber B, Wu MV, Bronstein R, Tollkuhn J. 2022. Gene regulation by gonadal hormone receptors underlies brain sex
differences. Nature 606(7912): 153-159. PubMed ID: 35508660

Gockley J, Willsey AJ, Dong S, Dougherty JD, Constantino JN, Sanders SJ. 2015. The female protective effect in autism
spectrum disorder is not mediated by a single genetic locus. Mol Autism 6: 25. PubMed ID: 25973162

Hartigan JA, Hartigan PM. 1985. The Dip Test of Unimodality. The Annals of Statistics. 13(1): 70-84. DOI:
10.1214/aos/1176346577

 

12/16/2023 - Open Access

https://doi.org/10.1007/s11749-018-0611-5
https://doi.org/10.18637/jss.v097.i09
https://www.ncbi.nlm.nih.gov/pubmed/12039606
https://www.ncbi.nlm.nih.gov/pubmed/28256214
https://www.ncbi.nlm.nih.gov/pubmed/35637276
https://www.ncbi.nlm.nih.gov/pubmed/30627643
https://www.ncbi.nlm.nih.gov/pubmed/22514749
https://www.ncbi.nlm.nih.gov/pubmed/32817274
https://www.ncbi.nlm.nih.gov/pubmed/33731876
https://www.ncbi.nlm.nih.gov/pubmed/25864929
https://www.ncbi.nlm.nih.gov/pubmed/35417922
https://www.ncbi.nlm.nih.gov/pubmed/10528931
https://www.ncbi.nlm.nih.gov/pubmed/22209855
https://www.ncbi.nlm.nih.gov/pubmed/7965710
https://www.ncbi.nlm.nih.gov/pubmed/35508660
https://www.ncbi.nlm.nih.gov/pubmed/25973162
https://doi.org/10.1214/aos/1176346577


 

Herzog AG. 1999. Progesterone therapy in women with epilepsy: a 3-year follow-up. Neurology 52(9): 1917-8. PubMed ID:
10371551

Herzog AG. 2008. Disorders of reproduction in patients with epilepsy: primary neurological mechanisms. Seizure 17(2): 101-
10. PubMed ID: 18165118

Herzog AG, Fowler KM, NIH Progesterone Trial Study Group. 2008. Sensitivity and specificity of the association between
catamenial seizure patterns and ovulation. Neurology 70(6): 486-7. PubMed ID: 18250294

Jacquemont S, Coe BP, Hersch M, Duyzend MH, Krumm N, Bergmann S, et al., Eichler EE. 2014. A higher mutational
burden in females supports a "female protective model" in neurodevelopmental disorders. Am J Hum Genet 94(3): 415-25.
PubMed ID: 24581740

Lathe R. 2004. The individuality of mice. Genes Brain Behav 3(6): 317-27. PubMed ID: 15544575

Li J, Kim JS, Abejuela VA, Lamano JB, Klein NJ, Christian CA. 2017. Disrupted female estrous cyclicity in the
intrahippocampal kainic acid mouse model of temporal lobe epilepsy. Epilepsia Open 2(1): 39-47. PubMed ID: 29750212

Li J, Robare JA, Gao L, Ghane MA, Flaws JA, Nelson ME, Christian CA. 2018. Dynamic and Sex-Specific Changes in
Gonadotropin-Releasing Hormone Neuron Activity and Excitability in a Mouse Model of Temporal Lobe Epilepsy. eNeuro
5(5). PubMed ID: 30255128

Li J, Leverton LK, Naganatanahalli LM, Christian-Hinman CA. 2020. Seizure burden fluctuates with the female reproductive
cycle in a mouse model of chronic temporal lobe epilepsy. Exp Neurol 334: 113492. PubMed ID: 33007292

Loh DH, Kuljis DA, Azuma L, Wu Y, Truong D, Wang HB, Colwell CS. 2014. Disrupted reproduction, estrous cycle, and
circadian rhythms in female mice deficient in vasoactive intestinal peptide. J Biol Rhythms 29(5): 355-69. PubMed ID:
25252712

Ma Z, Eaton M, Liu Y, Zhang J, Chen X, Tu X, et al., Yang Y. 2022. Deficiency of autism-related Scn2a gene in mice disrupts
sleep patterns and circadian rhythms. Neurobiol Dis 168: 105690. PubMed ID: 35301122

Maechler M. 2021. Hartigan’s Dip Test Statistic for Unimodality – Corrected. R package version 0.77-0. https://CRAN.R-
project.org/package=diptest.

McHugh JC, Delanty N. 2008. Epidemiology and classification of epilepsy: gender comparisons. Int Rev Neurobiol 83: 11-26.
PubMed ID: 18929074

McLean AC, Valenzuela N, Fai S, Bennett SA. 2012. Performing vaginal lavage, crystal violet staining, and vaginal
cytological evaluation for mouse estrous cycle staging identification. J Vis Exp(67): e4389. PubMed ID: 23007862

Miller BH, Takahashi JS. 2013. Central circadian control of female reproductive function. Front Endocrinol (Lausanne) 4:
195. PubMed ID: 24478756

Nelson JF, Felicio LS, Randall PK, Sims C, Finch CE. 1982. A longitudinal study of estrous cyclicity in aging C57BL/6J
mice: I. Cycle frequency, length and vaginal cytology. Biol Reprod 27(2): 327-39. PubMed ID: 6889895

Newmark ME, Penry JK. 1980. Catamenial epilepsy: a review. Epilepsia 21(3): 281-300. PubMed ID: 6991251

Ng KY, Yong J, Chakraborty TR. 2010. Estrous cycle in ob/ob and ovariectomized female mice and its relation with estrogen
and leptin. Physiol Behav 99(1): 125-30. PubMed ID: 19931289

Pantier LK, Li J, Christian CA. 2019. Estrous Cycle Monitoring in Mice with Rapid Data Visualization and Analysis. Bio
Protoc 9(17). PubMed ID: 32695847

R Core Team 2021. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/.

Reddy DS. 2004. Role of neurosteroids in catamenial epilepsy. Epilepsy Res 62(2-3): 99-118. PubMed ID: 15579299

Reddy DS. 2009. The role of neurosteroids in the pathophysiology and treatment of catamenial epilepsy. Epilepsy Res 85(1):
1-30. PubMed ID: 19406620

Reddy DS, Thompson W, Calderara G. 2021. Molecular mechanisms of sex differences in epilepsy and seizure susceptibility
in chemical, genetic and acquired epileptogenesis. Neurosci Lett 750: 135753. PubMed ID: 33610673

Sanders SJ, Campbell AJ, Cottrell JR, Moller RS, Wagner FF, Auldridge AL, et al., Bender KJ. 2018. Progress in
Understanding and Treating SCN2A-Mediated Disorders. Trends Neurosci 41(7): 442-456. PubMed ID: 29691040

 

12/16/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/10371551
https://www.ncbi.nlm.nih.gov/pubmed/18165118
https://www.ncbi.nlm.nih.gov/pubmed/18250294
https://www.ncbi.nlm.nih.gov/pubmed/24581740
https://www.ncbi.nlm.nih.gov/pubmed/15544575
https://www.ncbi.nlm.nih.gov/pubmed/29750212
https://www.ncbi.nlm.nih.gov/pubmed/30255128
https://www.ncbi.nlm.nih.gov/pubmed/33007292
https://www.ncbi.nlm.nih.gov/pubmed/25252712
https://www.ncbi.nlm.nih.gov/pubmed/35301122
https://www.ncbi.nlm.nih.gov/pubmed/18929074
https://www.ncbi.nlm.nih.gov/pubmed/23007862
https://www.ncbi.nlm.nih.gov/pubmed/24478756
https://www.ncbi.nlm.nih.gov/pubmed/6889895
https://www.ncbi.nlm.nih.gov/pubmed/6991251
https://www.ncbi.nlm.nih.gov/pubmed/19931289
https://www.ncbi.nlm.nih.gov/pubmed/32695847
https://www.ncbi.nlm.nih.gov/pubmed/15579299
https://www.ncbi.nlm.nih.gov/pubmed/19406620
https://www.ncbi.nlm.nih.gov/pubmed/33610673
https://www.ncbi.nlm.nih.gov/pubmed/29691040


 

Savic I. 2014. Sex differences in human epilepsy. Exp Neurol 259: 38-43. PubMed ID: 24747359

Scharfman HE, Goodman JH, Rigoulot MA, Berger RE, Walling SG, Mercurio TC, Stormes K, Maclusky NJ. 2005. Seizure
susceptibility in intact and ovariectomized female rats treated with the convulsant pilocarpine. Exp Neurol 196(1): 73-86.
PubMed ID: 16084511

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al., Würbel H. 2020. The ARRIVE guidelines 2.0:
Updated guidelines for reporting animal research. PLoS Biol 18(7): e3000410. PubMed ID: 32663219

Souza VR, Mendes E, Casaro M, Antiorio ATFB, Oliveira FA, Ferreira CM. 2019. Description of Ovariectomy Protocol in
Mice. Methods Mol Biol 1916: 303-309. PubMed ID: 30535707

Syrbe S, Zhorov BS, Bertsche A, Bernhard MK, Hornemann F, Mütze U, et al., Merkenschlager A. 2016. Phenotypic
Variability from Benign Infantile Epilepsy to Ohtahara Syndrome Associated with a Novel Mutation in SCN2A. Mol
Syndromol 7(4): 182-188. PubMed ID: 27781028

van Luijtelaar G, Budziszewska B, Jaworska-Feil L, Ellis J, Coenen A, Lasoń W. 2001. The ovarian hormones and absence
epilepsy: a long-term EEG study and pharmacological effects in a genetic absence epilepsy model. Epilepsy Res 46(3): 225-
39. PubMed ID: 11518624

Velíšková J, Desantis KA. 2013. Sex and hormonal influences on seizures and epilepsy. Horm Behav 63(2): 267-77. PubMed
ID: 22504305

Virkud YV, Todd RD, Abbacchi AM, Zhang Y, Constantino JN. 2009. Familial aggregation of quantitative autistic traits in
multiplex versus simplex autism. Am J Med Genet B Neuropsychiatr Genet 150B(3): 328-34. PubMed ID: 18618672

Werling DM, Geschwind DH. 2013. Sex differences in autism spectrum disorders. Curr Opin Neurol 26(2): 146-53. PubMed
ID: 23406909

Werling DM. 2016. The role of sex-differential biology in risk for autism spectrum disorder. Biol Sex Differ 7: 58. PubMed
ID: 27891212

Wolff M, Johannesen KM, Hedrich UBS, Masnada S, Rubboli G, Gardella E, et al., Møller RS. 2017. Genetic and phenotypic
heterogeneity suggest therapeutic implications in SCN2A-related disorders. Brain 140(5): 1316-1336. PubMed ID: 28379373

Woolley CS. 2000. Estradiol facilitates kainic acid-induced, but not flurothyl-induced, behavioral seizure activity in adult
female rats. Epilepsia 41(5): 510-5. PubMed ID: 10802755

Funding: This work was supported by the National Institutes of Health grant U54 NS108874 -7711 (JAK).

Author Contributions: Dennis M. Echevarria-Cooper: conceptualization, methodology, formal analysis, investigation,
writing - original draft, writing - review editing, visualization. Jennifer A. Kearney: conceptualization, formal analysis, writing
- review editing, project administration, funding acquisition.

Reviewed By: Anonymous

History: Received April 30, 2023 Revision Received October 30, 2023 Accepted December 12, 2023 Published Online
December 16, 2023 Indexed December 30, 2023

Copyright: © 2023 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Echevarria-Cooper, DM; Kearney, JA (2023). Evaluating the interplay between estrous cyclicity and flurothyl-
induced seizure susceptibility in Scn2aK1422E mice. microPublication Biology. 10.17912/micropub.biology.000850

 

12/16/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/24747359
https://www.ncbi.nlm.nih.gov/pubmed/16084511
https://www.ncbi.nlm.nih.gov/pubmed/32663219
https://www.ncbi.nlm.nih.gov/pubmed/30535707
https://www.ncbi.nlm.nih.gov/pubmed/27781028
https://www.ncbi.nlm.nih.gov/pubmed/11518624
https://www.ncbi.nlm.nih.gov/pubmed/22504305
https://www.ncbi.nlm.nih.gov/pubmed/18618672
https://www.ncbi.nlm.nih.gov/pubmed/23406909
https://www.ncbi.nlm.nih.gov/pubmed/27891212
https://www.ncbi.nlm.nih.gov/pubmed/28379373
https://www.ncbi.nlm.nih.gov/pubmed/10802755
https://doi.org/10.17912/micropub.biology.000850

