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ABSTRACT
Aims:  Females and males of all ages are affected by epilepsy; however, unlike many clinical 
studies, most preclinical research has focused on males. Genetic variants in the voltage-gated 
sodium channel gene, SCN8A, are associated with a broad spectrum of neurological and epileptic 
syndromes. Here we investigate sex differences in the natural history of the Scn8a-N1768D 
knockin mouse model of pediatric epilepsy.
Methods:  We utilize 24/7 video to monitor juveniles and adults of both sexes to investigate 
variability in seizure activity (e.g. onset and frequency), mortality and morbidity, response to 
cannabinoids, and mode of death. We also monitor sleep architecture using a noninvasive 
piezoelectric method in order to identify factors that influence seizure severity and outcome.
Results:  Both sexes had nearly 100% penetrance in seizure onset and early mortality. However, 
adult heterozygous (D/+) females were more resilient as exhibited by the ability to tolerate more 
seizures over a longer lifespan. Homozygous (D/D) juveniles did not exhibit a sex difference in 
overall survival. Female estrus cycle was disrupted before seizure onset, while sleep was disrupted 
in both sexes in association with seizure onset. Females typically died while in convulsive status 
epilepticus; however, a high proportion of males died while not experiencing behavioral seizures. 
Only juvenile and adult males benefited from cannabinoid administration.
Conclusions:  These results support the hypothesis that factors associated with sexual 
differentiation play a role in the neurobiology of epilepsy and point to the importance of 
including both sexes in the design of studies to identify new epilepsy therapies.

GRAPHICAL ABSTRACT

Introduction

The epilepsies are common neurologic disorders char-
acterized by spontaneous recurrent seizures. Females 

and males of all ages are affected by epilepsy and 
associated comorbidities. Epidemiological studies sug-
gest that gender may affect susceptibility to epilepsy 
and its prognosis [1] with a growing appreciation that 
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sex differences in underlying brain function are import-
ant in the design and development of new epilepsy 
therapies [2,3]. Unlike clinical studies that include both 
sexes, most preclinical animal studies have primarily 
focused on males [3–6]. For those studies that have 
included both sexes, the results differ depending on 
the method used to anesthetize and/or induce sei-
zures, or collect seizure measurements (e.g. latency to 
onset, severity, duration). Studies also differ depending 
on species, strain, age, and time of the female estrous 
cycle [1]. Therefore, a consensus has been difficult to 
obtain on the manner and mechanisms by which sex 
differences contribute to seizure susceptibility, as well 
as to mortality and morbidity in epilepsy.

The increasing number of transgenic mouse models 
established over the last three decades offers the 
opportunity for careful and controlled investigation of 
sex differences in the epilepsies. Unfortunately, there 
have not been many systematic studies of sex differ-
ences with knock-in alleles associated with pediatric 
epilepsy. In the case of the Dravet Syndrome model 
(e.g. Scn1a+/− mice) there have been reports of 
females showing greater mortality than males [7], and 
others that found no sex differences [8]. More compre-
hensive screening for sex differences across genetic 
models is clearly needed.

De novo mutations of the voltage-gated sodium 
channel gene SCN8A have recently been associated 
with a wide spectrum of pediatric syndromes ranging 
from benign familial seizures to severe developmen-
tal and epileptic encephalopathy (DEE) [9,10]. Seizures 
typically develop in the first year of life with ensuing 
development delay, movement disorders, intellectual 
disability, and increased risk of sudden unexpected 
death in epilepsy (SUDEP) in patients [11,12]. A pre-
clinical model was constructed in which the variant 
of the index patient (p.N1768D) was introduced into 
the mouse genome by TALEN targeting [13]. In char-
acterizing this model, Wagnon et  al. [14] reported 
that heterozygous (D/+) mice developed tonic-clonic 
seizures (TCs) between 3 to 4 months of age, exhib-
ited ictal discharges coinciding with convulsive sei-
zures, and suffered high rates of SUDEP [14]. However, 
they did not investigate sex differences in these fea-
tures [14]. Here we investigate seizure characteristics 
(penetrance, frequency, lifetime number, and age at 
onset), mortality and morbidity, mode of death, over 
the entire lifespan of juvenile (D/D) and adult (D/+) 
mice of both sexes. We also examine associations 
between seizures and estrus cycle, sleep architecture 
and sex differences in responses to treatment with 
cannabinoids.

Materials and methods

Female and male mice on the C57BL/6J (B6) back-
ground were housed in sex-specific groups of 3–4 per 
cage in a pathogen-free mouse facility with a 14 h 
light/10 h dark cycle (lights turned on at 5am). 
Transparent polycarbonate cages were provided with 
bedding and a small amount of enrichment material 
to allow mice to be observable by camera mounted 
over the enclosure. All efforts were made to minimize 
animal stress and suffering and to reduce the number 
of mice used. Experiments received formal approval 
from the University of Arizona Institutional Animal 
Care and Use Committee Program (IACUC #16–160). 
Genotyping at the Scn8a-N1768D site to distinguish 
wildtype (+/+), heterozygous mutant (D/+), or homo-
zygous mutant (D/D) mice was carried out as previ-
ously described [14]. A 24/7 video monitoring system 
was utilized to collect seizure data, with infrared illu-
mination to monitor behavior during the dark period. 
Seizures were counted as individual tonic-clonic events 
(TCs), whether they occurred as single isolated events, 
as clusters (2 or more TCs per event), or as a series of 
TCs in a status event. The relationship between the 
estrus cycle and the seizure profile of female mice was 
examined by visual observation and on the basis of 
published criteria [15,16] (Figure S1). Ovariectomy 
(OVX) and orchiectomy (ORX) surgery was performed 
at 4 weeks of age according to standard procedures.

Hemp oil administration

Dosing was initiated either in the neonatal period or 
after seizure onset when D/+ mice were adults. Oral 
dosing was performed by thoroughly mixing 
hemp-derived CBD oil (distilled CO2 extracted Plus 
CBD Oil, 26:1 CBD:THC, CV Sciences, San Diego CA) 
with pure peanut butter in a petri dish. Mice were 
allowed to eat the peanut butter pellet with or with-
out the hemp oil for a period of 24 h before being 
given the next dose. The amount of pellet fed to mice 
(~1 g per day per mouse) was adjusted to permit the 
mice to receive 100 mg/kg body weight/day. A subset 
of mice were given 100 mg/kg/day 98% pure CBD 
intraperitoneally (I.P.) (CV Sciences, San Diego CA). 
Supported by the finding that CBD is efficiently trans-
mitted from the dam’s blood to the pups through her 
milk [17,18], and given that untreated D/D mice have 
a life expectancy below 30 days, we began treatment 
by dosing pregnant (T0) and nursing dams (T1). This 
protocol allowed us to produce early treated D/+ and 
D/D mice and to continue dosing both D/D and D/+ 
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mice after they were weaned. A total of 11 D/+ females 
and 15 D/+ males were administered cannabinoids 
beginning treatment at postnatal day (P) 3 (chronically 
dosed group). Another seven males were part of an 
earlier dosed group in which the dam was treated at 
embryonic day (E) 15–17. Juvenile D/D mice dosed at 
P3 included 25 female and 19 male mice. A female 
late-dosed group also included 24 dams that were 
administered hemp oil shortly after seizure onset (T2). 
The male late-dosed group included 9 mice, 4 of 
which were injected intraperitoneally with pure CBD 
after seizure onset (T2). No difference in survival was 
observed between oral and I.P. treated mice (mean 
survival = 112.3 ± 8.2 days (95% CI: 99.3, 125.4) versus 
113.8 ± 8.6 days (95% CI: 103.1, 124.5), respectively; 
t-test pvalue= 0.396); so data from these two groups 
were combined for further analyses.

Sleep analysis

Sleep analysis was carried out using the method of 
Yaghouby et  al. [19]. The PiezoSleep Mouse Behavioral 
Tracking System with integrated sensor, hardware and 
software tracking (Signal Solutions, Lexington KY) pro-
vided real-time scoring of sleep and wake. Pre-seizure 
and post-seizure mice were examined individually in 
cages for a minimum of 24 h. SleepStats Data Explorer 
(Signal Solutions, Lexington KY) was used to visualize 
the collected data and create reports.

Data analysis

Results of statistical summaries were generally 
expressed as mean ± SD. Kaplan-Meier survival curves 
were used to test for differences in survival. One-way 
analyses of variance (ANOVA) were used to analyze the 
lifespans of females in different stages of estrus and 
CBD-dosed males. In cases where groups did not have 
the same variance, we performed two-sample t-tests. 
Chi-square tests were applied to test for sex differ-
ences in modes of deaths. Finally, for sleep data, 
unpaired t-tests were exploited to compare different 
sleep fragments between males and females as well as 
pre-epilepsy and post-epilepsy.

Quantitative reverse transcriptase polymerase 
chain reaction (qRT-PCR)

Brains of mice were dissected to yield tissue sam-
ples from the neocortex (NCX) and hippocampus 
(HIP). Total RNA was isolated from post-seizure D/+ 
females and males—each of which had between 15 

and 20 tonic-clonic seizures—and from age-matched 
wildtype (+/+) controls. RNA extraction, quantifica-
tion, and cDNA synthesis procedures were followed 
as described by Sprissler et  al. [20]. Taqman probes 
were obtained from Life Technologies (Waltham, 
MA) for the Scn8a gene, and all samples were run 
with the endogenously expressed control gene, 
Actb [21].

Results

Seizures and survival

Table 1 displays survival and seizure statistics for 12 
adult heterozygous (D/+) virgin females and males 
(n = 24) monitored 24/7 by video beginning at P30 
and continuing for the remainder of their entire life 
span. All mice perished prematurely (mean= 
115.5 ± 24.7 days, max= 165 days; 95% CI: 105.07, 
125.93) after experiencing many tonic-clonic seizures 
(TCs) (mean= 75.0 ± 49.5; 95% CI: 54.1, 95.9). TCs were 
experienced either as a singleton (an isolated TC), a 
cluster (two or more TCs within 2-3 min), or a series of 
3-20 TCs over a period of an hour or more (convulsive 
status epilepticus or CSE). Virgin females and males 
(Table 1) experienced a similar proportion of single-
tons, clusters and CSE events (females percentages: 
67.4, 28.6, and 0.04, respectively; male percentages: 
68.0, 30.1, and 0.019, respectively) (χ2 statistic= 3.165, 
df= 2, pvalue= 0.206)).

We note several key features that distinguish adult 
virgin females and males. Although age at seizure 
onset was slightly lower in males (75.8 ± 9.1; 95% CI: 
70.0, 81.6) than females (82.8 ± 14.9; 95% CI: 73.3, 92.3) 
(t-test p value= 0.092), we found a statistically signifi-
cant longer lifespan for females (mean 128.8 ± 21.0 days; 
95% CI: 115.5, 142.1) than for males (96.3 ± 16.0 days; 
95% CI: 86.1, 106.5) (t-test p value <0.001). We also 
found that females had longer post-TC survival 
(47.5 ± 20.5 days; 95% CI: 34.5, 60.5) than males 
(20.4 ± 16.0 days; 95% CI: 10.2, 30.6) (t-test p value 
<0.001). Kaplan-Meier survival curves are shown for 
these virgin mice in Figure 1A, along with the cumu-
lative number of TCs these 24 mice had over their 
lifespans. Unequal survival was strongly supported in 
a goodness of fit test using the χ2 distribution 
(right-tailed) (pvalue <0.001), which also indicated a 
large observed standard effect size of 0.69 (Figure 1A). 
In their lifetime, the total number of TCs experienced 
by females (105.5 ± 31.9; 95% CI: 85.2, 125.8) was sta-
tistically significantly higher than the total number 
experienced by males (44.8 ± 45.9; 95% CI: 15.6, 73.9) 
(t-test pvalue <0.001), although post-onset seizure 
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frequencies did not differ significantly for females 
(2.4 ± 0.8 seizures/day; 95% CI: 1.9, 2.9) and males 
(2.6 ± 1.4 seizures/day; 95% CI: 1.7, 3.5) (t-test p value 
= 0.346).

Figure 1B shows the seizure pattern (onset, seizures 
per day) in the life of a single individual (male #2 in 
Table 1). We define a seizure bout as a cluster of sei-
zures on consecutive days, and a gap as a seizure-free 

Table 1.  Virgin female and male mice followed by video recording for entire lifespan.

#
Age at 
Death #TCs1

#TCs/day 
(Life)

#TCs/day 
(PostTC)

Age at 
Onset

#Days survived 
postTC #gaps

mean gap 
length MOD2

Females
1 165 140 0.85 2.75 114 51 3 8.3 CSE
2 94 59 0.63 1.90 63 31 3 5.3 CSE
3 144 157 1.09 2.91 90 54 6 5.5 CSE
4 111 95 0.86 3.06 80 31 2 6.0 CSE
5 104 57 0.55 1.73 71 33 2 7.0 CSE
6 132 96 0.73 3.56 105 27 2 6.0 CSE
7 122 133 1.09 2.89 76 46 2 9.0 CSE
8 128 83 0.65 1.63 77 51 3 8.0 SUD
9 119 88 0.74 2.93 89 30 2 5.0 CSE

10 130 101 0.78 1.66 69 61 5 7.6 CSE
11 159 135 0.85 1.34 74 101 5 12.4 CSE
12 138 119 0.86 2.20 85 54 6 5.3 CSE

Males
1 101 43 0.43 1.65 75 26 2 8.0 SUD
2 95 46 0.48 1.77 69 26 2 4.5 DEC
3 122 139 1.14 2.62 68 53 4 6.0 DEC
4 72 9 0.13 4.50 70 2 1 0.0 DEC
5 88 18 0.20 3.00 82 6 1 3.0 DEC
6 102 28 0.27 1.75 85 16 1 7.0 DEC
7 112 11 0.10 1.22 85 27 1 4.0 DEC
8 65 4 0.06 1.33 62 3 0 0.0 DEC
9 108 103 0.95 3.32 77 31 1 13.0 CSE

10 101 108 1.07 2.84 64 38 3 5.7 CSE
11 100 18 0.18 1.20 86 15 1 10.0 SUD
12 89 11 0.12 5.50 87 2 0 0.0 DEC

1TC, tonic-clonic seizure.
2MOD, mode of death.

Figure 1. S urvival, lifetime number of TCs and seizure frequency patterns. A. Kaplan-Meier survival curves (solid lines) for females 
and males listed in Table 1. Log rank test pvalue <0.0001. Cumulative number of TCs is shown in dotted lines. B. Pattern of TC 
frequency by day for a representative individual (male #2 in Table 1) illustrating seizure onset, bouts, gaps and time of death. C. 
Mean survival times for virgin females and males, as well as for dams and sires shown in Table 2.
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period of 3 days or more. Adult females have more 
than a two-fold greater number of gaps (3.4 ± 1.6; 95% 
CI: 2.3, 4.4) than males (1.4 ± 1.2; 95% CI: 0.6, 2.2) (t-test 
p value= 0.001), and spend more days in gaps 
(24.7 ± 15.0 days; 95% CI: 15.2, 34.2) than males 
(8.6 ± 7.8 days; 95% CI: 3.6, 13.6) (t-test p value= 0.002). 
In addition to monitoring virgin females and males, we 
also recorded the length of lifespan for 15 dams and 
17 sires (Table 2). Figure 1C shows that virgin females 
and dams (128.8 ± 21.0; 95% CI: 115.5, 142.1 and 
127.3 ± 23.4 days; 95% CI: 114.3, 140.3, respectively) on 
the one hand, and virgin males and sires 
(96.3 ± 16.0 days; 95% CI: 86.1, 106.5, and 99.2 ± 19.8 days; 
95% CI: 89.4, 109.1, respectively) on the other, show 
very similar patterns of survival. Survival times are also 
given for these and additional mice in Table 2A.

Figure S2 displays the number of TCs occurring in 
female and male D/+ adults by hour of day during the 
10 h dark and 14 h light cycles. In general, both sexes 
had more seizures in light versus dark cycles. This is 
mainly due to the fact the >80% of TCs are experienced 
in sleep (data not shown), and the proportion of time 
spent in sleep is greater during the light cycle. The 
mean number of female TCs in light and dark is 
73.8 ± 23.2 (95% CI: 58.2, 89.4) and 27.6 ± 10.5 (95% CI: 
20.6, 34.7), respectively. This was similarly shown with 
males experiencing more TCs during light than dark 
32.4 ± 34.0 (95% CI: 10.8, 54.0) and 12.1 ± 12.1 (95% CI: 
4.4, 19.8), respectively. In terms of the TC light:dark 
cycle ratio, females and males are nearly identical to 
each other (2.68 versus 2.69, respectively). Finally, 
females appear to experience peak TCs around the 

dark-light boundary (4–6 am), while males appear to 
experience peak TCs later in the afternoon before the 
light-dark boundary (4–6 pm).

Mode of death

Mode of death was recorded for each of our contin-
uously monitored mice, as well as for additional mice 
monitored at the time of death. We noted three dif-
ferent modes of death: 1) convulsive status epilepti-
cus (CSE), 2) sudden unexpected death (SUD), and 3) 
decompensation (DEC). CSE is defined as death after 
a continuous cluster of seizures with the absence of 
intervening recovery. Mice will often have a series of 
10–30 clusters of TCs repeated over the course of 
24–48 h before succumbing to a final tonic seizure. 
We define SUD as death after a single seizure or 
cluster of 2 TCs that follow a seizure-free period of 
24–48 h. As in the case of CSE, the final seizure typi-
cally lacked the clonic phase. DEC is characterized as 
a death process that—while following a period of 
TCs—does not involve observable motor seizures in 
the last 24–36 h of life. Reduced ambulation and a 
ceasing of drinking and eating occur before death. 
Figure 2A shows the relative prevalence of these 
three modes of death. Of the 21 females that were 
monitored, 19 died by CSE and 2 died by SUD (Table 
1). The pattern was quite different for males with 
only 3 of 17 dying by CSE and SUD, respectively, 
while the remaining 11 experienced DEC 
(Freeman-Halton extension of Fisher exact test, p 
value< 0.0001). Figure 2B shows the declining breath 
rate (measured via piezoelectric) of a representative 
male in the process of decompensating.

Juvenile (D/D) seizure and survival patterns

Female and male (D/D) juvenile mice exhibited very 
similar seizure and survival patterns. A cohort of 16 
juveniles (6 females and 10 males) was monitored over 
their entire lifespan. All mice were observed to perish 
by CSE. The age at onset was similar for females and 
males (23.3 ± 4.6; 95% CI: 18.5, 28.1 and 22.8 ± 3.6 days; 
95% CI: 20.2, 25.4, respectively) (t-test pvalue= 0.383), 
as was the total number of TCs (86.0 ± 14.5; 95% CI: 
70.8, 101.2) versus 76.0 ± 29.1; 95% CI: 55.2, 96.8) (t-test 
p value= 0.209). A larger cohort of juveniles (20 females 
and 17 males) that were monitored for survival resulted 
in similar survival times for females (24.1 ± 2.9 days; 
95% CI: 22.7, 25.5) and males (24.6 ± 2.6 days; 95% CI: 
23.3, 25.9) (t-test p value= 0.256). Kaplan-Meier survival 
curves for juveniles are shown in Figure 3A.

Table 2.  Mean survival of untreated and treated virgins, dams 
and sires.

Category N Mean (days) STDEV

A. Untreated D/+
Female virgin 12 128.8 21.0
Male virgin 13 96.3 16.0
Dams 15 127.3 23.4
Sires 18 99.2 19.8
All M 41 94.0 17.2

B. CBD Treated D/+
Female all 35 115.6 14.5
Female early (T1) 11 108.4 12.9
Female late (T2) 24 118.9 14.3
Male preg (T0) 7 98.3 15.9
Male nursing (T1) 15 105.9 14.0
Male late (T2) 9 113.1 7.9

C. Juveniles D/D
Female Untreated 20 24.1 2.9
Female CBD 25 23.0 3.3
Male untreated 17 24.6 2.6
Male CBD 19 27.1 4.6

D. Gonadectomy D/+
Ovariectomy 4 164.3 16.1
Orchiectomy 5 92.6 48.7

2 141.0 15.6

https://doi.org/10.1080/00207454.2023.2279497
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Estrus cycle and seizures

Figure S3 shows the average number of seizures 
per each phase of the estrus cycle along with the 
inferred levels of progesterone [22]. The highest fre-
quency of TCs per day is observed in proestrus with 
6.4 ± 2.9 (95% CI: 3.9, 8.8) and the lowest frequency 
is observed during metestrus (3.6 ± 2.6; 95% CI: 1.5, 
5.8) and estrus (4.0 ± 2.0 (95% CI: 2.5, 5.5). One-way 
ANOVA testing assuming equal variance for all four 
stages does not indicate statistically significant dif-
ferences in rates of TCs (f-ratio value= 2.91, p value= 
0.079). However, the number of TCs/day was statis-
tically significantly higher in pairwise t-tests for 
proestrus compared with metestrus (p value= 0.034) 
and estrus (p value= 0.034).

Figure S4 shows the number of TCs by day along 
with the phase of the estrus cycle for two 

representative virgin females (#892 and #924 in Table 
1) over the course of their lifetimes. For #892, we 
note that the regularity of the estrus cycle was altered 
just before seizure onset. Specifically, the regular 
cycle of proestrus, estrus, metestrus, and two days of 
diestrus (PEMDD) was interrupted about 5 days before 
seizure onset. In the case of #892, the cycle shifted 
from one day of proestrus and metestrus, followed by 
continuous diestrus for most of the remaining days 
before CSE. The beginning of the repetition of diestrus 
corresponded with TC onset. Similar disruptions in 
the estrus cycle were noted for several virgin females. 
For virgin female #924, the regularity in estrus cycling 
was also interrupted just before seizure onset; how-
ever, in this case the PEMDD pattern reappeared in 
the midst of several days of repeated diestrus, possi-
bly as a result of partial recovery between sei-
zure bouts.

Figure 2.  Mode of death. A. Number of mice that died from convulsive status epilepticus (CSE), sudden death (SUD), and decom-
pensation (DEC) in intact and females and males, as well as males that were orchiectomized or treated with cannabinoids (CBD-M). 
B. Breath rate in male undergoing decompensation. The gradual slowing in breath rate is highlighted over several hours before 
death.

https://doi.org/10.1080/00207454.2023.2279497
https://doi.org/10.1080/00207454.2023.2279497
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Seizures and sleep

Figure 4A shows the average percentage of time 
spent in light and dark cycle sleep for two females 
before and after seizure onset, as well as the per-
cent of time spent in sleep bouts at increments of 
1, 2, 4, 8, 32, and 64 min. A similar plot for the time 
spent in sleep bouts averaged for two males before 
and after seizure onset is shown in Figure 4B. In 
considering 9 females (n = 23 pre-seizure and 26 
post-seizure sessions), and 7 males (n = 26 pre-seizure 
and 21 post-seizure sessions), we found that both 
sexes showed a large reduction in percent of time 
spent in longer sleep bouts after seizure onset in 
both light (t-test p value <0.001 and 0.005, respec-
tively) and dark cycles (t-test p value= 0.003 and 
0.027, respectively). After seizure onset, the time 
spent in ≥32min light and dark cycle sleep bouts 
declined by 50.0% and 48.0%, respectively, for 
females, and by 5.5% and 50%, respectively, for 
males. When examined in association with seizures, 
it is apparent that long sleep bouts decline  
during seizure bouts and recover partially in 
longerseizure-freee gaps (e.g. Figure S4). In general, 

both sleep deprivation and increased numbers of 
TCs are ongoing at the time of death for cases of 
CSE and SUD.

Cannabinoid treatment

Table 2 Lists the mice tested with cannabinoids. A 
total of 35 adult females were dosed orally with 26:1 
hemp oil, either starting during nursing (T1, n = 11) or 
as adults shortly after seizure onset (T2, n = 24). a total 
of 31 adult males were dosed with cannabinoids. Of 
these 31 males, 7 started treatment in utero by orally 
dosing the pregnant dam, 15 were orally dosed at 
birth (P1–P3) by initially dosing the dam and making 
a pellet available to pups as they matured, and 9 were 
dosed as adults. Four of the latter were given injec-
tions of pure CBD I.P. Overall, CBD-treated females 
(115.6 ± 14.5 days; 95% CI: 110.6, 120.6) had shorter 
survived times compared with untreated females 
(128.8 ± 21.0 days; 95% CI: 115.5, 142.1) (t-test pvalue= 
0.010). early and chronically treatment females had an 
even shorter average survival time (108.4 ± 12.9 days; 
95% CI: 99.7, 117.1) (t-test, p value= 0.006). survival 
curves shown in Figure 3C are concordant with mean 

Figure 3. S urvival curves for untreated and CBD-treated mice. A. Untreated D/D females and males. B. Treated D/D females and 
males. D/+ adult females (C) and males (D): untreated (U), treated during nursing (T1) and in adulthood (T2).

https://doi.org/10.1080/00207454.2023.2279497
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survival, showing a trend toward a ranking in survival 
rates such that untreated > T2 > T1.

The same pattern did not hold for CBD-treated 
males (Figure 3D). Compared with untreated males (U, 
96.3 ± 16.0; 95% CI: 86.1, 106.5), survival times for 
chronically treated males (T2, 113.1 ± 7.9; 95% CI: 107.0, 
119.2) had marginally and statistically significantly lon-
ger survival times (t-test, p value= 0.003). However, 
survival times for early treated (T1, 105.9 ± 14.0 days; 
95% CI: 98.2, 113.7) were only slightly longer than 
those for untreated males (t-test, p value= 0.053); how-
ever, D/+ males treated while the dam was pregnant 
(T0, 98.3 ± 15.9; 95% CI: 83.6, 113.0) fared no better 
than untreated males (t-test p value= 0.792). Survival 
curves in Figure 3D indicate decreasing rates of sur-
vival such that T2 > T1 > U.

Unlike untreated juveniles, CBD-treated juveniles 
showed a sex difference in survival. CBD had little 
effect in extending lifespan for treated females 
(23.0 ± 3.3 days; 95% CI: 21.6, 24.4) (t-test, pvalue= 
0.126) (Table 2C). On the other hand, CBD-treated D/D 
males lived longer than untreated males (27.1 ± 4.6 days; 
95% CI: 24.9, 29.3) (t-test pvalue= 0.031). Kaplan-Meirer 
survival curves yielded similar results (Figure 3A, B).

Gonadectomy

Mean survival times for mice submitted to ovariectomy 
(n = 4) and orchiectomy (n = 5) at P28 are shown in Table 
2D. One of the OVX females never experienced a sei-
zure and lived for the full period of study (180 days). 
The mean survival for the remaining OVX females was 
164.3 ± 16.1 days (95% CI: 138.7, 189.0), a statistically sig-
nificant increase in survival compared with intact virgin 
females (128.8 ± 21.0 days; 95% CI: 115.5, 142.1) (t-test p 
value= 0.004). Three of the five ORX males experienced 
their first TC within 1 week after surgery (i.e. at P29, P33 
and P35), while the other two had typical onset ages 
(i.e. P72 and P80). The three early-onset ORX males 
experienced a similar number of TCs (66.7 ± 19.8; 95% 
CI: 17.5, 115.9) as intact males, yet they lived many 
fewer days than intact males (60.3 ± 12.7 days; 95% CI: 
28.8, 91. 9) (t-test p value= 0.001). On the other hand, 
the two ORX males with typical onset ages lived longer 
than intact males (141.0 ± 36.8 days; t-test p value= 
0.003), and experienced an increased number of TCs 
(136.0 ± 31.1) relative to intact males (t-test p value= 
0.008). Indeed, survival times and TC numbers for the 
two ORX males were not distinguishable from those of 
intact virgin females (t-test p value= 0.214 and 0.118, 

Figure 4.  Percent of time spent in sleep during light and dark cycles, and by amount of time in sleep bouts of varying length. 
Average time spent in sleep bouts for (A) two females and (B) two males before and after seizure onset.
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respectively). Gap numbers and lengths were also simi-
lar to those of intact females.

Scn8a gene expression

Its possible that Scn8a expression differences between 
females and males could account for observed sex dif-
ferences in seizure patterns and survival, etc. To deter-
mine this, we isolated RNA from the neocortex and 
hippocampus of three D/+ females and males, each of 
which had experienced between 15 and 20 TCs. We 
compared levels of mRNA abundance in the post-seizure 
mice with age-matched wildtype (+/+) controls. 
Post-seizure heterozygotes exhibited a slight increase 
in expression levels compared with age-matched con-
trols for female and male hippocampus and neocortex 
tissues (Table 3). The only statistically significant 
increase in post-seizure Scn8a expression was found 
for the female hippocampus (1.23-fold, t-test p value = 
0.037). The male to female ratio of expression was 0.83 
for the hippocampus and 1.12 for neocortex.

Discussion

Sex differences have been observed in many human 
studies with accumulating evidence that men exhibit 
greater overall susceptibility to seizures while women 
exhibit greater seizure threshold fluctuations related to 
menstrual cycle alterations in steroid hormones 
[3,5,23,24]. Several contributing factors that have been 
discussed in the literature include differences in ste-
roid hormones or neurosteroid levels in females versus 
male brains, differences in brain development and 

neurogenesis, and sexual dimorphism in specific recep-
tors [3,5,4,25]. Moreover, it remains to be understood 
how genetic differences (i.e. at the levels of the sex 
chromosomes and at individual genes across the 
genome that exhibit sex differences in gene expres-
sion) contribute to differential vulnerability to seizures 
and epileptogenic cascades [26].

Attempts to understand sex differences in rodent 
models have been confounded by the methodology 
to induce seizures, which involve different chemocon-
vulsants or electrical stimulation. Here we study a 
mouse model with a ‘natural’ onset of seizures utiliz-
ing non-invasive methods to observe seizures and 
measure associated sleep parameters (via video and 
piezoelectric monitoring) [19]. We documented over 
3,780 TCs occurring over the lifespans of 25 adult 
(D/+) virgin females and males, as well as in cohorts 
of homozygous (D/D) juvenile mice, gonadectomized 
and cannabidiol-treated animals. The results indicate 
several key differences between females and males, as 
well as some important similarities. A major finding is 
that adult females live more than 30% longer than 
adult males. Age at seizure onset was similar for 
adults of both sexes (~80 days), yet female lifespan 
post-onset was more than 2.4-fold longer than that of 
males (Table 1). Females also experienced ~2.3-fold 
more lifetime TCs than males. We refer to the observed 
increase in the ability to tolerate TCs and live longer 
as increased “resilience”. Figure 5 illustrates increased 
female resilience in a survival curve where the x-axis 
is cumulative number of lifetime TCs. For example, at 
the ~40 TC point only 25% of males remained alive 
compared with 95% of females. Interestingly, there is 
no such increase in female resilience in juvenile (D/D) 
mice, with both sexes experiencing similar age at 
onset and length of lifespan. In the following sections 
we explore possible explanations for increased adult 
female resilience.

Figure 5. C oncept of resilience. Survival curves based on the number of TCs experienced in the lifespan of virgin D/+ females 
and males listed in Table 1 (goodness of fit test using the χ2 distribution, p value= 0.024 and a medium standard effect size of 
0.46). after 42 TCs only 25% of males remained alive compared with 100% of females.

Table 3.  qRT-PCR results.
Het vs WT p-value

Female HIP 1.23 0.037
Male HIP 1.02 0.435
Female NCX 1.16 0.299
Male NCX 1.30 0.088
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Role of hormones

We found that disruptions in the estrous cycle began 
just prior to seizure onset and that females spent more 
time in diestrous during periods of spontaneous recur-
rent seizures (e.g. Figure S4). Female rodents tested in 
various models of epilepsy have shown a high propen-
sity for developing disrupted estrous cycles and other 
indicators of reproductive endocrine dysfunction [3]. 
Our results are consistent with recent studies examin-
ing female mice in the intrahippocampal kainic acid 
(KA) model in which prolongation of estrous cycle 
period was characterized by more time spent in 
diestrous [27]. These differences did not appear for at 
least 6 weeks after the KA injection, indicating that it 
was the chronic epileptic condition, and not the acute 
effects of KA excitotoxicity that drove the cycle disrup-
tion. Our results suggest that hormonal fluctuation is a 
factor in increasing excitation in the brain prior to the 
onset of seizures in adult females.

Unlike adults, immature female and male mice were 
equally resilient in terms of survival. This finding sup-
ports the hypothesis that circulating levels of steroid 
hormones such as estradiol, progesterone, and testos-
terone play a role in the observed differences between 
adult females and males. An alternate, non-mutually 
exclusive, explanation is that juvenile D/D mice are 
more severely neurologically impaired such that sex 
differences that exist at the juvenile stage (e.g. differ-
ences in brain development and neurogenesis, genetic 
factors, etc.) do not overcome the pathophysiology 
directly related to Scn8a. Our results are consistent 
with those of Akman et  al. [28] who observed little to 
no evidence for sex differences in immature animals 
with respect to induction, seizure threshold, or mortal-
ity in a variety of chemoconvulsant models.

Despite small sample sizes of gonadectomized mice, 
we obtained a statistically significant increase in survival 
of OVX females compared with intact virgin females. The 
simplest explanation is that fluctuations in gonadal hor-
mones (or their metabolites) have an overall negative 
impact on lifespan in mice experiencing spontaneous 
recurrent seizures in our model. In the case of catamenial 
epilepsy, the occurrence of increased seizures during par-
ticular phases of the menstrual cycle is attributed to 
cyclic fluctuations of hormones, and as a result, corre-
sponding neurosteroid levels. Along these lines, we found 
a trend toward increased seizure frequency in proestrus 
females, although the increase did not reach statistical 
significance. Reddy et  al. [24] developed rodent models 
of catamenial epilepsy that mimicked the surge and pre-
cipitous drop of progesterone and corresponding neuro-
steroids during the perimenstrual period. These studies 

showed an inverse relationship between seizure suscepti-
bility and neurosteroid levels, which was attributed to the 
antiepileptogenic effects of neurosteroids (i.e. after con-
version from progesterone) that bind to GABAA receptors 
and enhance phasic and tonic inhibition in the brain [29]. 
Interestingly, inhibitory somatostatin-positive interneu-
rons were recently shown to contribute to seizures in a 
similar Scn8a mouse model [30].

Unfortunately, three of the males submitted to 
orchiectomy experienced seizure onset within 1 week 
of surgery, making it difficult to infer whether the 
premature onset was due to a hormonal change or 
to the direct effects of the surgery. It is interesting to 
note that the two remaining ORX males had a statis-
tically significant increase in survival, living as long as 
intact virgin females and experiencing a similar num-
ber of seizures and gaps between seizure bouts. 
None of the ORX males perished by decompensation 
in stark contrast to intact males (Freeman-Halton 
extension of Fisher exact test, p value= 0.010). This 
suggests that decompensation may be related to the 
presence of testosterone or one of its metabolites 
and raises the possibility that the overall effect of tes-
tosterone is negative with respect to seizure resil-
ience. However, we are cautious in making such an 
inference because of the small sample size, along 
with the fact that testosterone is synthesized by both 
the testes and the ovaries (and to a much lesser 
degree, the adrenal gland), and it can also be synthe-
sized de novo in the brain from cholesterol.

Sex difference in response to cannabinoids

Males (both juvenile and adult), but not females, ben-
efited from treatment with cannabinoids as evidenced 
by statistically significantly longer survival times com-
pared with untreated age-matched controls (see Table 
2, Figure 3). The exception to this pattern was the 
cohort of males treated earlier in utero (i.e. via dosing 
the pregnant dam), which showed no survival advan-
tage (Table 2). Treated females had shorter lifespans 
than untreated females, a finding that was exacerbated 
with earlier administration of cannabinoids. On aver-
age, cannabinoid-treated versus untreated males 
trended toward longer post-TC survival (27.3 ± 17.0; 
95% CI: 17.0, 37.6 versus 20.4 ± 16.0 days; 95% CI: 10.2, 
30.6, respectively; t-test pvalue= 0.118). Still, 
cannabinoid-treated males did not live as long as 
untreated females, seizure frequency was not reduced 
relative to untreated males, and treated males per-
ished in a manner that was similar to untreated males 
(i.e. the ratio of deaths by SUD, CSE and DEC were 
nearly identical) (Table 4).

https://doi.org/10.1080/00207454.2023.2279497
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Although we could not find published studies 
examining sex differences in response to cannabinoid 
treatment for epilepsy, there are precedents in the lit-
erature for sex differences in the effects of cannabis. 
For example, in rodents, females are more sensitive 
than males to the effects of cannabinoids [31–33], 
with exposure during adolescence suggesting that 
female adolescents are more likely than male adoles-
cents to be deleteriously affected [34]. Part of the 
explanation for sex differences in response to exoge-
nous cannabidiol observed here may be due to 
gonadal hormones, which are known to contribute to 
the sexual dimorphism of cannabinoid sensitivity [32]. 
Estradiol has been identified as the hormone that con-
tributes most to the sexually dimorphic effects of can-
nabinoids in adults, and the estrous cycle phase has 
been reported to significantly influence sex differences 
for cannabinoid effects [34]. Sexual dimorphism in the 
endocannabinoid system (ECS), which develops early 
in life, is also likely to influence the response to exog-
enous cannabinoids [32]. Compared with females, male 
rats have a higher density of CB1 receptor (CB1R), 
which is the predominant cannabinoid receptor within 
the central nervous system. However, a higher 
G-protein activation after CB1R stimulation is observed 
in adolescent females in several brain areas [31]. 
Additional molecular mechanisms may help explain 
the observed sex differences. Dimorphism in cannabi-
noid metabolism may explain the higher sensitivity of 
females to the deleterious influence of exogenous can-
nabinoids, and potential age-specific differences in the 
pharmacokinetics of cannabinoids might explain differ-
ent responses of juveniles and adults to exogenous 
cannabinoids [31]. Recent experiments have also 
shown that CBD-exposed females present a greater 
vulnerability to gestational CBD than males [35]. 
Ultimately, cannabinoid receptor activation modulates 
the activity of most neurotransmitter systems, includ-
ing GABA, glutamate, dopamine, and serotonin, which 
could play important roles in resilience to seizures in 
our mouse model [36].

Sex-related differences in gene expression may also 
explain differences in seizure resilience [26]. We can 
exclude sex-biased expression of Scn8a mRNA as the 
cause of differences in resilience between the sexes 

given that our qRT-PCR results showed similar expres-
sion levels in both the hippocampus and neocortex of 
post-seizure females and males (Table 3). Further stud-
ies of whole genome transcription in females and 
males at different stages of epileptogenesis may shed 
light on sex difference in resilience. We also highlight 
the many similarities between the sexes in this model, 
including the role of sleep and its disruption as sei-
zures develop. Seizures and sleep have a bidirectional 
relationship, with poorer sleep triggering seizures and 
worse seizure control causing sleep loss [37].

Limitations of study

While this study revealed several sex-related differences 
in the natural history of epilepsy in the Scn8a-N1768D 
mouse model, we acknowledge several limitations 
including small samples sizes of gonadectomized mice, 
levels of cannabinoids received by each individual were 
not quantified, nor were endogenous levels of hor-
mones. We also acknowledge the multitude of factors 
that affect seizure severity, and the complex manner in 
which they may interact. Future studies exploring the 
hormonal, genomic, epigenetic and non-genomic fac-
tors that influence sex differences in the natural history 
of epilepsy—especially those that lead to increased 
female resilience—are highly warranted and likely will 
lead to a better understanding of the pathophysiology 
of this and other forms of epilepsy.
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