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A B S T R A C T

Fragile X syndrome (FXS) is the leading cause of inherited intellectual disability and a significant genetic con-
tributor to Autism spectrum disorder. In addition to autistic-like phenotypes, individuals with FXS are subject to
developing numerous comorbidities, one of the most prevalent being seizures. In the present study, we in-
vestigated how a single early-life seizure superimposed on a genetic condition impacts the autistic-like beha-
vioral phenotype of the mouse. We induced status epilepticus (SE) on postnatal day (PD) 10 in Fmr1 wild type
(WT) and knockout (KO) mice. We then tested the mice in a battery of behavioral tests during adulthood (PD90)
to examine the long-term impact of an early-life seizure. Our findings replicated prior work that reported a single
instance of SE results in behavioral deficits, including increases in repetitive behavior, enhanced hippocampal-
dependent learning, and reduced sociability and prepulse inhibition (p < 0.05). We also observed genotypic
differences characteristic of the FXS phenotype in Fmr1 KO mice, such as enhanced prepulse inhibition and
repetitive behavior, hyperactivity, and reduced startle responses (p < 0.05). Superimposing a seizure on de-
letion of Fmr1 significantly impacted repetitive behavior in a nosepoke task. Specifically, a single early-life
seizure increased consecutive nose poking behavior in the task in WT mice (p < 0.05), yet seizures did not
exacerbate the elevated stereotypy observed in Fmr1 KO mice (p > 0.05). Overall, these findings help to
elucidate how seizures in a critical period of development can impact long-term behavioral manifestations
caused by underlying gene mutations in Fmr1. Utilizing double-hit models, such as superimposing seizures on
the Fmr1 mutation, can help to enhance our understanding of comorbidities in disease models.

1. Introduction

Fragile X syndrome (FXS) is a neurodevelopmental disorder and the
most common inherited cause of intellectual disability (Hagerman
et al., 2008). FXS results from an expanded trinucleotide mutation in
the Fmr1 gene, leading to an absence of the RNA binding protein,
Fragile X mental retardation protein (FMRP). Mutations in Fmr1 are the
largest genetic contributor to Autism spectrum disorder (ASD), with a
comorbidity rate of approximately 2–6% (Hagerman, 2006). As a result,
FXS and ASD have similar behavioral phenotypes, including hyper-
activity, altered social interactions and communication, and repetitive
or stereotypical behaviors (King et al., 2014; Niu et al., 2017). In ad-
dition to behavioral impairments, individuals with FXS are susceptible

to developing a number of other medical conditions, including gastro-
intestinal problems, recurrent otitis media, and seizures (Berry-Kravis
et al., 2010; Kidd et al., 2014).

Approximately 10–20% of individuals with FXS experience seizures,
and many have subclinical seizure activity and abnormal electro-
encephalograph (EEG) recordings without overt seizures (Berry-Kravis,
2002; Berry-Kravis et al., 2010; Hagerman and Stafstrom, 2009;
Musumeci et al., 1999). Abnormal EEGs in FXS individuals typically
display patterns of paroxysmal discharges, often characteristic of cen-
trotemporal spikes in certain childhood epilepsies, such as benign
childhood epilepsy with centrotemporal spikes (BCECTS) (Berry-Kravis
et al., 2010; Musumeci et al., 1988, 1999). EEG endophenotypes, spe-
cifically individuals with an epileptiform phenotype, have indicated a
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trend demonstrating that the incidence and degree of epileptic EEG is
correlated with worsened behavioral symptoms in children with FXS
and seizures, specifically with impairments in attention (Cowley et al.,
2016). The most common type of seizures observed in FXS are complex
focal seizures, and less frequently observed generalized seizures (Berry-
Kravis, 2002; Berry-Kravis et al., 2010; Cowley et al., 2016; Musumeci
et al., 1999).

The increased frequency of seizures in FXS may be due to elevated
neuronal excitability, stemming from reduced translational inhibition
typically provided by FMRP and enhanced responses to metabotropic
glutamate receptor (mGluR) stimulation (Bear et al., 2004; Bianchi
et al., 2009; Contractor et al., 2015; Gross et al., 2011). The neuronal
hyperexcitability present in individuals with FXS is paralleled by many
similar phenotypes in the Fmr1 knockout (KO) mouse model of the
disorder, a commonly used genetic model to study ASD neurobiology
(Budimirovic and Kaufmann, 2011; Gibson et al., 2008). For instance,
Fmr1 KO mice have an excess of immature dendritic spines, enhanced
group 1 mGluR activation, and numerous deficits in neuronal wiring
that together result in synaptic abnormalities and hyperexcitability
(Berry-Kravis et al., 2010; Brooks-Kayal, 2011; Chuang et al., 2005;
Huber et al., 2002). In addition, Fmr1 KO mice have an increased fre-
quency and enhanced susceptibility to experiencing audiogenic seizures
(Musumeci et al., 2000, 2007). Knockout mice also display EEG phe-
notypes similar to those observed in humans with FXS, including en-
hanced EEG gamma (30–80 Hz) power at the resting state and reduced
evoked gamma oscillations (Lovelace et al., 2018; Wang et al., 2017;
Wen et al., 2019).

Epileptic phenotypes in FXS individuals are most common in
childhood and the presence of spontaneous seizures usually resolve by
adolescence (Berry-Kravis et al., 2010). However, the impact of seizures
during early developmental periods on the existing FXS behavioral
impairments is largely unknown. One study examining FXS populations
found that FXS males with comorbid seizures were more likely to de-
velop a co-diagnosis of autism, as well as have increased aggressive
behavior and poor overall health compared to FXS males without sei-
zures (Berry-Kravis et al., 2010). Additionally, several studies have
found that neonatal seizures in rodent models can lead to behavioral
deficits in adulthood, including impairments in sociability, learning and
memory, and changes in repetitive behavior (Bernard and Benke, 2015;
Bernard et al., 2015; Lugo et al., 2014). There is evidence in rodent
models suggesting a link between early-life seizures and the develop-
ment of autistic-like behavior, however, how mutations in Fmr1 may
effect this relationship requires further investigation (Stafstrom and
Benke, 2015).

In the present study, we used Fmr1 KO and wild type mice to ex-
amine how a single seizure on postnatal day (PD) 10 effects the FXS
behavioral phenotype in adulthood at PD90. Specifically, we examine
the effects of a kainic acid seizure during the early postnatal period on
activity and anxiety levels, sociability, learning and memory, repetitive
behavior, and prepulse inhibition. This double-hit model allows us to
investigate how seizures in early developmental periods can influence
the genetic predisposition of FXS, and potentially exacerbate behavioral
impairments observed in the disorder. Seizures can have profound ef-
fects on the developing brain that persist, or potentially manifest, in

adulthood (Holmes, 2016). Understanding the long-term behavioral
impact of early-life seizures in FXS is critical to elucidate the underlying
mechanism of this comorbid relationship and could provide novel in-
sights to potential therapeutic interventions for FXS.

2. Methods

2.1. Animals

Subject mice included male Fmr1 knockout (KO) and wild type (WT)
mice on a FVB/NJ background strain (Jackson Labs Stock No: 004624).
A total of 69 mice were utilized in the study. Mice were bred and group
housed at Baylor University in standard laboratory conditions with an
ambient temperature of 22 °C and a 12 -h light, 12 -h dark diurnal cycle.
Food and water were provided to mice ad libitum. Breeding pairs con-
sisted of WT males and Fmr1 heterozygous dams to produce Fmr1 KO
and WT male pups. On postnatal day (PD) 10, mice received either
seizure or control treatment, followed by having their toes clipped for
identification purposes and to be sent to Mouse Genotype for geno-
typing information (Escondido, CA, USA). All mice were weaned at
PD21, and behavioral testing was conducted once mice reached
adulthood at PD90. Testing was performed in order from least invasive
to most invasive to minimize any test order effects: open field, elevated
plus maze, nosepoke assay, social partition, delay fear conditioning,
prepulse inhibition (McIlwain et al., 2001) (Fig. 1). Procedures were
conducted in compliance with the Baylor University Institutional An-
imal Care and Use Committee and the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals.

2.2. Seizure induction

On PD10, Fmr1 KO and WT pups were randomly assigned to either
the treatment group or control group. Treatment pups were adminis-
tered intraperitoneal (i.p.) injections of 0.5% kainate (2.0 mg/kg) and
control pups were given an equivalent dose of 0.9% physiological
saline. Pups from both conditions were then placed into individual
containers with clean bedding and warmed on a heating pad to a
temperature of ∼35 °C for the duration of the seizure induction period.
Seizure pups entered status epilepticus (SE) within approximately
30–40min following kainate administration, which was characterized
by continuous tonic-clonic seizure activity lasting 1–2 h. The seizure
pups were monitored until natural cessation of all seizure activity,
along with control pups simultaneously being monitored for an
equivalent time. Following recovery from SE, both seizure and control
pups were returned to their home cages, weaned at PD21, and housed
with mixed genotype littermates until behavioral testing in adulthood
at PD90.

2.3. Nosepoke assay

The nosepoke assay was used to evaluate repetitive and exploratory
behavior. The testing apparatus consisted of a clear, acrylic chamber
(40 cm x 40 cm x 30 cm), with a flat board inserted comprised of 16
equidistant holes of 1” diameter and 0.75” depth. During the testing

Fig. 1. Behavioral testing timeline. All mice
went through the same schedule of behavioral
testing across a 5 week time period. Each in-
dividual test was conducted at least 48 h apart
to minimize interference between tests. Delay
fear conditioning consists of 3 trials, with Day
2a conducted 24 h following Day 1, and Day 2b
2 h following Day 2a. Prepulse inhibition also
consisted of 3 days, with habituation on Day 1,
prepulse inhibition the following day (Day 2),
and startle response a week later (Day 3).
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period, an experimenter live scored the number and placement of nose
pokes made for 10min. A nose poke was considered anytime the nose of
a mouse extended into the hole to the level of their eyes. The experi-
menter was blinded to experimental condition. Following testing, mice
were returned to a separate cage until all mice in the home cage were
tested, and then placed back into the original home cage with litter-
mates. The apparatus was cleaned with 30% isopropyl alcohol in be-
tween testing sessions. An increase in total nose poking behavior or in
consecutive nose pokes in the same hole and decreased latency to the
first nose poke is indicative of repetitive behavior, a component of the
autistic-like phenotype (Moy et al., 2008; Silverman et al., 2010).

2.4. Prepulse inhibition

Sensorimotor gating abilities were evaluated in mice with a pre-
pulse inhibition (PPI) paradigm. The testing chamber consisted of an
acrylic hollow constraint tube mounted on a sensor platform, able to
detect and transduce startle response amplitude via the SR-Lab System
(San Diego Instruments, San Diego, CA, USA). The PPI paradigm con-
sisted of 3 testing days, with background noise levels maintained at
68 dB. On day 1, mice habituated to the testing apparatus for 5min,
followed by the presentation of 80 startle stimuli every 15 s. The startle
stimulus was a 40ms, 120 dB noise, with a rise/fall time<1ms. The
following day (testing day 2), PPI was examined. Mice habituated to the
testing apparatus for 5min, and then were presented with a 90-trial
prepulse phase. The 1st three trial types were weak, 20ms prepulse
stimuli (rise/fall time< 1ms) at intensities of 70, 75, and 80 dB. The
2nd three trial types consisted of the same three prepulse stimuli, paired
with the original startle stimulus (40ms, 120 dB) 100ms after the
prepulse. The 90 trials were pseudorandomly organized, and all spaced
by a 15 s inter-trial interval. A week after PPI testing, the startle
threshold of mice was examined (testing day 3). Mice habituated to the
testing apparatus for 5min, followed by the presentation of 99 trials,
consisting of 11 trial types (no stimulus, 75 dB, 80 dB, 85 dB, 90 dB,
95 dB, 100 dB, 105 dB, 110 dB, 115 dB, 120 dB). The startle stimuli
were 40ms noise bursts (rise/fall time< 1ms) and were spaced by a
15 s inter-trial interval. The 11 trial types were presented in a pseu-
dorandom order, with each type presented once within a block of 11
trials. Startle threshold is defined as the minimal intensity in which the
response is significantly greater than the response during no stimulus
trials (Frankland et al., 2004).

2.5. Social partition

The social partition test was used to evaluate the social behavior of
mice, specifically their preference for interacting with a familiar versus
an unfamiliar mouse. The mice were housed overnight for 24 h in a cage
separated into two chambers by a clear partition with 0.6 cm diameter
holes. On the opposite side of the partition, a conspecific matched for
age and weight remained in the cage overnight with the test mouse. The
following day, an experimenter live scored the frequency of visits to the
partition and the duration of time spent at the partition. Mice were
tested in the same cage they were housed in overnight. Each test session
consisted of 3 conditions, each 5min in duration. In the first condition,
the “familiar” mouse that the test mouse was housed with overnight
was in the opposite chamber, the 2nd condition consisted of an “un-
familiar” mouse in the opposite chamber, and the 3rd condition was the
same “familiar” mouse that the test mouse was housed with the pre-
vious night. Mice remained in their testing cages until all mice were
tested, and then placed back into their original home cages with lit-
termates. Fewer visits to the partition and reduced time spent at the
partition is indicative of social deficits, a component of the autistic-like
phenotype (Silverman et al., 2010).

2.6. Delay fear conditioning

Mice were tested in delay fear conditioning to examine learning and
memory abilities in the mice. The testing apparatus consisted of an
operant conditioning chamber (26 cm x 22 cm x 18 cm), comprised of
two clear acrylic sides and two metal sides, with metal grid flooring
able to deliver a mild shock. The operant conditioning chamber was
placed inside an additional sound attenuating chamber. For all trials,
freezing behavior was measured with FreezeFrame 3 automated de-
tection software (Coulbourn, Ohio). Testing consisted of 3 trials, across
2 separate days. During the 1st trial on day 1, mice received two pair-
ings of a 30 s, 80 decibel (dB) white noise (conditioned stimulus [CS])
followed immediately by a 2 s 0.7mA shock stimulus (unconditioned
stimulus [US]). There was a 20 s interval in between the tone-shock
pairings, with the entire 1st trial lasting 334 s. On day 2 of testing there
were 2 separate trials. On the 1st trial of day 2, mice were placed back
into the original context and freezing was measured while the mice
freely explored for 300 s. Two hours following the original context trial,
mice were placed back in the apparatus for the 2nd trial of day 2 in a
novel context. The apparatus was altered by changing the shape and
flooring of the chamber, placing a vanilla-scented odor under the
flooring, changing transfer cage bedding to shredded paper towels, and
cleaning the apparatus with 70% ethanol instead of 30% isopropanol in
between testing sessions. Mice were placed in the novel context for
360 s, with the mouse acclimating to the novel environment in the first
180 s, and during the 2nd 180 s, mice were presented the CS (80 dB
tone) continuously while freezing behavior was measured. Following
testing, mice were returned to a separate cage until all mice in the home
cage were tested, and then placed back into the original home cage with
littermates. Increased freezing in response to the context or cue is an
innate fear response and indicative of the learned association between
the CS and US (Wehner and Radcliffe, 2004).

2.7. Open field

The open field test was conducted to evaluate changes in activity
and anxiety levels, as well as repetitive behavior. The testing apparatus
consisted of an acrylic chamber (40 cm x 40 cm x 30 cm) in an isolated
room controlled for light levels, temperature, and background noise.
During the 30min testing period, mice were individually placed into
the apparatus and locomotor activity was measured with automatic
optical animal detection software (Fusion by Omnitech Electronics,
Inc., Columbus, OH). In addition to locomotion or total distance moved,
clockwise revolutions, a measure of repetitive behavior, was quantified.
Anxiety behaviors were also examined by computing the distance and
time spent in the center of the apparatus (inner 50%, 20 cm by 20 cm)
compared to the surround region. Following testing, mice were re-
turned to a separate cage until all mice in the home cage were tested,
and then placed back into the original home cage with littermates. The
apparatus was cleaned with 30% isopropyl alcohol in between testing
sessions.

2.8. Elevated plus maze

Mice were tested in the elevated plus maze to examine changes in
baseline anxiety levels. The plus maze apparatus consisted of 4 arms (all
30 cm x 5 cm) positioned 40 cm above the floor, with a center platform
(5 cm x 5 cm), and 2 arms enclosed with acrylic walls. The plus maze
was in an isolated room controlled for light levels, temperature, and
background noise. The testing period was 10min, in which Ethovision
XT video tracking software (Noldus, Netherlands) quantified the fre-
quency of entries and duration of time spent in each of the arms.
Following testing, mice were returned to a separate cage until all mice
in the home cage were tested, and then placed back into the original
home cage with littermates. The apparatus was cleaned with 30% iso-
propyl alcohol in between testing sessions. Increased time spent in the
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closed arms of the maze compared to the open arms is indicative of
increased anxiety (Walf and Frye, 2007).

2.9. Statistical analysis

Data were analyzed using either GraphPad Prism 7 software (San
Diego, CA, USA) or SPSS 21.0 (IBM, USA). Two-way analysis of var-
iance (ANOVA) (genotype [wild type, knockout] x treatment [seizure,
control]) were utilized to evaluate results of each behavioral task. The
assumptions for an ANOVA were met for all statistical analyses, in-
cluding independent cases, normality, and homogeneity of the var-
iances. Specifics on each analysis can be found in the respective result
section. Significant interactions were followed by separate group ana-
lyses, with mice split into four unique groups: WT/control, KO/control,
WT/seizure, KO/seizure. Any interactions for group analyses were ex-
amined with Fisher’s LSD post-hoc multiple comparison tests. A statis-
tical interaction between genotype (wild type, knockout) and treatment
(seizure, control) would support our hypothesis, in that the double-hit
of an early-life seizure significantly impacted the behavioral phenotype
caused by gene mutations in Fmr1. The level of significance was set at
p < 0.05 for all comparisons. Data are expressed as the mean±
standard error of the mean (SEM).

3. Results

3.1. Seizure induction

A total of 69 mice were utilized for seizure induction and went
through behavioral testing. Of the 20 Fmr1 wild type (WT) mice in-
jected with kainic acid, 5 mice (25%) did not go into status epilepticus
(SE) and were removed from all analyses. Of the 20 Fmr1 knockout
(KO) mice injected with kainic acid, 7 (35%) did not go into SE and
were removed from analyses. A Pearson Chi-Square revealed no sig-
nificant difference in the proportion of mice from each genotype that
underwent SE (X2[1, N=40]=0.49, p = 0.73). Only mice that en-
tered full SE were included in behavioral analyses to ensure mice were
in the same category of seizure severity. Of the mice that underwent SE,
there was no significant difference in latency to SE between WT
(40.16 ± 3.00min) and Fmr1 KO mice (31.75 ± 3.80min), t
(26)= 1.76, p= 0.09. The final sample sizes for all behavioral tests
unless noted otherwise were as follows: Fmr1 WT/Control – 21, Fmr1
KO/Control – 8, Fmr1 WT/Seizure – 15, Fmr1 KO/Seizure – 13 (total of
57 mice in analyses).

3.2. Nosepoke assay

The nosepoke assay was used to evaluate changes in repetitive be-
havior. For latency to first nosepoke, a two-way ANOVA detected no
main effect of treatment, F(1, 53)= 0.26, p= 0.61, or genotype, F(1,
53)= 0.23, p= 0.64. However, there was an interaction of treatment
and genotype, F(1, 53)= 8.64, p < 0.05. Given the significant inter-
action, animals were subdivided into four groups for post-hoc analysis:
Fmr1 WT/Control, Fmr1 KO/Control, Fmr1 WT/Seizure, Fmr1 KO/
Seizure. Fisher’s LSD multiple comparisons revealed that early-life sei-
zures reduced the latency to first nosepoke in Fmr1 WT mice (p <
0.05), but had the opposite effect in Fmr1 KO mice and a seizure in-
creased the latency to first nosepoke in KO mice (p < 0.05). In addi-
tion, Fmr1 KO/Control mice had decreased latency to first nosepoke
compared to Fmr1 WT/Control mice (p < 0.05) (Fig. 2A).

We next analyzed the total number of nose pokes exhibited by each
group. A two-way ANOVA revealed no significant effect of treatment, F
(1, 53)= 0.97, p= 0.33. There was a significant effect of genotype, F
(1, 53)= 5.34, p<0.05, with Fmr1 KO mice exhibiting more nose
poking behavior than Fmr1 WT mice, indicative of increased repetitive
behavior (Fig. 2B). There was no interaction of treatment and genotype
for total number of nose pokes, F(1, 53)= 1.46, p= 0.23. We also

examined the number of times mice returned to the same hole con-
secutively. No main effect was detected for treatment, F(1, 53)= 2.71,
p= 0.12, or genotype, F(1, 53)= 0.07, p= 0.79. However, there was
an interaction between treatment and genotype for consecutive nose
pokes, F(1, 53)= 6.29, p < 0.05. Given the significant interaction,
animals were subdivided into four groups for post-hoc analysis: Fmr1
WT/Control, Fmr1 KO/Control, Fmr1 WT/Seizure, Fmr1 KO/Seizure.
Fisher’s LSD multiple comparisons showed that seizures in WT mice
increased their tendency to return to the same hole consecutively (p <
0.01), and there was a trending increase in Fmr1 KO/Control mice
compared to Fmr1 WT/Control mice (p= 0.07) (Fig. 2C).

In addition to repetitive behavior, we measured anxiety in the no-
sepoke assay by examining nose poking behavior in the center versus
surround regions of the testing apparatus. A two-way repeated mea-
sures ANOVA with a within-subjects variable of “location” revealed a
significant effect of location F(1, 53)= 276.21, p < 0.001. Location
did not interact with treatment, F(1, 53)= 2.70, p= 0.11, or genotype,
F(1, 53)= 1.99, p= 0.16. There was also no three-way interaction
between treatment, genotype, and location, F(1, 53)= 1.05, p= 0.31.
Between-subjects effects indicated a main effect of genotype, F(1,
53)= 5.83, p < 0.05, with Fmr1 KO mice poking more holes than
Fmr1WTmice (Fig. 2D). However, there was no between-subjects effect
for treatment, F(1, 53)= 0.57, p= 0.45, or an interaction between
treatment and genotype, F(1, 53)= 1.57, p= 0.22.

3.3. Prepulse inhibition

Habituation to startle stimuli was examined on Day 1 of testing. A
two-way repeated measures ANOVA, with a within-subjects variable of
“time” (80 startle stimuli condensed into 8 time bins with 10 trials per
bin), revealed no significant effect of time on treatment F(7,
371)= 0.59, p= 0.77, or genotype, F(7, 371)= 1.17, p= 0.32. There
was also no interaction between time, treatment, and genotype, F(7,
371)= 0.92, p= 0.49. However, between-subjects effects revealed a
significant effect of genotype, F(1, 53)= 25.96, p < 0.001, with Fmr1
KO mice showing reduced responding to the startle stimulus compared
to WT mice. There was no between-subjects effects of treatment F(1,
53)= 2.27, p= 0.14, or an interaction between genotype and treat-
ment, F(1, 53)= 0.19, p = 0.66 (Fig. 3A).

A two-way ANOVA was utilized to examine changes in total pre-
pulse inhibition on the 2nd day of testing. There was a main effect of
genotype, F(1, 53)= 36.37, p < 0.001, with Fmr1 KO mice showing
exaggerated levels of prepulse inhibition (Fig. 3B). There was also a
main effect of treatment, F(1, 53)= 4.22, p < 0.05, with seizure mice
showing reduced prepulse inhibition compared to control mice
(Fig. 3B). The interaction between treatment and genotype was not
significant, F(1, 53)= 0.24, p= 0.63.

One week following PPI testing, startle threshold was assessed. A
two-way repeated measures ANOVA with a within-subjects factor of
“dB” (11 dB levels) was utilized. There was a significant interaction
between the startling stimulus and genotype, F(10, 530)= 12.43, p <
0.001. However, decibel level did not interact with treatment, F(10,
530)= 0.19, p= 1.00, nor was there a three-way interaction between
decibel, treatment, and genotype, F(10, 530)= 0.20, p= 1.00. When
further analyzing the significant interaction between decibel and gen-
otype, an ANOVA revealed that Fmr1 KO mice had reduced startle re-
sponses at higher stimulus levels compared to WT mice (dB levels: 100,
105, 110, 115, 120) (p < 0.05) (Fig. 3C). Between-subjects effects
indicated a main effect of genotype, F(1, 53)= 19.08, p < 0.001, with
Fmr1 KO mice demonstrating overall reduced startle responding
(Fig. 3C). There was no main effect of treatment, F(1, 53)= 0.60, p=
0.44, or an interaction between treatment and genotype, F(1,
53)= 0.37, p= 0.55.
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Fig. 2. Nosepoke assay. There was an interaction between treatment and genotype for the latency to first nose poke. In wild type (WT) mice, a seizure significantly
reduced the latency to first nose poke, while in Fmr1 knockout (KO) mice a seizure increased the latency. The latency to first nose poke was also significantly
decreased in Fmr1 KO mice compared to WT mice (A). Fmr1 KO mice exhibited an increased number of total nosepokes compared to WT mice, with no effect of
treatment (B). A seizure in WT mice significantly increased their tendency to return to the same hole consecutively, with no effect in Fmr1 KO mice (C). When
comparing nose pokes in the center versus surround regions of the chamber, there was no effect of treatment or genotype (D). Fmr1 KO mice had an overall increased
number of nose pokes compared to WT mice, not dependent on the chamber region (D). Data are expressed as mean ± standard error of the mean (SEM), * p< .05.

Fig. 3. Prepulse inhibition. Fmr1 knockout (KO) mice had significantly reduced responding to the startle stimulus during habituation (A). Fmr1 KO mice had
significantly enhanced prepulse inhibition compared to wild type (WT) mice, as well as seizure mice had significantly reduced inhibition compared to control mice
(B). When testing startle threshold, Fmr1 KO mice had significantly reduced startle responses across all decibel (dB) levels compared to WT mice, and specifically at
higher dB levels (100, 105, 110, 115, 120) (C). Data are expressed as mean ± standard error of the mean (SEM), * p<0.05.
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3.4. Social partition

To measure sociability in the social partition task, a two-way re-
peated measures ANOVA was utilized. A within-subjects variable of
“trial” was used to examine the frequency of visits to the partition
across the three trials of the task (1: familiar mouse, 2: unfamiliar
mouse, 3: familiar mouse). There was a significant within-subjects ef-
fect of trial, F(2, 106)= 25.74, p < 0.001. Trial did not interact with
treatment, F(2, 106)= 2.50, p= 0.09, or genotype, F(2, 106)= 1.09,
p= 0.34, nor was there an interaction between treatment, genotype,
and trial, F(2, 106)= 0.71, p= 0.49. Between-subjects effects in-
dicated a main effect of treatment, F(1, 53)= 7.62, p < 0.05, with
seizure mice visiting the partition a significantly decreased number of
times compared to control mice (Fig. 4A). No between-subjects effects
were detected for genotype, F(1, 53)= 1.24, p= 0.27, nor an inter-
action between treatment and genotype, F(1, 53)= 0.08, p= 0.78.

We also examined the duration of time mice spent at the partition
for each of the three trials. Similarly, we used a two-way repeated
measures ANOVA with a within factor of “trial.” There was a significant
within-subjects effect of trial, F(2, 106)= 35.15, p < 0.001. We found
a significant interaction between treatment and trial, F(2, 106)= 3.48,
p < 0.05. However, there was no interaction between genotype and
trial, F(2, 106)= 0.33, p= 0.72, or a three-way interaction between
treatment, genotype, and trial, F(2, 106)= 0.38, p= 0.68. Further
analyses to investigate the interaction between treatment and trial re-
vealed that seizure mice spent significantly less time interacting at the
partition only during the 2nd trial (unfamiliar mouse) compared to
control mice (p < 0.05). Between-subjects effects revealed a main
effect for treatment, F(1, 53)= 3.91, p < 0.05, with seizure mice
spending significantly less time interacting at the partition (Fig. 4B).
There was no significant effect of genotype, F(1, 53)= 1.16, p= 0.29,
or an interaction between treatment and genotype, F(1, 53)= 0.02, p
= 0.88.

3.5. Delay fear conditioning

During the training phase (Day 1) of delay fear conditioning, mice
were presented with two pairings of a conditioned stimulus (CS) and
unconditioned stimulus (US). Results were analyzed with a two-way
repeated measures ANOVA, with the within-subjects variable defined as
“time” (baseline, tone 1, intertrial interval 1, tone 2 and intertrial in-
terval 2). There was a significant interaction between time and treat-
ment, F(4, 212)= 4.60, p < 0.01, as well as a significant interaction
between time and genotype, F(4, 212)= 2.60, p < 0.05. The three-
way interaction between treatment, genotype, and time was not sig-
nificant, F(4, 212)= 0.94, p= 0.44. An ANOVA was used to further
analyze the significant interaction of time and treatment, and detected
that seizure mice froze significantly more than control mice during the
first intertrial interval (p < 0.05) and during the presentation of the

2nd tone (p < 0.01) (Fig. 5A). When further analyzing the interaction
of time and genotype, no discernable patterns were revealed. Between-
subjects effects indicated a main effect of treatment, F(1, 53)= 6.91,
p < 0.05, with seizure mice freezing significantly more than control
mice (Fig. 5A). There was no significant between-subjects effects for
genotype, F(1, 53)= 1.38, p= 0.25, or an interaction between treat-
ment and genotype, F(1, 53)= 0.07, p= 0.80.

For the first part of testing on Day 2 (contextual fear conditioning),
mice were placed back into the original context from the previous day
and freezing behavior was evaluated for 5min. A two-way ANOVA
detected a significant effect of treatment, F(1, 53)= 4.84, p < 0.05,
with seizure mice freezing significantly more than control mice
(Fig. 5B). No significant main effect was detected for genotype, F(1,
53)= 0.66, p = 0.42, or an interaction between treatment and geno-
type for total amount of time spent freezing, F(1, 53)= 0.67, p= 0.42.

Two hours later during the second part of testing on Day 2 (cued
recall), mice were placed in a novel context and freezing behavior in
response to the CS (tone) and at baseline was evaluated. A two-way
repeated measures ANOVA was used with a within-subjects variable of
“time,” consisting of two levels examining percent freezing during
baseline and during the tone presentation. Time did not significantly
interact with treatment, F(1, 53)= 0.04, p= 0.84, or genotype, F(1,
53)= 0.31, p= 0.58. There was no significant interaction between
treatment, genotype, and time, F(1, 53)= 0.33, p= 0.57. Between-
subjects effects also indicated no significant effects for treatment, F(1,
53)= 0.29, p= 0.59, genotype, F(1, 53)= 2.08, p= 0.16, or an in-
teraction between treatment and genotype, F(1, 53)= 0.01, p= 0.94
(Fig. 5C).

3.6. Open field

The open field test was utilized to examine changes in activity and
exploratory behavior. A two-way ANOVA revealed no significant main
effect of treatment in activity levels, F(1, 53)= 0.31, p= 0.58.
However, there was a significant effect of genotype, F(1, 53)= 6.26,
p < 0.05, with Fmr1 KO mice showing increased total distance moved
(Fig. 6A). There was no interaction of treatment and genotype, F(1,
53)= 0.05, p = 0.83. We also measured clockwise revolutions as a
parameter of repetitive behavior in the open field test and found that
seizures did not affect the number of revolutions, F(1, 53)= 0.25, p=
0.62. However, there was a significant genotype effect, F(1, 53)= 5.38,
p < 0.05, with Fmr1 KO mice exhibiting an increased number of re-
volutions (Fig. 6B). There was no interaction between treatment and
genotype for clockwise revolutions, F(1, 53)= 0.11, p= 0.74.

We next examined anxiety in the open field by measuring total
distance moved in the center versus surround region of the testing
apparatus. Using a within-subjects variable of “location” to measure
activity in the center versus surround regions, there was a significant
effect of location, F(1, 53)= 575.43, p < 0.001. However, location

Fig. 4. Social partition task. Seizure mice visited the partition significantly less than control mice across all trials, with no effect of genotype (A). Seizure mice also
spent significantly less time interacting at the partition compared to control mice across all trials, as well as specifically during trial 2 in which the unfamiliar mouse
was present (B). Data are expressed as mean ± standard error of the mean (SEM), * p<0.05.
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did not interact with treatment, F(1, 53)= 0.06, p= 0.81, or genotype,
F(1, 53)= 0.79, p= 0.38. The three-way interaction between location,
treatment, and genotype, F(1, 53)= 0.62, p= 0.44, was also not sig-
nificant. Between-subjects effects indicated a main effect of genotype, F
(1, 53)= 5.80, p < 0.05, with Fmr1 KO mice having significantly
increased total distance moved (Fig. 6C). There was no between-sub-
jects main effect for treatment, F(1, 53)= 0.17, p= 0.68, or an

interaction between treatment and genotype, F(1, 53)= 0.07, p=
0.79.

3.7. Elevated plus maze

Anxiety behavior was examined using the elevated plus maze. One
Fmr1 WT/Control mouse was removed from analyses due to falling off

Fig. 5. Delay fear conditioning. During training, seizure mice froze significantly more than control mice across the entire period, as well as specifically during the first
intertrial interval (ITI1) and during the 2nd presentation of the tone (Tone 2) (A). On part 1 of testing on day 2 (contextual fear conditioning), seizure mice froze
significantly more than control mice, with no effect of genotype (B). There were no effects of treatment or genotype on the 2nd part of testing on day 2 (cued recall)
(C). Data are expressed as mean ± standard error of the mean (SEM), * p<0.05.

Fig. 6. Open field. Fmr1 knockout (KO) mice exhibit hyperactivity in the open field compared to wild type (WT) mice, with no effect of seizures on activity levels (A).
Fmr1 KO mice displayed increased clockwise revolutions compared to WT mice, with no effect of treatment (B). There was no effect of treatment or genotype in
whether mice preferred the center versus surround area of the testing chamber, indicating no differences in anxiety levels in the open field (C). Fmr1 KO mice had
increased activity levels compared to WT mice, not dependent on the region of the chamber (C). Data are expressed as mean ± standard error of the mean (SEM), *
p<0.05.
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the maze during testing. To analyze total time spent in the arms of the
maze, we used a two-way repeated measures ANOVA with a within-
subjects variable of “location” to designate open versus closed arms. For
total time spent in the arms, there was a significant within-subjects
effect of location, F(1, 52)= 99.29, p < 0.001. Location did not in-
teract with treatment, F(1, 52)= 0.05, p= 0.83, or genotype, F(1,
52)= 1.57, p= 0.22. The three-way interaction between location,
treatment, and genotype, F(1, 52)= 1.05, p= 0.31, was also not sig-
nificant. Between-subjects effects indicated no effect of treatment, F(1,
52)= 0.01, p= 0.93, genotype, F(1, 52)= 0.28, p= 0.60, or an in-
teraction between treatment and genotype, F(1, 52)= 0.75, p= 0.39
(Fig. 7A).

We also measured the total number of visits to the open versus
closed arms in the maze. Using the same within-subjects variable of
“location,” we found there to be a significant within-subjects location
effect, F(1, 52)= 41.51, p < 0.001. However, location did not interact
with treatment, F(1, 52)= 0.51, p= 0.48, or genotype, F(1,
52)= 0.07, p= 0.79, for frequency of visits. There was also no three-
way interaction between location, treatment, and genotype, F(1,
52)= 0.001, p= 0.97. Between-subjects effects indicated a significant
main effect of genotype, F(1, 52)= 11.37, p < 0.01, with Fmr1 KO
mice visiting the arms an increased number of times compared to WT
mice (Fig. 7B). There was no significant between-subjects main effect
for treatment, F(1, 52)= 0.86, p= 0.36, or an interaction between
treatment and genotype for frequency of visits, F(1, 52)= 1.12, p=
0.29.

We also measured velocity in the elevated plus maze, with a two-
way ANOVA revealing a significant main effect for genotype, F(1,
52)= 27.06, p<0.001, with Fmr1 KO mice exhibiting increased ve-
locity in the maze (Fig. 7C). There was no significant main effect of
treatment, F(1, 52)= 0.33, p= 0.57, or an interaction between
treatment and genotype, F(1, 52)= 0.93, p = 0.34, for velocity.

4. Discussion

There is considerable evidence for how early-life seizures, and se-
parately mutations in Fmr1, can result in aberrant behavioral pheno-
types (Bernard and Benke, 2015; Gross et al., 2015; Lugo et al., 2014).
However, how seizures in early developmental periods may exacerbate
or impact the behavioral manifestations of an Fmr1 mutation and im-
pact FXS pathophysiology is less understood. Utilizing the Fmr1
knockout (KO) mouse model, we observed several long-term behavioral
changes following a single kainic acid seizure on postnatal day (PD) 10.
For example, seizures had differential effects in Fmr1 KO and wild type
(WT) mice, with seizures inducing repetitive behavior in WT mice, but
not enhancing the stereotypy observed in Fmr1 KO mice. In addition,
early-life seizures themselves resulted in long-term changes, such as a
reduction in social interaction with an unfamiliar mouse and enhanced
freezing in a contextual fear conditioning task. Many alterations com-
monly associated with the FXS phenotype were also observed in the
Fmr1 KO mouse, such as hyperactivity, increased repetitive or stereo-
typical behavior, enhanced prepulse inhibition (PPI), and reduced
startle responses (Kazdoba et al., 2014; Spencer et al., 2011).

Stereotypical or repetitive behavior is a core component of the au-
tistic-like phenotype and has been observed in both individuals with
FXS and the Fmr1 KO mouse (DeFilippis and Wagner, 2016; Kazdoba
et al., 2014; Oakes et al., 2016). In humans, repetitive behavior in FXS
is characterized by repetition and rigidity of unvarying movements,
ritualistic behaviors, restricted interests, and perseverative speech (Niu
et al., 2017; Oakes et al., 2016). Our findings from the nosepoke assay
are in line with other rodent studies, as Fmr1 KO mice poked sig-
nificantly more holes across multiple measures when compared to WT
mice (Bhattacharya et al., 2012; Dolan et al., 2013). Interestingly, a
single PD10 seizure in WT mice induced similar stereotypical behavior
in the task, at levels comparable to Fmr1 KO mice. A single seizure not
only reduced the latency to the first nosepoke, but significantly en-
hanced the tendency of mice to return to the same hole during the task.
This decrease in latency exhibited by WT seizure mice is not due to

Fig. 7. Elevated plus maze. There was no effect of treatment or genotype in total time spent in the closed versus open arms of the maze, indicating no differences in
anxiety levels (A). Fmr1 knockout (KO) mice had an overall increased number of arm entries in the maze compared to wild type (WT) mice, not dependent on the
arms being closed or open (B). Fmr1 KO KO mice had increased velocity in the elevated plus maze compared to WT mice, with no effect of treatment on velocity (C).
Data are expressed as mean ± standard error of the mean (SEM), * p<0.05.
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hyperactivity, as there was no effect of treatment on activity levels.
Evidence has shown that seizures early in life can result in long-term

alterations in cognition and behavior, as well as impairments char-
acteristic of the autistic-like phenotype (Bernard and Benke, 2015;
Holmes, 2016; Nickels et al., 2016; Sayin et al., 2004). However, there
are inconsistent findings in regard to whether stereotyped behaviors are
elevated following early-life seizures in rodent models. For example,
pilocarpine seizures in PD9 rats resulted in increased self-grooming in
an anxiogenic environment in adulthood, a measure indicative of in-
creased stereotypy (Castelhano et al., 2013). In contrast, rats given a
single kainic acid seizure on PD7 exhibited reduced marble burying,
suggestive of restricted interests, as well as reduced grooming in adult
seizure rats (Bernard et al., 2015). In addition, early-life flurothyl sei-
zures from PD7-11 in C57BL/6 mice resulted in no change in nosepoke
or marble burying in adulthood (Lugo et al., 2014). These variable re-
sults could be due to the differences in the animal strain and seizure
model, as well as the developmental timeline of seizure induction.
Future studies should explore the association between early-life sei-
zures and stereotypical behavior to further elucidate whether this could
be a long-term behavioral phenotype resultant from early-life seizures.

Another consistent phenotype of the Fmr1 KO mouse that was ob-
served in the present study was enhanced PPI and reduced startle re-
sponses (Frankland et al., 2004; Spencer et al., 2011; Thomas et al.,
2011; Veeraragavan et al., 2012). Prepulse inhibition is a measure of
sensorimotor gating which examines the attenuation of a subjects
startle reflex when a startle stimulus (the pulse) is preceded by a lower-
intensity sensory stimulus (the prepulse) (Aguilar et al., 2018; Matsuo
et al., 2018). While enhanced PPI has been found in the Fmr1 KO
mouse, the opposite is often exhibited by humans with FXS, who dis-
play reductions in PPI (Chen and Toth, 2001; Frankland et al., 2004;
Hessl et al., 2009; Yuhas et al., 2011). Interestingly, the reduction in PPI
in FXS individuals parallels what we found following seizures in our
rodent model. While seizures did not impact the phenotype in Fmr1 KO
mice, a single early-life seizure resulted in reduced PPI in adulthood in
WT animals. The reduction in PPI following seizures supports prior
evidence, and has been suggested to be indicative of the development of
schizophrenia-like phenotypes in animal models (Aguilar et al., 2018;
Labbate et al., 2014; Wolf et al., 2016). Early-life seizures have not only
been associated with reduced PPI in adulthood, but evidence has shown
as the number of spontaneous seizures in rats increases, PPI efficacy
declines (Labbate et al., 2014; Wolf et al., 2016). Specifically, 22 days
following pilocarpine-induced status epilepticus in adult rats, the total
number of spontaneous recurrent seizures in the chronic phase of epi-
lepsy was negatively correlated with PPI performance (Wolf et al.,
2016). In humans, temporal lobe seizures are capable of inducing
psychosis with schizophrenic-like symptoms, including deficits in PPI
which is often a biomarker of schizophrenia (Howland et al., 2007; Ma
and Leung, 2016; McKenna et al., 1985; Mena et al., 2016; Slater and
Beard, 1963; Takeda et al., 2001). Individuals with non-epileptic sei-
zures have also been shown to have reduced PPI, with deficits being
greater in unmedicated individuals (Pouretemad et al., 1998).

Long-term alterations in PPI efficacy following an early-life seizure
have been associated with a bilateral decrease in dorsal hippocampal
volume in seizure rats (Labbate et al., 2014). It is possible some of the
behavioral impairments observed in the present study are also due to
structural changes in the hippocampus. The chemoconsulvant pilo-
carpine utilized in Labbate et al., 2014 has similar functions as kainic
acid used in the present study, both modeling features of temporal lobe
epilepsy in humans (Kandratavicius et al., 2014). While seizures did not
impact the effect Fmr1 deletion had on PPI at the behavioral level, fu-
ture studies should investigate whether seizures early in development
could impact FXS pathology on a molecular level in adulthood. Speci-
fically, whether seizures superimposed on a Fmr1 deletion could impact
hippocampal dendritic and synaptic abnormalities commonly asso-
ciated with Fragile X syndrome (Kazdoba et al., 2014; Lai et al., 2016).
Furthermore, utilizing the same seizure model as in the present study,

our lab has previously shown that a single seizure in 129 SvEvTac mice
resulted in acute changes in PI3K/Akt/mTOR signaling in the hippo-
campus in males on PD12. Specifically, seizure mice had upregulations
in % total phosphorylated S6(s235/236) expression and decreased %
total phosphorylated FMRP(s499) compared to control male mice
(Reynolds et al., 2016). Future studies could expand on these findings
to determine how deletions in Fmr1 effect these changes in the hippo-
campus, and if these alterations persist long-term and could underlie
behavioral impairments found in this study. Other signaling mechan-
isms, such as dysregulated metabotropic glutamate receptor (mGluR)
signaling could also underlie the deficits observed in PPI (Brody et al.,
2003, 2004). Altered glutamatergic signaling is implicated in seizures,
FXS, and more recently in schizophrenia, which all have been asso-
ciated with abnormalities in sensorimotor gating and PPI (Barker-
Haliski and White, 2015; Frankland et al., 2004; Ma and Leung, 2016;
Maksymetz et al., 2017; Mena et al., 2016; Muddashetty et al., 2007).

We also found early-life seizures to significantly enhance freezing in
delay fear conditioning, with deletions in Fmr1 not impacting learning
and memory. In both the training phase of the task, as well as during
contextual fear conditioning, seizure mice froze significantly more than
control mice. Increased freezing could be indicative of enhanced
learning in the task, as an early-life seizure had no long-term impact on
activity levels in the mice which could be another potential reason for
the enhanced freezing. No differences were detected in the novel con-
text cued recall phase between seizure and control mice, suggesting that
this aberrant phenotype is hippocampal-dependent. Other studies have
also provided evidence for seizure-induced learning impairments to be
localized to the hippocampus (Holley et al., 2018; Lugo et al., 2014;
Pearson et al., 2014; Zhou et al., 2007). Early-life seizures can enhance
dendritic complexity in the hippocampus, specifically increasing the
number of large mossy fiber terminals, which could potentially
strengthen the learned association between the context and aversive
stimulus pairing (Raijmakers et al., 2016; Tao et al., 2016). Enhanced
learning following seizures has also been shown in clinical populations,
with febrile convulsions in early childhood leading to significantly
better mnemonic capacity, memory consolidation, and sequential
memory retrieval in comparison to control subjects (Chang et al.,
2001).

Our lab has previously found that a single seizure in adult neuron
subset-specific Pten (NS-Pten) heterozygous mice also enhanced con-
textual fear learning (Smith et al., 2016). Deletions in Pten are a
monogenic cause of Autism spectrum disorder (ASD) similar to Fmr1,
and when PTEN is absent, it results in hyperactive PI3K/Akt/mTOR
signaling and alterations in Fragile X mental retardation protein, the
protein product of Fmr1 (Hulbert and Jiang, 2016; Lugo et al., 2013).
However, unlike Smith et al. (2016), we did not find that superimposing
a seizure on top of a genetic cause of ASD altered memory and learning
in the Fmr1 KO mouse. This could potentially be due to the method and
timeline of seizure induction, as seizures in the NS-Pten heterozygous
mice were administered in adulthood, as well as could be due to the
differential functions that deletion of Pten and Fmr1, and a lack of their
respective proteins, have in the brain.

Utilizing double-hit models, such as superimposing seizures on the
Fmr1 mutation, can enhance our understanding of comorbidities in
disease models. Double-hit models have demonstrated the impact of
early-life seizures on heightened seizure susceptibility later in life, as
well as other models have examined how environmental perturbations,
such as immune insults, can exacerbate seizure-induced behavioral
deficits and brain damage in adulthood (Chrzaszcz et al., 2010; Galic
et al., 2008; Koh et al., 2004; Riazi et al., 2010; Yin et al., 2013).
However, few studies have examined how seizures impact underlying
gene mutations, especially in relation to monogenic causes of ASD.
Recently, a study found that repeated seizures at the age of disease
onset in a Scn1a mouse model (Scn1aRH/+), transformed the milder
phenotype into a more severe phenotype, characteristic of Dravet syn-
drome (severe myoclonic epilepsy of infancy) (Salgueiro-Pereira et al.,
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2019). Mutations in Scn1a are a genetic cause of Dravet syndrome,
genetic epilepsy with febrile seizures plus (GEFS+), as well as are
implicated in ASDs (Escayg and Goldin, 2010; Han et al., 2012). While
findings from Salgueiro-Pereira et al. (2019) and our study provide
evidence for how seizures impact Scn1a and Fmr1 mutations, how sei-
zures superimposed on genetic mutations can affect ASD phenotypes
remains largely unknown. Future studies should expand on these
findings by examining other monogenic causes of ASD, as double-hit
models can be advantageous in understanding how comorbidities ex-
acerbate the molecular and behavioral basis of neurodevelopmental
disorders.

5. Conclusions

Findings from the present study provide insight into how seizures
may impact the FXS phenotype. A single early-life seizure increased
repetitive behavior in adulthood, a core component of the ASD phe-
notype, to levels comparable to those observed in the Fmr1 KO mouse,
yet seizures did not exacerbate stereotypy in KO. This study also con-
tributes to evidence of how early-life seizures can impact long-term
behavioral outcomes in control mice, exhibited by reduced sociability,
enhanced learning and memory, and a reduction in prepulse inhibition
in seizure mice. Separately, several commonly found behavioral im-
pairments were also observed in the Fmr1 KO mouse, such as hyper-
activity, and enhanced prepulse inhibition and repetitive behavior.
Apart from changes in repetitive behavior, inducing a single kainic acid
seizure on postnatal day 10 did not drastically exacerbate the beha-
vioral manifestations caused by mutations in Fmr1. However, it is cri-
tical to continue investigating how seizures may impact the behavioral
phenotype of ASDs, as other seizure types and early-life injuries at other
developmental time points could have diverse effects on behavioral
outcomes.
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