
Contents lists available at ScienceDirect

Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

A two-hit story: Seizures and genetic mutation interaction sets phenotype
severity in SCN1A epilepsies
Ana Rita Salgueiro-Pereiraa, Fabrice Dupratb, Paula A. Pousinhaa, Alexandre Loucifb,
Vincent Douchampsd, Cristina Regondic, Marion Ayraultb, Martine Eugiea, Marion I. Stunaulta,
Andrew Escayge, Romain Goutagnyd, Vadym Gnatkovskyc, Carolina Frassonic, Hélène Mariea,
Ingrid Bethusa,⁎,1, Massimo Mantegazzab,⁎,1

a Université Côte d'Azur (UCA), CNRS UMR7275, Institute of Molecular and Cellular Pharmacology (IPMC), Team Physiopathology of Neuronal Circuits and Behavior,
France
b Université Côte d'Azur (UCA), INSERM, CNRS UMR 7275, Institute of Molecular and Cellular Pharmacology (IPMC), Team Pathophysiology of Voltage-Gated Na+

channels and of Neuronal Excitability, France
c U.O. Clinical and Experimental Epileptology, Fondazione IRCCS Istituto Neurologico Carlo Besta, Italy
d Université de Strasbourg, CNRS, LNCA, Strasbourg, France
e Department of Human Genetics, Emory University, Atlanta, GA, USA

A R T I C L E I N F O

Keywords:
Dravet syndrome
GEFS+
Epileptogenesis
Precision medicine
Seizures
Remodeling
Autism
Cognition

A B S T R A C T

SCN1A (NaV1.1 sodium channel) mutations cause Dravet syndrome (DS) and GEFS+ (which is in general
milder), and are risk factors in other epilepsies. Phenotypic variability limits precision medicine in epilepsy, and
it is important to identify factors that set phenotype severity and their mechanisms. It is not yet clear whether
SCN1A mutations are necessary for the development of severe phenotypes or just for promoting seizures. A
relevant example is the pleiotropic R1648H mutation that can cause either mild GEFS+ or severe DS.

We used a R1648H knock-in mouse model (Scn1aRH/+) with mild/asymptomatic phenotype to dissociate the
effects of seizures and of the mutation per se. The induction of short repeated seizures, at the age of disease onset
for Scn1a mouse models (P21), had no effect in WT mice, but transformed the mild/asymptomatic phenotype of
Scn1aRH/+ mice into a severe DS-like phenotype, including frequent spontaneous seizures and cognitive/be-
havioral deficits. In these mice, we found no major modifications in cytoarchitecture or neuronal death, but
increased excitability of hippocampal granule cells, consistent with a pathological remodeling.

Therefore, we demonstrate for our model that an SCN1A mutation is a prerequisite for a long term deleterious
effect of seizures on the brain, indicating a clear interaction between seizures and the mutation for the devel-
opment of a severe phenotype generated by pathological remodeling. Applied to humans, this result suggests
that genetic alterations, even if mild per se, may increase the risk of second hits to develop severe phenotypes.

1. Introduction

More than 1000 pathogenic mutations of SCN1A, the gene coding
for the NaV1.1 voltage-gated sodium channel, have been identified thus
far (www.gzneurosci.com/Scn1adatabase) and can cause well defined
epilepsies (Orsini et al., 2018), but genotype-phenotype correlation and
selection of therapies are still challenging (Balestrini and Sisodiya,
2018). In fact, pleiotropy is often observed, with a single mutation that
can induce a spectrum of phenotypes (from very mild to very severe,
with sometimes incomplete penetrance), and we lack a holistic

understanding of pathophysiological mechanisms and risk factors
leading to severe phenotypes (Balestrini and Sisodiya, 2018; Symonds
and Zuberi, 2018). This is an important issue for the prediction of
outcome and the selection of therapies in genetic epilepsies, in parti-
cular in an era of high throughput sequencing-mediated identification
of genetic variants that could potentially be exploited for precision
medicine (Avanzini et al., 2018; Guerrini et al., 2014; Symonds and
Zuberi, 2018). Yet, this approach is still limited in epilepsy, also be-
cause of an incomplete understanding of pleiotropy mechanisms
(Balestrini and Sisodiya, 2018; Symonds and Zuberi, 2018). Thus, it is
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important to identify factors that can modulate the effect of genetic
variants in order to disclose risks for the development of severe phe-
notypes. It is often hypothesized that pleiotropy is generated by epi-
static interactions between pathogenic variants and modifier genes
(Symonds and Zuberi, 2018), but modifications of disease's features and
progression can also be induced by interactions with environmental
factors (Berkovic et al., 2006). Seizures are considered as an important
factor for phenotype worsening in epilepsy, in particular in epileptic
encephalopathies (EEs), in which epileptic activity is thought to
strongly contribute to cognitive and behavioral impairments (Scheffer
et al., 2017).

Mutations of SCN1A are relevant examples of these issues: they
cause Dravet syndrome (DS) (Dravet, 2011), which has been classified
as a severe EE, and genetic epilepsy with febrile seizures plus (GEFS+),
which is milder but with a large phenotypic variability (e.g. about 3% of
GEFS+ patients develop DS) (Zhang et al., 2017). For instance, the
R1648H mutation causes mild GEFS+ in one family (Escayg et al.,
2000), but DS in another family (Depienne et al., 2010); there are
asymptomatic carriers in both families and germinal mosaicism has
been excluded as the cause of phenotypic variability (Depienne et al.,
2010). Moreover, SCN1A genetic variants are also risk factors for dif-
ferent types of common epilepsies, (Epi4K consortium and Epilepsy
Phenome/Genome Project, 2017; EPICURE Consortium et al., 2012;
ILAE, 2014; Kasperaviciute et al., 2013). Notably, there is an ongoing
debate about the classification of DS: it has been proposed that phe-
notype severity depends on the type of SCN1A mutation and not on
effects of epileptic activity as in EEs, consistent with the concept of pure
channelopathy (Brunklaus et al., 2014; Gataullina and Dulac, 2017;
Parihar and Ganesh, 2013) and with the definition of developmental
encephalopathy (DE) (Scheffer et al., 2017).

Animal models of Scn1a epileptogenic mutations reproduce clinical
phenotypes and have been instrumental to demonstrate that NaV1.1
loss-of-function mutations cause hypoexcitability of GABAergic neurons
leading to reduced GABAergic inhibition, which is the main initial
seizure-triggering mechanism (Hedrich et al., 2014; Ogiwara et al.,
2007; Yu et al., 2006). Notably, heterozygous Scn1a+/− mice carrying
truncating mutations exhibit a severe phenotype in the C57BL/6J ge-
netic background, but very mild phenotype in the 129 background
(Ogiwara et al., 2007; Rubinstein et al., 2015; Yu et al., 2006). It has
been proposed that NaV1.1 dysfunctions induced by the mutation could
be the direct cause of behavioral and cognitive deficits in mice, sup-
porting the hypothesis that DS is a pure channelopathy and a DE, rather
than an EE (Bender et al., 2013; Han et al., 2012). Challenging these
results, a recent study has shown that, consistent with the EE concept,
hyperthermic long seizures/status epilepticus can worsen the mild phe-
notype of Scn1a knock-in mice carrying the R1648H mutation
(Scn1aRH/+) (Dutton et al., 2017). However, early-life hyperthermic
long seizures/status epilepticus can cause recurrent spontaneous seizures
and cognitive/behavioral impairments also in wild type (WT) rodents,
questioning its specific effect in models carrying genetic mutations
(Baram et al., 1997; Dubé et al., 2009).

Thus, the causal role of the genetic mutation/variant in the devel-
opment of severe phenotypes has not been clearly discriminated from
that of seizures. In particular, it is not clear yet if the Scn1a mutation is
necessary for the development of severe phenotypes or just for inducing
sensitivity to seizure triggers. Moreover, the role of short seizures in the
generation of severe EE-like phenotypes has never been investigated in
animal models of Scn1a mutations. In this study, we addressed these
two specific issues comparing the effects of short seizures induced, at
the age of disease onset for Scn1a models, with hyperthermia in
Scn1aRH/+ mice or with the convulsant flurothyl in both Scn1aRH/+

mice and WT littermates. Thus, we have clearly dissociated the effects
of short seizures per se from that of seizures occurring in a mouse car-
rying a Scn1a mutation in an otherwise mild/asymptomatic genetic
background.

2. Material and methods

See Supplementary material for more details on methods. Details on
statistical comparisons, including values and statistical tests used are pre-
sented in the Supplementary material (Supplementary Statistics Tables).

2.1. Mice

We used heterozygous knock-in mice carrying the R1648H NaV1.1
(Scn1a) mutation (Scn1aRH/+) (Martin et al., 2010) and their WT litter-
mates in a hybrid mixed 129P2/OlaHsd x C57BL/6J background (F1
generation 50–50% 129:B6). Animals were genotyped at postnatal day 7
(P7) as previously described (Martin et al., 2010). All experiments were
performed according to policies on the care and use of laboratory animals
of European Communities Council Directive (2010/63EU) and under the
agreement number 04551.02 from the French Ministry of research.

2.2. Induction of short seizures

Seizures were induced by hyperthermia (SIH) or with Flurothyl
(SIF) once a day for 10 days, starting at P21. For the SIH protocol, the
animal was placed in a small incubator and the core temperature,
controlled using a rectal probe, was increased 0.5 °C every 2 min as
described previously. The animal was immediately removed from the
incubator when a behavioral seizure occurred or a maximum tem-
perature of 42.5 °C was reached. For the SIF procedure, liquid flurothyl
(Bis 2,2,2-trifluoroethyl ether) was delivered using a syringe pump in-
jector at a rate of 10 μl/min and allowed to volatilize within the
chamber. The animal was removed from the chamber at the onset of a
generalized tonic clonic seizure. The severity classification of seizures is
detailed in the Supplementary material.

Six experimental groups were evaluated: WT, Scn1aRH/+, WT-SIH,
Scn1aRH/+-SIH, WT-SIF and Scn1aRH/+-SIF. We compared Scn1aRH/+

control mice with WT littermates to evaluate the effect of the mutation
per se. WT-SIH mice were used to evaluate the effect of hyperthermia
per se. The Scn1aRH/+-SIH group represented the effect of hy-
perthermia-induced seizures in mutant mice. WT-SIF mice were used to
evaluate the effect of seizures per se and compare to seizures in the
mutant Scn1aRH/+-SIF mice.

Following the protocol of SIH and SIF, different cohorts of animals
underwent: 1) synchronized video-electrocorticogram (video-ECoG)
recordings from P34 to P90, or 2) behavioral analysis from P60 to P90,
or 3) electrophysiological recordings in brain slices (P60), or 4) im-
munohistochemical profiling (P60) (done for SIH groups only).

2.3. Video-EcoG recordings

For continuous electrocorticogram, five stainless steel recording
electrodes (Plastic One, USA) fixed with screws on the skull were im-
planted on mice at P32. After a recovering period from surgery, the
animals were connected to the amplifier and acquisition system. Infrared
video cameras were synchronized to the acquisition of the ECoG signal
(filtered at 0.1-1 kHz bandpass and sampled at 2 kHz), allowing the re-
cording of electrographic and behavioral seizures simultaneously. The
mice were recorded for 7 weeks in regular windows of 3.5 days. The
analyses performed on the video-ECoG signal (including GTC seizures,
interictal spikes, longitudinal long-term spectral analysis and spectral
analysis at P60) are detailed in the Supplementary material.

2.4. Behavioral analysis

Behavioral analysis was conducted from P60 to P90 (Fig. 1A and
5A). – Open Field. The apparatus consisted in a white and opaque
quadratic arena (40x40cm) with an imaginary central area (20x20cm).
The mouse was placed in the center of the arena and allowed to explore
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for 10 min. Locomotor activity, number of body rotations and thigmo-
taxis were measured as described in Supplementary material. – Dark
light. The apparatus consisted of a white and black cage separated in
two compartments (light and dark) by a partition, which had a small
opening at the floor level. The mouse was placed in the center of the
light compartment and allowed to explore for 5 min. – Three-chamber
test. The apparatus consisted in a rectangular non-transparent plex-
iglass box (60 × 30 cm). Two dividing walls were made with clear
plexiglass containing one circular opening each (4 cm diameter) to
allow the mouse to assess to each chamber. The test consisted in a
habituation phase to the empty apparatus, a sociability phase

comparing interactions with an unfamiliar mouse and an empty
chamber, and a social novelty phase comparing interactions with a
familiar mouse and an unfamiliar mouse. – Morris Water Maze. The
apparatus consisted in a circular tank (Ø 90 cm) filled with water
(temperature 25 ± 1 °C) made opaque with the addition of 100 ml of
white opacifier (Viewpoint, France). The test consisted in 3 phases: (1)
Cue task training (2 days), (2) Spatial learning training (4 days) and (3)
Long-term reference memory-probe test (1 day). An escape platform (Ø
8 cm) was submerged 1 cm below the water surface for the cue task
training and the spatial learning training. – 8-arm Radial maze. The
apparatus consisted in a black plexiglass 8-arms radial maze

Fig. 1. The SIH protocol worsens the epileptic phenotype in Scn1aRH/+ mutant mice.
A: Protocol timeline with the sequence of experiments from P7 to P90. All groups went through identification and genotyping, then the SIH protocol or control-SIH
protocol (no hyperthermia but identical handling and exposure to apparatus) followed by either ECoG recordings, behavioral analysis, electrophysiological re-
cordings or immunohistochemistry staining. SIH: 10 short daily seizures were induced starting at P21 (the age of disease onset in epileptic Scn1a mouse models and of
plateau for the expression of NaV1.1) (Dutton et al., 2017; Oakley et al., 2009; Ogiwara et al., 2007). B: Percentage of mice alive during the SIH or control protocol.
WT (no hyperthermia) N = 20, Scn1aRH/+ (no hyperthermia) N = 20, WT-SIH (hyperthermia that did not induce seizures) N = 33, Scn1aRH/+-SIH (hyperthermia
leading to seizure induction) N = 63. C: Characterization of seizure severity (see material and methods) for WT-SIH (N = 33), Scn1aRH/+ (N = 20, data hidden by
WT-SIH) and Scn1aRH/+-SIH (N = 47). D: Representative ECoG traces recorded at P40, showing normal activity in a Scn1aRH/+ mice and activity during a gen-
eralized tonic-clonic seizure in a Scn1aRH/+-SIH mouse (including end of pre-ictal, ictal and initial post-ictal periods). The parts highlighted by the boxes, corre-
ponding to ictal period in the Scn1aRH/+-SIH recording, are displayed below the trace at a higher time resolution. The black arrows indicate 0 mV E: Average
spontaneous GTC seizure frequency per 24 h observed for 7 weeks in Scn1aRH/+ mice (N = 6) and Scn1aRH/+-SIH mice (N = 7) from P34 to P90. F: Representative
interictal spike recorded at P60 in a Scn1aRH/+-SIH mouse; the black arrow indicates 0 mV. G: Interictal spikes' frequency (events/24 h) recorded at P60 in Scn1aRH/+

(N = 10) and Scn1aRH/+-SIH (N = 10) mice. See Supplementary Statistics Tables for details on statistics.
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(Viewpoint, Lyon, France). The central platform (Ø 24 cm) and 8 arms
(35 × 5 cm), which project radially outward, were elevated 8 cm above
the floor. A metallic and weighted food cup was placed at the end of
each arm. The procedure was divided in 2 phases: habituation (3 days)
and training for a win-shift strategy in the choice between two arms
(lasting until the criterion was reached). – Actimeter.Mice were placed
in the actimeter (Imetronic Apparatus, Pessac, France) for 3 consecutive
days (72 h).

2.5. Patch-clamp recordings

Acute transverse hippocampal slices (250 μm thick) were obtained
from mice at P60. Current-clamp recordings were performed on CA1
pyramidal neurons or on dentate gyrus (DG) granule cells. To study the
firing frequency in response to injected current, we first adjusted the
membrane potential of CA1 pyramidal neurons at Vh = −70 mV and of
DG granule cells at Vh = −60 mV and then injected pulses of increased
intensity in steps of 20pA (from 0 to 400pA, 1 s duration). We compared
input-output relationships, expressed as frequency of action potentials
(AP) generated by depolarizing current injections.

2.6. Immunohistochemical analysis

Immunohistochemistry or immunofluorescence experiments were
performed with the following antibodies: anti-neuronal nuclei (NeuN,
Chemicon, Temecula, CA, USA, 1:3000) to evaluate neuronal density
and cell loss; anti-calbindin (CB, Swant, Bellinzona, Switzerland,
1:5000) to visualize calbindin expression and subfields of hippocampus;
anti-doublecortin (DCX, Cell Signaling, Danvers, MA, USA, 1:800) as
marker of newly generated cells in subgranular cell layer of the dentate
gyrus, and anti-ionized calcium binding adapter molecule 1 (Iba-1,
Abcam, Cambridge, UK, 1:1000) to evaluate microglial features.
Quantitative field fraction analysis on NeuN and CB-stained sections
was performed.

2.7. Statistical analysis

Experiments were performed blind to genotype. Statistical analyses
were performed with Prism V6.01 (GraphPad, La Jolla, USA). The
normality of the data distribution was verified with the Shapiro-Wilk's
test. Differences between groups were measured when appropriate
using the two-tailed t-test, one-way analysis of variance (ANOVA), two-
way ANOVA (e.g. Genotype × Treatment) or repeated measures two-
way ANOVA. The ANOVA was followed by Tukey's or Sidak's post hoc
tests. Survival curves were compared with the Log-rank (Mantel-Cox)
test and the analysis of the data concerning the SIH or SIF protocols was
performed with the Kruskal-Wallis test. When normality was not ob-
served, the Mann Whitney test was used. Error bars represent standard
error to the mean (SEM). Null hypotheses were rejected at the 0.05
level. Statistical significances are represented by the following P-values
in all Figures: *p < .05; **p < .01; ***p < .001; ****p < .0001 and
N = number of animals or n = number of cells for patch clamp re-
cordings.

3. Results

3.1. SIH induces a severe long lasting epileptic phenotype in Scn1aRH/+

mutant mice

We optimized a protocol for induction of repeated short seizures by
hyperthermia (SIH) in Scn1aRH/+ mice in the period of seizure onset for
Scn1a mouse models (Fig. 1A; see material and methods).

We evaluated different parameters during the SIH protocol, namely:
survival, seizure occurrence, temperature threshold for seizure occur-
rence and seizure severity. Scn1aRH/+-SIH mice was the only group
showing behavioral seizures during the SIH protocol and presented the

lowest survival (Fig. 1B–C). Moreover, the temperature threshold re-
quired for seizure induction increased in the first 3 days, consistent with
an adaptive compensation in response to the SIH protocol, which did
not persist, as from day 3 it returned to the initial values (Suppl.
Fig. 1A). The severity of seizures increased from clonic at day 1 to
generalized tonic-clonic seizures at day 4 (Fig. 1C; see Supplementary
material for seizure severity scale).

To determine if the SIH protocol could induce long-lasting sponta-
neous seizures, we performed synchronized video-ECoG recordings
after the end of the SIH protocol for a period of 7 weeks. Though,
previous studies reported that Scn1aRH/+ mice in the C57BL/6J back-
ground show sporadic spontaneous seizures (Dutton et al., 2017; Martin
et al., 2010), we could not observe spontaneous GTC seizures in
Scn1aRH/+ mice in the 129:B6 background (Fig. 1E, Suppl. Table 1). In
Scn1aRH/+ mice, however, the SIH protocol induced the appearance of
a long-lasting epileptic phenotype, with relatively frequent spontaneous
GTC seizures that did not remit during the seven-week period of video-
ECoG recordings (Fig. 1D–E, Suppl. Table 1). We also observed inter-
ictal spikes (Fig. 1F), which we quantified at P60 observing that they
were present in almost all the Scn1aRH/+-SIH mice, but never in
Scn1aRH/+ control mice (Fig. 1G). These results shows that apparently
asymptomatic Scn1aRH/+ mice are vulnerable to develop chronic epi-
lepsy upon the SIH protocol.

3.2. SIH induces long-lasting dysfunctions in behavioral/cognitive
phenotypes in Scn1aRH/+ mice

To find out if Scn1aRH/+-SIH mice exhibit long lasting features of
EE, in particular DS-like, we performed cognitive and behavioral tests
in adult mice at P60–90. We first used the open field (OF) test to
evaluate locomotor/exploratory activity (average speed, distance tra-
velled and rearing episodes). Scn1aRH/+-SIH mice travelled a greater
total distance at a higher average speed and presented an increase of
the number of rearing events (Fig. 2A–D), whereas WT (control and
SIH) and Scn1aRH/+ mice had similar features (Fig. 2A–D). Thigmotaxis
was however unchanged in Scn1aRH/+–SIH mice, suggesting no al-
terations in anxiety (Fig. 2E), as confirmed also by the dark/light box
test (Suppl. Fig. 2A). Stereotyped repetitive behaviors (number of body
rotations during the OF) were increased only in Scn1aRH/+-SIH mice
(Fig. 2F). Circadian cycle of activity was evaluated in the four groups
for 68 consecutive hours in an actimeter. All groups displayed a clear
circadian cycle (Fig. 2G–H) (low activity during light/resting phase and
higher activity during dark/active phase). Horizontal activity was si-
milar in all groups (Fig. 2G). Vertical activity of Scn1aRH/+-SIH mice
was increased during the first 12 h (1st night) (Fig. 2H), confirming a
novelty-induced hyperactivity.

Sociability skills were tested in the three-chamber test. Scn1aRH/

+-SIH had impaired sociability and social novelty skills (Fig. 2I–J). This
group did not prefer the stranger mouse (M) compared to the empty
cage during the sociability phase nor the new mouse (nM) compared to
the familiar mouse (fM) during the social novelty phase, differently
than the other groups. These results could not be explained by chamber
preference, as confirmed in the habituation phase (Suppl. Fig. 2B). Yet,
the Scn1aRH/+-SIH mice travelled at higher speed during this habitua-
tion phase (Suppl. Fig. 2C), showing a novelty-associated hyperactivity
that normalised during the sociability and social novelty phases (Suppl.
Fig. 2D–E).

Hippocampus-dependent spatial learning and long-term memory in
the Morris water maze (MWM) were impaired in Scn1aRH/+-SIH mice
(Fig. 3A). In the two days of cue task we evaluated the latency to reach
the visible platform. Though the Scn1aRH/+-SIH had a higher latency to
reach the platform at D1, all groups behave similarly at D2 (Fig. 3A),
arguing against sensory-motor deficits. In the spatial training all groups
improved their performance from D1 to D4, but Scn1aRH/+-SIH mice
showed longer escape latencies (Fig. 3A) even if the initial performance
during trial 1 of D1 was identical to other groups (Fig. 3B). The poorer
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performance was not justified by a decrease in swim speed, which was
instead higher and with a longer distance travelled (Suppl. Fig. 2F–G).

Long-term memory was tested with a probe trial 24 h after training
completion. Scn1aRH/+-SIH mice spent less time in the target quadrant
than the other groups and did not discriminate between target quadrant
and adjacent quadrants (Fig. 3C), as clearly shown by the trajectories in
Fig. 3D. Also, the number of crosses in the platform zone was sig-
nificantly decreased for Scn1aRH/+-SIH mice (Fig. 3E). Thus, Scn1aRH/

+-SIH mice are less precise in remembering the previous platform
placement.

We assessed working memory in a radial maze, following the pro-
tocol illustrated in Fig. 3F. The Scn1aRH/+-SIH mice did not reach the
criterion of > 75% correct choices for two consecutive days as observed
for the other 3 groups at D9 and D10, consistent with a significantly
lower performance in the task (Fig. 3G).

Thus, WT, WT-SIH and Scn1aRH/+ mice performed equally well in
these behavioral and cognitive tasks, while Scn1aRH/+-SIH mice ex-
hibited clear novelty-associated hyperactivity, exacerbated stereotyped
behavior, sociability, spatial learning and working memory impair-
ments. These data indicate that the R1648H mutation per se does not
promote behavioral or cognitive phenotypes in this genetic back-
ground, but that seizures at the age of the disease onset in these models

precipitate this mild/asymptomatic phenotype into a severe phenotype
lasting till adulthood.

3.3. SIH does not cause major cytoarchitectural modifications in the
hippocampus of Scn1aRH/+ mice

We investigated the presence of hippocampal and cellular altera-
tions in Scn1aRH/+ mice at P60. In fact, we previously showed that the
hippocampus is implicated in the generation of hyperthermic seizures
in a knock-out Scn1a model of DS (Liautard et al., 2013) and hippo-
campal dysfunction has been reported in several Scn1a mutant mouse
lines (Han et al., 2012; Kaplan et al., 2017; Mistry et al., 2014; Tsai
et al., 2015; Yu et al., 2006). We observed that Nissl (Fig. 4A–B) and
NeuN (Fig. 4C–D & G) staining did not reveal major cytoarchitectural
modifications or cell loss in Scn1aRH/+-SIH mice. Doublecortin (DCX)
staining of the newly generated cells in the subgranular zone of the
dentate gyrus (DG) was also similar in Scn1aRH/+-SIH and Scn1aRH/+

mice suggesting normal neurogenesis (Suppl. Fig. 3A–B). Moreover,
immunolabeling for ionized calcium binding adapter molecule 1 (Iba-
1), a marker of activated microglia, showed no microglia activation
(thus absence of this sign of inflammation) in Scn1aRH/+-SIH mice
(Suppl. Fig. 3C–D). Although the expression of calbindin (CB) in

Fig. 2. Scn1aRH/+-SIH mice display a novelty-associated increase in activity, stereotyped behavior and impaired sociability skills.
A–F: Analysis from the Open Field (10 min); A: Distance travelled and B: Average speed (WT N = 19, Scn1aRH/+N = 22, WT-SIH N = 13, Scn1aRH/+-SIH N = 14). C:
Number of rearing episodes (WT N = 13, Scn1aRH/+N = 16, WT-SIH N = 11, Scn1aRH/+-SIH N = 11). D: Track plots of the locomotor activity. E: Thigmotaxis
measured as the distance travelled in the center divided by the total distance travelled (WT N = 19, Scn1aRH/+ N = 22, WT-SIH N = 13, Scn1aRH/+-SIH N = 14). F:
Full body rotations (WT N = 19, Scn1aRH/+ N = 22, WT-SIH N = 13, Scn1aRH/+-SIH N = 14). G–H: Actimeter analysis scored for 68 consecutive hours (data showed
by 30 min periods) (WT N = 5, Scn1aRH/+N = 9, WT-SIH N = 8, Scn1aRH/+-SIH N = 9); G: Total horizontal activity. H: Total vertical activity (number of rearing
episodes). I–J: Sociability skills in the 3-chamber social interaction test (WT N = 10, Scn1aRH/+N = 15, WT-SIH N = 16, Scn1aRH/+-SIH N = 14); I: Social interaction
time (s), EC: Empty Cage; M: Mouse. J: Social novelty interaction time (s), fM: familiar Mouse; nM: new Mouse. See Supplementary Statistics Tables for details on
statistics.
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Ammon's Horn was comparable in Scn1aRH/+-SIH and Scn1aRH/+ mice,
CB signal in the DG of Scn1aRH/+-SIH was significantly reduced
(Fig. 4E–F & H). Therefore, SIH does not induce major neurohistological
modifications in Scn1aRH/+ mice, but a reduction of CB signal in the
DG.

3.4. Scn1aRH/+SIH mice show an increase in firing frequency of DG
granule neurons but not of CA1 pyramidal neurons

We performed whole-cell current-clamp recordings to assess the
excitability of DG granule cells and CA1 pyramidal neurons, because of
our data on altered CB expression in the DG and of previous studies that
have reported altered excitability of excitatory neurons as a possible
pathologic remodeling in Scn1a mouse models (Favero et al., 2018;
Mistry et al., 2014). We compared input-output relationships and found
that excitability of Scn1aRH/+-SIH CA1 neurons was not significantly
modified (Fig. 4I–J). By contrast, DG granule neurons of Scn1aRH/+_SIH
mice were strongly hyperexcitable compared to other groups
(Fig. 4K–L). Importantly, neither the mutation itself (WT vs Scn1aRH/+)
nor the SIH protocol itself (WT vs WT-SIH) affected per se the intrinsic
excitability properties of the two populations of neurons. Passive

membrane properties and resting potential did not significantly differ
between genotypes/treatments in both CA1 and DG (data not shown).
This data demonstrates that, while the R1648H per se does not sig-
nificantly modify the excitability of CA1 or DG excitatory neurons,
seizures can induce long-term modifications of DG granule cell excit-
ability, and the mutation is necessary for this neuronal subtype-specific
pathological remodeling.

3.5. Induction of short seizures in WT and Scn1aRH/+ mice using flurothyl

Febrile and hyperthermic seizures are characteristic in SCN1A epi-
lepsies. However, with the SIH protocol, we could not determine if the
R1648H mutation is necessary for generating the observed seizure-in-
duced phenotypes or if seizures could be sufficient. Thus, we tested if
chemically induced short-lasting seizures could be sufficient per se to
induce these long-term alterations. We induced seizures in both WT and
Scn1aRH/+ mice using the convulsant flurothyl (Martin et al., 2007,
2010), with a protocol (SIF) harboring the same features as the SIH
protocol (number and duration of seizures) (Fig. 5A). Same parameters
considered during SIH were measured for SIF. The mortality rate of
Scn1aRH/+-SIF (comparable to that induced by the SIH protocol, in grey

Fig. 3. Scn1aRH/+-SIH mice exhibit impaired spatial and working memories.
Mice were tested (A–E) for spatial learning with the Morris Water Maze task (WT N = 19, Scn1aRH/+ N = 22, WT-SIH N = 23, Scn1aRH/+-SIH N = 21) and (F–G) for
working memory in the 8-arms radial maze (WT N = 13, Scn1aRH/+ N = 16, WT-SIH N = 17, Scn1aRH/+-SIH N = 18). A: Data presented for cue task and spatial
training represent average latencies to find the platform of four trials per day (D). B: Plot of the latency to find the platform in the four trials of D1 spatial training. C:
Probe test: 24 h after training completion, the platform was removed and the proportion of time spent searching the platform in each of the four quadrants of the pool
during 60 s of swimming is reported (L: Left, T: Target, R: Right, Op: Opposite). The persistence in the target quadrant is compared to chance level (considered at
25%) (dotted line). D: Representative track plots during probe test. E: Measures of the number of crosses in the enlarged “platform zone”. F: Protocol timeline for the
radial maze training: each training day had 8 trials, with the sequence of open arms changed every day (an example of a sequence is illustrated). G: Number of correct
choices per day during the working memory training. Two dotted lines represent: the criterion corresponding to 75% of 7 correct choices (5.25), and the chance level
corresponding to 50% of 7 choices (3.5). See Supplementary Statistics Tables for details on statistics.
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in Fig. 5B) was larger than for WT-SIF mice (Fig. 5B), although the
severity of seizures induced by SIF in both groups was similar (Fig. 5C)
and comparable to that of Scn1aRH/+-SIH mice during the SIH protocol
(in grey in Fig. 5C).

3.6. SIF also induces a severe epileptic phenotype and neuronal remodeling
in Scn1aRH/+ but not in WT mice

We performed long lasting video-ECoG recordings after the induc-
tion of seizures. We observed that Scn1aRH/+-SIF mice exhibited
spontaneous GTC seizures for several weeks after SIF (Fig. 5D–E) (as
seen with SIH, grey trace) and interictal spikes, which we quantified at
P60 (Fig. 5F–G). None of these epileptic phenotypes were observed in
WT-SIF mice (Fig. 5D–E & Suppl. Table 1). Moreover, DG granule
neurons were hyperexcitable only in Scn1aRH/+-SIF mice (Fig. 5H–I), as

in Scn1aRH/+-SIH.

3.7. SIF induces long-lasting behavioral/cognitive dysfunctions in Scn1aRH/

+ but not in WT mice

We also evaluated the long-term cognitive and behavioral con-
sequences of the SIF protocol (Fig. 5A). In the open field, we observed
that SIF induced an increase in distance travelled, average speed,
rearing episodes and stereotyped behavior only in Scn1aRH/+-SIF mice
(Fig. 6A–E). Thigmotaxis was similar in the two groups (Suppl. Fig. 4A).
When tested for sociability skills, Scn1aRH/+-SIF mice did not exhibit
sociability (Fig. 6F) or social novelty (Fig. 6G) preference contrasting to
the WT-SIF group. The lack of sociability skills in Scn1aRH/+-SIF was
not caused by chamber preferences (Suppl. Fig. 4B) or by locomotor
differences (Suppl. Fig. 4D–E). The increase in activity was observed

Fig. 4. No major cytoarchitectural modifications, but reduced calbindin staining and increased DG granule cell excitability in the hippocampus of Scn1aRH/+-SIH
mice.
A–F: Representative immunostaining images for the hippocampus of Scn1aRH/+ and Scn1aRH/+-SIH mice at P60 (scale bar; A-F: 500 μm, enlarged area: 100 μm); A–B:
Nissl-Cresyl violet staining, C-D: NeuN immunostaining, and E–F: calbindin (CB) immunostaining (with enlarged areas shown in E–F to the right). G–H:
Quantification of immunostainining signal for NeuN (G) and CB (H) in DG (N = 6). I,K: Representative membrane potential traces recorded with injections of 200pA
depolarizing or hyperpolarizing currents in CA1 pyramidal neurons and DG granule cells (respectively) from brain slices for the four groups. J,L: Input-output
relationship of the firing frequency measured as the number of action potentials per second (Hz) when neurons were depolarized by current steps of increasing
amplitude (20pA steps with 550 ms duration), for CA1 pyramidal neurons (WT n = 10, Scn1aRH/+n = 13, WT-SIH n = 11, Scn1aRH/+-SIH n = 11) and DG granule
cells (WT n = 13, Scn1aRH/+n = 12, WT-SIH n = 12, Scn1aRH/+-SIH n = 10) as indicated. See Supplementary Statistics Tables for details on statistics.
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only in the habituation phase, suggesting a novelty-associated hyper-
activity (Suppl. Fig. 4C).

In the MWM task, the Scn1aRH/+-SIF mice showed a worst perfor-
mance than the WT-SIF in the learning phases of the task (cue task,
spatial learning test, Fig. 6H) with an increase in the distance travelled
but global normal speed (Suppl. Fig. 4F–G). During the probe test both
groups spent more time in the target quadrant, at higher level than
chance, but only the WT-SIF mice discriminated between adjacent
quadrants (Fig. 6I).

Altogether, our results indicate that the SIF protocol differently af-
fected WT and mutant mice, causing long-term behavioral and cogni-
tive deficits only in Scn1aRH/+ mice. Indeed, the Scn1aRH/+-SIF group
exhibited novelty-induced hyperactivity, stereotyped behavior, deficits
of sociability and spatial learning and memory, phenotypes identical to
Scn1aRH/+ mice submitted to the SIH protocol (light grey data in Fig. 6
for comparison).

3.8. Short repeated seizures induce modifications of brain rhythms in both
Scn1aRH/+ and WT mice

Seizures-associated global alterations of brain rhythms were as-
sessed through spectral analysis of ECoG recordings. We performed a
longitudinal analysis over the period P34-P90 in mutant mice after SIH

or SIF protocols (Scn1aRH/+-SIH and Scn1aRH/+-SIF mice). Fig. 7A
shows representative power spectral profiles of Scn1aRH/+, Scn1aRH/

+-SIH and Scn1aRH/+-SIF mice in a 7-day period; the global analysis is
displayed in Fig. 7B–E and is based on the average of the whole period.
The analysis focused on theta (4–12 Hz) and gamma (60–100 Hz) bands
(Fig. 7A–E) of power spectra, which relate to specific functions of
neuronal circuits. The induction of seizures by both protocols, SIH and
SIF, did not modify the total spectral power (Fig. 7C) or the relative
power of the gamma band (Fig. 7E) compared to control Scn1aRH/+

mice, but increased the relative power of the theta frequency peak
(Fig. 7D).

We performed a more detailed analysis discriminating the vigilance-
states in a 24 h period at P60 (Fig. 7F–L), the age at which animals were
submitted to behavioral tasks. Rapid eye movement (REM) sleep, slow
wave sleep (SWS) and awake periods (AW) were distinguished. We
compared the same spectral features considered for the longitudinal
study, but selecting periods without ictal or interictal epileptiform ac-
tivity, to focus the analysis on non-epileptic brain activity. Fig. 7F
shows representative ECoG traces during REM sleep, and Fig. 7G–I the
power spectra according to vigilance state. We observed that SIF had
higher impact on brain rhythms, seen by the increase in total power in
all vigilance states (Fig. 7J) and the increase in relative theta peak
power in the AW period (Fig. 7K). The relative gamma power was lower

Fig. 5. The SIF protocol worsens the epileptic phenotype only in Scn1aRH/+ mutant mice.
A: Protocol timeline sequence of experiments from P7 to P90. All groups went through identification and genotyping, then they were submitted to the SIF protocol at
P21-31, followed by either ECoG recordings, behavioral analysis or electrophysiological recordings. B: Percentage survival of WT-SIF and Scn1aRH/+-SIF at end of SIF
protocol (WT-SIF N = 19, Scn1aRH/+-SIF N = 17). C: Seizure severity during SIF (WT-SIF N = 19, Scn1aRH/+-SIF N = 17). D: Representative ECoG traces recorded
ats P40, in WT-SIF or Scn1aRH/+-SIF mice, as indicated, showing normal activity in a WT-SIF mouse and activity during a generalized tonic-clonic seizure in a
Scn1aRH/+-SIF mouse (including end of pre-ictal, ictal and initial post-ictal periods). The parts highlighted by the boxes, correponding to ictal period in the Scn1aRH/

+-SIF recording, are dysplayed below the trace at a higher time resolution. The black arrows indicate 0 mV. E: Average spontaneous GTC seizure frequency per 24 h
observed for 7 weeks in WT-SIF (N = 7) and Scn1aRH/+-SIF mice (N = 9) from P34 to P90. F: Representative interictal spike recorded at P60 in a Scn1aRH/+-SIF
mouse; the black arrow indicates 0 mV. G: Interictal spikes' frequency (events/24 h) recorded at P60 in WT-SIF (N = 7) and Scn1aRH/+-SIF mice (N = 9). H:
Representative membrane voltage traces at 300 pA current injection recorded from DG granule cells in WT-SIF and Scn1aRH/+-SIF hippocampal slices. I: Input-output
relationship of the firing frequency measured as the number of action potentials per second (Hz) when DG granule cells were depolarized by current steps of
increasing amplitude (20pA steps with 550 ms duration) in WT-SIF (n = 9) and Scn1aRH/+-SIF (n = 10) hippocampal slices. In panels B, C, E, and I, grey traces are
data obtained with the SIH protocol from Figs. 1 and 4, displayed for comparison. See Supplementary Statistics Tables for details on statistics.
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for both Scn1aRH/+-SIH and Scn1aRH/+-SIF mice in AW periods than in
the control Scn1aRH/+ mice (Fig. 7L). Both vigilance-state analysis and
longitudinal analysis at P60 showed that seizures increase the theta
peak power. Moreover, vigilance-state analysis showed for some states
increased total power and decreased gamma power.

To investigate the effect of seizures per-se on brain rhythms, we
performed similar analyses of ECoG recordings obtained in WT-SIF,
which underwent short repeated seizures, comparing to WT-SIH, which
did not have seizures. Analysis of the longitudinal power spectra
(Suppl. Fig. 5A–B) showed that the total power was not modified
(Suppl. Fig. 5C), whereas relative theta power was increased (Suppl.
Fig. 5D) and relative gamma power was decreased in WT-SIF (Suppl.
Fig. 5E). The vigilance-state dependent analysis at P60 of periods
without epileptic activity (Suppl. Fig. 5F–L) showed an increase in total
power spectra during REM sleep in WT-SIF (Suppl. Fig. 5J). WT-SIF
relative theta peak power was higher both in REM sleep and in AW
periods (Suppl. Fig. 5K), and the relative gamma power was decreased
in AW periods (Suppl. Fig. 5L). Thus, WT-SIF animals, which experi-
enced seizures, show alterations in brain rhythms that are qualitatively
similar to the Scn1aRH/+-SIH and Scn1aRH/+-SIF mice, notably a clear

increase of theta power, a state-dependent increase of total power and a
decrease of gamma power.

4. Discussion

4.1. Short repeated hyperthermic seizures transform the asymptomatic
phenotype of Scn1aRH/+ mice into a severe DS-like phenotype

Febrile seizures are the most common pediatric seizures, which are
in general considered benign when their duration is < 15 min; more
prolonged “complex” seizures or febrile status epilepticus are instead
high risk factors for the development of epilepsy and co-morbidities
(Patterson et al., 2013). These long febrile seizures are common in
patients carrying DS SCN1A mutations (Ragona et al., 2011; Villeneuve
et al., 2014; Wolff et al., 2006), but they are not predictors of phenotype
severity (Cetica et al., 2017). Hyperthermia can induce seizures in WT
rodent pups at around P10, and hyperthermic complex seizures or status
epilepticus induced at this age can lead to spontaneous limbic seizures in
a minority of animals, in which cognitive dysfunctions are not always
observed (Dubé et al., 2007, 2009; McClelland et al., 2011; Notenboom

Fig. 6. Seizures induced with flurothyl cause behavioral and cognitive dysfunctions in Scn1aRH/+ mice but not in WT mice.
A–B: Quantification of locomotor activity of mice placed in the OF for 10 min, expressed as A: distance travelled and B: average speed (WT-SIF N = 14, Scn1aRH/+-SIF
N = 13). C: Track plots of locomotor activity in OF. D–E: Analysis of stereotyped behavior as D: Number of rearing episodes (WT-SIF N = 14, Scn1aRH/+-SIF N = 13)
and E: Full body rotations (WT-SIF N = 14, Scn1aRH/+-SIF N = 13). F–G: Sociability skills in the 3-chamber social interaction test as F: Social interaction time (s), EC:
Empty Cage; M: Mouse, and G: Social novelty interaction time (s), fM: familiar Mouse; nM: new Mouse (WT-SIF N = 11, Scn1aRH/+-SIF N = 11). H–I: Spatial learning
and memory in the MWM task: H: Latency to reach platform during cue task and spatial training (average of 4 trials per day (D)). I: Probe test (24 h after training
completion) represented as proportion of time spent searching platform in the four quadrants (R: Right, T: Target, L: Left, Op: Opposite). The target quadrant (where
the platform was located) is highlighted with a different pattern. Persistence in target quadrant is compared to chance level (considered at 25%) (dotted line). In all
panels, except C, grey traces represent data obtained with SIH protocol from Figs. 2 and 3, displayed for comparison. See Supplementary Statistics Tables for details
on statistics.
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et al., 2010; Tao et al., 2016). Shorter recurrent hyperthermic seizures
have been less studied, but some reports showed that they can induce
memory dysfunctions and propensity to hyperexcitability of neuronal
circuits, without an overt epileptic phenotype (Chang et al., 2003; Tsai
and Leung, 2006). Recently, the effect of hyperthermic long seizures/
status epilepticus has been investigated in Scn1aRH/+ mice in the C57BL/
6J genetic background, observing worsening of the epileptic phenotype
and behavioral alterations (Dutton et al., 2017). However, as pointed
out above, long seizures can induce these effects per se. We investigated
the long-term effect of brief (< 1 min) and recurrent hyperthermic
seizures (SIH protocol) induced in asymptomatic 129:B6 Scn1aRH/+

mice at the age of seizure onset for Scn1a mouse models (Dutton et al.,
2017; Oakley et al., 2009; Ogiwara et al., 2007), which correspond to
the plateau for the expression of NaV1.1 in mouse brain (Ogiwara et al.,
2007). Notably, all Scn1aRH/+ mice developed chronic spontaneous

GTCs and interictal spikes after our SIH protocol, showing a much more
severe epileptic phenotype than that observed after long seizures/status
epilepticus (Dutton et al., 2017).

SIH also induced important behavioral and cognitive alterations in
Scn1aRH/+ mice, which were similar to the cognitive decline (deficits of
language, attention, working and spatial memory) and behavioral
dysfunctions (hyperactivity, repetitive behaviors and social interaction
problems) exhibited by DS patients (Chieffo et al., 2011; Olivieri et al.,
2016; Ragona et al., 2011; Villeneuve et al., 2014). Similar alterations
(hyperactivity, social interaction deficits and impairments of learning
and memory) were also reported in epileptic Scn1a DS mouse models
(Han et al., 2012; Ito et al., 2013). A study performed with the Scn1aRX/

+ DS model also showed modifications of anxiety (Ito et al., 2013),
which we did not observe in Scn1aRH/+–SIH mice. Social interaction
deficits were also reported in Scn1aRH/+ mice after hyperthermic long

Fig. 7. Induced seizures cause ECoG spectral modifications in Scn1aRH/+ mice.
A: Representative spectrograms of ECoG recordings, between 0 and 50 Hz, during 7 days selected from the whole 49-day recording period, the theta frequency band
(TB) is indicated by the arrow. The cumulative power of different frequency bands is displayed in 1 min bins, with sequences of light/dark vertical columns indicating
circadian 24 h ECoG power-density cycles. GTC seizures in Scn1aRH/+-SIH and Scn1aRH/+-SIF mice are highlighted with asterisks, and characterized by a long lasting
post-ictal depression (generalized decrease in spectral power, visible as a dark vertical stripe in the diagram). B–E: Longitudinal analysis of the pooled average
spectral powers for whole period of ECoG recordings for Scn1aRH/+ (N = 5), Scn1aRH/+-SIH (N = 7) and Scn1aRH/+-SIF (N = 8) mice; B: Power spectrum pooled for
the whole period of recording for each group. C: Total power quantified on the power spectrum; D: Peak power of the theta band (7–9 Hz) normalised to the total
power. E: Power of the gamma band (60-100 Hz) normalised to the total power. F–L: Detailed spectral analysis performed on a 24 h window in periods without
epileptiform activity at age P60 and differentiating REM sleep, slow wave sleep (SWS) and wake (AW) periods, from Scn1aRH/+ (N = 8), Scn1aRH/+-SIH (N = 8) and
Scn1aRH/+-SIF (N = 7) mice recordings; F: Representative ECoG traces recorded during REM sleep. G–I: power spectra of REM sleep (G), SWS (H) and AW (I)
considering selected periods in the 24 h window. J: Total power quantified from the power spectra for the three vigilance states. K: Peak power of the theta band
(7–9 Hz) normalised to the total power. L: Gamma (60-100 Hz) power normalised to the total power. See Supplementary Statistics Tables for details on statistics.
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seizures/status epilepticus (Dutton et al., 2017). These deficits are con-
sidered autistic-like behaviors (Berkvens et al., 2015), although clinical
studies have reported that autistic traits are mild, if present at all, in DS
patients, and social interaction deficits could be instead due to their
motor and cognitive deficits (Ceulemans, 2011; Villeneuve et al., 2014).
Scn1aRH/+ mice not submitted to the SIH protocol did not display be-
havioral/cognitive dysfunctions in our study. Mild dysfunctions in
Scn1aRH/+ mice have been observed in some studies (Purcell et al.,
2013; Sawyer et al., 2016), but not in others (Dutton et al., 2017), and
the difference could be mouse strain background-related.

Phenotype worsening in Scn1aRH/+-SIH mice was not associated
with overt neuronal loss, altered neurogenesis or microglia activation in
the hippocampus. These effects are often observed in adulthood in ro-
dent models of temporal lobe epilepsy, but not after induction of hy-
perthermic seizures/status epilepticus in rodent pups (Dubé et al., 2007;
McClelland et al., 2011). Notably, in Scn1aRH/+-SIH mice we observed
a reduction of calbindin immunostaining in the DG, where it is ex-
pressed mainly by granule cells, and hyperexcitability of DG granule
cells, consistent with a seizure-induced remodeling of their properties.
Notably, CA1 pyramidal neurons' excitability remained unaltered. This
is consistent with a neuronal-subtype specific pathological remodeling,
with DG granule cells being particularly sensitive.

Overall, these results demonstrate that short recurrent hyperthermic
seizures can cause remodeling of neuronal excitability in Scn1aRH/+

mice and transform their phenotype from mild/asymptomatic to severe
DS-like. Yet, they do not disclose if the genetic mutation is necessary for
seizure-dependent phenotype worsening and remodeling.

4.2. The Scn1a mutation is necessary for seizure-dependent phenotype
worsening and remodeling

To disclose the role of the mutation, we induced seizures in both
Scn1aRH/+ mice and WT littermates with the convulsant flurothyl (SIF)
(Holmes et al., 1998), mimicking as close as possible seizure features
observed with the SIH protocol. Scn1aRH/+-SIF mice showed a DS-like
phenotype that was identical to that of Scn1aRH/+-SIH mice, as well as a
similar remodeling of neuronal excitability. Importantly, flurothyl sei-
zures did not induce phenotypic alterations and remodeling in WT lit-
termates. Flurothyl has been used to evaluate the effects of seizures
induced in WT rodent pups (up to 100 seizures induced between P1 and
P15) (Holmes et al., 1998, 2015). This did not lead to spontaneous
seizures, but induced memory and sociability deficits when tested
2–3 weeks after the induction. However, long term effects are more
controversial because only very mild dysfunctions were observed
after > 4 weeks (Barry et al., 2016; Huang et al., 1999). A recent study
reported that induction of short seizures with flurothyl in adult C57BL/
6J mice led to the appearance of spontaneous seizures, the frequency of
which peaked in the first week after the end of the induction and re-
mitted within one month (Kadiyala et al., 2016). Differences in the
effect of Flurothyl-induced seizures in WT rodents could be age- or
species/strain-related.

Altogether, our results demonstrate that the Scn1a genetic muta-
tion/variant is necessary for the remodeling caused by short repeated
seizures experienced in the period of disease onset for Scn1a mouse
models, which lead to the induction of a severe persistent phenotype in
apparently asymptomatic Scn1aRH/+ mice, but have no significant ef-
fect in WT littermates. Notably, the effect is not dependent on the sei-
zure trigger, because hyperthermia and flurothyl induced the same
phenotype in mutant mice.

4.3. Dysfunctions of neuronal excitability in mouse models of Scn1a
epileptogenic mutations

We have observed hyperexcitability of DG granule cells in adult
Scn1aRH/+ mice after induction of seizures, but not in pyramidal neu-
rons from the CA1 area of the hippocampus. Hyperexcitability of

pyramidal neurons in the CA3 area of the hippocampus has been ob-
served in Scn1aRH/+ mice after induction of hyperthermic long sei-
zures/status epilepticus (Dutton et al., 2017), and increased excitability
of pyramidal neurons of Scn1a+/− DS mice has been reported after the
age of seizure onset (Mistry et al., 2014). However, the most consistent
direct effect of epileptogenic Scn1a mutations is loss of function of
NaV1.1 channels, leading to hypoexcitability of GABAergic neurons
(Favero et al., 2018; Guerrini et al., 2014; Hedrich et al., 2014; Ogiwara
et al., 2007; Stern et al., 2017; Tsai et al., 2015; Yu et al., 2006). This
effect is supported by the severe phenotype of conditional mouse
models in which Scn1a was selectively deleted only in PV-positive
GABAergic neurons (Dutton et al., 2013; Ogiwara et al., 2013;
Rubinstein et al., 2015). Albeit at lower levels than in GABAergic
neurons, NaV1.1 is also expressed in excitatory neurons, in which DS
mutations can cause mild hypoexcitability (De Stasi et al., 2016; Tai
et al., 2014), ameliorating the phenotype of DS mouse models (Ogiwara
et al., 2013). Thus, hyperexcitability of excitatory neurons is observed
only in Scn1a mouse models that experienced seizures, consistent with
an age- and neuron subtype-specific pathological remodeling induced
by seizures. Notably, our results show that this remodeling is caused by
the interaction between seizures and the Scn1a mutation.

4.4. Effect on brain rhythms

Alterations of EEG oscillations have been reported in DS patients
(Holmes et al., 2012). Although brain rhythms are important for cog-
nitive functions, these features had not thoroughly been investigated
thus far in animal models of Scn1a mutations. Modifications of theta
and delta rhythms have been reported in Scn1a knock-out mice (Kalume
et al., 2015), and of gamma oscillations in mouse models of Alzheimer's
disease (in which NaV1.1 expression is reduced, leading to epileptiform
activities) (Verret et al., 2012). We have quantified brain rhythms in
ECoG recordings, focusing on theta and gamma rhythms because of
their contribution to cognitive functions. The circadian pattern was
conserved in all groups of mice, and the analysis showed that the main
overall modifications were an increase of theta power and a decrease of
gamma power in both Scn1a+/−-SIH and Scn1a+/−-SIF mice, although
specific modifications were condition- and vigilance state-dependent.
Notably, we observed similar effects in WT littermates after the SIF
protocol. Therefore, these alterations could represent direct effects of
seizures that do not depend on the Scn1a mutation, but they are not
involved in the generation of the cognitive/behavioral dysfunctions
that we observed, since WT-SIF mice display normal phenotype.

4.5. Potential clinical relevance of these findings

We examined two closely related questions with clinical relevance:
the reasons for phenotypic variability of a given mutation in different
individuals, and if seizures can induce severe phenotypes. Our results
are not consistent with the concept of DS as pure channelopathy or DE
(Scheffer et al., 2017), but suggest that seizures are important con-
tributors to the development of severe phenotypes in carriers of SCN1A
variants, and that therapeutic approaches should aim at reducing their
occurrence as much as possible. This finding is important for DS/GEFS
+ mutations, but possibly also for more common epilepsies in which
SCN1A variants have been identified as risk factors (Epi4K consortium
and Epilepsy Phenome/Genome Project, 2017; EPICURE Consortium
et al., 2012; ILAE, 2014; Kasperaviciute et al., 2013). SCN1A muta-
tions/variants may increase the risk that seizures induce deleterious
effects on the brain. In fact, in our model, the genetic mutation is im-
portant not only for inducing hyperexcitability in neuronal networks
that triggers seizures, but also as a key element for the development of
pathological remodeling and for long-lasting behavioral and cognitive
dysfunctions induced by seizures, which are not directly linked to the
effect of the mutation on the function of NaV1.1 channels (Fig. 8).
Notably, the pathological remodeling induced by the interaction
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between mutation and seizures overcomes the effect of modifier genes
that can improve the phenotype of Scn1a models and that have been
recently identified comparing 129 and C57BL/6 mice (Hawkins et al.,
2016). Mechanisms and factors that link mutations/variants and sei-
zures to remodeling leading to pleiotropy should be better elucidated
and could provide innovative therapeutic targets. Overall, our results
are important for SCN1A-related disorders, but also as a general ex-
ample for the identification of risk factors in a precision medicine fra-
mework.
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