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eLife Assessment
This important study advances our understanding of how FGF13 variants confer seizure suscep-
tibility. By acting in a set of inhibitory interneurons, FGF13 regulates synaptic transmission and 
excitability. The data presented here are convincing and combine cell type-specific knockouts and 
electrophysiology, complemented by histology/RNA studies. Collectively, this research will be of 
interest to a wide audience, particularly those involved in the study of epilepsy, inhibitory neurons, 
and ion channels.

Abstract Developmental and epileptic encephalopathies (DEEs), a class of devastating neuro-
logical disorders characterized by recurrent seizures and exacerbated by disruptions to excitatory/
inhibitory balance in the brain, are commonly caused by mutations in ion channels. Disruption of, or 
variants in, FGF13 were implicated as causal for a set of DEEs, but the underlying mechanisms were 
clouded because FGF13 is expressed in both excitatory and inhibitory neurons, FGF13 undergoes 
extensive alternative splicing producing multiple isoforms with distinct functions, and the overall 
roles of FGF13 in neurons are incompletely cataloged. To overcome these challenges, we generated 
a set of novel cell-type-specific conditional knockout mice. Interneuron-targeted deletion of Fgf13 
led to perinatal mortality associated with extensive seizures and impaired the hippocampal inhib-
itory/excitatory balance while excitatory neuron-targeted deletion of Fgf13 caused no detectable 
seizures and no survival deficits. While best studied as a voltage-gated sodium channel (Nav) regu-
lator, we observed no effect of Fgf13 ablation in interneurons on Navs but rather a marked reduction 
in K+ channel currents. Re-expressing different Fgf13 splice isoforms could partially rescue deficits in 
interneuron excitability and restore K+ channel current amplitude. These results enhance our under-
standing of the molecular mechanisms that drive the pathogenesis of Fgf13-related seizures and 
expand our understanding of FGF13 functions in different neuron subsets.

Introduction
Developmental and epileptic encephalopathies are a devastating group of rare epilepsies and neuro-
developmental disorders (Scheffer et al., 2016; Scheffer et al., 2017; Scheffer and Liao, 2020) that 
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affect 4 in 10,000 infants per year (Covanis, 2012; Ware et al., 2019). DEEs are characterized by 
repeated seizures, severe developmental delay, and are often drug resistant. Febrile seizures, which 
are more common in young children, can contribute to the progression of disease (Skotte et al., 
2022). DEEs are lethal when the seizures lead to sudden unexpected death in epilepsy (SUDEP; 
Scheffer and Nabbout, 2019; Chilcott et al., 2022; Donnan et al., 2023). Although not all DEEs 
have been linked to a genetic basis, variants in ion channels and their auxiliary proteins are among the 
best-characterized genetic causes for DEEs, and sodium channelopathies have been identified as a 
top cause (Meisler et al., 2021).

Epilepsy-associated variants in voltage-gated sodium channels, necessary for action potential 
initiation, exert gain-of-function effects in excitatory neurons or loss-of-function effects in inhibitory 
neurons, leading to an overall pro-excitatory state. Gain-of-function variants in SCN8A coding for the 
neuronal sodium channel NaV1.6 (Adam et al., 1993; Bunton-Stasyshyn et al., 2019; Meisler, 2019; 
Talwar and Hammer, 2021) or SCN2A coding for NaV1.2 (Kim et al., 2020; Li et al., 2021Miao et al., 
2020) affect excitatory neurons of the forebrain, and lead to network hyperexcitability that drives 
seizures. In contrast, loss-of-function variants in SCN1A coding for NaV1.1, the most abundant NaV 
expressed in forebrain inhibitory neurons, reduce inhibitory drive to excitatory neurons and thus drive 
network hyperexcitability as the mechanism for seizures (Vormstein-Schneider et  al., 2020; Ding 
et al., 2021). Variants in NaV1.1 underlie the most common genetic subgroup in the prototypical DEE, 
Dravet Syndrome (Scheffer and Nabbout, 2019; Han et al., 2020, Brunklaus et al., 2022; He et al., 
2022). DEEs also result from variants in NaV auxiliary subunits, such as in the NaV beta subunit SCN1B 
(Patino et al., 2009; Ogiwara et al., 2012; Kim et al., 2013; Ramadan et al., 2017; Bouza and Isom, 
2018; Hull et al., 2020) as well as FGF12 (Siekierska et al., 2016; Oda et al., 2019; Saleem et al., 
2024) and FGF13 (Puranam et al., 2015; Fry et al., 2021, Velíšková et al., 2021; Narayanan et al., 
2022), both fibroblast growth factor homologous factors (FHFs; Goldfarb, 2005).

Here, we focus on FGF13, which is expressed in both excitatory and inhibitory neurons (Puranam 
et al., 2015; Joglekar et al., 2021). Like other members of the FHF family (FGF11-14), FGF13 is 
a non-canonical fibroblast growth factor that is not secreted and does not bind to FGF receptors 
(Schoorlemmer and Goldfarb, 2001; Olsen et al., 2003). FHFs reside in the cytoplasm where they 
can bind to the intracellular C-terminus of various NaVs and modulate their function (Goldfarb, 2005; 
Pablo et al., 2016). FGF13 has been shown to be upregulated in the hippocampus of a temporal lobe 
epilepsy mouse model, whereas knockdown of Fgf13 attenuated hyperexcitability in hippocampal 
cells (Shen et al., 2022). Other FGF13 functions, such as the regulation of microtubules (Wu et al., 
2012), control of mitogen-activated protein kinases (Lu et al., 2015), and effects on neurodevelop-
ment (Nishimoto and Nishida, 2007) including development of chandelier cells (Favuzzi et al., 2019) 
have been ascribed, but less well characterized. Moreover, the full complement of FGF13 functions 
has yet to be defined, obscuring insight into how FGF13 variants lead to DEEs.

While DEE associated variants in FGF13 are thought to affect NaV function, this has not been 
demonstrated in neurons and the contribution of other FGF13 functions has not been investigated, 
thus preventing an understanding of disease pathology and the development of precision therapies. 
Lack of mechanistic clarity also arises because DEE associated variants in FGF13 have been proposed 
to cause gain-of-function effects in excitatory neurons (Fry et al., 2021) or via an apparently contra-
dictory loss-of-function mechanism in inhibitory neurons (Puranam et al., 2015). Further complicating 
mechanistic understanding, FGF13 can generate multiple isoforms, driven by alternative promoter 
usage and consequent alternative splicing, with different but overlapping functions (Munoz-Sanjuan 
et al., 2000; Puranam et al., 2015). We recently discovered that alternatively spliced Fgf13 mRNAs 
exhibit distinct cell type-specific expression in the mouse cortex. In the developing mouse brain excit-
atory neurons express almost exclusively Fgf13-S while inhibitory neurons express both Fgf13-S and 
Fgf13-VY, a notable example of differential expression of an alternatively spliced neuronal gene in 
excitatory vs. inhibitory neurons (Furlanis et al., 2019; Joglekar et al., 2021). This cell-type-specific 
alternative splicing pattern is similar to other genes which are implicated in the control of synaptic 
interactions in the hippocampus (Furlanis et al., 2019), yet the differential splicing complicates the 
understanding of current models.

DEE-associated variants in FGF13 have been identified in FGF13-S and modeled as causing pro-
excitatory NaV channel dysfunction in excitatory neurons. Conversely, a maternally transmitted chro-
mosomal translocation that disrupts the X-linked FGF13 locus and eliminates FGF13-VY expression 
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while preserving expression of FGF13-S causes a seizure disorder in two brothers (Puranam et al., 
2015). Thus, how FGF13 variants confer seizure susceptibility is unclear. Finally, whether FGF13 vari-
ants even exert their effects through NaV dysfunction or through alternative mechanisms has not been 
defined.

We generated a series of conditional knockout mouse lines to probe FGF13 function in excit-
atory and inhibitory hippocampal neurons and investigated the isoform-specific and cell type mech-
anisms by which variants in Fgf13 cause DEEs. We define a critical role for FGF13 in interneurons but 
not excitatory neurons underlying a pro-excitatory state associated with seizures. Moreover, as we 
observe limited effects on NaV currents underlying the changes associated with a pro-excitatory state, 
our data add to growing observations that FGF13 can function independently of NaVs.

Results
Whole brain knockout of Fgf13 results in spontaneous seizures and 
premature death
To determine how FGF13 affects neuronal excitability and provide insight into how FGF13 variants 
contributes to seizure disorders, we developed genetic mouse models that eliminate Fgf13 in specific 
neuronal cell types. We started by eliminating the X-linked Fgf13 in all neurons, crossing a male Nestin-
Cre driver with a Fgf13fl/fl female mouse from a previously validated line (Wang et al., 2017; Figure 1A) 
to generate hemizygous male Fgf13 knockouts (Nes-cre;Fgf13fl/Y or ‘Nestin-Fgf13 cKO’) and heterozy-
gous females (Fgf13fl/+ or ‘Nestin-Fgf13 Het’) alongside wild type (WT) littermates. We validated our 
mouse lines by examining the hippocampus, where Fgf13 is highly expressed (Pablo et al., 2016) and 
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Figure 1. Whole brain knockout of Fgf13 results in premature death and seizure susceptibility. (A) Breeding scheme to generate Nestin-Fgf13 cKO, 
Nestin-Fgf13 Het, and wildtype littermates. (B) Western blots of whole brain Nestin-Fgf13 cKO (KO) and wildtype (WT) littermates at P2 validates Fgf13 
knockout. Tubulin used as a loading control. (C) Fluorescent immunohistochemistry of hippocampal tissue validates Fgf13 knockout (scale bar, 100 μm). 
(D) Survival curve of Nestin-Fgf13 cKO mutant mice shows decreased survival at 1 month of age (log-rank test, ****, p<0.0001). (E) Body mass at P14 
shows Nestin-Fgf13 cKO are smaller in size (t-test, **, p<0.01). (F) Nestin-Fgf13 cKO are susceptible to hyperthermia-induced seizures (log-rank test, 
****, p<0.0001), unlike wildtype littermates.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Original TIFF files saved from BioRad Gel doc system for gels shown in Figure 1B, together with a PDF file identifying the respective 
portions displayed.Figure 1B.

Figure supplement 1. Fgf13 splice variants are differentially expressed in hippocampal cell types.

Figure supplement 1—source data 1. Original TIFF files saved from BioRad Gel doc system for gels shown in Figure 1—figure supplement 1B, 
together with a PDF file identifying the respective portions displayed.

https://doi.org/10.7554/eLife.98661
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which has previously been implicated in FGF13-related seizure pathology (Puranam et al., 2015; Shen 
et al., 2022) and cognition (Wu et al., 2012). In hippocampus from WT mice, western blotting with 
a pan-FGF13 antibody that recognizes all FGF13 isoforms detected four distinct bands that we were 
able to assign to specific FGF13 isoforms by running standards (isoform specific cDNAs expressed in 
HEK293 cells; Figure 1, Figure 1—figure supplement 1). In hippocampi from Nestin-Fgf13 cKO brains 
we observed near complete absence of FGF13 (Figure 1B) by western blot and by immunohistochem-
istry (Figure 1C). In WT mice, FGF13 signal is prominent in the hippocampal pyramidal cell layer as 
well as in sparse presumed interneuron somata (see below) throughout all layers. Offspring were born 
at expected Mendelian ratios (Table 1), but all Nestin-Fgf13 cKO male mice died before weaning 
with a median survival age of 17  days postnatal (P17; Figure  1D). Nestin-Fgf13 Het females also 
exhibited postnatal death, with only 60% surviving past 1 month (Figure 1D), implying a gene dosage 
effect of Fgf13 loss. Nestin-Fgf13 cKO male mice 
suffered spontaneous seizures in their home cage 
(Video 1) as early as P12, followed by premature 
death (Figure 1D), consistent with mouse models 
of DEE that exhibit SUDEP (Bunton-Stasyshyn 
et al., 2019; Han et al., 2020). Nestin-Fgf13 cKO 
males were smaller than their wild type littermates 
by P14 (Figure  1E), suggesting developmental 
delay, likely a consequence of recurrent seizures 
and consistent with DEE mouse models (Yu et al., 
2006; Kalume et al., 2013; Teran et al., 2023).

As febrile seizures are a hallmark of early devel-
opmental onset epilepsy and were observed in 
subjects with a gene translocation that disrupted 
the FGF13 locus (Puranam et al., 2015), we tested 
hyperthermia-induced seizure susceptibility in 
the Nestin-Fgf13 cKO male mice, following a 
modified protocol (Cheah et al., 2012; Puranam 
et al., 2015). Mice were tested at P12, the age 
at which we first observed spontaneous home 
cage seizures. Briefly, mice were acclimated to 
the testing chamber and a heat lamp was used to 
increase core body temperature at a steady rate 
of 0.5  °C every 2  min until 42.0  °C to simulate 
fever onset. All Nestin-Fgf13 cKO males exhib-
ited tonic-clonic seizures during the hyperthermic 
seizure protocol while wild type mice remained 
seizure free (Figure 1F).

Table 1. Mutant mice are born in Mendelian ratios.

Mouse strain Probability density function

Nestin-Fgf13 0.23

Gad2-Fgf13 0.22

Nkx2.1-Fgf13 0.24

Emx1-Fgf13 0.21

Mutant mice were born in expected Mendelian ratios. Despite embryonic targeted deletion of Fgf13, mutant 
suffered no prenatal mortality related to developmental deficits.

Video 1. Nestin-Fgf13 cKO male mice suffered 
spontaneous seizures in their home cage. Example 
spontaneous seizure activity is shown.

https://elifesciences.org/articles/98661/figures#video1

https://doi.org/10.7554/eLife.98661
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Excitatory neuronal knockout of Fgf13 does not result in spontaneous 
seizures
Excitatory neurons have been the focus of most studies investigating Fgf13 dysfunction. Fgf13 defi-
ciency in excitatory forebrain neurons is linked to neurodevelopmental delay and cognitive impair-
ment (Wu et  al., 2012), and excitatory neurons are hypothesized to be the relevant cell type for 
seizures in a DEE associated with FGF13 variants (Fry et al., 2021). To test the contribution of excit-
atory neurons to the seizure and SUDEP phenotype identified in Nestin-Fgf13 cKO mice, we gener-
ated an excitatory neuron-targeted knockout mouse using an Emx1-Cre driver (Gorski et al., 2002). 
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Figure 2. Excitatory neuronal knockout of Fgf13 does not result in premature death and seizure susceptibility. (A) Western blot shows partial loss of 
Fgf13 from Emx1-Fgf13 cKO hippocampal tissue, compared to full knockout in Nestin-Fgf13 cKO hippocampus. Vinculin used as a loading control. (B) 
Fluorescent immunohistochemistry of hippocampal tissue validates Fgf13 knockout (scale bar, 100 μm). (C) Emx1-Fgf13 cKO mutant mice survive past 1 
month of age (log-rank test, p=ns). (D). Body mass at postnatal day 14 (P14) shows that Emx1-Fgf13 cKO are not different in size (scale bar, 2 cm) (t-test, 
p=ns). (E) Emx1-Fgf13 cKO are not susceptible to hyperthermia induced seizures (log-rank test, p=ns). (F) EEG recordings during hyperthermia protocol 
show Emx1-Fgf13 cKO do not exhibit heat-induced seizures. (G) Emx1-Fgf13 cKO neurons exhibit diminished long-term inactivation (two-way ANOVA, 
*, p<0.05), though the deficit is not sufficient to cause seizures (WT, N=2, n=15; KO, N=2, n=15). Example traces for WT and Emx1-Fgf13 cKO neurons 
are shown on the left.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Original TIFF files saved from Bio-Rad Gel doc system for gels shown in Figure 2A, together with a PDF file identifying the respective 
portions displayed.

Figure supplement 1. Excitatory neuronal knockout of Fgf13 results in loss of FGF13-S.

Figure supplement 1—source data 1. Original TIFF files saved from Bio-Rad Gel doc system for gels shown in Figure 2—figure supplement 1, 
together with a PDF file identifying the respective portions displayed.

Figure supplement 2. Excitatory neuronal knockout of Fgf13 does not result in sodium current deficits.

https://doi.org/10.7554/eLife.98661
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We assessed efficacy of knockout by western blot using the pan-FGF13 antibody. In Emx1-Fgf13 cKO 
mice, western blots showed the loss of two FGF13 isoforms (Figure  2A), FGF13-S and FGF13-U, 
consistent with single-cell long-read RNA sequencing that showed that excitatory neurons predomi-
nantly express FGF13-S (Joglekar et al., 2021), which we confirmed with a FGF13-S specific antibody 
(Figure 2—figure supplement 1). FGF13-VY and FGF13-V, the major isoforms expressed in inhibitory 
interneurons (Joglekar et al., 2021), were preserved. Thus, these data confirm at the protein level 
the differential expression of specific Fgf13 transcripts in excitatory vs. inhibitory neurons observed by 
single cell RNA sequencing. Fluorescent immunohistochemistry of hippocampi from Emx1-Fgf13 cKO 
showed loss of FGF13 from the CA1 pyramidal cell layer but maintenance of FGF13 signal from sparse 
putative interneuron somata (Figure 2B). Emx1-Fgf13 cKO mice were born at expected Mendelian 
ratios (Table 1) and all survived to adulthood (Figure 2C), similar to a previous report (Wu et al., 2012). 
Average body size and mass at P14 revealed no differences between wild type and Emx1-Fgf13 cKO 
genotypes (Figure 2D). None of the Emx1-Fgf13 cKO succumbed to seizures during the hyperthermia 
protocol (Figure 2E), and EEG recordings during the hyperthermia protocol confirmed no seizure 
activity in Emx1-Fgf13 cKO or wild type mice (Figure 2F). These data show that loss of Fgf13 from 
excitatory forebrain neurons is not sufficient to induce seizure susceptibility.

The mechanism by which DEE-associated variants in FGF13-S contribute to a pro-excitatory state 
and seizures was hypothesized to be loss of a FGF13-S-dependent long-term inactivation, a process 
that describes a successive reduction in peak NaV current following repetitive depolarizations and 
is thought to derive from accreting channel pore blockade by the alternatively spliced N-terminus 
of FGF13-S (Fry et al., 2021). Whether FGF13-S confers long-term inactivation in neurons has not 
been demonstrated. We employed the knockout model to assess the effects of FGF13-S on NaV 
currents in Emx1+ excitatory neurons and determine if FGF13-S bestows long-term inactivation. We 
cultured hippocampal neurons from Emx1-Fgf13 cKO or wild type littermates (Emx-Cre) and infected 
them with a Cre-dependent AAV8-DIO-GFP virus to allow identification of the Emx1+ neurons by 
GFP (Figure 2—figure supplement 2A). The major neuronal voltage gated sodium channels (NaV1.1, 
NaV1.2, NaV1.3, and NaV1.6) are expressed in these neuron cultures consistent with levels previously 
reported (Heighway et al., 2022), as assessed by reverse transcriptase quantitative polymerase chain 
reaction (Figure 2—figure supplement 2B). Current density and the I-V relationship were not different 
between WT and Emx1-Fgf13 cKO neurons (Figure 2—figure supplement 2C), and the V1/2 of steady-
state inactivation was not significantly different in Emx1-Fgf13 cKO neurons compared to WT controls 
(Figure 2—figure supplement 2D). To assess for long-term inactivation, we applied successive depo-
larizations (Figure 2G) and observed successive reductions in peak current in WT neurons, a process 
blunted in Emx1-Fgf13 cKO neurons. Thus, although Fgf13 ablation in Emx1+ neurons diminished 
long-term inactivation—similar to that observed for DEE associated variants in FGF13-S expressed in 
Neuro2A cells (Fry et al., 2021)—these data suggest that FGF13-S dysfunction in excitatory neurons 
is an unlikely contributor to a pro-excitatory state and seizures.

Inhibitory neuron knockout of Fgf13 recapitulates spontaneous 
seizures and premature death in complete neuronal knockout
Since Fgf13 knockout in excitatory neurons did not recapitulate the seizure phenotype seen in the 
Nestin-Fgf13 cKO animals, we suspected that absence of Fgf13 specifically in inhibitory interneurons 
may be playing the critical role. With immunohistochemistry on brains from mice in which a Gad2-Cre 
driver (Taniguchi et al., 2011) expressed a Cre-dependent GFP (Ai6) reporter (Madisen et al., 2010) 
in inhibitory interneurons (Figure 3—figure supplement 1A–B), one-third of the GFP+ interneurons 
expressed FGF13 at P13 (Figure 3A). We eliminated Fgf13 specifically in inhibitory neurons by crossing 
the Gad2-Cre driver and Fgf13fl/fl mice. The FGF13 signal by immunohistochemistry was completely 
eliminated from the GFP+ cells in mouse brains also expressing GFP from the Gad2-Cre driver while 
the diffuse staining pattern in the excitatory pyramidal cell layer and overall hippocampal morphology 
were unaffected (Figure 3—figure supplement 1A–B). Further, higher magnification images showed 
that in Gad2-Fgf13 cKO mice the FGF13+ staining in sparse somata (presumed interneurons above) 
was completely eliminated (Figure 3B). Western blots with the pan-FGF13 antibody showed partial 
depletion of FGF13 in Gad2-Fgf13 cKO (Figure 3C), with the most significant reduction in FGF13-VY 
and FGF13-Y while FGF13-S was partially spared, consistent with our analysis of splice-variant specific 
transcript data (Joglekar et al., 2021).

https://doi.org/10.7554/eLife.98661
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Figure 3. Inhibitory neuronal knockout of Fgf13 recapitulates premature death and seizure susceptibility. (A) Quantification of hippocampal interneuron 
histology reveals 31% of Gad2+ interneurons co-express FGF13. (B) Fluorescent immunohistochemistry of hippocampal tissue validates Fgf13 knockout 
in sparse inhibitory interneurons (scale bar, 50 μm). (C) Western blot validates partial loss of Fgf13 from Emx1-Fgf13 cKO and Gad2-Fgf13 cKO 
hippocampal tissue, and full knockout in Nestin-Fgf13 cKO mice. Vinculin used as a loading control. (D) Gad2-Fgf13 cKO mutant mice have survival 
deficits around 1 month of age (log-rank test, ****, p<0.0001). (E) Body mass at P14 shows Gad2-Fgf13 cKO are smaller in size than wildtype littermates 
(t-test, ****, p<0.001; scale bar, 2 cm) and brains from Gad2-Fgf13 cKO mice are smaller (t-test, ***, p<0.001; scale bar, 0.5 cm). (F) Gad2-Fgf13 cKO mice 
are susceptible to hyperthermia induced seizures (log-rank test, ***, p<0.001). (G) Example EEG recording of wildtype and Gad2-Fgf13 cKO mice during 
hyperthermia protocol. Insets show (i) example interictal spike, (ii) and (iii) tonic-clonic seizures.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Original TIFF files saved from Bio-Rad Gel doc system for gels shown in Figure 3C and PDF, together with a identifying the respective 
portions displayed.

Figure supplement 1. Characterization of FGF13 abundance in hippocampus of Gad2-Fgf13 cKO mice.

Figure supplement 2. Fgf13 splice variants are differentially expressed in hippocampal cell types.

Figure supplement 3. An unbiased metabolomic analysis on whole brain lysate from Gad2-Fgf13 cKO and wildtype mice reveals marked differences 
between genotypes.

Figure supplement 4. Knockout of Fgf13 from MGE-derived interneurons recapitulates premature death and seizure susceptibility.

https://doi.org/10.7554/eLife.98661
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In conjunction with the generation of the Nestin-Fgf13 cKO and Emx1-Fgf13 cKO mice, the 
Gad2-Fgf13 cKO mice provided the opportunity to validate and extend the previously published 
transcript data (Joglekar et  al., 2021) and the protein (western blots in this study) data in cell-
type-specific knockout models. Using BaseScope in situ hybridization we characterized Fgf13-S 
and Fgf13-VY expression in intact hippocampi on fixed frozen tissue. We detected diffuse Fgf13-S 
expression in excitatory cell layers while Fgf13-VY expression was concentrated in interneuron somata 
in wild type hippocampi (Figure 3—figure supplement 2A–B). Quantification of the mRNA signal 
intensity revealed a decrease in Fgf13-S for genotypes in which we deleted Fgf13 in excitatory cells 
(Nestin-Fgf13 cKO and Emx1-Fgf13 cKO); meanwhile quantification of the cell somata expressing 
Fgf13-VY revealed a decrease in the Fgf13-VY+ cell count for genotypes in which we deleted Fgf13 
in interneurons (Nestin-Fgf13 cKO and Gad2-Fgf13 cKO), as shown in Figure 3—figure supplement 
2C. In situ hybridization in these knockout models confirms the splice variant-specific transcript data 
previously obtained (Joglekar et al., 2021), although we did not detect the expected decrease in 
the Fgf13-S signal in Gad2-Fgf13 cKO mice, likely because we lacked the resolution due to the over-
whelming Fgf13-S signal from excitatory neurons.

With this confirmation, we investigated the consequences of Fgf13 loss from interneurons. None 
of the male Gad2-Fgf13 cKO hemizygous knockout mice survived to adulthood (Figure 3D), similar to 
the Nestin-Fgf13 cKO male mice. The median survival in male Gad2-Fgf13 cKO mice was 14.5 days, 
and survivors at P14 were smaller than their wild type littermates (Figure 3E). Female Gad2-Fgf13 Het 
mice also had a survival deficit (Figure 3D), though less severe than their male knockout littermates, 
suggesting a gene dosage effect. Brains of male Gad2-Fgf13 cKO mice were smaller compared to 
wild type littermates, as was body size (Figure 3E).

Interneuron-specific knockout of Fgf13 increased susceptibility to seizures in the hyperthermia-
induced seizure protocol. All Gad2-Fgf13 cKO males suffered tonic-clonic seizures while wild type 
littermates did not (Figure  3F–G). Furthermore, we observed some Gad2-Fgf13 cKO males were 
susceptible to seizures during acclimation to the testing chamber, prior to the initiation of the hyper-
thermia protocol. With witnessed seizures immediately preceding death in some mice, we interpret 
that the previously noted unwitnessed premature deaths in the home cage were likely related to 
recurrent seizures. Together, these data suggest that FGF13 deficiency in inhibitory cells, rather 
than excitatory cells, is the major contributor to the seizures and premature mortality seen in the 
Nestin-Fgf13 cKO mice.

Given the seizures and mortality in the Gad2-Fgf13 cKO mice and because seizures can be asso-
ciated with neuronal death (Henshall and Simon, 2005), we considered if Fgf13 ablation led to 
loss of hippocampal interneurons. We quantified Gad2-GFP+interneurons in Gad2-GFP (Gad2-GFP 
vs. Gad2-GFP-Fgf13 cKO) mice, in which Gad2 drove both Fgf13 ablation and expression of a GFP 
reporter. We found no difference in the number of Gad2-GFP+hippocampal neurons between geno-
types (Figure 3—figure supplement 1C), indicating that Gad2-Fgf13 cKO mice did not have a deficit 
of interneurons underlying their seizure phenotype. Further, an unbiased metabolomic analysis on 
brains from Gad2-Fgf13 cKO and WT control mice revealed marked differences between genotypes 
(Figure  3—figure supplement 3 and Supplementary file 2) and several features consistent with 
severe seizures. For example, the metabolite most enriched in Gad2-Fgf13 cKO brains was L-ky-
nurenine (Log2fold change = 2.58, p=0.0009), a metabolite most enriched in patients with status 
epilepticus (Hanin et  al., 2024). Metabolite set enrichment analysis in Gad2-Fgf13 cKO vs. WT 
revealed that the most enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway among 
upregulated metabolites was glycolysis (p=4.29E-6), also consistent with data obtained in patients in 
status epilepticus (Hanin et al., 2024). The most downregulated pathway was methionine metabolism 
(p=9.88E-4), consistent with methionine synthase deficiency—an inborn error of metabolism—that 
presents with seizures (Kripps et al., 2022). Thus, this metabolomic analysis supported the severity of 
the seizure phenotype observed in Gad2-Fgf13 cKO mice.

MGE-derived interneuron knockout of Fgf13 partially recapitulates 
spontaneous seizures and premature death
As not all Gad2+ interneurons express Fgf13 (Figure 3—figure supplement 1A), we analyzed a single-
cell RNA-seq dataset from mouse CA1 interneurons (Harris et al., 2018) to search for a subpopulation 
functionally relevant to the seizure pathology. We found the highest enrichment of Fgf13 in subsets 
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assigned as axo-axonic and medial ganglionic eminence (MGE) neurogliaform/Ivy cells (Figure 3—
figure supplement 4A–B) expressing the homeodomain transcription factor Nkx2.1. Further, Fgf13 
expression has previously been identified in Nkx2.1+ MGE-derived interneurons, including axo-axonic 
chandelier cells (Paul et al., 2017; Mahadevan et al., 2021), which depend upon Fgf13 expression for 
proper development (Favuzzi et al., 2019). Single-cell profiling of human postmortem cortical tissue 
has identified high FGF13 expression in neurogliaform and parvalbumin interneurons throughout early 
development (Herring et al., 2022). While Fgf13 expression was not completely restricted to Nkx2.1+ 
MGE-derived interneurons, we thus chose an Nkx2.1-Cre driver (Xu et  al., 2008) to target Fgf13 
deletion from interneurons generated in the MGE.

Fluorescent immunohistochemistry in brain slices from Nkx2.1-Fgf13 cKO mice showed partial 
depletion of the sparse somatic distribution of FGF13+ somata observed in the Gad2-Fgf13 cKO 
mice (Figure  3—figure supplement 4C). Consistent with that result, BaseScope in situ hybrid-
ization in Nkx2.1-Fgf13 cKO mice showed a pattern similar to Gad2-Fgf13 cKO mice but with 
less complete loss of the interneuron somata (Figure 3—figure supplement 2B). Nkx2.1-Fgf13 
cKO mice were born at expected Mendelian ratios (Table 1) but only ~40% of male Nkx2.1-Fgf13 
cKO mice survived past 1 month of age (Figure  3—figure supplement 4D), consistent with a 
partial loss of FGF13 expression in hippocampal interneurons (Figure  3—figure supplement 
4C). The median survival age for male Nkx2.1-Fgf13 cKO mice was 22 days (P22), and surviving 
mutants were smaller than their wild type littermates at P14 (Figure 3—figure supplement 4E). 
Female Nkx2.1-Fgf13 Het survived to adulthood. We found that almost all male Nkx2.1-Fgf13 cKO 
suffered tonic-clonic seizures during the hyperthermia induction protocol, while wild type litter-
mates did not (Figure 3—figure supplement 4F). Because the lethality and seizure susceptibility in 
the Nkx2.1-Fgf13 cKO mice were reduced compared to the Gad2-Fgf13 cKO mice, we hypothesize 
that MGE-derived neurons are partially responsible for the phenotype observed in Gad2-Fgf13 
cKO mice. The loss of FGF13 from other interneuron classes in which FGF13 is expressed—as 
evident from single cell RNA sequencing (Figure 3—figure supplement 4A–B)—likely contributes 
to the more severe phenotype after broader inhibitory interneuron knockout by the Gad2-Cre 
driver.

A B

C D

Figure 4. Inhibitory neuronal knockout of Fgf13 results in deficits of synaptic transmission. (A) Example traces from spontaneous excitatory postsynaptic 
currents (sEPSCs). (B) Cumulative fraction (Kolmogorov Smirnov test, ****, p<0.0001) frequency, and current amplitude for sEPSCs (t-test, ****, p<0.0001, 
WT N=7, n=24; KO N=4, n=22.) (C) Example traces from spontaneous inhibitory postsynaptic currents (sIPSCs). (D) Cumulative fraction (Kolmogorov 
Smirnov test, ****, p<0.0001), frequency, and current amplitude for sIPSCs (t-test, ****, p<0.0001, WT N=3, n=26; KO N=4, n=25).

https://doi.org/10.7554/eLife.98661
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Inhibitory neuronal knockout of Fgf13 results in deficits of synaptic 
transmission
To identify if the seizure susceptibility of the Gad2-Fgf13 cKO mice is caused by loss of excit-
atory/inhibitory balance in the hippocampus, we recorded spontaneous excitatory and inhibitory 
inputs to the CA1 pyramidal cells of the dorsal hippocampus in slice recordings. Pyramidal cells in 
Gad2-Fgf13 cKO hippocampi, compared to wild type littermates, showed an increased frequency 
of sEPSCs (Figure 4A–B) and a decreased frequency of sIPSCs mice relative to wild type littermates 
(Figure 4C–D). Because there was no significant change in sEPSC or sIPSC amplitude (Figure 4B and 
D), the increased sEPSC and decreased sIPSC frequencies indicate a presynaptic and not postsynaptic 
mechanism. Together, these data suggest that ablation of Fgf13 specifically in inhibitory neurons 
(in Gad2-Fgf13 cKO mice) decreased direct and downstream inhibitory drive onto pyramidal cells, 
thereby increasing pyramidal cell excitability.

Inhibitory neuronal knockout of Fgf13 results in deficits of interneuron 
excitability
To assess the cellular mechanisms underlying decreased inhibitory drive from the inhibitory neurons 
in Gad2-Fgf13 cKO mice, we cultured hippocampal neurons from Gad2-Fgf13 cKO or wild type litter-
mates (Gad2-Cre) and infected them with a Cre-dependent AAV8-DIO-GFP virus, thus allowing iden-
tification of the Gad2+ interneurons by GFP (Figure 5A). We quantified trains of action potentials in 
response to current injection in the GFP+ neurons to assess intrinsic excitability. Increasing current 
injection augmented the number of spikes in WT (Gad2-Cre) neurons until a plateau at  ~260  pA 
(Figure 5B). At low levels (<100 pA) current injection elicited a similar number of spikes in neurons 
from Gad2-Fgf13 cKO mice (albeit spike morphology and frequency were different, see below) but 
the number of spikes then plateaued and was less than the number elicited in neurons from WT mice 
at higher amounts of current injection (Figure 5B), suggesting a decrease in intrinsic excitability in 
neurons from Gad2-Fgf13 cKO mice. Examination of individual traces revealed that more Gad2-Fgf13 
cKO cells entered depolarization block, and at lower levels of current injection than wildtype interneu-
rons (Figure 5C). The detected difference between genotypes is striking considering that only a third 
of the Gad2+ neurons from Gad2-Fgf13 cKO infected with the Cre virus would be expected to express 
FGF13 before viral Cre expression (Figure 3A).

To further investigate the mechanisms contributing to decreased excitability and depolarization 
block, we examined the first elicited action potential properties for each spike train at rheobase. 
Resting membrane potential, rheobase, and threshold potential were not different between geno-
types, Figure  5D. The single action potential wave forms and phase plots show little difference 
between Gad2-Fgf13 cKO neurons infected with the Cre virus and wild type controls (Figure 5E), 
although action potential duration measured at 50% of the amplitude (APD50) trended longer in 
the Gad2-Fgf13 cKO interneurons infected with the Cre virus (Figure 5—figure supplement 1A). 
However, we observed marked genotype differences in the second and third elicited action poten-
tials. Most notably, in Gad2-Fgf13 cKO interneurons we observed a progressive reduction in the 
action potential peak amplitude and dV/dt max, an increase in APD50, and a greater increase in 
the interspike membrane voltage (Figure 5F–G), suggesting a growing repolarization deficit in the 
Gad2-Fgf13 cKO neurons each subsequent spike, thus increasing the likelihood to undergo depolar-
ization block.

Since the first spike action potential parameters were not significantly different between Gad2-Fgf13 
cKO neurons and wild type controls, we hypothesized that loss of FGF13 had minimal effects upon 
NaV channel currents in these neurons. Indeed, we observed no differences in current amplitude nor 
steady-state inactivation between Gad2-Fgf13 cKO neurons and wild type controls (Figure 5—figure 
supplement 1B, C). Because we did not detect significant differences in NaV current properties typi-
cally associated with FGF13 in Fgf13 knockout in Gad2-Fgf13 cKO neurons, we hypothesized that 
FGF13 regulated other currents that led to the observed changes in action potentials and decrease 
in repolarization. Since in cardiomyocytes we showed that FGF13 can also affect various KV channels 
that contribute to the repolarizing phase of the cardiac action potential (Wang et al., 2017), here we 
recorded macroscopic potassium currents and observed a reduced Kv current density in Gad2-Fgf13 
cKO interneurons compared to WT neurons (Figure 5I).

https://doi.org/10.7554/eLife.98661
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Figure 5. Inhibitory neuronal knockout of Fgf13 results in deficits of interneuron excitability. (A) Examples of FGF13-stained neurons from primary 
hippocampal neuron cultures generated from Gad2-Cre wildtype (top) and Gad2-Fgf13 cKO (bottom) male mice (scale bar, 20 μm). (B) Example traces 
of AP spike trains from wildtype (left) and Gad2-Fgf13 cKO interneurons. Input-output curve shows decreased firing of evoked action potentials from 
Gad2-Fgf13 cKO interneurons (two-way ANOVA, **, p<0.01, WT N=4, n=28; KO N=4, n=26). (C) Gad2-Fgf13 cKO interneurons enter depolarization 
block at earlier current injections than wildtype interneurons (log-rank test, **, p<0.01). (D) Resting membrane potential, rheobase, and threshold 
potential for cultured wildtype and Gad2-Fgf13 cKO interneurons. (E) Action potential wave forms and phase plots (mean ± s.e.m.) for the first elicited 
action potential of the spike train for wildtype and Gad2-Fgf13 cKO interneurons. (F) Action potential wave forms and phase plots for the second and 
third action potentials of the spike train of wildtype and Gad2-Fgf13 cKO interneurons. (G) Analysis of the first three action potentials in the spike 
train show a decrease in the dV/dt max, a decrease in action potential (AP) peak, a decrease in AP amplitude, and an increase in APD50 by the third 
AP of Gad2-Fgf13 cKO interneurons (two-way ANOVA, *, p<0.05). (H) Analysis of the first three action potentials in the spike train show an increase 
in membrane potential at the end of the AP for Gad2-Fgf13 cKO interneurons (two-way ANOVA, **, p<0.01, ****, p<0.0001). (I) Example traces of K+ 

Figure 5 continued on next page
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Virally mediated re-expression of Fgf13-S and Fgf13-VY restores 
output to Gad2-Fgf13 cKO neurons
Since inhibitory neurons express both Fgf13-S and Fgf13-VY, we tested if re-expression of either of 
these isoforms in Gad2-Fgf13 cKO neurons could rescue the observed deficit in the input/output rela-
tionship. We isolated primary hippocampal neurons from Gad2-Fgf13 cKO or controls (Gad2-Cre) and 
infected them with the Cre-dependent AAV8-DIO-GFP virus along with either an AAV8-DIO-Fgf13-S 
or AAV8-DIO-Fgf13-VY. Immunocytochemistry of GFP+ neurons showed expression of endogenous 
FGF13 in Gad2-Cre cultures and the absence of FGF13 in Gad2-Fgf13 cKO cultures (Figure 6A). Infec-
tion with Fgf13-S in a Gad2-Fgf13 cKO neuron showed concentrated expression in the axon initial 
segment and membrane-enriched signal in the soma and the dendritic branches (Figure 6A) while 
infection with Fgf13-VY produced prominent signal throughout the soma and branches, demonstrating 
successful re-expression of these splice variants in the knockout background. After viral re-expression 
of Fgf13-VY or Fgf13-S, neither threshold potential nor rheobase were affected and were not different 
compared to values from either WT or Gad2-Fgf13 cKO neurons (Figure 6B). After rescue with either 
Fgf13-VY or Fgf13-S, current injection >100 pA elicited more action potentials than in Gad2-Fgf13 cKO 
neurons, suggesting that excitability was at least partially restored (Figure 6C). Indeed, compared to 
Gad2-Fgf13 cKO neurons a smaller fraction of Gad2+ cells re-expressing Fgf13-VY or Fgf13-S reached 
depolarization block when injected with >100 pA (Figure 6D), although neither Fgf13-VY nor Fgf13-S 
alone reduced the probability of conduction block to what was observed in WT neurons. Further 
analysis showed that, even though Fgf13-S or Fgf13-VY partially restored spiking, the action potential 
wave forms and the phase plots were not restored by either Fgf13-S or Fgf13-VY alone (Figure 6E). 
Examination of specific parameters revealed that neither Fgf13-S nor Fgf13-VY rescue was able to 
prevent the prolongation of APD50 nor reduction in the action potential amplitude, dV/dt max or 
action potential peak amplitude observed in Gad2-Fgf13 cKO neurons (Figure 6F), again suggesting 
that neither FGF13-S nor FGF13-VY is sufficient for maintaining excitability in Gad2 neurons. On 
the other hand, infection with Fgf13-S partially hyperpolarized the interspike membrane potential 
(compared to Gad2-Fgf13 cKO, Figure 6G), suggesting that FGF13-S increased the repolarizing K+ 
currents. Indeed, infection with Fgf13-S but not Fgf13-VY increased K+ current density to WT levels 
(Figure 6H). These data suggest that FGF13-S and FGF13-VY, both expressed in inhibitory interneu-
rons (Joglekar et al., 2021) contribute to inhibitory interneuron function and modulation of pyramidal 
neuron excitability.

Discussion
While variants in or disruption of FGF13 have been associated with DEEs (Puranam et al., 2015; 
Fry et al., 2021, Velíšková et al., 2021; Narayanan et al., 2022), the pathogenesis was unknown. 
Employing multiple cell type specific mouse knockout models complemented by isoform specific 
rescue strategies, our data reveal how FGF13 ablation contributes to seizure susceptibility and 
provide new insights into FGF13 functions in neurons. We found that Fgf13 ablation and consequent 
loss of FGF13-S and FGF13-VY in a subset of interneurons reduced overall inhibitory drive from Fgf13-
expressing interneurons onto hippocampal pyramidal neurons. Rescue experiments suggest that both 
FGF13-S and FGF13-VY isoforms are required for proper interneuron function as re-expression of 
FGF13-S or FGF13-VY only partially restored excitability (our experimental setup did not allow rescue 
with both isoforms simultaneously). Building upon our recent analysis of Fgf13 splice variant expres-
sion (Joglekar et al., 2021), our data resolve apparently conflicting reports in which reduced inhibi-
tory interneuron function, suggested as the main contributor in a global Fgf13 female heterozygous 
knockout model, (Puranam et al., 2015) contrasts with a model that proposes that FGF13 variants 

currents from wildtype and Gad2-Fgf13 cKO interneurons (left). I-V curve for K+ currents (right), (two-way ANOVA, *, p<0.05, WT N=3, n=26; KO N=5, 
n=29).

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Inhibitory neuronal knockout of Fgf13 does not result in sodium current deficits.

Figure 5 continued
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Figure 6. AAV-mediated expression of FGF13 isoforms rescues excitability deficits in Gad2-Fgf13 cKO neurons. (A) Examples of FGF13-stained neurons 
from primary hippocampal neuron cultures generated from Gad2-Fgf13 cKO male mice transduced with AAV8-DIO-GFP only, AAV8-DIO-GFP and 
AAV8-DIO-Fgf13-S, or AAV8-DIO-GFP and AAV8-DIO-Fgf13-VY (scale bar, 20 μm). (B) Gad2-Fgf13 cKO neurons expressing FGF13-VY or FGF13-S were 
not different in terms of threshold potential or rheobase, and were not different from wildtype (black line, from Figure 5) and Gad2-Fgf13 cKO neurons 
(red line, from Figure 5) (t-test, p=ns, KO +VY N=3, n=14; KO +S N=3 n=17). (C) Evoked action potential traces from Gad2-Fgf13 cKO interneurons 
expressing FGF13-VY or FGF13-S. Input-output curve shows increased firing of evoked action potentials from the FGF13-VY or FGF13-S expressing 
interneurons, relative to Gad2-Fgf13 cKO interneurons (red line, from Figure 5; black line = wild type, from Figure 5) (two-way ANOVA, *, p<0.05). (D) 
Gad2-Fgf13 cKO interneurons expressing FGF13-VY and FGF13-S do not enter depolarization block as early as Gad2-Fgf13 cKO interneurons (Red line 
[Gad2-Fgf13 cKO] and black line [wild type] are from Figure 5) (log-rank test, *, p<0.05). (E) Action potential wave forms and phase plots for the initial 
three action potentials of the spike train for FGF13-VY and FGF13-S rescued Gad2-Fgf13 cKO interneurons. The black and red lines are from Figure 5. 
(F) For the first three action potentials in the spike train, Gad2-Fgf13 cKO neurons re-expressed with FGF13-VY show no difference from Gad2-Fgf13 
cKO neurons in terms of dV/dt max, AP peak, and AP amplitude, and AP50. Gad2-Fgf13 cKO neurons re-expressed with FGF13-S show difference from 
Gad2-Fgf13 cKO neurons only for the first action potential for AP peak and AP amplitude, but not dV/dt max or AP50. (two-way ANOVA, ***, p<0.001, 
KO +S vs. KO; **, p<0.01, KO +S vs. KO). (G) FGF13-S rescued neurons show a significant decrease in membrane voltage from Gad2-Fgf13 cKO neurons 
by the third action potential in the spike train (two-way ANOVA, *, p<0.05, KO +S vs. KO). (H) Example traces of K+ currents from Gad2-Fgf13 cKO 

Figure 6 continued on next page
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within excitatory neurons drive increased excitability because of diminished long-term inactivation 
(Fry et al., 2021).

The apparent requirement of both FGF13-S and FGF13-VY extends previous studies showing their 
distinct roles in neurons (Pablo et al., 2016) and emphasizes that alternative splicing is an important 
source of protein diversity in the mammalian brain, an evolutionarily conserved feature thought to 
contribute to the nervous system’s complexity (Raj and Blencowe, 2015; Zhang et al., 2016; Karlsson 
and Linnarsson, 2017; Porter et al., 2018; Furlanis et al., 2019; Joglekar et al., 2023). Cell-specific 
alternative splicing in the brain has been posited as a mechanism to efficiently adapt to the external 
environment by quickly modifying protein activity (Lipscombe and Lopez Soto, 2019). Not only does 
FGF13 have the most extensive set of alternatively spliced isoforms among FHFs (Smallwood et al., 
1996; Munoz-Sanjuan et al., 2000; Pablo et al., 2016), but long-range single-cell sequencing data 
show that Fgf13 has a uniquely (among FHFs) segregated alternative splice variant expression pattern 
among distinct neuron cell type. Further, among all genes, Fgf13 has one of the highest differential 
isoform expression (DIE) values across multiple neuronal cell-types (Joglekar et al., 2021).

Our results are also consistent with the available patient data. The responsible splice variant(s) were 
proposed to be either FGF13-V, FGF13-VY, and FGF13-Y that were lost in two affected brothers who 
inherited a maternal balanced translocation that disrupts FGF13 on the X-chromosome and preserves 
the FGF13-S and the FGF13-U splice variants (Puranam et al., 2015) or, in contrast, FGF13-S in a 
series of unrelated individuals presenting with DEE symptoms (Fry et al., 2021). As our data suggest 
that both FGF13-S and FGF13-VY contribute within inhibitory interneurons, we provide a unifying 
explanation for those reports. Here, we were able to assess FGF13-S and FGF13-VY, chosen because 
they are most abundantly expressed isoforms in the adult mouse brain, but the inability to rescue 
electrophysiological consequences completely with either isoform alone leaves open the possibility 
that other isoforms (e.g. FGF13-U, FGF13-V) also make critical contributions.

These results also expand our understanding of how FGF13 contributes to neuronal functions, 
which have been challenging to define because of FGF13’s location on the X chromosome, the 
embryonic lethality of complete knockout models, absence of cell-type-specific knockout models, 
FGF13’s complex alternative splicing, and an incomplete cataloging of specific functions for the 
various isoforms generated. Various roles for FGF13 in inhibitory interneurons have previously been 
suggested. Fgf13 silencing in Nkx2.1-CreER targeted neurons reduced the number of chandelier cell 
boutons (Favuzzi et al., 2019) and a more general role for FGF13 in interneuron development was 
suggested by a human scRNA-seq dataset (Herring et al., 2022). Our data here, in which seizure 
susceptibility was attributable solely to Fgf13 knockout in inhibitory interneurons and our demon-
stration that Fgf13 knockout restricted to Nkx2.1-expressing neurons increased seizure suscepti-
bility—albeit to a lesser extent than complete knockout in inhibitory interneurons—support not only 
a possible role for Fgf13 in chandelier cell development but also confirm more general inhibitory 
interneuron roles. Along with the reduced seizure susceptibility of female heterozygote knockout 
animals, these data also imply a gene dosage effect within interneurons. The differences in survival 
among Gad2-Fgf13 cKO, Gad2-Fgf13 Het, Nkx2.1-Fgf13 cKO, and Nkx2.1-Fgf13 Het also suggest 
a gene-dosage effect. Although we were unable to generate female homozygous Gad2-Fgf13 cKO 
mice since the male hemizygous knockouts did not survive to adulthood, the reduced survival in 
male knockouts compared to female heterozygous knockouts further supports our hypothesis. The 
relative comprehensiveness of the specific Cre drivers also provides support for our hypothesis. In 
the hyperthermic seizure assay, mice from both the Nestin-Fgf13 cKO and Gad2-Fgf13 cKO lines, 
in which Fgf13 was ablated in the entire interneuron population, suffered seizures at baseline (near 
36 °C) as well as at elevated core body temperatures. In contrast, the majority of the Nkx2.1-Fgf13 
cKO mice, generated with a more restrictive Cre driver, mostly suffered seizures only at elevated core 
body temperatures. We also observed occasional seizures in the home cage for all genotypes in which 
Fgf13 was ablated in interneurons (Nestin-Fgf13 cKO, Nkx2.1-Fgf13 cKO, and Gad2-Fgf13 cKO) and 
often discovered dead mice, which we suspect was a SUDEP phenotype due to recurrent seizures, 
given that recurrent uncontrolled seizures are a major risk factor for sudden death (Devinsky et al., 

neurons expressing FGF13-VY and FGF13-S. K+ currents are rescued by expression of FGF13-S in Gad2-Fgf13 cKO interneurons (two-way ANOVA, *, 
p<0.05, KO +VY N=5, n=21, KO +S N=5, n=21).

Figure 6 continued
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2016; Richerson, 2023). Indeed, long-term recording of Gad2-Fgf13 cKO mice (data not shown) 
confirmed that multiple spontaneous seizures occur in the knockouts prior to death in the home cage.

While our data provide a clear connection between ablation of Fgf13 in inhibitory neurons and 
seizure susceptibility, we find that Fgf13 ablation in excitatory neurons does not increase seizure 
susceptibility. Indeed, complete neuronal knockout with Nestin-Cre conferred a relative increased 
survival compared to the interneuron-specific knockout with Gad2-Cre. We speculate that this relative 
increased survival in the Nestin-Fgf13 cKO mice could be technical, due to less efficient targeting of 
interneurons by Nestin-Cre (Liang et al., 2012), but it may also be biological if Nestin-Cre targeting of 
both excitatory and inhibitory neurons is comparatively neuroprotective because of simultaneous loss 
of both excitation and inhibition and consequent compensation for the loss of inhibition. The previous 
observation that a global Fgf13 heterozygous mouse line survived with a normal life span (Puranam 
et al., 2015) could support the interpretation that deletion from other cell types is comparatively 
neuroprotective. Moreover, our observations that our Emx1-Fgf13 cKO mice do not suffer seizures 
is consistent with an earlier study of Emx1-Fgf13 cKO mice, in which seizures were not reported (Wu 
et al., 2012). Previous studies suggested that FGF13-S, the isoform most highly expressed in excit-
atory neurons, confers long-term inactivation (Venkatesan et al., 2014; Fry et al., 2021), and the 
reduction of long-term inactivation due to DEE-associated variants drives increased excitability as the 
mechanism for seizures (Fry et al., 2021). Our data confirm the ability of FGF13-S to impart long-term 
inactivation and that ablation of Fgf13 in excitatory neurons eliminates long-term inactivation, yet this 
mechanism does not likely contribute to seizure susceptibility. Rather, knockout of Fgf13 in central 
nervous system excitatory neurons appears to affect learning and memory (Wu et al., 2012), which 
we did not assess here. An important limitation of our knockout models, however, is that they cannot 
provide direct insight into how missense variants reported in patients contribute to seizures. Never-
theless, since our Emx1-Fgf13 cKO mice show a loss of long-term inactivation in excitatory neurons—
the proposed mechanism by which the missense variants drive seizures—our model provides new 
boundaries on how those missense variants act in excitatory neurons.

Further, other than long-term inactivation, data herein show that Fgf13 ablation led to relatively 
minor effects on neuronal voltage-gated Na+ currents in Emx1+ excitatory neurons compared to 
previous results from others and us (Venkatesan et al., 2014 Barbosa et al., 2017; Pablo et al., 
2016; Wang et al., 2021; Shen et al., 2022). Those neuronal studies investigated DRG neurons, or 
CNS neurons via RNAi-mediated knockdown of infusion of antibodies targeting the FGF13-S N-ter-
minus, and not a cell-type-specific knockout as we studied here, thus suggesting differences in the 
models studied. As the FGF13 DEEs result from a stable germ-line variants, the knockout model here 
(in contrast to knockdown approaches in cultured CNS neurons or acute infusion of antibodies) likely 
represents a more relevant disease model.

How does loss of FGF13 in inhibitory interneurons confer seizure susceptibility? Although knockout 
of Fgf13 in Gad2+ neurons decreased excitability and reduced overall inhibitory drive to pyramidal 
cells, knockout surprisingly did not affect NaV currents in inhibitory neurons. This conclusion fits well 
with our previous report that the cytoplasmic C-terminal in NaV1.1, the major NaV channel expressed 
in inhibitory neurons, has a substitution of an amino acid that reduces FHF binding (Wang et al., 
2012), thus rendering these NaV1.1 channels—and thus NaV current in inhibitory interneurons—poor 
targets for FHF regulation. Rather, we found that perturbed excitability in interneurons lacking Fgf13 
results from reduced K+ currents. This fits with our demonstration in cardiomyocytes that loss of FGF13 
similarly reduces repolarizing KV currents (Wang et al., 2017). Moreover, these data build upon the 
growing recognition that FHFs exert effects beyond NaV channel regulation—the focus of most FHF 
studies since FHFs were identified as capable of directly interacting with NaV channel C-termini (Liu 
et al., 2001). Other identified roles for FGF13, such as regulating microtubule stability (Wu et al., 
2012), affecting ribosome biogenesis (Bublik et al., 2017), or generating axoaxonic synapses in chan-
delier cells (Favuzzi et al., 2019) may also contribute, but we did not investigate those roles here. 
The mechanism(s) by which FGF13 affects KV currents is not known—we have not detected direct 
interaction between FHFs and KV channels—but we speculate that the identified role for FGF13 in 
stabilizing microtubules may contribute, as microtubules regulate trafficking of ion channels to the 
plasma membrane during channel biogenesis (Vacher et al., 2008).

Although we did not test it directly, our data are consistent with a possible role for FGF13 in chan-
delier cell function. Chandelier cells are fast-spiking GABAergic interneurons that uniquely target the 
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axon initial segment of pyramidal cells. Chandelier cells are found sparsely in the brain, but are highly 
branched, enabling contact on hundreds of neighboring pyramidal cells (Compans and Burrone, 
2023). Fgf13 has previously been identified as a key molecule in the development of chandelier cell 
axons (Favuzzi et al., 2019), but whether Fgf13 subsequently contributes to their function has not 
been reported. Chandelier cells originate from the MGE, alongside parvalbumin- and somatostatin-
expressing interneurons (Gallo et al., 2020). As our Nkx2.1-Fgf13 cKO mice target deletion of Fgf13 
from all the above subtypes, our data suggest that FGF13 may regulate chandelier cell function in 
seizure generation. Although chandelier cells have been shown to depolarize pyramidal cells and 
therefore exert a pro-excitatory role in the cortex (Szabadics et al., 2006), we observe otherwise in 
our mouse model in which decreased interneuron excitability results in a pro-excitatory state.

Understanding the molecular mechanisms that drive the pathogenesis of Fgf13-related seizures 
will enhance our understanding of DEEs and epilepsy at large. Future work will reveal the mechanisms 
of FGF13 interaction with potassium channels or other molecules that enable interneuron repolariza-
tion and excitability.

Methods
Animals
Mice were handled in accordance with the ethical guidelines of the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. This study was approved by the Weill Cornell Medical 
Center Institutional Animal Care and Use Committee (Protocol 2016–0042). Genetically modified mice 
were maintained on C57BL6/J background (000664; The Jackson Laboratory, Bar Harbor, ME, USA). 
All mice were maintained on a standard rodent chow diet (PicoLab Rodent Diet 20; 5053; LabDiet, St. 
Louis, MO, USA) with a 12 hr light/dark cycle. Mice were weaned at post-natal day 21 (P21) and group 
housed in cages holding between two and five mice. To generate neuron-specific mutant mice, female 
Fgf13fl/fl mice (Wang et al., 2017) were crossed with male Nestin-Cre+/- (B6.Cg-Tg(Nes-cre)1Kln/J, JAX 
#003771) to produce male hemizygous knockouts (Nestin-Fgf13 cKO), female heterozygous mutants 
(Nestin-Fgf13 Het), and wild type littermates. To generate excitatory neuron-targeted mutant mice, 
female Fgf13fl/fl mice were crossed with male Emx1-Cre+/- (B6.129S2-Emx1tm1(cre)Krj/J, #005628) to 
produce male hemizygous knockouts (Emx1-Fgf13 cKO), female heterozygous mutants (Emx1-Fgf13 
Het), and wild type littermates. Female Emx1 knockouts were generated by crossing male hemizygous 
knockouts (Emx1-Fgf13 cKO) with female Fgf13fl/fl mice. To generate interneuron-specific mutant mice, 
male Gad2-Cre+/- (Gad2tm2(cre)Zjh/J, #010802) were crossed with female Fgf13fl/fl mice to produce 
male hemizygous knockouts (Gad2-Fgf13 cKO), female heterozygous mutants (Gad2-Fgf13 Het), and 
wild type littermates. To generate interneuron-GFP reporter mice, male Gad2-Cre+/+ (Gad2tm2(cre)
Zjh/J, #010802) were crossed with Cre-dependent Ai6+/+ mice (B6.Cg-Gt(ROSA)26Sortm6(CAG-
ZsGreen1)Hze/J), and the resulting Gad2-GFP (Gad2-Cre+/-; Ai6+/-) males were crossed with female 
Fgf13fl/fl mice to generate Fgf13 knockout interneuron-GFP reporter mice (Gad2-Cre+/-; Fgf13FL/Y; Ai6 
+/-or Gad2-GFP-Fgf13 cKO). To generate medial ganglionic eminence (MGE) derived interneuron-
targeted mutant mice, female Fgf13fl/fl mice were crossed with male Nkx2.1-Cre+/- (C57BL/6J-Tg(Nkx2-
1-cre)2Sand/J, # 008661) to produce male hemizygous knockouts (Nkx2.1-Fgf13 cKO), female 
heterozygous mutants (Nkx2.1-Fgf13 Het), and wild type littermates.

Hyperthermia-induced seizures
Mice at P12 were tested using a modified protocol (Cheah et al., 2012; Puranam et al., 2015). Mouse 
core body temperature was recorded with a rodent rectal temperature probe placed at a depth of 
1 cm and connected to a rodent temperature controller (TCAT-2DF, Physitemp). Behavior was moni-
tored by a video camera (Logitech). Command temperature ±0.3 °C was maintained using an infrared 
heat lamp positioned directly over the recording chamber (2 L glass beaker). Mice were acclimated to 
the chamber for 5 minutes, and any mice with a lower core body temperature were warmed with the 
heat lamp up to 36.5 °C. For baseline monitoring, temperature was adjusted to an initial set-point of 
36.5 oC for 5 min. Body temperature was elevated in 0.5 oC increments, for 2 min at each increment. 
Temperature was increased until a seizure or 42.0 oC was reached. At the end of hyperthermia induc-
tion, mice were placed on a room temperature surface to recover and monitored for 10 min.

https://doi.org/10.7554/eLife.98661
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Electroencephalogram recording
Animal preparation
Mice (P12) were anesthetized under isoflurane (3.5% induction, 1–2% maintenance), provided pre-
surgical analgesia (Meloxicam, 2 mg/kg SC; Bupivicaine 0.15 ml under scalp), and head-fixed in a 
stereotaxic frame (KOPF Instruments) with ear bars and an anesthesia-passing nose cone. A heatpad 
was placed under the animal and the eyes were protected with ointment (Paralube Vet). Hair was 
removed with fine scissors and an oval-shaped incision (~4 × 6 mm) was made on the scalp to expose 
the skull. Fine forceps were used to scrape the membrane, remove any remaining hair, and expose 
bregma and skull sutures. The hippocampal EEG site was located at –2.5 mm AP, 1.5 mm ML, –1.25 mm 
DV. A dental drill was then used to open small craniotomies at the (AP, ML) sites for EEG contacts with 
a 0.5 mm bur (Meisinger). Reference and ground contact craniotomies were made on the contralat-
eral skull. The EEG recording system (Pinnacle Technology Inc) was attached to headmounts (Pinnacle 
product #8201-ss) with conductive metallic holes and fastened to the skull by small conductive screws 
(Pinnacle product #8209). An insulated tungsten wire (0.002”, California Fine Wire Company) was 
soldered to the EEG mount and trimmed to 2 mm to target the hippocampus (Klorig et al., 2019), 
using epoxy to insulate the soldered portion of the electrode. The mount, with hippocampus elec-
trode attached, was slowly lowered onto the skull with a micromanipulator such that the electrode 
was inserted directly down into the craniotomy over hippocampus. The headmount was then attached 
with a small amount of dental cement (C&B Metabond, Parkell) to hold the device steady as skull 
screws were then implanted into the remaining craniotomies. Skull screws were then reinforced to 
the headmount by conductive silver paint (SPI supplies). Dental cement (Metabond) was then used to 
cover all parts of the device and attach it firmly to the skull.

Recording and analysis
After recovery from surgery the headmount was attached to a preamplifier and animals placed in a 
bedded recording chamber with ad libitum food and water. Pinnacle EEG software recorded elec-
trographic data at 400  Hz from the tethered preamplifier. Spontaneous activity was recorded for 
up to 5 hr, while heat-lamp experiments were recorded as described above. After recording, data 
were transferred to a PC and analyzed in MATLAB (Mathworks). Raw data were bandpass filtered 
(1–60 Hz, infinite impulse response filter with bandpass.m) and events of interest were automatically 
flagged by using line length of the signal (difference of successive voltage values with a moving 5 s 
window), which permitted detection of large deviations (MATLAB findpeaks.m). Interictal and seizure 
events were then visually examined. In heat-lamp experiments, the times of temperature steps were 
recorded for alignment with the simultaneous EEG recording.

Hippocampal neuronal cultures
Hippocampi were dissected from P0-1 newborn pups and dissociated through enzymatic treatment 
with 0.25% trypsin and subsequent trituration. The cells were plated on glass coverslips previously 
coated with poly-D-lysine and laminin in 24-well cell culture plates. The hippocampal cells were grown 
in neurobasal A medium (ThermoFisher Scientific) supplemented with 2% B-27, 2 mM glutamine, 10% 
heat-inactivated fetal bovine serum, and 1% penicillin/streptomycin in a 5% CO2 incubator at 37 °C 
overnight. After 24 hr, this medium was replaced by a culture medium containing 2% B-27, 0.5 mM 
glutamine, 1% heat-inactivated fetal bovine serum, 70 µm uridine and 25 µm 5-fluorodeoxyuridine. 
Cultured neurons were used for electrophysiology and immunocytochemistry.

Immunocytochemistry
Cells were fixed in 4% PFA 20  min, rinsed three times with phosphate buffered saline (PBS), and 
blocked in 2.5% bovine serum albumin with 0.2% Triton-X in PBS for 30  min. Primary anti-FGF13 
antibody (Wang et al., 2011) was diluted in 2.5% bovine serum albumin and incubated in 4 °C over-
night. Coverslips were rinsed three times in PBS, then incubated in Alexa-568 secondary antibody 
(Thermo Fisher Scientific Cat# A10042, RRID:AB_2534017 1:500 in 2.5% bovine serum albumin) for 
1 hur at room temperature followed by DAPI for 5 min. Coverslips were mounted onto glass slides 
with mounting media (Vector Laboratories).

https://doi.org/10.7554/eLife.98661
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Acute slice preparation
Acute hippocampal slices were prepared from P12 to P14 mice. Briefly, after the mouse was anes-
thetized with isoflurane and then decapitated, the brain was quickly extracted and transferred into 
ice-cold cutting solution bubbled with 95% O2 and 5% CO2. The cutting solution contained (in mM): 
NaCl 77, sucrose 75, KCl 2.5, NaH2PO4 1.4, NaHCO3 25, MgSO4 7, CaCl2 0.5, glucose 25, and sodium 
pyruvate 3, pH 7.4. Coronal brain slices (300 μm) including hippocampus were prepared using a Leica 
VT 1200 S vibratome (Leica, Inc), and were incubated in a BSK-2 brain slice keeper (Automate Scien-
tific, CA) containing oxygenated artificial cerebrospinal fluid (aCSF) at 35 °C for 30 min to recover. 
Afterwards, the slices were maintained at room temperature at least 30 min before use.

Electrophysiology
For spontaneous excitatory and inhibitory synaptic currents (sEPSCs and sIPSCs) in brain slices, the 
slice was placed in a recording chamber on the stage of an upright, infrared-differential interference 
contrast microscope (BX51WI, Olympus Optical) equipped with an ORCA-Flash2.8 C11440 Digital 
CMOS Camera (Hamamatsu Photonics), and was continuously perfused at a rate of 2 ml/min with 
aCSF bubbled with 95% O2 and 5% CO2 at 35 °C. Pyramidal neurons in hippocampal CA1 stratum 
pyramidale were visualized with a 40 X water-immersion objective. Spontaneous EPSCs and IPSCs 
were recorded in the whole-cell voltage clamp configuration at a holding potential of –70 mV and 
sampled at 10  kHz and filtered at 2  kHz using an Axopatch 200B amplifier and Digidata 1322  A 
digitizer (Molecular Devices). The pipette internal solution for sEPSC contained (in mM): potassium 
gluconate (KGlu) 125, KCl 10, MgCl2 5, EGTA 0.6, HEPES 5, CaCl2 0.06, phosphocreatine disodium 10, 
Mg-ATP 2, Na2-GTP 0.2, creatine phosphokinase 50 U/ml, and N-Ethyl lidocaine bromide 5, osmolarity 
289 mOsm/L, pH 7.2 adjusted with KOH. The pipette internal solution for sIPSC contained (in mM): 
KCl 125, MgCl2 5, EGTA 0.6, HEPES 5, CaCl2 0.06, phosphocreatine disodium 10, Mg-ATP 2, Na2-GTP 
0.2, creatine phosphokinase 50 U/ml and N-Ethyl lidocaine bromide 5, osmolarity 291 mOsm/L, pH 
7.2 adjusted with KOH. The external solution aCSF contained (in mM): NaCl 126, KCl 2.5, NaH2PO4 
1.25, NaHCO3 26, CaCl2 2, MgSO4 2, glucose 10. Bicuculline methiodide 20 μM was added to aCSF 
for sEPSC, and 2-amino-5-phosphonovaleric acid (APV) 50 μM and 6,7-dinitroquinoxaline-2,3-dione 
(DNQX) 20 μM was added to aCSF for sIPSC.

Whole-cell sodium Na+ currents and whole-cell K+ currents, or action potentials (APs) from cultured 
neurons were recorded with a HEKA EPC10 amplifier in the voltage-clamp or current-clamp configu-
ration, respectively.

For Na+ current recordings in cultured neurons, the internal pipette solution contained (in mM): CsF 
125, NaCl 10, HEPES 10, TEA-Cl 15, EGTA 1.1, Na-GTP 0.5, pH 7.4 with NaOH; the external solution 
contained NaCl 125, KCl 5, CaCl2 2, MgCl2 1, TEA-Cl 20, HEPES 5, Glucose 10, pH 7.4 with NaOH. For 
K+current recordings and AP initiation in cultured neurons, the internal pipette solution contained (in 
mM): potassium gluconate 130, KCl 10, MgCl2 5, ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid 0.6, HEPES 5, CaCl2 0.06, phosphocreatine disodium 10, Mg-ATP 2, Na2-GTP 0.2, and 
creatine phosphokinase 50 U/ml, pH 7.2 adjusted with KOH; the external solution contained (in mM): 
NaCl 119, KCl 5, HEPES 20, CaCl2 2, MgCl2 2, glucose 30, APV 0.05, DNQX 0.02, bicuculline 0.02, 
pH 7.3 adjusted with NaOH. Additionally for K+current recordings, the external solution contained 
100 nM tetrodotoxin (TTX) and 5 µM nifedipine to block Na+ and Ca2+ channels.

Recording pipettes were pulled from borosilicate glass with Sutter P-97 Micropipette Puller (Sutter 
Instrument Co.). For Na+ and K+ current recordings, pipette resistance ranged from 1.5 to 2.5 MΩ and 
the series resistance was compensated by at least 70%. For AP initiation recordings, pipette resistance 
ranged from 2.0 to 3.0 MΩ. For recordings of sEPSCs and sIPSCs in brain slices, pipette resistance 
ranged from 2.6 to 6.1  MΩ and series resistance was 10.5±0.5  MΩ for WT and 10.8±0.4  MΩ for 
Gad2-Fgf13 cKO without compensation.

Analysis of electrophysiological data
Action potentials were elicited by holding the cell at 0 pA in current clamp mode and then stimulating 
with current increments for 1 s. The numbers of action potentials elicited for each current injection 
were quantified using Fitmaster software. Action potential parameters were analyzed using Clampfit 
10.4 software. Specifically, action potential amplitude and action potential duration measured at 
50% of the amplitude (APD50) values for the first three action potentials were determined using 
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the statistics function. Additionally, dV/dt values were computed using the differential function. The 
threshold potential was determined by analyzing the phase plot of the initial action potential at rheo-
base by identifying the voltage value on the x-axis where the y-axis reached a rate of 1 mV/ms.

Na+ and K+ channel currents were activated by holding the neuron at –90 mV and applying incre-
mental voltages for a duration of 150ms. Fitmaster software was used for the quantification of various 
channel parameters. The non-inactivating portion of the K+ channel current was assessed by analyzing 
the peak current at the conclusion of 150ms depolarizing pulses. To generate steady-state inactivation 
curves, currents were elicited at a holding potential of –120 mV followed by a 500 ms prepulse to 
voltages ranging from –120 to +20 mV. Subsequently, currents were measured at –20 mV for 20ms. 
Normalized current values obtained at –20 mV were utilized to construct the steady-state inactivation 
curves. A Boltzmann equation, [I/Imax = (1+exp ((V − V1/2) / k))−1], was employed to fit the data, 
where Imax denotes the maximum current, V1/2 represents the half-inactivation voltage, and k signi-
fies the slope. This equation facilitated the calculation of V1/2 of inactivation.

Data for Na+ and K+ current or APs were analyzed with Axon Clampfit (Molecular Devices), and data 
for sEPSC and sIPSC were analyzed with Mini Analysis (Synaptosoft).

Immunohistochemistry
Mice were sacrificed at postnatal day 13–16 (P13-16). Brains were extracted after transcardial perfu-
sion of PBS followed by 4% paraformaldehyde (PFA). They were incubated overnight rocking at 4 °C 
in 4% paraformaldehyde, then equilibrated in 15% sucrose followed by 30% sucrose. Brains were 
embedded in Optimal Cutting Temperature (OCT) compound in cryomolds and cryosectioned at 
50 µm into 0.1 M PBS. Floating sections were washed three times with PBS, then blocked for 1 hr 
in 2.5% bovine serum albumin and 0.2% Triton-X in PBS. Tissue was incubated with the anti-FGF13 
antibody overnight at 4 °C. After sections were washed three times with PBS, they were incubated 
with Alexa-568 secondary (Thermo Fisher Scientific Cat# A10042, RRID:AB_2534017 1:500 in 2.5% 
bovine serum albumin) antibody for 2 hr at room temperature. Sections mounted onto glass slides 
with mounting media (Vector laboratories) and sealed with glass cover slips. Slides were stored at 
4  °C. Hippocampal tissue was imaged using a confocal microscope (Zeiss LSM 880) and analyzed 
using Image-J software.

Western blot
Tissue was immersed in ice cold RIPA buffer supplemented with Halt protease and phosphatase 
inhibitor cocktails (Thermo Fisher Scientific) and placed in a manual Dounce tissue homogenizer, in 
which they were homogenized for 1 min on ice. The homogenate was then centrifuged at 21,000 
x g at 4 °C. Supernatant was collected and protein concentration was determined by bicinchoninic 
acid assay. Protein was separated on an 8–16% gradient Tris-glycine gels and transferred to PVDF 
blotting membrane (GE Healthcare Life Sciences). The membrane was immunoblotted with 1:200 
anti-FGF13 antibody or 1:200 anti-pan FHF-A (Neuromab clone N235/22) for 2 hr at RT to immuno-
blot for FGF13-S. Vinculin (Sigma V9131) was used as a loading control. The blots were visualized by 
chemiluminescence and images were captured using ChemiDoc Tough Imaging System (Bio-Rad).

BaseScope in situ hybridization
Mice were sacrificed at P13-15. Brains were extracted after transcardial perfusion of PBS followed 
by 4% paraformaldehyde. The tissue was incubated for 24 hr rocking at 4 °C in 4% paraformalde-
hyde, then equilibrated in 15% sucrose followed by 30% sucrose. Brains were embedded in OCT 
compound in cryomolds and sectioned coronally in 14 µm sections onto SuperFrost (Thermo Fisher) 
slides, then stored at –80 °C up to 3 months. Custom Fgf13 isoform probes were generated as previ-
ously described (Joglekar et al., 2021) and used according to the manufacturer’s protocol for fixed 
frozen tissues. Hematoxylin followed by 0.02% ammonia water was used for nuclear counterstain.

Targeted metabolomics
Mice were sacrificed at P13 and brains were immediately extracted, homogenized, and placed into 
pre-chilled 80% methanol (–80 °C). The extract was dried with a Speedvac, and redissolved in HPLC 
grade water before it was applied to the hydrophilic interaction chromatography LC-MS. Metabolites 
were measured on a Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific), which was 
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coupled to a Vanquish UPLC system (Thermo Fisher Scientific) via an Ion Max ion source with a HESI 
II probe (Thermo Fisher Scientific). A Sequant ZIC-pHILIC column (2.1  mm i.d.  ×150  mm, particle 
size of 5 µm, Millipore Sigma) was used for separation of metabolites. A 2.1 × 20 mm guard column 
with the same packing material was used for protection of the analytical column. Flow rate was set 
at 150 μL/min. Buffers consisted of 100% acetonitrile for mobile phase A, and 0.1% NH4OH/20 mM 
CH3COONH4 in water for mobile phase B. The chromatographic gradient ran from 85% to 30% A in 
20 min followed by a wash with 30% A and re-equilibration at 85% A. The Q Exactive was operated in 
full scan, polarity-switching mode with the following parameters: the spray voltage 3.0 kV, the heated 
capillary temperature 300 °C, the HESI probe temperature 350 °C, the sheath gas flow 40 units, the 
auxiliary gas flow 15 units. MS data acquisition was performed in the m/z range of 70–1000, with 
70,000 resolution (at 200 m/z). The AGC target was 1e6 and the maximum injection time was 250ms. 
The MS data was processed using Xcalibur 4.1 (Thermo Fisher Scientific) to obtain the metabolite 
signal intensities. Identification required exact mass (within 5 ppm) and standard retention times. 
Statistical analysis was performed as follows: The intensity values were subjected to a Log2 transfor-
mation to normalize the data distribution. Student’s t-test was conducted to calculate the significance 
of observed differences between groups. Enrichment analyses were performed using Metabolanalyst 
online tools (https://www.metaboanalyst.ca/).

Reverse transcriptase quantitative polymerase chain reaction
From hippocampal neuron cultures prepared for electrophysiology, RNA was isolated using RNeasy 
Mini Kit (QIAGEN) according to the manufacture’s instructions. Reverse transcription to generate 
cDNA was performed using SuperScript IV VILO Master Mix with ezDNase (Invitrogen). qPCR was 
performed in duplicate for each sample with QuantStudio 3 (Applied Biosystems) using SYBR green-
based detection chemistries (Bio-Rad). For primer sequences used for qPCR target genes, see Supple-
mentary file 1.

Statistics
Statistical analyses were performed in GraphPad Prism v10 and specific analyses are described in the 
accompanying figure legends.

Acknowledgements
Supported by T32 DA03980 and F31 DA053796 (SL) and R01 HL160089 (GSP). We thank Andrew S 
Lee and Gülcan Akgül for critical reading of the manuscript, as well as Mattia Malvezzi for thoughtful 
discussions.

Additional information

Competing interests
Geoffrey S Pitt: is a scientific advisory board member for Tevard Biosciences. The other authors declare 
that no competing interests exist.

Funding

Funder Grant reference number Author

National Institute on Drug 
Abuse

T32 DA03980 Susan Lin

National Institute on Drug 
Abuse

F31 DA053796 Susan Lin

National Heart, Lung, and 
Blood Institute

R01 HL160089 Geoffrey S Pitt

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

https://doi.org/10.7554/eLife.98661
https://www.metaboanalyst.ca/


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Lin, Gade et al. eLife 2024;13:RP98661. DOI: https://​doi.​org/​10.​7554/​eLife.​98661 � 21 of 26

Author contributions
Susan Lin, Formal analysis, Investigation, Writing – original draft, Writing – review and editing; Aravind 
R Gade, Formal analysis, Investigation, Writing – review and editing; Hong-Gang Wang, Patrick 
Towers, Maiko Matsui, Formal analysis, Investigation; James E Niemeyer, Allison Galante, Isabella 
DiStefano, Jorge Nunez, Investigation; Theodore H Schwartz, Anjali Rajadhyaksha, Supervision; Geof-
frey S Pitt, Conceptualization, Formal analysis, Supervision, Writing – original draft, Project adminis-
tration, Writing – review and editing

Author ORCIDs
Susan Lin ‍ ‍ https://orcid.org/0000-0001-9344-6594
Maiko Matsui ‍ ‍ https://orcid.org/0000-0001-9706-8244
Geoffrey S Pitt ‍ ‍ https://orcid.org/0000-0003-2246-0289

Ethics
Mice were handled in accordance with the ethical guidelines of the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. This study was approved by the Weill Cornell Medical 
Center Institutional Animal Care and Use Committee (Protocol Number: 2016-0042).

Peer review material
Reviewer #2 (Public review): https://doi.org/10.7554/eLife.98661.3.sa1
Reviewer #3 (Public review): https://doi.org/10.7554/eLife.98661.3.sa2
Author response https://doi.org/10.7554/eLife.98661.3.sa3

Additional files
Supplementary files
Supplementary file 1. Primers used for real time quantitative polymerase chain reaction. Forward 
and reverse primer pair sequences and, where relevant, the PrimerBank ID.

Supplementary file 2. Metabolite set enrichment analysis in Gad2-Fgf13 cKO vs. WT. Unbiased 
metabolites identified by mass spectometery in Gad2-Fgf13 cKO vs. WT.     

MDAR checklist 

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.

The following previously published datasets were used:

Author(s) Year Dataset title Dataset URL Database and Identifier

Harris K, Hochgerner 
H, Skene NG, 
Magno L, Katona L, 
Bengtsson Gonzales 
C, Lonnerberg P, 
Kessaris N, Linnarsson 
S, Hjerling-Leffler J

2018 Transcriptomic analysis of 
CA1 inhibitory interneurons

https://​doi.​org/​10.​
6084/​m9.​figshare.​
6198656.​v1

figshare, 10.6084/
m9.figshare.6198656.v1

Harris KD, Bengtsson 
Gonzales C, 
Hochgerner H, Skene 
NG, Magno L, Katona 
L, Somogyi P, Kessaris 
N, Linnarsson S, 
Hjerling-Leffler J

2018 Single‐cell transcriptomic 
analysis of mouse CA1 
inhibitory neurons

https://www.​ncbi.​
nlm.​nih.​gov/​geo/​
query/​acc.​cgi?​acc=​
GSE99888

NCBI Gene Expression 
Omnibus, GSE99888

References
Adam MP, Feldman J, Mirzaa GM, Pagon RA, Wallace SE, Bean LJH, Gripp KW. 1993. GeneReviews. National 

Library of Medicine. 
Barbosa C, Xiao Y, Johnson AJ, Xie W, Strong JA, Zhang JM, Cummins TR. 2017. FHF2 isoforms differentially 

regulate Nav1.6-mediated resurgent sodium currents in dorsal root ganglion neurons. Pflugers Archiv 469:195–
212. DOI: https://doi.org/10.1007/s00424-016-1911-9, PMID: 27999940

https://doi.org/10.7554/eLife.98661
https://orcid.org/0000-0001-9344-6594
https://orcid.org/0000-0001-9706-8244
https://orcid.org/0000-0003-2246-0289
https://doi.org/10.7554/eLife.98661.3.sa1
https://doi.org/10.7554/eLife.98661.3.sa2
https://doi.org/10.7554/eLife.98661.3.sa3
https://doi.org/10.6084/m9.figshare.6198656.v1
https://doi.org/10.6084/m9.figshare.6198656.v1
https://doi.org/10.6084/m9.figshare.6198656.v1
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99888
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99888
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99888
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99888
https://doi.org/10.1007/s00424-016-1911-9
http://www.ncbi.nlm.nih.gov/pubmed/27999940


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Lin, Gade et al. eLife 2024;13:RP98661. DOI: https://​doi.​org/​10.​7554/​eLife.​98661 � 22 of 26

Bouza AA, Isom LL. 2018. Voltage-gated sodium channel β subunits and their related diseases. Bouza AA, Isom 
LL (Eds). Handbook of Experimental Pharmacology. National Library of Medicine. p. 423–450. DOI: https://doi.​
org/10.1007/164_2017_48, PMID: 28965169

Brunklaus A, Pérez-Palma E, Ghanty I, Xinge J, Brilstra E, Ceulemans B, Chemaly N, Depienne C, Guerrini R, 
Mei D, Møller RS, Nabbout R, Regan BM, Schneider AL, Scheffer IE, Schoonjans AS, Symonds JD, 
Weckhuysen S, Kattan MW, Zuberi SM, et al. 2022. Development and validation of a prediction model for early 
diagnosis of. Neurology 98:e1163–e1174. DOI: https://doi.org/10.1212/wnl.0000000000200028

Bublik DR, Bursać S, Sheffer M, Oršolić I, Shalit T, Tarcic O, Kotler E, Mouhadeb O, Hoffman Y, Fuchs G, Levin Y, 
Volarević S, Oren M. 2017. Regulatory module involving FGF13, miR-504, and p53 regulates ribosomal 
biogenesis and supports cancer cell survival. PNAS 114:E496–E505. DOI: https://doi.org/10.1073/pnas.​
1614876114, PMID: 27994142

Bunton-Stasyshyn RKA, Wagnon JL, Wengert ER, Barker BS, Faulkner A, Wagley PK, Bhatia K, Jones JM, 
Maniaci MR, Parent JM, Goodkin HP, Patel MK, Meisler MH. 2019. Prominent role of forebrain excitatory 
neurons in SCN8A encephalopathy. Brain 142:362–375. DOI: https://doi.org/10.1093/brain/awy324, PMID: 
30601941

Cheah CS, Yu FH, Westenbroek RE, Kalume FK, Oakley JC, Potter GB, Rubenstein JL, Catterall WA. 2012. 
Specific deletion of NaV1.1 sodium channels in inhibitory interneurons causes seizures and premature death in 
a mouse model of Dravet syndrome. PNAS 109:14646–14651. DOI: https://doi.org/10.1073/pnas.1211591109, 
PMID: 22908258

Chilcott E, Díaz JA, Bertram C, Berti M, Karda R. 2022. Genetic therapeutic advancements for dravet syndrome. 
Epilepsy & Behavior 132:e1016. DOI: https://doi.org/10.1016/j.yebeh.2022.108741, PMID: 35653814

Compans B, Burrone J. 2023. Chandelier cells shine a light on the formation of GABAergic synapses. Current 
Opinion in Neurobiology 80:102697. DOI: https://doi.org/10.1016/j.conb.2023.102697, PMID: 36907075

Covanis A. 2012. Epileptic encephalopathies (including severe epilepsy syndromes). Epilepsia 53 Suppl 
4:114–126. DOI: https://doi.org/10.1111/j.1528-1167.2012.03621.x, PMID: 22946729

Devinsky O, Hesdorffer DC, Thurman DJ, Lhatoo S, Richerson G. 2016. Sudden unexpected death in epilepsy: 
epidemiology, mechanisms, and prevention. The Lancet. Neurology 15:1075–1088. DOI: https://doi.org/10.​
1016/S1474-4422(16)30158-2, PMID: 27571159

Ding J, Li X, Tian H, Wang L, Guo B, Wang Y, Li W, Wang F, Sun T. 2021. SCN1A Mutation-beyond dravet 
syndrome: a systematic review and narrative synthesis. Frontiers in Neurology 12:743726. DOI: https://doi.org/​
10.3389/fneur.2021.743726, PMID: 35002916

Donnan AM, Schneider AL, Russ-Hall S, Churilov L, Scheffer IE. 2023. Rates of status epilepticus and sudden 
unexplained death in epilepsy in people with genetic developmental and epileptic encephalopathies. 
Neurology 100:e1712–e1722. DOI: https://doi.org/10.1212/WNL.0000000000207080, PMID: 36750385

Favuzzi E, Deogracias R, Marques-Smith A, Maeso P, Jezequel J, Exposito-Alonso D, Balia M, Kroon T, 
Hinojosa AJ, F Maraver E, Rico B. 2019. Distinct molecular programs regulate synapse specificity in cortical 
inhibitory circuits. Science 363:413–417. DOI: https://doi.org/10.1126/science.aau8977, PMID: 30679375

Fry AE, Marra C, Derrick AV, Pickrell WO, Higgins AT, Te Water Naude J, McClatchey MA, Davies SJ, 
Metcalfe KA, Tan HJ, Mohanraj R, Avula S, Williams D, Brady LI, Mesterman R, Tarnopolsky MA, Zhang Y, 
Yang Y, Wang X, Rees MI, et al. 2021. Missense variants in the N-terminal domain of the A isoform of FHF2/
FGF13 cause an X-linked developmental and epileptic encephalopathy. American Journal of Human Genetics 
108:176–185. DOI: https://doi.org/10.1016/j.ajhg.2020.10.017, PMID: 33245860

Furlanis E, Traunmüller L, Fucile G, Scheiffele P. 2019. Landscape of ribosome-engaged transcript isoforms 
reveals extensive neuronal-cell-class-specific alternative splicing programs. Nature Neuroscience 22:1709–
1717. DOI: https://doi.org/10.1038/s41593-019-0465-5, PMID: 31451803

Gallo NB, Paul A, Van Aelst L. 2020. shedding light on chandelier cell development, connectivity, and 
contribution to neural disorders. Trends in Neurosciences 43:565–580. DOI: https://doi.org/10.1016/j.tins.2020.​
05.003, PMID: 32564887

Goldfarb M. 2005. Fibroblast growth factor homologous factors: evolution, structure, and function. Cytokine & 
Growth Factor Reviews 16:215–220. DOI: https://doi.org/10.1016/j.cytogfr.2005.02.002, PMID: 15863036

Gorski JA, Talley T, Qiu M, Puelles L, Rubenstein JLR, Jones KR. 2002. Cortical excitatory neurons and glia, but 
not GABAergic neurons, are produced in the Emx1-expressing lineage. The Journal of Neuroscience 22:6309–
6314. DOI: https://doi.org/10.1523/JNEUROSCI.22-15-06309.2002, PMID: 12151506

Han Z, Chen C, Christiansen A, Ji S, Lin Q, Anumonwo C, Liu C, Leiser SC, Aznarez I, Liau G, Isom LL. 2020. 
Antisense oligonucleotides increase Scn1a expression and reduce seizures and SUDEP incidence in a mouse 
model of Dravet syndrome. Science Translational Medicine 12:eaaz6100. DOI: https://doi.org/10.1126/​
scitranslmed.aaz6100, PMID: 32848094

Hanin A, Chollet C, Demeret S, Di Meglio L, Castelli F, Navarro V. 2024. Metabolomic changes in adults with 
status epilepticus: A human case-control study. Epilepsia 65:929–943. DOI: https://doi.org/10.1111/epi.17899, 
PMID: 38339978

Harris KD, Hochgerner H, Skene NG, Magno L, Katona L, Bengtsson Gonzales C, Somogyi P, Kessaris N, 
Linnarsson S, Hjerling-Leffler J. 2018. Classes and continua of hippocampal CA1 inhibitory neurons revealed by 
single-cell transcriptomics. PLOS Biology 16:e2006387. DOI: https://doi.org/10.1371/journal.pbio.2006387, 
PMID: 29912866

He Z, Li Y, Zhao X, Li B. 2022. Dravet syndrome: advances in etiology, clinical presentation, and treatment. 
Epilepsy Research 188:107041. DOI: https://doi.org/10.1016/j.eplepsyres.2022.107041, PMID: 36368227

https://doi.org/10.7554/eLife.98661
https://doi.org/10.1007/164_2017_48
https://doi.org/10.1007/164_2017_48
28965169
https://doi.org/10.1212/wnl.0000000000200028
https://doi.org/10.1073/pnas.1614876114
https://doi.org/10.1073/pnas.1614876114
http://www.ncbi.nlm.nih.gov/pubmed/27994142
https://doi.org/10.1093/brain/awy324
http://www.ncbi.nlm.nih.gov/pubmed/30601941
https://doi.org/10.1073/pnas.1211591109
http://www.ncbi.nlm.nih.gov/pubmed/22908258
https://doi.org/10.1016/j.yebeh.2022.108741
http://www.ncbi.nlm.nih.gov/pubmed/35653814
https://doi.org/10.1016/j.conb.2023.102697
http://www.ncbi.nlm.nih.gov/pubmed/36907075
https://doi.org/10.1111/j.1528-1167.2012.03621.x
http://www.ncbi.nlm.nih.gov/pubmed/22946729
https://doi.org/10.1016/S1474-4422(16)30158-2
https://doi.org/10.1016/S1474-4422(16)30158-2
http://www.ncbi.nlm.nih.gov/pubmed/27571159
https://doi.org/10.3389/fneur.2021.743726
https://doi.org/10.3389/fneur.2021.743726
http://www.ncbi.nlm.nih.gov/pubmed/35002916
https://doi.org/10.1212/WNL.0000000000207080
http://www.ncbi.nlm.nih.gov/pubmed/36750385
https://doi.org/10.1126/science.aau8977
http://www.ncbi.nlm.nih.gov/pubmed/30679375
https://doi.org/10.1016/j.ajhg.2020.10.017
http://www.ncbi.nlm.nih.gov/pubmed/33245860
https://doi.org/10.1038/s41593-019-0465-5
http://www.ncbi.nlm.nih.gov/pubmed/31451803
https://doi.org/10.1016/j.tins.2020.05.003
https://doi.org/10.1016/j.tins.2020.05.003
http://www.ncbi.nlm.nih.gov/pubmed/32564887
https://doi.org/10.1016/j.cytogfr.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15863036
https://doi.org/10.1523/JNEUROSCI.22-15-06309.2002
http://www.ncbi.nlm.nih.gov/pubmed/12151506
https://doi.org/10.1126/scitranslmed.aaz6100
https://doi.org/10.1126/scitranslmed.aaz6100
http://www.ncbi.nlm.nih.gov/pubmed/32848094
https://doi.org/10.1111/epi.17899
http://www.ncbi.nlm.nih.gov/pubmed/38339978
https://doi.org/10.1371/journal.pbio.2006387
http://www.ncbi.nlm.nih.gov/pubmed/29912866
https://doi.org/10.1016/j.eplepsyres.2022.107041
http://www.ncbi.nlm.nih.gov/pubmed/36368227


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Lin, Gade et al. eLife 2024;13:RP98661. DOI: https://​doi.​org/​10.​7554/​eLife.​98661 � 23 of 26

Heighway J, Sedo A, Garg A, Eldershaw L, Perreau V, Berecki G, Reid CA, Petrou S, Maljevic S. 2022. Sodium 
channel expression and transcript variation in the developing brain of human, Rhesus monkey, and mouse. 
Neurobiology of Disease 164:105622. DOI: https://doi.org/10.1016/j.nbd.2022.105622, PMID: 35031483

Henshall DC, Simon RP. 2005. Epilepsy and apoptosis pathways. Journal of Cerebral Blood Flow and Metabolism 
25:1557–1572. DOI: https://doi.org/10.1038/sj.jcbfm.9600149, PMID: 15889042

Herring CA, Simmons RK, Freytag S, Poppe D, Moffet JJD, Pflueger J, Buckberry S, Vargas-Landin DB, 
Clément O, Echeverría EG, Sutton GJ, Alvarez-Franco A, Hou R, Pflueger C, McDonald K, Polo JM, 
Forrest ARR, Nowak AK, Voineagu I, Martelotto L, et al. 2022. Human prefrontal cortex gene regulatory 
dynamics from gestation to adulthood at single-cell resolution. Cell 185:4428–4447. DOI: https://doi.org/10.​
1016/j.cell.2022.09.039, PMID: 36318921

Hull JM, O’Malley HA, Chen C, Yuan Y, Denomme N, Bouza AA, Anumonwo C, Lopez-Santiago LF, Isom LL. 
2020. Excitatory and inhibitory neuron defects in a mouse model of Scn1b-linked EIEE52. Annals of Clinical and 
Translational Neurology 7:2137–2149. DOI: https://doi.org/10.1002/acn3.51205, PMID: 32979291

Joglekar A, Prjibelski A, Mahfouz A, Collier P, Lin S, Schlusche AK, Marrocco J, Williams SR, Haase B, 
Hayes A, Chew JG, Weisenfeld NI, Wong MY, Stein AN, Hardwick SA, Hunt T, Wang Q, Dieterich C, Bent Z, 
Fedrigo O, et al. 2021. A spatially resolved brain region- and cell type-specific isoform atlas of the postnatal 
mouse brain. Nature Communications 12:463. DOI: https://doi.org/10.1038/s41467-020-20343-5, PMID: 
33469025

Joglekar A, Foord C, Jarroux J, Pollard S, Tilgner HU. 2023. From words to complete phrases: insight into single-
cell isoforms using short and long reads. Transcription 14:92–104. DOI: https://doi.org/10.1080/21541264.​
2023.2213514, PMID: 37314295

Kalume F, Westenbroek RE, Cheah CS, Yu FH, Oakley JC, Scheuer T, Catterall WA. 2013. Sudden unexpected 
death in a mouse model of Dravet syndrome. The Journal of Clinical Investigation 123:1798–1808. DOI: 
https://doi.org/10.1172/JCI66220, PMID: 23524966

Karlsson K, Linnarsson S. 2017. Single-cell mRNA isoform diversity in the mouse brain. BMC Genomics 18:126. 
DOI: https://doi.org/10.1186/s12864-017-3528-6, PMID: 28158971

Kim YO, Dibbens L, Marini C, Suls A, Chemaly N, Mei D, McMahon JM, Iona X, Berkovic SF, De Jonghe P, 
Guerrini R, Nabbout R, Scheffer IE. 2013. Do mutations in SCN1B cause Dravet syndrome? Epilepsy Research 
103:97–100. DOI: https://doi.org/10.1016/j.eplepsyres.2012.10.009, PMID: 23182416

Kim HJ, Yang D, Kim SH, Kim B, Kim HD, Lee JS, Choi JR, Lee ST, Kang HC. 2020. The phenotype and treatment 
of SCN2A-related developmental and epileptic encephalopathy. Epileptic Disorders 22:563–570. DOI: https://​
doi.org/10.1684/epd.2020.1199, PMID: 33000761

Klorig DC, Alberto GE, Smith T, Godwin DW. 2019. Optogenetically-induced population discharge threshold as 
a sensitive measure of network excitability. eNeuro 6:ENEURO.0229-18.2019. DOI: https://doi.org/10.1523/​
ENEURO.0229-18.2019, PMID: 31619450

Kripps KA, Sremba L, Larson AA, Van Hove JLK, Nguyen H, Wright EL, Mirsky DM, Watkins D, Rosenblatt DS, 
Ketteridge D, Berry SA, McCandless SE, Baker PR. 2022. Methionine synthase deficiency: variable clinical 
presentation and benefit of early diagnosis and treatment. Journal of Inherited Metabolic Disease 45:157–168. 
DOI: https://doi.org/10.1002/jimd.12448, PMID: 34625984

Li M, Jancovski N, Jafar-Nejad P, Burbano LE, Rollo B, Richards K, Drew L, Sedo A, Heighway J, Pachernegg S, 
Soriano A, Jia L, Blackburn T, Roberts B, Nemiroff A, Dalby K, Maljevic S, Reid CA, Rigo F, Petrou S. 2021. 
Antisense oligonucleotide therapy reduces seizures and extends life span in an SCN2A gain-of-function 
epilepsy model. The Journal of Clinical Investigation 131:e152079. DOI: https://doi.org/10.1172/JCI152079, 
PMID: 34850743

Liang H, Hippenmeyer S, Ghashghaei HT. 2012. A Nestin-cre transgenic mouse is insufficient for recombination 
in early embryonic neural progenitors. Biology Open 1:1200–1203. DOI: https://doi.org/10.1242/bio.​
20122287, PMID: 23259054

Lipscombe D, Lopez Soto EJ. 2019. Alternative splicing of neuronal genes: new mechanisms and new therapies. 
Current Opinion in Neurobiology 57:26–31. DOI: https://doi.org/10.1016/j.conb.2018.12.013, PMID: 30703685

Liu C, Dib-Hajj SD, Waxman SG. 2001. Fibroblast growth factor homologous factor 1B binds to the c terminus of 
the tetrodotoxin-resistant sodium channel rNav1.9a (NaN). Journal of Biological Chemistry 276:18925–18933. 
DOI: https://doi.org/10.1074/jbc.M101606200

Lu H, Shi X, Wu G, Zhu J, Song C, Zhang Q, Yang G. 2015. FGF13 regulates proliferation and differentiation of 
skeletal muscle by down-regulating Spry1. Cell Proliferation 48:550–560. DOI: https://doi.org/10.1111/cpr.​
12200, PMID: 26230950

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, Ng LL, Palmiter RD, Hawrylycz MJ, Jones AR, 
Lein ES, Zeng H. 2010. A robust and high-throughput Cre reporting and characterization system for the whole 
mouse brain. Nature Neuroscience 13:133–140. DOI: https://doi.org/10.1038/nn.2467, PMID: 20023653

Mahadevan V, Mitra A, Zhang Y, Yuan X, Peltekian A, Chittajallu R, Esnault C, Maric D, Rhodes C, Pelkey KA, 
Dale R, Petros TJ, McBain CJ. 2021. NMDARs drive the expression of neuropsychiatric disorder risk genes 
within GABAergic interneuron subtypes in the juvenile brain. Frontiers in Molecular Neuroscience 14:712609. 
DOI: https://doi.org/10.3389/fnmol.2021.712609, PMID: 34630033

Meisler MH. 2019. SCN8A encephalopathy: mechanisms and models. Epilepsia 60 Suppl 3:S86–S91. DOI: 
https://doi.org/10.1111/epi.14703, PMID: 31904118

Meisler MH, Hill SF, Yu W. 2021. Sodium channelopathies in neurodevelopmental disorders. Nature Reviews. 
Neuroscience 22:152–166. DOI: https://doi.org/10.1038/s41583-020-00418-4, PMID: 33531663

https://doi.org/10.7554/eLife.98661
https://doi.org/10.1016/j.nbd.2022.105622
http://www.ncbi.nlm.nih.gov/pubmed/35031483
https://doi.org/10.1038/sj.jcbfm.9600149
http://www.ncbi.nlm.nih.gov/pubmed/15889042
https://doi.org/10.1016/j.cell.2022.09.039
https://doi.org/10.1016/j.cell.2022.09.039
http://www.ncbi.nlm.nih.gov/pubmed/36318921
https://doi.org/10.1002/acn3.51205
http://www.ncbi.nlm.nih.gov/pubmed/32979291
https://doi.org/10.1038/s41467-020-20343-5
http://www.ncbi.nlm.nih.gov/pubmed/33469025
https://doi.org/10.1080/21541264.2023.2213514
https://doi.org/10.1080/21541264.2023.2213514
http://www.ncbi.nlm.nih.gov/pubmed/37314295
https://doi.org/10.1172/JCI66220
http://www.ncbi.nlm.nih.gov/pubmed/23524966
https://doi.org/10.1186/s12864-017-3528-6
http://www.ncbi.nlm.nih.gov/pubmed/28158971
https://doi.org/10.1016/j.eplepsyres.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23182416
https://doi.org/10.1684/epd.2020.1199
https://doi.org/10.1684/epd.2020.1199
http://www.ncbi.nlm.nih.gov/pubmed/33000761
https://doi.org/10.1523/ENEURO.0229-18.2019
https://doi.org/10.1523/ENEURO.0229-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31619450
https://doi.org/10.1002/jimd.12448
http://www.ncbi.nlm.nih.gov/pubmed/34625984
https://doi.org/10.1172/JCI152079
http://www.ncbi.nlm.nih.gov/pubmed/34850743
https://doi.org/10.1242/bio.20122287
https://doi.org/10.1242/bio.20122287
http://www.ncbi.nlm.nih.gov/pubmed/23259054
https://doi.org/10.1016/j.conb.2018.12.013
http://www.ncbi.nlm.nih.gov/pubmed/30703685
https://doi.org/10.1074/jbc.M101606200
https://doi.org/10.1111/cpr.12200
https://doi.org/10.1111/cpr.12200
http://www.ncbi.nlm.nih.gov/pubmed/26230950
https://doi.org/10.1038/nn.2467
http://www.ncbi.nlm.nih.gov/pubmed/20023653
https://doi.org/10.3389/fnmol.2021.712609
http://www.ncbi.nlm.nih.gov/pubmed/34630033
https://doi.org/10.1111/epi.14703
http://www.ncbi.nlm.nih.gov/pubmed/31904118
https://doi.org/10.1038/s41583-020-00418-4
http://www.ncbi.nlm.nih.gov/pubmed/33531663


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Lin, Gade et al. eLife 2024;13:RP98661. DOI: https://​doi.​org/​10.​7554/​eLife.​98661 � 24 of 26

Miao P, Tang S, Ye J, Wang J, Lou Y, Zhang B, Xu X, Chen X, Li Y, Feng J. 2020. Electrophysiological features: the 
next precise step for SCN2A developmental epileptic encephalopathy. Molecular Genetics & Genomic 
Medicine 8:e1250. DOI: https://doi.org/10.1002/mgg3.1250, PMID: 32400968

Munoz-Sanjuan I, Smallwood PM, Nathans J. 2000. Isoform diversity among fibroblast growth factor 
homologous factors is generated by alternative promoter usage and differential splicing. The Journal of 
Biological Chemistry 275:2589–2597. DOI: https://doi.org/10.1074/jbc.275.4.2589, PMID: 10644718

Narayanan DL, Majethia P, Shrikiran A, Siddiqui S, Dalal A, Shukla A. 2022. Further evidence of affected females 
with a heterozygous variant in FGF13 causing X-linked developmental and epileptic encephalopathy 90. 
European Journal of Medical Genetics 65:e104403. DOI: https://doi.org/10.1016/j.ejmg.2021.104403, PMID: 
34871784

Nishimoto S, Nishida E. 2007. Fibroblast growth factor 13 is essential for neural differentiation in Xenopus early 
embryonic development. The Journal of Biological Chemistry 282:24255–24261. DOI: https://doi.org/10.1074/​
jbc.M704277200, PMID: 17584734

Oda Y, Uchiyama Y, Motomura A, Fujita A, Azuma Y, Harita Y, Mizuguchi T, Yanagi K, Ogata H, Hata K, Kaname T, 
Matsubara Y, Wakui K, Matsumoto N. 2019. Entire FGF12 duplication by complex chromosomal 
rearrangements associated with West syndrome. Journal of Human Genetics 64:1005–1014. DOI: https://doi.​
org/10.1038/s10038-019-0641-1, PMID: 31311986

Ogiwara I, Nakayama T, Yamagata T, Ohtani H, Mazaki E, Tsuchiya S, Inoue Y, Yamakawa K. 2012. A homozygous 
mutation of voltage-gated sodium channel β(I) gene SCN1B in A patient with Dravet syndrome. Epilepsia 
53:e1111. DOI: https://doi.org/10.1111/epi.12040, PMID: 23148524

Olsen SK, Garbi M, Zampieri N, Eliseenkova AV, Ornitz DM, Goldfarb M, Mohammadi M. 2003. Fibroblast 
growth factor (FGF) homologous factors share structural but not functional homology with FGFs. The Journal 
of Biological Chemistry 278:34226–34236. DOI: https://doi.org/10.1074/jbc.M303183200, PMID: 12815063

Pablo JL, Wang C, Presby MM, Pitt GS. 2016. Polarized localization of voltage-gated Na+ channels is regulated 
by concerted FGF13 and FGF14 action. PNAS 113:E1073. DOI: https://doi.org/10.1073/pnas.1521194113, 
PMID: 27044086

Patino GA, Claes LRF, Lopez-Santiago LF, Slat EA, Dondeti RSR, Chen C, O’Malley HA, Gray CBB, Miyazaki H, 
Nukina N, Oyama F, De Jonghe P, Isom LL. 2009. A functional null mutation of SCN1B in A patient with Dravet 
syndrome. The Journal of Neuroscience 29:10764–10778. DOI: https://doi.org/10.1523/JNEUROSCI.2475-09.​
2009, PMID: 19710327

Paul A, Crow M, Raudales R, He M, Gillis J, Huang ZJ. 2017. Transcriptional architecture of synaptic 
communication delineates GABAergic neuron identity. Cell 171:522–539. DOI: https://doi.org/10.1016/j.cell.​
2017.08.032, PMID: 28942923

Porter RS, Jaamour F, Iwase S. 2018. Neuron-specific alternative splicing of transcriptional machineries: 
implications for neurodevelopmental disorders. Molecular and Cellular Neurosciences 87:35–45. DOI: https://​
doi.org/10.1016/j.mcn.2017.10.006, PMID: 29254826

Puranam RS, He XP, Yao L, Le T, Jang W, Rehder CW, Lewis DV, McNamara JO. 2015. Disruption of Fgf13 causes 
synaptic excitatory-inhibitory imbalance and genetic epilepsy and febrile seizures plus. The Journal of 
Neuroscience 35:8866–8881. DOI: https://doi.org/10.1523/JNEUROSCI.3470-14.2015, PMID: 26063919

Raj B, Blencowe BJ. 2015. Alternative splicing in the mammalian nervous system: recent insights into 
mechanisms and functional roles. Neuron 87:14–27. DOI: https://doi.org/10.1016/j.neuron.2015.05.004, PMID: 
26139367

Ramadan W, Patel N, Anazi S, Kentab AY, Bashiri FA, Hamad MH, Jad L, Salih MA, Alsaif H, Hashem M, Faqeih E, 
Shamseddin HE, Alkuraya FS. 2017. Confirming the recessive inheritance of SCN1B mutations in 
developmental epileptic encephalopathy. Clinical Genetics 92:327–331. DOI: https://doi.org/10.1111/cge.​
12999, PMID: 28218389

Richerson GB. 2023. divergent causes and convergent mechanisms of SUDEP. Annals of Neurology 94:809–811. 
DOI: https://doi.org/10.1002/ana.26798, PMID: 37715256

Saleem NM, Chencheri N, Thomas S, Alexander G, Madathil B. 2024. Early-onset epileptic encephalopathy 
responsive to phenytoin: a diagnostic clue for fibroblast growth factor 12 mutation. Cureus 16:e53906. DOI: 
https://doi.org/10.7759/cureus.53906, PMID: 38465135

Scheffer IE, French J, Hirsch E, Jain S, Mathern GW, Moshé SL, Perucca E, Tomson T, Wiebe S, Zhang YH, 
Zuberi SM. 2016. Classification of the epilepsies: new concepts for discussion and debate-special report of the 
ILAE classification task force of the commission for classification and terminology. Epilepsia Open 1:37–44. 
DOI: https://doi.org/10.1002/epi4.5, PMID: 29588927

Scheffer IE, Berkovic S, Capovilla G, Connolly MB, French J, Guilhoto L, Hirsch E, Jain S, Mathern GW, 
Moshé SL, Nordli DR, Perucca E, Tomson T, Wiebe S, Zhang YH, Zuberi SM. 2017. ILAE classification of the 
epilepsies: position paper of the ILAE commission for classification and terminology. Epilepsia 58:512–521. 
DOI: https://doi.org/10.1111/epi.13709, PMID: 28276062

Scheffer IE, Nabbout R. 2019. SCN1A-related phenotypes: epilepsy and beyond. Epilepsia 60:S17–S24. DOI: 
https://doi.org/10.1111/epi.16386, PMID: 31904117

Scheffer IE, Liao J. 2020. Deciphering the concepts behind “Epileptic encephalopathy” and “Developmental 
and epileptic encephalopathy”. European Journal of Paediatric Neurology 24:11–14. DOI: https://doi.org/10.​
1016/j.ejpn.2019.12.023, PMID: 31926847

Schoorlemmer J, Goldfarb M. 2001. Fibroblast growth factor homologous factors are intracellular signaling 
proteins. Current Biology 11:793–797. DOI: https://doi.org/10.1016/s0960-9822(01)00232-9, PMID: 11378392

https://doi.org/10.7554/eLife.98661
https://doi.org/10.1002/mgg3.1250
http://www.ncbi.nlm.nih.gov/pubmed/32400968
https://doi.org/10.1074/jbc.275.4.2589
http://www.ncbi.nlm.nih.gov/pubmed/10644718
https://doi.org/10.1016/j.ejmg.2021.104403
http://www.ncbi.nlm.nih.gov/pubmed/34871784
https://doi.org/10.1074/jbc.M704277200
https://doi.org/10.1074/jbc.M704277200
http://www.ncbi.nlm.nih.gov/pubmed/17584734
https://doi.org/10.1038/s10038-019-0641-1
https://doi.org/10.1038/s10038-019-0641-1
http://www.ncbi.nlm.nih.gov/pubmed/31311986
https://doi.org/10.1111/epi.12040
http://www.ncbi.nlm.nih.gov/pubmed/23148524
https://doi.org/10.1074/jbc.M303183200
http://www.ncbi.nlm.nih.gov/pubmed/12815063
https://doi.org/10.1073/pnas.1521194113
http://www.ncbi.nlm.nih.gov/pubmed/27044086
https://doi.org/10.1523/JNEUROSCI.2475-09.2009
https://doi.org/10.1523/JNEUROSCI.2475-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19710327
https://doi.org/10.1016/j.cell.2017.08.032
https://doi.org/10.1016/j.cell.2017.08.032
http://www.ncbi.nlm.nih.gov/pubmed/28942923
https://doi.org/10.1016/j.mcn.2017.10.006
https://doi.org/10.1016/j.mcn.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29254826
https://doi.org/10.1523/JNEUROSCI.3470-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26063919
https://doi.org/10.1016/j.neuron.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26139367
https://doi.org/10.1111/cge.12999
https://doi.org/10.1111/cge.12999
http://www.ncbi.nlm.nih.gov/pubmed/28218389
https://doi.org/10.1002/ana.26798
http://www.ncbi.nlm.nih.gov/pubmed/37715256
https://doi.org/10.7759/cureus.53906
http://www.ncbi.nlm.nih.gov/pubmed/38465135
https://doi.org/10.1002/epi4.5
http://www.ncbi.nlm.nih.gov/pubmed/29588927
https://doi.org/10.1111/epi.13709
http://www.ncbi.nlm.nih.gov/pubmed/28276062
https://doi.org/10.1111/epi.16386
http://www.ncbi.nlm.nih.gov/pubmed/31904117
https://doi.org/10.1016/j.ejpn.2019.12.023
https://doi.org/10.1016/j.ejpn.2019.12.023
http://www.ncbi.nlm.nih.gov/pubmed/31926847
https://doi.org/10.1016/s0960-9822(01)00232-9
http://www.ncbi.nlm.nih.gov/pubmed/11378392


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Lin, Gade et al. eLife 2024;13:RP98661. DOI: https://​doi.​org/​10.​7554/​eLife.​98661 � 25 of 26

Shen KF, Yue J, Wu ZF, Wu KF, Zhu G, Yang XL, Wang ZK, Wang J, Liu SY, Yang H, Zhang CQ. 2022. Fibroblast 
growth factor 13 is involved in the pathogenesis of temporal lobe epilepsy. Cerebral Cortex 32:5259–5272. 
DOI: https://doi.org/10.1093/cercor/bhac012, PMID: 35195262

Siekierska A, Isrie M, Liu Y, Scheldeman C, Vanthillo N, Lagae L, de Witte PAM, Van Esch H, Goldfarb M, 
Buyse GM. 2016. Gain-of-function FHF1 mutation causes early-onset epileptic encephalopathy with 
cerebellar atrophy. Neurology 86:2162–2170. DOI: https://doi.org/10.1212/WNL.0000000000002752, PMID: 
27164707

Skotte L, Fadista J, Bybjerg-Grauholm J, Appadurai V, Hildebrand MS, Hansen TF, Banasik K, Grove J, 
Albiñana C, Geller F, Bjurström CF, Vilhjálmsson BJ, Coleman M, Damiano JA, Burgess R, Scheffer IE, 
Pedersen OBV, Erikstrup C, Westergaard D, Nielsen KR, et al. 2022. Genome-wide association study of febrile 
seizures implicates fever response and neuronal excitability genes. Brain 145:555–568. DOI: https://doi.org/10.​
1093/brain/awab260, PMID: 35022648

Smallwood PM, Munoz-Sanjuan I, Tong P, Macke JP, Hendry SH, Gilbert DJ, Copeland NG, Jenkins NA, 
Nathans J. 1996. Fibroblast growth factor (FGF) homologous factors: new members of the FGF family 
implicated in nervous system development. PNAS 93:9850–9857. DOI: https://doi.org/10.1073/pnas.93.18.​
9850, PMID: 8790420

Szabadics J, Varga C, Molnár G, Oláh S, Barzó P, Tamás G. 2006. Excitatory effect of GABAergic axo-axonic cells 
in cortical microcircuits. Science 311:233–235. DOI: https://doi.org/10.1126/science.1121325, PMID: 16410524

Talwar D, Hammer MF. 2021. SCN8A epilepsy, developmental encephalopathy, and related disorders. Pediatric 
Neurology 122:76–83. DOI: https://doi.org/10.1016/j.pediatrneurol.2021.06.011, PMID: 34353676

Taniguchi H, He M, Wu P, Kim S, Paik R, Sugino K, Kvitsiani D, Fu Y, Lu J, Lin Y, Miyoshi G, Shima Y, Fishell G, 
Nelson SB, Huang ZJ. 2011. A resource of Cre driver lines for genetic targeting of GABAergic neurons in 
cerebral cortex. Neuron 71:995–1013. DOI: https://doi.org/10.1016/j.neuron.2011.07.026, PMID: 21943598

Teran FA, Sainju RK, Bravo E, Wagnon J, Kim Y, Granner A, Gehlbach BK, Richerson GB. 2023. Seizures cause 
prolonged impairment of ventilation, co. The Journal of Neuroscience 43:4959–4971. DOI: https://doi.org/10.​
1523/JNEUROSCI.0450-23.2023

Vacher H, Mohapatra DP, Trimmer JS. 2008. Localization and targeting of voltage-dependent ion channels in 
mammalian central neurons. Physiological Reviews 88:1407–1447. DOI: https://doi.org/10.1152/physrev.00002.​
2008, PMID: 18923186

Velíšková J, Marra C, Liu Y, Shekhar A, Park DS, Iatckova V, Xie Y, Fishman GI, Velíšek L, Goldfarb M. 2021. Early 
onset epilepsy and sudden unexpected death in epilepsy with cardiac arrhythmia in mice carrying the early 
infantile epileptic encephalopathy 47 gain-of-function FHF1(FGF12) missense mutation. Epilepsia 62:1546–
1558. DOI: https://doi.org/10.1111/epi.16916, PMID: 33982289

Venkatesan K, Liu Y, Goldfarb M. 2014. Fast-onset long-term open-state block of sodium channels by A-type 
FHFs mediates classical spike accommodation in hippocampal pyramidal neurons. The Journal of Neuroscience 
34:16126–16139. DOI: https://doi.org/10.1523/JNEUROSCI.1271-14.2014, PMID: 25429153

Vormstein-Schneider D, Lin JD, Pelkey KA, Chittajallu R, Guo B, Arias-Garcia MA, Allaway K, Sakopoulos S, 
Schneider G, Stevenson O, Vergara J, Sharma J, Zhang Q, Franken TP, Smith J, Ibrahim LA, Mastro KJ, Sabri E, 
Huang S, Favuzzi E, et al. 2020. Viral manipulation of functionally distinct interneurons in mice, non-human 
primates and humans. Nature Neuroscience 23:1629–1636. DOI: https://doi.org/10.1038/s41593-020-0692-9, 
PMID: 32807948

Wang C, Hennessey JA, Kirkton RD, Wang C, Graham V, Puranam RS, Rosenberg PB, Bursac N, Pitt GS. 2011. 
Fibroblast growth factor homologous factor 13 regulates Na+ channels and conduction velocity in murine 
hearts. Circulation Research 109:775–782. DOI: https://doi.org/10.1161/CIRCRESAHA.111.247957, PMID: 
21817159

Wang C, Chung BC, Yan H, Lee SY, Pitt GS. 2012. Crystal structure of the ternary complex of a NaV C-terminal 
domain, a fibroblast growth factor homologous factor, and calmodulin. Structure 20:1167–1176. DOI: https://​
doi.org/10.1016/j.str.2012.05.001, PMID: 22705208

Wang X, Tang H, Wei EQ, Wang Z, Yang J, Yang R, Wang S, Zhang Y, Pitt GS, Zhang H, Wang C. 2017. 
Conditional knockout of Fgf13 in murine hearts increases arrhythmia susceptibility and reveals novel ion 
channel modulatory roles. Journal of Molecular and Cellular Cardiology 104:63–74. DOI: https://doi.org/10.​
1016/j.yjmcc.2017.01.009, PMID: 28119060

Wang Q, Yang J, Wang H, Shan B, Yin C, Yu H, Zhang X, Dong Z, Yu Y, Zhao R, Liu B, Zhang H, Wang C. 2021. 
Fibroblast growth factor 13 stabilizes microtubules to promote Na+ channel function in nociceptive DRG 
neurons and modulates inflammatory pain. Journal of Advanced Research 31:97–111. DOI: https://doi.org/10.​
1016/j.jare.2020.12.009, PMID: 34194835

Ware TL, Huskins SR, Grinton BE, Liu YC, Bennett MF, Harvey M, McMahon J, Andreopoulos-Malikotsinas D, 
Bahlo M, Howell KB, Hildebrand MS, Damiano JA, Rosenfeld A, Mackay MT, Mandelstam S, Leventer RJ, 
Harvey AS, Freeman JL, Scheffer IE, Jones DL, et al. 2019. Epidemiology and etiology of infantile 
developmental and epileptic encephalopathies in Tasmania. Epilepsia Open 4:504–510. DOI: https://doi.org/​
10.1002/epi4.12350, PMID: 31440733

Wu QF, Yang L, Li S, Wang Q, Yuan XB, Gao X, Bao L, Zhang X. 2012. Fibroblast growth factor 13 is a 
microtubule-stabilizing protein regulating neuronal polarization and migration. Cell 149:1549–1564. DOI: 
https://doi.org/10.1016/j.cell.2012.04.046, PMID: 22726441

Xu Q, Tam M, Anderson SA. 2008. Fate mapping Nkx2.1-lineage cells in the mouse telencephalon. The Journal 
of Comparative Neurology 506:16–29. DOI: https://doi.org/10.1002/cne.21529, PMID: 17990269

https://doi.org/10.7554/eLife.98661
https://doi.org/10.1093/cercor/bhac012
http://www.ncbi.nlm.nih.gov/pubmed/35195262
https://doi.org/10.1212/WNL.0000000000002752
http://www.ncbi.nlm.nih.gov/pubmed/27164707
https://doi.org/10.1093/brain/awab260
https://doi.org/10.1093/brain/awab260
http://www.ncbi.nlm.nih.gov/pubmed/35022648
https://doi.org/10.1073/pnas.93.18.9850
https://doi.org/10.1073/pnas.93.18.9850
http://www.ncbi.nlm.nih.gov/pubmed/8790420
https://doi.org/10.1126/science.1121325
http://www.ncbi.nlm.nih.gov/pubmed/16410524
https://doi.org/10.1016/j.pediatrneurol.2021.06.011
http://www.ncbi.nlm.nih.gov/pubmed/34353676
https://doi.org/10.1016/j.neuron.2011.07.026
http://www.ncbi.nlm.nih.gov/pubmed/21943598
https://doi.org/10.1523/JNEUROSCI.0450-23.2023
https://doi.org/10.1523/JNEUROSCI.0450-23.2023
https://doi.org/10.1152/physrev.00002.2008
https://doi.org/10.1152/physrev.00002.2008
http://www.ncbi.nlm.nih.gov/pubmed/18923186
https://doi.org/10.1111/epi.16916
http://www.ncbi.nlm.nih.gov/pubmed/33982289
https://doi.org/10.1523/JNEUROSCI.1271-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25429153
https://doi.org/10.1038/s41593-020-0692-9
http://www.ncbi.nlm.nih.gov/pubmed/32807948
https://doi.org/10.1161/CIRCRESAHA.111.247957
http://www.ncbi.nlm.nih.gov/pubmed/21817159
https://doi.org/10.1016/j.str.2012.05.001
https://doi.org/10.1016/j.str.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22705208
https://doi.org/10.1016/j.yjmcc.2017.01.009
https://doi.org/10.1016/j.yjmcc.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28119060
https://doi.org/10.1016/j.jare.2020.12.009
https://doi.org/10.1016/j.jare.2020.12.009
http://www.ncbi.nlm.nih.gov/pubmed/34194835
https://doi.org/10.1002/epi4.12350
https://doi.org/10.1002/epi4.12350
http://www.ncbi.nlm.nih.gov/pubmed/31440733
https://doi.org/10.1016/j.cell.2012.04.046
http://www.ncbi.nlm.nih.gov/pubmed/22726441
https://doi.org/10.1002/cne.21529
http://www.ncbi.nlm.nih.gov/pubmed/17990269


 Research article﻿﻿﻿﻿﻿﻿ Neuroscience

Lin, Gade et al. eLife 2024;13:RP98661. DOI: https://​doi.​org/​10.​7554/​eLife.​98661 � 26 of 26

Yu FH, Mantegazza M, Westenbroek RE, Robbins CA, Kalume F, Burton KA, Spain WJ, McKnight GS, Scheuer T, 
Catterall WA. 2006. Reduced sodium current in GABAergic interneurons in a mouse model of severe myoclonic 
epilepsy in infancy. Nature Neuroscience 9:1142–1149. DOI: https://doi.org/10.1038/nn1754, PMID: 16921370

Zhang X, Chen MH, Wu X, Kodani A, Fan J, Doan R, Ozawa M, Ma J, Yoshida N, Reiter JF, Black DL, 
Kharchenko PV, Sharp PA, Walsh CA. 2016. Cell-type-specific alternative splicing governs cell fate in the 
developing cerebral cortex. Cell 166:1147–1162. DOI: https://doi.org/10.1016/j.cell.2016.07.025, PMID: 
27565344

https://doi.org/10.7554/eLife.98661
https://doi.org/10.1038/nn1754
http://www.ncbi.nlm.nih.gov/pubmed/16921370
https://doi.org/10.1016/j.cell.2016.07.025
http://www.ncbi.nlm.nih.gov/pubmed/27565344

	Interneuron FGF13 regulates seizure susceptibility via a sodium channel-­independent mechanism
	eLife Assessment
	Introduction
	Results
	Whole brain knockout of ﻿Fgf13﻿ results in spontaneous seizures and premature death
	Excitatory neuronal knockout of ﻿Fgf13﻿ does not result in spontaneous seizures
	Inhibitory neuron knockout of ﻿Fgf13﻿ recapitulates spontaneous seizures and premature death in complete neuronal knockout
	MGE-derived interneuron knockout of ﻿Fgf13﻿ partially recapitulates spontaneous seizures and premature death
	Inhibitory neuronal knockout of ﻿Fgf13﻿ results in deficits of synaptic transmission
	Inhibitory neuronal knockout of ﻿Fgf13﻿ results in deficits of interneuron excitability
	Virally mediated re-expression of ﻿Fgf13-S﻿ and ﻿Fgf13-VY﻿ restores output to Gad2-Fgf13 cKO neurons

	Discussion
	Methods
	Animals
	Hyperthermia-induced seizures
	Electroencephalogram recording
	Animal preparation
	Recording and analysis

	Hippocampal neuronal cultures
	Immunocytochemistry
	Acute slice preparation
	Electrophysiology
	Analysis of electrophysiological data
	Immunohistochemistry
	Western blot
	BaseScope in situ hybridization
	Targeted metabolomics
	Reverse transcriptase quantitative polymerase chain reaction
	Statistics

	Acknowledgements
	Additional information
	﻿Competing interests
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


