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Absence of RNA-binding protein FXR2P prevents
prolonged phase of kainate-induced seizures
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Abstract

Status epilepticus (SE) is a condition in which seizures are not self-
terminating and thereby pose a serious threat to the patient’s life.
The molecular mechanisms underlying SE are likely heterogeneous
and not well understood. Here, we reveal a role for the RNA-
binding protein Fragile X-Related Protein 2 (FXR2P) in SE. Fxr2 KO
mice display reduced sensitivity specifically to kainic acid-induced
SE. Immunoprecipitation of FXR2P coupled to next-generation
sequencing of associated mRNAs shows that FXR2P targets are
enriched in genes that encode glutamatergic post-synaptic compo-
nents. Of note, the FXR2P target transcriptome has a significant
overlap with epilepsy and SE risk genes. In addition, Fxr2 KO mice
fail to show sustained ERK1/2 phosphorylation induced by KA and
present reduced burst activity in the hippocampus. Taken
together, our findings show that the absence of FXR2P decreases
the expression of glutamatergic proteins, and this decrease might
prevent self-sustained seizures.
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Introduction

With a disease prevalence of about 1%, epilepsy is one of the most

common neurological disorders (Pugliatti et al, 2007; Fiest et al,

2017). Despite the availability of many anti-epileptic drugs,

epilepsy is inadequately controlled in about a third of the cases

(Pitk€anen et al, 2016; Devinsky et al, 2018). The hallmark of the

disease is the occurrence of sudden, transient, recurrent seizure

episodes that result from neuronal hyperexcitability. Seizures are

generally self-limiting events, lasting a few minutes. If seizures last

longer, they are called status epilepticus (SE). The International

League Against Epilepsy (ILAE) (Trinka et al, 2015) defines SE as

seizures that last more than 5–15 min depending on the types

(tonic–clonic SE, focal SE, and absence SE). If SE lasts more than

60 min, it has long-term consequences including neuronal injury,

neuronal death, alteration of neuronal networks, and functional

deficits (Trinka et al, 2015). SE is a major clinical emergency that

poses a serious threat to the patient’s life (on average 20% mortal-

ity rate) (Trinka & K€alvi€ainen, 2017).

During the last decade, next-generation sequencing techniques

have led to the identification of many monogenic epilepsies and

epileptic encephalopathies (Thomas & Berkovic, 2014; Zhou et al,

2018). The genes responsible for these epilepsies encode for channel

receptor, cell migration, cell metabolism, or RNA-binding proteins

(RBPs) (Toth, 2001). In recent years, the role of RBPs in disorders of

neurodevelopment, neurodegeneration, and epilepsy has gained

more interest and importance (Pernice et al, 2016; Conlon &

Manley, 2017; Chen et al, 2019). RBPs are essential regulators of

protein expression, and their loss or mutation can cause aberrant

translation of different mRNAs (Achsel & Bagni, 2016; Hentze et al,

2018; Bagni & Zukin, 2019). In the case of epilepsy, genes control-

ling neuronal excitability that are under the control of such RBPs

can manifestly affect seizure susceptibility. Fine-tuned regulation of

such epilepsy-associated genes and pathways is therefore critical.

A prime example of RBP loss leading to epileptic seizures is the

Fragile X Mental Retardation Protein (FMRP). Individuals with Frag-

ile X syndrome (FXS) show increased seizure susceptibility and,

likewise, mouse models for FXS display increased sensitivity to

audiogenic induced seizures (Berry-Kravis, 2002; Curia et al, 2013;

Sethna et al, 2017). Indeed, the prevalence of seizures in individuals

with FXS is around 14%, significantly higher than in the general

population (Berry-Kravis, 2002). This difference is thought to be

due to elevated levels of ERK1/2 (extracellular kinase 1/2) phospho-

rylation (Curia et al, 2013; Sethna et al, 2017) and altered
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translation of specific mRNAs (Darnell et al, 2011; Fern�andez et al,

2013; Bagni & Zukin, 2019).

Another member of the Fragile X-related family is the RBP Fragile

X-Related Protein 2 (FXR2P) (Zhang et al, 1995; Tamanini et al,

1999). FXR2 is encoded at the human locus 17p13.1, a hotspot for

chromosomal rearrangements. The primary neurological pheno-

types described in patients with de novo microdeletions and

microduplications of this locus are intellectual disability and

seizures (Komoike et al, 2010; Schluth-Bolard et al, 2010; Belligni

et al, 2012; Zeesman et al, 2012; Giordano et al, 2014; Kuroda et al,

2014). Interestingly, males with de novo 17p13.1 microduplications

that included the FXR2 region can develop seizures (Belligni et al,

2012; Mooneyham et al, 2014; Maini et al, 2016). In contrast, no

cases with a de novo 17p13.1 microdeletion that includes the FXR2

region in men have been reported with seizures. Given the large

inter-individual size variability for these microdeletions and

microduplications, further studies are needed to clearly associate

FXR2P with seizures.

Here, we investigated the contribution of FXR2P to seizure

susceptibility. We used the Fxr2 KO model that displays several

phenotypic traits similar to those observed in the Fmr1 KO model,

like altered synaptic plasticity, hyperactivity, and impaired learn-

ing (Bontekoe et al, 2002; Spencer et al, 2006; Zhang et al, 2009).

At the molecular level, a few studies in mice indicate that the

absence of FXR2P negatively affects the expression of hippocampal

glutamatergic proteins, such as PSD-95 and GluA1 (Cavallaro et al,

2008; Fernandez et al, 2015; Guo et al, 2015). However, suscepti-

bility to seizures has never been previously investigated in the

Fxr2 KO mice. We found that the lack of FXR2P has a profound

effect on SE. Fxr2 KO mice displayed less protracted SE upon treat-

ment with kainic acid (KA), but not with pilocarpine administra-

tion. The seizure severity correlated with ERK1/2 phosphorylation

in the hippocampus, suggesting a pathway-specific protection

toward prolonged seizures in Fxr2 KO mice. Furthermore, with a

high-throughput approach we identified the mRNAs specifically

associated with FXR2P and found that the products of a large

subset of these FXR2P-bound mRNAs are located at glutamatergic

synapses and mostly involved in glutamate receptor signaling. In

addition, we found that the genes coding for these FXR2P targets

share a significant overlap with epilepsy and SE risk genes.

Notably, several glutamatergic receptors/proteins display lower

expression levels in Fxr2 KO hippocampi, which may explain the

reduced susceptibility to seizures as well as the downstream

ERK1/2 phosphorylation at the late phase (Nateri et al, 2007; Chen

et al, 2016b). Taken together, these data link FXR2P to the proper

functioning of the glutamatergic signaling pathway and highlight a

possible involvement of FXR2P in SE.

Results

Male patients with 17p13.1 microdeletion do not have seizures

To investigate whether FXR2P contributes to the 17p13.1

microdeletion and microduplication phenotype, we assessed the

online database DECIPHER that contains information on copy

number variation (CNV) cases with their respectively observed

clinical symptoms (decipher.sanger.ac.uk) (Firth et al, 2009). A

total of 58 male cases with 17p13.1 loci deleted or duplicated

(< 10 Mb) were found. The percentage of individuals with

seizures for the categories microdeletion and microduplication is

summarized in Figure 1A. In microdeletions, cases with seizures

are less frequent when the FXR2 gene is deleted compared with

when the gene is present (0% versus 10.5%). In microduplica-

tions, cases with seizures are more frequent when the gene FXR2

is part of the duplication (30% versus 16.7%). From this explora-

tory analysis, one could speculate that FXR2 deletion might have a

profound effect on seizure manifestation, even if this effect was

observed only in male individuals, and not in females (Fig-

ure EV1). In addition, we used the Open Targets Platform that

provides an association index of a certain gene with different

diseases (value 0 equals to no association, value 1 equals to

substantial evidence). When we searched for any possible associa-

tion between the FXR2 gene and diseases of the central nervous

system (CNS), we observed that early infantile epileptic

encephalopathy shares a considerable association with the FXR2

A

B

Figure 1. Frequency of seizures in males with 17p13.1 deletion/
duplication.

A 58 Males were described in DECIPHER of which 24 carried a microdeletion,
and 34 carried a microduplication.

B Central nervous system (CNS) disease associations derived from the Open
Target Platform. Association score ranges from 0 to 1, with 0 indicating no
association, and 1 indicating full association. FXR2 has highest association
with intellectual disability and epilepsy.
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gene (Figure 1B). Altogether these findings suggest a possible role

of FXR2P in seizures in humans.

Fxr2 KO mice show different susceptibility to
seizure-inducing convulsants

To investigate the contribution of FXR2P in regulating seizure

susceptibility in vivo, we used two models of chemically induced

acute seizures based on the administration of a neuro-excitatory

glutamatergic agonist (KA) and a muscarinic cholinergic agonist

(pilocarpine) (Curia et al, 2008; L�evesque & Avoli, 2013; L�evesque

et al, 2016; Jie et al, 2018). Upon administration of these

compounds, both WT and Fxr2 KO animals display motor seizures

(Figure 2A) (Racine, 1972; Janumpalli et al, 1998) that are thought

to originate in the hippocampus (Nadler et al, 1981). In the case

of KA administration, male Fxr2 KO mice showed a remarkable

recovery within an hour, whereas WT mice continued seizure

activity throughout the 2-h observation period (Figure 2B). In fact,

the epileptic profile (i.e., seizure class distribution) in Fxr2 KO

mice is very different from WT mice, as Fxr2 KO mice had a

Racine score of 0 during 80% of the experiment (Figure EV2A).

None of the Fxr2 KO mice displayed motor SE at the end of the

observation period, in contrast with 67% of the WT mice. This

drastic difference in seizure susceptibility between WT and Fxr2

KO mice was also reflected in a lower cumulative score of seizure

events in Fxr2 KO compared with WT mice (Figure 2C). Interest-

ingly, female Fxr2 KO mice did not display resistance to KA-

induced seizures, coherent with the DECIPHER database (Fig-

ure EV2B and C). Therefore, we only considered males in all

subsequent analyses.

To address the question whether such a resistance to prolonged

seizures in male Fxr2 KO mice could be observed in another model

of epilepsy, WT and Fxr2 KO mice were treated with pilocarpine,

which activates M1 muscarinic receptors. Under these conditions,

all mice reached SE, irrespective of the genotype. Specifically, time-

lapse of seizures, seizure class distribution, and cumulative score

showed no differences between WT and Fxr2 KO mice (Figures 2D

and E, and EV2D). These findings suggest that the observed protec-

tive nature of the Fxr2 KO mice toward seizures is possibly receptor

and/or signaling pathway specific.

Transcriptome-wide identification of FXR2P-bound mRNAs

We used an unbiased approach to identify the FXR2P brain regulon

that could be involved in the observed epileptic phenotype. Specifi-

cally, we performed RNA immunoprecipitation (RIP) followed by

second-generation RNA sequencing (RIP-seq) from the forebrain of

adult mice. FXR2P was efficiently immunoprecipitated using an

FXR2P antibody (1G2) (Darnell et al, 2009) that recognizes the C

terminus of the protein (a.a. 414–658), which diverges between

members of the FMRP protein family (Ferrari et al, 2007). PSD-95

mRNA, a well-established FXR2P target (Fernandez et al, 2015), was

used as a control to verify the specificity of the RIP assay (Figure 3A).

FXR2P RNA-IP from three independent WT and Fxr2 KO animals

were each subjected to amplification, library preparation, and

sequencing (see Material and Methods). Upon read count normaliza-

tion and threshold cutoff, we identified and considered 14,809 tran-

scripts for further analysis. Fxr2 KO samples have significantly less

normalized reads for PSD-95 compared with WT (Figure 3B). Subse-

quently after ≥ 2 log2 fold change between WT and Fxr2 KO samples

and appropriate FDR cutoff, we identified 488 genes that were dif-

ferentially bound by FXR2P (Figure 3C, Dataset EV1). We then inves-

tigated in which ontologies these genes were most enriched. With

respect to the cellular component, we identified that these genes were

most enriched in ontologies for post-synaptic density, neurons, and

the glutamatergic synapse (Figure 3D, Dataset EV2). The latter, even

though slightly lower in enrichment compared with the others, is in

agreement with the large genotype effect we observed on seizures

A

B C

D E

Figure 2. Kainic acid- and pilocarpine-induced epileptic seizures in WT
and Fxr2 KO mice.

A The different stages of seizures based on increased severity.
B Average seizure score of KA-treated WT and Fxr2 KO mice over time from

t = 0 (injection time) to 2 h. *P < 0.05 compared with WT mice (two-way
Repeated Measures ANOVA; interaction effect of time and genotype;
F1,666 = 10.05, P = 0.0016; post hoc tests for indicated time points,
P < 0.05). KA-treated WT mice (n = 16), KA-treated Fxr2 KO mice (n = 12).
Data are presented as mean � Standard Error of the Mean (SEM).

C Responsiveness to KA of WT (black, n = 16) and Fxr2 KO mice (magenta,
n = 12). ***P < 0.001 compared with Fxr2 KO mice (two-tailed Student’s
t-test; t26 = 5.72, P < 0.001). Data are presented as mean � SEM.

D Average seizure score of pilocarpine-treated WT and Fxr2 KO mice over
time from t = 0 (injection time) to 2 h (two-way Repeated Measures
ANOVA, P = n.s.). Pilocarpine-treated WT mice (n = 6), pilocarpine-treated
Fxr2 KO mice (n = 6). Data are presented as mean � SEM.

E Responsiveness to pilocarpine (PC) of WT (n = 6) and Fxr2 KO mice (n = 6).
(two-tailed Student’s t-test, P = n.s.). Data are presented as mean � SEM.
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A

D

E

B C

Figure 3. Identification of FXR2P target mRNAs.

A Schematic representation of the experimental strategy for the RIP-seq pipeline. Representative Western blot showing the FXR2P pull-down. FXR2P was precipitated
from WT and Fxr2 KO mice brain extracts using the 1G2 antibody (Fernandez et al, 2015) and analyzed by Western blotting. Input, 10%. PSD-95 mRNA was used as a
control to verify the specificity of the RIP-seq.

B PSD-95 mRNA had lower read counts in Fxr2 KO samples (n = 3) compared with WT samples (n = 3; +adjusted P < 0.1, two-tailed Student’s t-test). Data are
presented as mean � SEM.

C Enrichment analysis of the 14,809 transcripts shows 488 genes (red) that pass the FDR threshold (adjusted P-value cut-off at 0.1).
D Left, gene ontology of the 488 FXR2P candidate mRNAs across the top 10 cellular components. Right, biological processes specific for glutamate are highlighted.

−Log10 q-values were normalized according to the maximum q-value in the list of gene ontologies. The red dashed line indicates the threshold for significant
enrichment in these gene ontologies.

E Left, FXR2P-binding motif sequence as described by Ray et al (2013). Right, distribution of match scores between FXR2P target and non-target mRNAs. FXR2P target
mRNAs show on average higher match scores than FXR2P non-target mRNAs (Kolmogorov–Smirnov test, P < 0.001).
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after administration of a glutamatergic agonist. Then, upon further

investigating biological processes specifically involving glutamate,

we found that the genes were most enriched for ontologies for the

glutamatergic signaling pathway (Figure 3D, Dataset EV3). Taken

together, our enrichment analysis highlights that the 488 FXR2 candi-

date genes are strongly associated with neuronal excitation.

To identify possible FXR2P binding sites, we analyzed the occur-

rence of the putative FXR2P-binding sequences (Ray et al, 2013) in

the FXR2P transcriptome (Figure 3C, 30UTR of the 488 targets) using

the RBPmap tool (http://rbpmap.technion.ac.il; Paz et al, 2014). In

accordance with its highly degenerate nature (Ray et al, 2013;

Figure 3E, left panel), the FXR2P-binding motif is frequently found

in the 30UTRs of FXR2P target and non-target mRNAs. Of note,

higher-scoring FXR2P-binding sequences are overrepresented in

target 30UTRs with respect to an equally sized set of non-target

30UTRs (Figure 3E, right panel). A higher score corresponds to a

stronger binding of FXR2P to the respective sequence, suggesting

that the putative consensus sequence might contribute to the recog-

nition of FXR2P targets. As for other RBPs, it can be hypothesized

that the sequence domain of FXR2 is surrounded by additional cis-

acting elements that are recognized by other, cooperating RBPs

(Achsel & Bagni, 2016). Additional studies are required to conclu-

sively identify the bona-fide FXR2 recognition domain/s.

FXR2P mRNA targets are involved in epilepsy

Given a potential role of FXR2P in increasing susceptibility to

seizures and SE, we next compared the overlap of FXR2P target

genes (488 targets, Dataset EV1) with risk genes for epilepsy and

genes associated with SE. The list of epilepsy risk genes was

compiled from several epilepsy gene databases, resulting in 1,089

targets (see also Material and Methods; Ran et al, 2015; Guo et al,

2017; Wang et al, 2017). We found a significant overlap of 75 genes

shared between epilepsy genes and FXR2P candidate genes (15.4%,

Figure 4A, Dataset EV4). Next, we used the String database to deter-

mine which of these 75 genes are closely interacting with each other

and thereby define a tight network of proteins (http://string-db.

org). Protein interaction analysis was based on curated databases or

literature that provide high confidence of inter-protein actions such

as activation, inhibition, binding, and reaction. Interestingly, 48%

of the shared genes can be considered as part of a tight network of

proteins (36 targets; Figure 4B). Furthermore, 12 out of 75 epilepsy

genes were also associated with SE (Dataset EV4) (Bhatnagar &

Shorvon, 2015). To validate these findings, we performed indepen-

dent immunoprecipitation experiments followed by qPCR to detect a

selection of eight out of the 36 epilepsy network mRNAs identified

in this study, as well as eight FXR2P non-targets. This analysis

revealed a significant correlation between the enrichment values

obtained in the RIP-seq experiment and the RT–qPCR (Figure 4C).

Among the 75 mRNAs shared between FXR2P targets and

epilepsy-risk genes, we next focused on selected mRNAs encoding

proteins involved in glutamatergic signaling. We focused on the

genes Grin2b and Grm5 encoding the glutamatergic receptors

GluN2B and mGluR5, respectively, because aberrantly high levels of

the glutamatergic receptors GluN2B and mGluR5 have been

observed in patients with epilepsy and in different animal models

for epilepsy (Nateri et al, 2007; Das et al, 2012; Kelly et al, 2018;

Egbenya et al, 2018; Lam et al, 2019). Moreover, it was shown

previously that GluN2B or mGluR5 inhibition can modulate the KA-

induced seizure activity (Chen et al, 2016a; Medina-Ceja & Garc�ıa-
Barba, 2017). We therefore investigated the protein expression of

GluN2B, mGluR5, GluK5 (kainate receptor 5, encoded by Grik5),

and PSD-95 (encoded by Dlg4, previously shown to be reduced in

Fxr2 KO; Fernandez et al, 2015) in hippocampi of WT and Fxr2 KO

mice. No difference was observed in GluK5 protein expression

between WT and Fxr2 KO hippocampi (Figure 5A). In contrast, both

GluN2B and mGluR5 protein expression were reduced by 20 and

40% in Fxr2 KO hippocampi, respectively, compared with WT (Fig-

ure 5A). Both GluN2B and mGluR5 are important players during the

late phase of seizures. As such, these findings are consistent with

the in vivo results obtained in KA-treated WT and Fxr2 KO mice,

where both groups showed early phase seizures, but only differed in

late phase seizures (Figure 2B). In addition, PSD-95, a protein

affecting the GluN2B signaling (D’Mello et al, 2011; Lin et al, 2016),

was significantly reduced in Fxr2 KO hippocampi (Figure 5A), likely

buffering KA-induced signaling. Interestingly, these three targets

were not different at the level of mRNA, suggesting a difference in

mRNA translation between WT and Fxr2 KO (Figure 5B).

To further investigate the involvement of the glutamatergic

system, we investigated epileptiform bursting in Fxr2 KO disinhib-

ited hippocampal slices. Bursting was induced by the removal of

external magnesium, as previously described (Gong et al, 2014).

As GABA receptors are known to impact epileptiform bursts

(Gafurov & Bausch, 2013), we used picrotoxin to rule out any

influence of GABA receptors on the recordings and focused

A

C

B

Figure 4. Association of FXR2P mRNA targets with epilepsy.

A Overlap between the 488 FXR2P targets and epilepsy risk genes (75 of
1,089; Fisher’s exact test, P < 0.001).

B String database was used to classify FXR2P and epilepsy risk genes that are
part of one network.

C Validation of RIP-seq by RT–qPCR. Shown are the correlation of the
enrichment observed in log2 RIP-seq (X-axis) and log2 RT–qPCR (Y-axis) for
eight epilepsy-relevant FXR2P targets (red) and eight FXR2P non-targets
(black). Each point represents an individual mRNA, quantified using both
methods (r = 0.8551, ***P < 0.001). mRNAs are normalized for the average
of all the 16 mRNAs.
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only on the glutamatergic output (Newland & Cull-Candy, 1992;

Olsen, 2006). Under these conditions, Fxr2 KO hippocampal slices

showed lower activity in terms of burst frequency and burst duration

compared with WT hippocampal slices (Figure EV3A–C). These results

suggest that FXR2P deficiency alters, at the basal level, the strength of

epileptiform bursts by affecting the excitatory network activity.

It has been shown that during SE, an imbalance of excitation

and inhibition is produced through the internalization of GABA-A

receptors, but also through the externalization of glutamatergic

receptors (i.e., AMPA and NMDA) to the synapse (Chen et al,

2007). In this perspective, overall reduced GluN2B and mGluR5

protein expression in Fxr2 KO mice may explain the reduced

susceptibility to prolonged seizures upon KA administration,

because this would result in less GluN2B and mGluR5 available to

be externalized. We next investigated the involvement of the down-

stream pathway of GluN2B and mGluR5, and specifically ERK

signaling because ERK1/2 has a predominant role in the initiation

of convulsive activity (Nateri et al, 2007; Korotkov et al, 2017).

Coherent with the in vivo data, we observed a differential ERK1/2

response upon KA treatment in WT compared with Fxr2 KO mice

(Figure 6A). As expected, a significant increase in ERK1/2 phospho-

rylation levels was detected in WT mice upon KA administration

(P < 0.001). On the contrary, KA-treated Fxr2 KO mice did not

show any difference compared with vehicle-treated KO mice (Fig-

ure 6A). This lack of ERK1/2 phosphorylation was specific to KA

treatment, as both pilocarpine-treated WT and Fxr2 KO mice

showed an increase in phosphorylated ERK1/2 compared with

control animals (Figure 6B).

Next, we investigated the kinetics of ERK1/2 phosphorylation

after KA treatment (Figure 6C). We analyzed WT and Fxr2 KO at dif-

ferent time intervals (i.e., 20, 40, and 60 min after KA injection) and

found that overall WT hippocampi displayed more robust and

prolonged phosphorylation of ERK1/2 than Fxr2 KO hippocampi, in

which phosphorylated ERK1/2 levels were back at baseline levels

within 60 min (Figure 6C). Thus, ERK1/2 phosphorylation levels

parallel the course of motor seizures.

Finally, we investigated whether the expression of FXR2P and

of a few targets involved in the glutamatergic signaling change

A

B

Figure 5. Validation of glutamatergic FXR2P mRNA targets.

A Representative Western blot and quantification of GluK5, PSD-95, GluN2B, and mGluR5 proteins. Endogenous GluK5, PSD-95, GluN2B, and mGluR5 in Fxr2 KO mice
(n = 9) compared with WT mice (n = 11). *P < 0.05, **P < 0.01, significant difference between WT and Fxr2 KO (two-tailed Student’s t-test: GluK5: t18 = 0.87,
P = 0.394; PSD-95: t18 = 2.29, P < 0.05; GluN2B: t18 = 3.09, P < 0.01; mGluR5: t18 = 3.74, P < 0.01). Quantified bands are highlighted with an asterisk or squared
bracket. Data are presented as mean � SEM.

B Bar plot showing the mRNA levels of Grin2b, Grm5 and Dlg4, normalized for the average of Vinculin and Gusb mRNA levels in WT (n = 5) and Fxr2 KO (n = 5)
hippocampi (two-tailed Student’s t-test, P = n.s.). Data are presented as mean � SEM.
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A

C

B

Figure 6. ERK-mediated signaling in male WT and Fxr2 KO.

A Bar plot showing phospho-ERK1/2 over total ERK1/2 levels in vehicle- and KA-treated WT (closed and open black circles, vehicle-treated WT n = 6; KA-treated WT
n = 6) and Fxr2 KO mice (closed and open magenta circles, vehicle-treated Fxr2 KO n = 5; KA-treated Fxr2 KO n = 6). ***P < 0.001 comparison between vehicle- and
KA-treated WT (two-way ANOVA: interaction effect between genotype and treatment: F1,19 = 24.66, P < 0.001). Data are presented as mean � SEM.

B Phospho-ERK1/2 levels in vehicle- and pilocarpine-treated WT (n = 4–6) and Fxr2 KO mice (n = 4–6). Both genotypes responded with long-lasting seizures upon
pilocarpine administration *P < 0.05 (two-way ANOVA: main effect for treatment: F1,16 = 10.98, P < 0.01). Data are presented as mean � SEM.

C Phospho-ERK1/2 levels in control and KA-treated WT (both n = 6) and Fxr2 KO mice (both n = 6) sacrificed at different time intervals (0, 20, 40, and 60 min).
*adjusted P < 0.05, **adjusted P < 0.01 (two-way ANOVA: main effect for genotype: F1,40 = 5.99, P < 0.05; interaction effect genotype and time; F3,40 = 4.11,
P = 0.012; P < 0.05 and P < 0.01 with Bonferroni correction for 40 and 60 min, respectively). Data are presented as mean � SEM.
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over time (Figure EV4). At first, we noticed that FXR2P expression

in WT hippocampi did not change over time and was not affected

by KA stimulation (Figure EV4A and B). The three glutamatergic

FXR2P targets, namely PSD-95, GluN2B, and mGluR5 showed dif-

ferent expression patterns. Specifically, PSD-95 expression slightly

increased over time in WT and remained reduced and unchanged

in Fxr2 KO hippocampi (Figure EV4C). Second, GluN2B expression

did not change over time in WT animals; however, its expression

was initially low in Fxr2 KO but showed a slight increase in hippo-

campi upon 60 min KA stimulation (Figure EV4D). Finally,

mGluR5 expression did not change over time upon stimulation in

both genetic conditions, but was overall consistently lower in Fxr2

KO hippocampi (Figure EV4E). Altogether in Fxr2 KO hippocampi,

the expression of GluN2B is restored upon 60 min stimulation,

while PSD-95 and mGluR5 levels remained reduced compared with

WT hippocampi.

Taken together, these results point to a critical role of FXR2P govern-

ing glutamatergic-mediated signaling that is responsible for ERK1/2

phosphorylation and late phase seizure propagation (Figure 7).

Discussion

Here, we show that the absence of the RBP FXR2P protects from

prolonged SE. Fxr2 KO mice displayed a specific mechanistic protec-

tion toward KA-induced protracted seizures. Moreover, available

data from the DECIPHER database showed no reports of seizures in

male patients with 17p13.1 microdeletions with deleted FXR2 locus.

The identification of a significant proportion of FXR2P-interacting

mRNAs annotated as cellular components of the glutamatergic

synapse further supports the potential role of FXR2P in SE. Exces-

sive activity or dysfunction of the ionotropic glutamate receptors

kainate, AMPA and NMDA has been linked with epileptiform activ-

ity (Chapman, 2000; Vincent & Mulle, 2009; Di Bonaventura et al,

2017). In fact, we found that, in Fxr2 KO hippocampi, levels of

mGluR5 and GluN2B glutamatergic receptors and of the PSD-95

scaffolding protein involved in glutamatergic signaling were

decreased under baseline conditions, and ERK1/2 phosphorylation

remained low after KA administration. Thus, a reduced KA-depen-

dent glutamatergic signaling followed by lack of ERK1/2 phosphory-

lation in KA-treated Fxr2 KO mice may lead to reduced excitation

and failure to maintain SE (Figure 7).

The ILAE defines SE as “a condition resulting either from the

failure of the mechanisms responsible for seizure termination or

from the initiation of mechanisms, which lead to abnormally

prolonged seizures (after time point t1). It is a condition, which

can have long-term consequences (after time point t2), including

neuronal death, neuronal injury and alteration of neuronal

networks” (Trinka et al, 2015). With this definition, t1 indicates

when a seizure prolongs into SE, and t2 when SE may cause long

term consequences.

Both WT and Fxr2 KO mice developed motor seizures of Racine

stage 3 or above, suggesting similar propensity to develop seizures.

However, while motor seizures persisted and developed into motor

SE in the WT, SE does not occur in the Fxr2 KO mice.

Kainic acid acts through the kainate receptors (Falc�on-Moya

et al, 2018), and we found that the only kainate receptor among the

FXR2P targets, GluK5, was unchanged in WT and Fxr2 KO hippo-

campi, further substantiating that seizure initiation is not affected.

The maintenance of seizure activity is sustained by several gluta-

matergic receptors, i.e., AMPA, GluN2B, and mGluR5 (He et al,

2004; Chen et al, 2007; Chen et al, 2016b; Sethna et al, 2017). An

increased relocation of NR2B-containing NMDA receptors to the cell

membrane was observed in hippocampal slices taken from rats that

underwent 1 h of SE. These contribute to the continued/increased

excitability of these neurons (Naylor et al, 2013; Wasterlain et al,

2013), because increased expression of GluN2B in humans and mice

is linked with increased seizure susceptibility and epilepsy (Nateri

et al, 2007; Frasca et al, 2011; Zhand et al, 2018), and GluN2B

blockade is sufficient to reduce in vivo late phase seizures and

induce in vitro depotentiation during epileptic activity (Hellier et al,

2009; Chen et al, 2016a). With respect to mGluR5, inhibition of this

Figure 7. Model for FXR2P in SE.

A global scheme that summarizes the role of FXR2P in SE, regulating key molecules of the glutamatergic synapses. KA activates the kainate receptors resulting in ERK1/2
phosphorylation and seizures in both WT and Fxr2 KO mice. While in WT mice, ERK1/2 phosphorylation and protracted seizures maintain, the absence of FXR2P affects
glutamatergic signaling, ERK1/2 activity, and ultimately the maintenance of seizures.
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receptor was shown to reduce seizures in animal models, whereas

mGluR5 activation exacerbates the seizure phenotype (Medina-Ceja

& Garc�ıa-Barba, 2017; Kazim et al, 2017; Kelly et al, 2018). In Fxr2

KO hippocampi, we observed reduced protein levels of both GluN2B

and mGluR5 receptors. Thus, the reduced severity of late phase SE

(i.e., > 1 h) observed in Fxr2 KO mice and the reduced neuronal

excitation in Fxr2 KO hippocampal slices may be attributed to a

reduced expression of GluN2B and mGluR5. Moreover, membrane

surface stability of NMDA receptors is warranted by a functional

interaction with PSD-95 (Won et al, 2016), and this can further

reduce the efficacy of these receptors in promoting protracted

seizures. Interestingly, initially reduced GluN2B expression could be

restored through stimulation, possibly through FXR2P-independent

mechanisms such as p-ERK1/2 (Nateri et al, 2007). However, PSD-

95 and mGluR5 expression remained low in Fxr2 KO hippocampus,

even upon KA stimulation. PSD-95, and other scaffolding proteins

target of FXR2P such as Shank1, allow the communication between

NMDA and mGluR5 and the downstream signaling molecules.

Lower expression of these scaffolding proteins could also contribute

to the reduced signaling leading to seizures.

AMPA receptors are also required to maintain SE (Chen et al,

2007). Two other reports observed reduced GluA1 subunit (encoded

by Gria1) protein levels in the hippocampus in Fxr2 KO mice (Caval-

laro et al, 2008; Guo et al, 2015). In our analysis, GluA1 mRNA was

not significantly enriched upon FXR2P mRNP complex isolation,

possibly because the whole forebrain was used, whereas the above

studies were specifically performed in the hippocampus. Because

the changes in GluN2B, mGluR5, and PSD-95 were only detected at

the protein level and not at the mRNA level, it can be hypothesized

that FXR2P is responsible for the translation of this group of mRNAs

encoding proteins affecting the glutamatergic synapse. This signifi-

cantly reduced glutamatergic response may prevent long-term main-

tenance of seizure activity.

Protracted seizures are further maintained through phosphoryla-

tion of ERK1/2 downstream of glutamate receptors. ERK-mediated

signaling is an important pathway that regulates various intracellu-

lar functions and is implicated in epilepsy (Nateri et al, 2007; Curia

et al, 2013; Chen et al, 2016b). Indeed, direct inhibition of ERK1/2

activity was shown to efficiently block seizure manifestation and

phospho-ERK1/2-dependent transcriptomic changes (Glazova et al,

2015; Dorofeeva et al, 2017; Bl€uthgen et al, 2017). Phosphorylated

ERK1/2 levels increased similarly in WT and Fxr2 KO hippocampi

during the initial phase of SE. After 40 min however, ERK1/2 phos-

phorylation decreased in Fxr2 KO whereas it remained high in WT.

This is consistent with the reduced expression of GluN2B and

mGluR5 and, ultimately, with the reduced severity of SE. ERK1/2 is

activated by upstream receptors, but in turn can stimulate NMDA

receptor activity, initiating a self-sustaining loop of neuronal hyper-

activity (Nateri et al, 2007). This self-sustaining loop may be

compromised in Fxr2 KO mice.

While Grin2b and Grm5 are validated FXR2P mRNA targets and

shared with epilepsy risk genes, it is possible that the absence of

FXR2P has a more pleiotropic effect. Indeed, PSD-95, albeit not in

the list of epilepsy risk genes, is significantly reduced in Fxr2 KO

hippocampi and has an impact on glutamatergic signaling, because

it reduces the formation of functional GluN2B-PSD95 complexes and

decreases the physical connection between mGluR5 and GluN2B

(Tu et al, 1999; Li et al, 2003; Bertaso et al, 2010; D’Mello et al,

2011; Won et al, 2016). Further, we noted that an additional 50

mRNAs that are FXR2 targets have a role in glutamatergic signaling

(Figure 3D, Dataset EV2). Therefore, we conclude that dysregulation

of multiple components of the glutamatergic synapse impacts the

strength of glutamatergic signaling and contributes to the reduced

seizure response.

Pilocarpine-treated WT and Fxr2 KO mice were not different in

SE and phosphorylated ERK1/2 levels, suggesting a protection

toward a specific pathway involved in epilepsy. The FXR2P tran-

scriptome did not show gene ontologies enriched for cholinergic

synapses or cholinergic processes. Both KA and pilocarpine are used

to model temporal lobe epilepsy, but they differ significantly in their

mode of action (see review L�evesque et al, 2016). First, KA activates

both kainate and AMPA receptors and affects the glutamatergic

system, while pilocarpine activates muscarinic receptors and affects

the cholinergic system. Second, KA and pilocarpine induce a dif-

ferent electrographic rhythm prior to the first seizure characterized

as fast (gamma, 30–80 Hz) and slow (theta, 6–10 Hz) wave oscilla-

tions, respectively (Turski et al, 1989; Medvedev et al, 2000).

Remarkably, gamma and theta oscillations activate GluN2 receptors

through different mechanisms. The gamma oscillations induced by

KA achieve it by strong post-synaptic currents, whereas theta oscil-

lations induced by pilocarpine trigger synchronized neuronal activ-

ity in optimized time windows and thus need less strong post-

synaptic responses (Larson & Munk�acsy, 2015). This may explain

why Fxr2 KO mice, which have weaker post-synaptic responses, can

progress to SE upon pilocarpine administration, but not upon KA.

Within the last decade, several RBPs have been identified and

linked with epilepsy and seizures. The most-studied RBP, FMRP, is

linked to FXS, the most common known cause of inherited intel-

lectual disability, where seizure susceptibility is hypothesized to

be increased due to aberrant translation of a subset of mRNAs

leading to ERK1/2 hyperphosphorylation (Berry-Kravis et al, 2010;

Sethna et al, 2014). Similarly, the absence of other RBPs (such as

PUM2, RBFOX1, CELF4, BRUNOL4, among others) increase seizure

susceptibility and spontaneous seizure occurrence, and were

shown to regulate neuronal excitability in the limbic system (Yang

et al, 2007; Wagnon et al, 2011; Follwaczny et al, 2017; Vuong

et al, 2018). Whereas the loss of these RBPs decrease protein

expression of inhibitory components and/or increase excitatory

components leading to hyperexcitability, loss of FXR2P seems to

produce primarily a negative regulation on the excitatory compo-

nents, i.e., loss of FXR2P reduces expression of proteins that are

involved in glutamate signaling in the hippocampus, leading to

decreased excitation (Cavallaro et al, 2008). Interestingly, the

absence of only one other RBP, i.e., HuR, has been reported to

cause a similar, but less strong, protective effect on KA-induced

seizures (Skliris et al, 2015).

While epilepsy and SE are more frequently observed in men

(Hesdorffer et al, 1998; Coeytaux et al, 2000), mutations in the X-

linked PCDH19 gene lead to early-onset seizures specifically in

women, leaving the male carrier largely unaffected (Dibbens et al,

2008). In this case, it is possibly due to tissue mosaicism of the X-

chromosome in women (Dibbens et al, 2008). FXR2, instead, is

not located on the X chromosome but some of its targets, such as

Hcfc1 and Huwe1 (Figure 4B and Dataset EV4), are in both mouse

and human. Further studies are required to address this gender-

specific effect.
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In conclusion, we provide evidence that Fxr2 KO mice do not

undergo long-lasting motor seizures. Even though we did not

analyze long-term consequences, we expect that the Fxr2 KO mice

do not develop epilepsy, i.e., increased propensity to spontaneously

seize long after the insult, which is normally observed after kainate-

induced SE (L€ahteinen et al, 2002). This phenotypic trait may

depend on reduced excitability due to reduced hippocampal gluta-

matergic signaling. In fact, Fxr2 KO hippocampi display reduced

expression of glutamatergic components, including GluN2B and

mGluR5. Also, coherently with the in vivo data, we detected a

decreased global excitatory network activity in the Fxr2 KO hippo-

campi ex vivo, using the microelectrode array (MEA) that offers

extracellular recording information on the network level with high

spatial and temporal resolution. Our results provide a molecular and

cellular framework for a mechanistic interpretation of the reduced

susceptibility to prolonged SE and may also contribute to explain the

epileptic phenotype reported in patients with the 17p13.1 deletion.

Materials and Methods

Animals

WT and Fxr2<tm1Cgr> (129 * C57BL/6J * FVB genetic background)

males were used in this study (Bontekoe et al, 2002). To acquire

both WT and Fxr2 homozygous KO mice from the same litter, we

paired Fxr2 heterozygous males with Fxr2 heterozygous females as

a breeding scheme. Experimental mice were group-housed in poly-

ethylene cages (16 cm width × 28 cm length × 11 cm height;

448 cm2 living area) in groups of 3–5 mice and kept in a humidity

and temperature-controlled environment. The following primers

were used to genotype the Fxr2 KO mouse colony: (i) 50-ACA-GTT-
TCC-TGC-TTT-ACA-GTC-CC-30, (ii) 50-AGG-GGC-TTC-TGT-GGT-
TGA-CTG-G-30 and (iii) 50-CTT-TAC-GGT-ATC-GCC-GCT-CCC-GAT-
30. Primers (ii) and (iii) amplified an Fxr2 WT allele of 773 base

pairs. Primers (i) and (ii) amplified an Fxr2 KO allele of 220 base

pairs, which binds to a Neo cassette that replaced exon 7 of the Fxr2

gene. Animal care was conducted conform to the institutional guide-

lines in compliance with international laws and policies (European

Community Council Directive 86/609, OJa L 358, 1, December 12,

1987; National Institutes of Health Guide for the Care and Use of

Laboratory Animals, US National Research Council, 1996) and

approved by the Institutional Ethical Board at the University of

Leuven (Belgium) and University of Lausanne (Switzerland,

VD3151). The genetic background of the strain used throughout the

study was also subjected to a genetic screening performed by

Charles River (Charles River Genetic Testing Services, Wilmington,

MA, USA). The background strain is > 90% FVB congenic.

In vivo seizure induction with kainic acid and pilocarpine

Over a 2-h time course, seizure severity was scored based on a modi-

fied Racine method (Racine, 1972; Janumpalli et al, 1998): (0)

normal behavior, (1) chewing and drooling, (2) head nodding, (3)

unilateral forelimb clonus, (4) bilateral forelimb clonus, (5) forelimb

and/or hindlimb clonus with falling, (6) running or jumping seizure,

and (7) tonic hindlimb extension (Figure 2A). Seizures scored equal

to or above three are convulsive and SE is defined as at least 5 min

of uninterrupted convulsive seizures (Covolan & Mello, 2000;

Sharma et al, 2018). The cumulative score was calculated as the sum

of the maximal scores recorded with 5-min intervals (total of 24 time

points) following KA or pilocarpine injection (Bregola et al, 2002).

Fxr2 KO (n = 12) and WT (n = 16) male mice of 8–12 weeks were

injected intraperitoneally with 20 mg/kg KA (dissolved in PBS equiv-

alent to 1% body weight; Tocris Bioscience, category number 0222/

1) (Janumpalli et al, 1998; McCord et al, 2008; Schauwecker, 2010).

Fxr2 KO and WT male mice (n = 6) were used as controls and were

injected intraperitoneally with PBS vehicle. Pilocarpine, a muscarinic

cholinergic agonist, was purchased at Sigma-Aldrich (category

number P6503). Fxr2 KO (n = 8) and WT (n = 9) male mice of 8–-
12 weeks were first injected intraperitoneally with 1 mg/kg of

methylscopolamine (dissolved in PBS equivalent to 1% body weight;

Sigma-Aldrich, category number 28502) to minimize the peripheral

effects of cholinergic stimulation. Afterward, mice were injected

intraperitoneally with 100 mg/kg pilocarpine twice with 20 min

between injections (Clasadonte et al, 2016). Fxr2 KO and WT male

mice (n = 4) were used as controls and were injected intraperi-

toneally with PBS vehicle. To avoid mortality of the animals during

the experiment as much as possible, we have included a humane

endpoint—in agreement with the approved license for animal experi-

mentation. Specifically, when a mouse experiences 15 consecutive

minutes of Racine score 3 or above, the experiment will be prema-

turely terminated, the mouse euthanized and excluded from any

further analyses (Fxr2 KO n = 2, WT n = 3). After the seizure experi-

ment, a subset of six convulsant-treated mice per genotype and all

control mice were sacrificed by cervical dislocation, brains were

removed and prepared for Western blot analyses.

To explore the changes of molecular markers over time during

KA treatment, we additionally sacrificed WT and Fxr2 KO mice at

different time intervals after KA injection, i.e., 20, 40, and 60 min.

On each time interval, six mice of each genotype were used, and six

untreated WT and Fxr2 KO mice served as baseline controls. Mice

were sacrificed by cervical dislocation, brains removed and

prepared for Western blot analyses.

Brain extract preparation

WT and Fxr2 KO mouse forebrains and hippocampi were lysated in

50 mM Tris–HCl at pH 7.5, 150 mM NaCl, 0.3% NP-40, 1 mM DTT

in the presence of one tablet of protease inhibitors/10 ml of the

solution, 40 U/ml RNAse-out, for 10 min on ice and centrifuged at

12,000 g for 10 min at 4°C. The soluble fraction was used for

Western blotting or immunoprecipitation (IP). For Western blotting,

20–25 µg of protein were loaded into a 10% sodium dodecyl sulfate-

polyacrylamide gel and subsequently were transferred onto a

Polyvinylidene difluoride (PVDF) membrane (110 V at 4°C for 1 h

20 min). Membranes were blocked with 5% milk or bovine serum

albumin (BSA) NCP-Tween20 solution for 1 h and were subse-

quently incubated in NCP-Tween20 solution with primary antibod-

ies overnight. Table EV1 provides the antibodies and concentrations

used in this study. Membranes were washed three times for 10 min

with NCP-Tween20 prior to 1 h incubation with a secondary anti-

body (anti-mouse IgG and anti-rabbit IgG coupled to Dylight 680 or

Dylight 800, dilution 1:5,000). After a final series of three 10-min

washes, the membranes were scanned using an Odyssey infrared

imager (Li-COR Biosciences) and proteins were quantified using
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ImageQuant. PageRuler Prestained Protein Ladder (from Thermo

Scientific, no. 26616) was used to evaluate the molecular weight of

the proteins.

RNA immunoprecipitation and second-generation sequencing

FXR2P immunoprecipitation (IP) followed by RNA isolation and

sequencing was performed from mice forebrain cytoplasmic extracts

(see brain extract preparation). Soluble lysates were incubated with

protein-G Dynabeads coated with antibodies that recognized FXR2P

(1G2, Hybridoma Bank) for 1 h at 4°C. The beads were then washed

with 50 mM Tris–HCl at pH 7.5, 150 mM NaCl, 1 mM MgCl2, and

0.05% NP-40, the complexes were incubated with 20 units of

RNase-free DNase I (15 min at 37°C) and further incubated with

0.1% SDS/0.5 mg/ml Proteinase K (15 min at 55°C) to remove DNA

and proteins, respectively. The RNA from the immunoprecipitated

elution as well as a portion of initial lysate (input) was extracted

with phenol-chloroform and ethanol precipitated. The RNAs were

then converted to full-length cDNAs and amplified using the

SMARTer Ultra Low RNA Kit (Clontech).

The RNA libraries were prepared for sequencing using TrueSeq

RNA Sample Prep (Illumina, CA, USA). The resulting cDNA was

then subjected to DNA shearing and library preparation using

Nextera XT DNA library prep kit (Illumina). The library was

sequenced on an Illumina HiSeq2000 as single-end reads of 50 bp.

All preparations were performed by the Genomic Core facility of KU

Leuven (Belgium). The sequenced reads were aligned to the latest

reference assembly for mouse genome (GRCm38) using the STAR

algorithm (Dobin et al, 2013). The number of reads per transcript

was calculated with the open-source HTSeq Python library (Anders

et al, 2015).

All genes with a total expression higher than 30 reads per millions

(RPM) in all samples were included in the analysis (14,809 genes).

Read counts were normalized by library size using DESeq2, an R/Bio-

conductor package (Love et al, 2014). Differentially expressed genes

between WT and Fxr2 KO samples were identified based on their

weight in the differential pairwise expression analysis with the alter-

native hypothesis “greater than” and a false discovery rate (FDR)-

corrected P value of lower than 0.1 using the Benjamini–Hochberg
adjustment. This adjusted P-value of 0.1 is conventionally used in the

field for multiple testing correction and is also recommended by the

authors of the DESeq2 package. The identified candidate FXR2P

mRNA targets were interrogated for statistically significant gene

ontologies using GSEA (http://software.broadinstitute.org/gsea/inde

x.jsp). As background gene list for the Gene Ontology term analysis,

we used a total of 14,809 genes (i.e., genes that have a minimum of

30 reads in both WT and Fxr2 KO). For gene ontology enrichment,

the top 10 “cellular components” and all the “biological processes”

that contain the term glutamate were highlighted.

Real-time qPCR

Total RNA was extracted from 50 μg brain lysate using 1 ml TRIzol

reagent (Invitrogen, Carlsbad, CA) according to manufacturer’s

instructions. Before proceeding with the RT–qPCR, RNA concentra-

tion was determined with the NanoDrop2000 UV-Vis Spectropho-

tometer (Thermo, USA). Total RNA was diluted to prepare aliquots

of 700 ng/10 μl and used in RT–qPCR for 1 h 30 min at 37°C, using

random primers, M-MLV enzyme (Invitrogen), buffer 5× M-MLV

reaction buffer, RNase OUT and dNTPs, according to manufacturer’s

instructions (Invitrogen). cDNA was diluted 1:50 and 5 μl cDNA

was used for each 15 μl qPCR. RT–qPCRs were performed on a Bio-

Rad CXF instrument with the SYBR-green PCR mix (Roche, Switzer-

land). For each gene, the primer pairs were designed using the NCBI

primer Blast algorithm (http://www.ncbi.nlm.nih.gov/tools/primer-

blast; Table EV2). Primer pairs were synthesized by IDT (Belgium)

and Microsynth AG (Switzerland). Two technical replicates for each

biological replicate were assessed. The mRNA expression level for

each gene of interest was determined relative to a normalization

factor (i.e., the average of the reference genes), using the 2�ΔΔCt

method (Fern�andez et al, 2018).

Disease gene databases

We used DECIPHER (Database of genomic variation and phenotype

in humans using Ensembl resources) to explore clinical phenotypes

in male cases of 17p13.1 de novo microdeletion and microduplica-

tion (decipher.sanger.ac.uk) (Firth et al, 2009). We also consulted

the CNV database of the center of Medical Genetics in Antwerp (Bel-

gium) for additional cases, one female case with microduplication

was identified (internal reference no. 119193, information kindly

shared by Prof. Frank Kooy). Additionally, the Open Targets Plat-

form was used as a secondary independent exploratory analysis for

FXR2 disease association (www.targetvalidation.org; Carvalho-Silva

et al, 2019). Only sources from nervous system disorders that are

not related to cancer or peripheral disorders were considered. The

disease association score ranges from 0 to 1 with scores close to 1

corresponding to strong disease association and scores close to 0

corresponding to no evidence supporting an association. 1,089

Candidate genes of epilepsy were compiled based on the recent

review on epilepsy-associated genes, CT database (www.ctdbase.

org; keywords used “Disease=name:Epilepsy” & “Gene-disease

association=curated”) and the EpilepsyGene database (wzgenomic

s.cn/EpilepsyGene) (Ran et al, 2015; Guo et al, 2017; Wang et al,

2017). The list of 122 genes associated with SE was taken from

Bhatnagar and Shorvon (2015). The intersection between candidate

FXR2 mRNAs and epilepsy gene was further analyzed for protein–
protein interactions using the String database (http://string-db.org).

Microelectrode array recordings in vitro

To investigate neuronal excitability, we used the in vitro MEA

recordings. WT and Fxr2 KO mice were anesthetized with isoflu-

rane, the brain was quickly removed and transferred into bubbled

ice-cold 95% O2/5% CO2 equilibrated artificial cerebrospinal fluid

(aCSF) containing (in mM): 125 NaCl, 2.5 KCl, 1 Na2HPO4, 26

NaHCO3, 11 glucose, 1.2 MgCl2, 0.6 CaCl2 (pH 7.3). Horizontal brain

slices cut with an angle of 15° containing the hippocampus

(350 μm) were prepared using a vibratome (Leica Biosystem) and

the dissected hippocampus was incubated for 30 min at RT in stan-

dard aCSF. Slices were afterward transferred into magnesium-free

aCSF containing 100 μM picrotoxin (a GABAA receptor antagonist)

for at least 1 h at RT before recording. A single hippocampal slice

was placed in a submerged chamber (MultiChannel System, Reutlin-

gen, Germany) and the CA3-CA1 circuit was carefully positioned on

top of an 8 × 8 electrode grid layout (60 TiN electrodes, electrode
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distance 200 μm, electrode diameter 30 μm). The slices were held in

place with a heavy platinum anchor and perfused with 0-Mg picro-

toxin aCSF at a rate of 2 ml/min at RT. After 30 min of stabilization,

hippocampal activity was sampled at 10 kHz and recorded with a

MEA2100-acquisition System for approximately 30 min (MultiChan-

nel System, Reutlingen, Germany). Data were acquired with the

MultiChannel Experimenter 2.8 (MultiChannel System, Reutlingen,

Germany) and extracted for analysis using the MultiChannel

Analyzer 2.6 (MultiChannel System, Reutlingen, Germany). Bursts

were analyzed following a low-pass 100 Hz Bessel filter, and the

threshold was set at −5.5 standard deviations of noise amplitude.

Active electrodes were defined as electrodes with at least one spike.

In total, 16 Fxr2 KO and 9 WT hippocampal slices were taken from

8 Fxr2 KO and 6 WT male mice of 8–12 weeks old. Data formatting,

burst detection and rasterplot generation were performed with a

custom-written script in R (https://github.com/adrianclo/meaR).

Statistical analysis

Data are expressed as means � SEM and analyzed with GraphPad

Prism (version 8) and R (version 3.6.1). Differences between two

groups were analyzed with two-tailed Student’s t-test. We used two-

way ANOVA when two factors were analyzed simultaneously in the

study (i.e., genotype and treatment). We used Repeated Measures

ANOVA when a time component was involved. Tukey HSD or

Bonferroni were used for post hoc comparisons. Relative frequency

of observations was analyzed with the chi-square test. Cumulative

frequencies were analyzed with the Kolmogorov–Smirnov test. The

significance of overlapping genes between the different datasets

analyzed was calculated using Fisher’s exact test considering the

following variables: (i) total population size corresponding to all the

immunoprecipitated mRNAs (N) = 14,809; (ii) FXR2P targets = 488.

Differences of P < 0.05 were considered significant.

Data availability

Data generated by this study are not deposited in public databases

and are available upon request from the corresponding authors.

Expanded View for this article is available online.
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