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Abstract

Genetic mutations in nitrogen permease regulator-like 2 (NPRL2) are associated with a wide spectrum of
familial focal epilepsies, autism, and sudden unexpected death of epileptics (SUDEP), but the mecha-
nisms by which NPRL2 contributes to these effects are not well known. NPRL2 is a requisite subunit of
the GAP activity toward Rags 1 (GATOR1) complex, which functions as a negative regulator of mamma-
lian target of rapamycin complex 1 (mTORC1) kinase when intracellular amino acids are low. Here, we
show that loss of NPRL2 expression in mouse excitatory glutamatergic neurons causes seizures before
death, consistent with SUDEP in humans with epilepsy. Additionally, the absence of NPRL2 expression
increases mTORC1-dependent signal transduction and significantly alters amino acid homeostasis in the
brain. Loss of NPRL2 reduces dendritic branching and increases the strength of electrically stimulated
action potentials (APs) in neurons. The increased AP strength is consistent with elevated expression of
epilepsy-linked, voltage-gated sodium channels in the NPRL2-deficient brain. Targeted deletion of
NPRL2 in primary neurons increases the expression of sodium channel Scn1A, whereas treatment with
the pharmacological mTORC1 inhibitor called rapamycin prevents Scn1A upregulation. These studies
demonstrate a novel role of NPRL2 and mTORC1 signaling in the regulation of sodium channels, which
can contribute to seizures and early lethality.
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Nitrogen permease regulator-like 2 (NPRL2) is a requisite subunit of the epilepsy-linked GAP activity toward
Rags 1 (GATOR1) complex that functions as a negative regulator of mammalian target of rapamycin com-
plex 1 (MTORC1) kinase when intracellular amino acids are limited. Here, we report the generation and char-
acterization of a new neurologic model of GATOR1-dependent mTORopathy, caused by the loss of NPRL2
function in glutamatergic neurons. Loss of NPRL2 increases mTORC1 signal transduction, significantly al-
ters amino acid homeostasis in the brain, and causes sudden unexpected death of epileptics (SUDEP). In
addition, loss of NPRL2 increases the strength of electrically stimulated action potentials (APs) and the ex-
pression of epilepsy-linked sodium channels. These data reveal an unanticipated link between intracellular
amino acid signaling by NPRL2 and a novel mTORC1-dependent regulation of sodium channel expression
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Introduction

Nitrogen permease regulator-like 2 (NPRL2) is a requi-
site subunit of GAP activity toward Rags 1 (GATOR1), an
evolutionarily conserved complex that is comprised of
three proteins called NPRL2, NPRL3, and DEP domain
containing 5 (DEPDCS5). Recent genomic studies have
identified mutations in all subunits of GATOR1 that collec-
tively represent ~10% of the epileptic and autistic popu-
lation (Dibbens et al., 2013; Ricos et al., 2016; Baldassari
et al., 2019). Mutations in the DEPDC5 have also been sug-
gested to be a causal factor for sudden unexpected death of
epileptics (SUDEP) in humans (Nascimento et al., 2015).
Individuals with GATOR1 mutations can present with focal
cortical dysplasia, with defects in cortical lamination and the
presence of dysmorphic neurons (Kabat and Kroél, 2012;
Scerri et al., 2015; Weckhuysen et al., 2016; Chen et al.,
2017). These malformations have been found to occur
through a two-hit genetic mechanism (Ribierre et al., 2018),
confounding the specific GATOR1-dependent mechanisms
that contribute to neurologic dysfunction.

GATORT1 functions as a negative regulator of mamma-
lian target of rapamycin complex 1 (mTORC1), a dynamic
protein kinase that controls cellular growth, protein trans-
lation, and metabolic processes in cells (Bar-Peled et al.,
2013; Liu and Sabatini, 2020). mTORC1 activity is con-
trolled by distinct upstream regulatory protein complexes
comprised of GATOR1 and TSC1/2, which function as
GTPase activating proteins toward small GTP-binding
proteins on the lysosomal surface called RAGs and Rheb,
respectively (Meikle et al., 2007; Sancak et al., 2010;
Efeyan et al., 2013). The interaction of mTORC1 with
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GTP-bound RAG and Rheb contributes to the activation
of its kinase function (Laplante and Sabatini, 2009).
Mutations in either GATOR1 or TSC1/2 are generally clas-
sified as mTORopathies, which present with overlapping
neurologic hallmarks, including seizures and autism spec-
trum disorders (Talos et al., 2012; Griffith and Wong,
2018). These similarities suggest an important role for
strict mTORC1 regulation in the control of brain function
(Curatolo et al., 2015; Specchio et al., 2020).

When intracellular amino acids are limited, GATOR1 re-
presses mTORC1-dependent signaling and reduces the
anabolic consumption of amino acids (Bar-Peled et al.,
2013; Bourdeau Julien et al., 2018; Shen et al., 2019).
Previous loss-of-function studies have shown that NPRL2
is necessary to maintain intracellular amino acids homeo-
stasis by regulating the expression of genes important for
metabolism of amino acids, including glutamine and glu-
tamate (Dutchak et al., 2015, 2018; Chen et al., 2017).
While intracellular glutamate functions as a building block
for general protein synthesis, it can also contribute to cel-
lular energy metabolism through mitochondrial anapleu-
rosis or function as an excitatory neurotransmitter of
glutamatergic neurons (Zhou and Danbolt, 2014).

Within the brain, glutamine contributes to the synthe-
sis of both excitatory and inhibitory neurotransmitters in
glutamatergic or GABAergic neurons, respectively. The
metabolism of these neurotransmitters is highly inter-de-
pendent within distinct cell populations, comprising the
glutamine-glutamate/GABA cycle to adequately supply
neurotransmitters within the central nervous system.
This cycle describes the shuttling of glutamine from as-
trocytes to glutamatergic or GABAergic neurons for neu-
rotransmission, and subsequent re-uptake in astrocytes
for glutamine regeneration (Schousboe et al., 2013).
Alterations in this cycle are frequently observed in epi-
leptic patients and have been associated with defects in
astrocyte glutamine synthesis, or changes in glutamin-
ase and glutamate dehydrogenase (Eid et al., 2016).
These metabolic links to epilepsy prompted us to investi-
gate the role of NPRL2 in glutamatergic neurons, which
use glutamate as an excitatory neurotransmitter. While
the contribution of other GATOR1 proteins, namely
DEPDCS5, have been explored in the GABAergic neurons
in zebrafish (Swaminathan et al., 2018), the role of
NPRL2 in glutamatergic neurons and its contribution to
the mammalian brain has not been investigated.

Here, we report the generation and characterization
of a new neurologic model of GATOR1-dependent
mTORopathy, caused by the loss of NPRL2 function in
glutamatergic neurons. Loss of NPRL2 is sufficient to
increase MTORC1 signaling despite an intact TSC1/2
complex, significantly alter amino acid homeostasis in
the brain and cause seizures before early death. In addi-
tion, loss of NPRL2 increases the strength of electrically
stimulated action potentials (APs) and the expression of
epilepsy-linked sodium channels (Lakhan et al., 2009;
Kaplan et al., 2016). These data reveal an unanticipated
link between intracellular amino acid signaling through
GATOR1 and a novel mTORC1-dependent regulation of
sodium channel expression.
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Table 1: List of antibodies used in this study

Protein target Vendor Catalog #
AKT Cell Signaling Technology 9272
DEPDC5 Santa Cruz Biotechnology, Inc. sc-86115
GAPDH Sigma G9295
GFAP Millipore MAB5541
mGIuR1 Fisher Scientific 12370
NeuN Millipore AB5541
NPRL2 Santa Cruz Biotechnology, Inc. sc-376986
NPRL3 Abcam ab121346
p70 S6 Kinase Cell Signaling Technology 9202
Phospho-p70 S6 kinase (T389) Cell Signaling Technology 9205
Phospho-AKT (Ser473) Cell Signaling Technology 9271
Phospho-rpS6 (Ser240/244) Cell Signaling Technology 2215

rpS6 Cell Signaling Technology 2217
Scn1A Cell Signaling Technology 18339
VGLUT2 Synaptic Systems 135404

Materials and Methods

Animal experiments

NPRL2 nKO mice were generated by crossing Nprf2'®*
mice previously described (Dutchak et al., 2015), with
VgluT2-ires-Cre females mice (Vong et al., 2011) to gener-
ate glutamatergic neuron-specific heterozygous animals.
The expression of Cre-recombinase in these mice is regu-
lated by an internal ribosomal entry site that was created
using a knock-in strategy targeting the VgluT2 gene.
Heterozygous animals were backcrossed to C57/B6 for at
least three generations, with subsequent crosses with
Npri2"®®"* and Npri2'*F"*F animals, resulting in control
mice (Nprl2'F"* and Npri2'*F/°xPy 'NPRL2 nHET mice
(Npri2!oP'*: vgluT2-ires-Cre), and NPRL2 nKO mice
(Npri2!oP/1oxP. “\/gluT2-ires-Cre) that were used for
these studies. Genotypes of all animals were deter-
mined by PCR, using the following primers: Npr/2 (for-
ward) 5'-CTCAGGTTCTACGCAGTGACTTC-3’, Npri2
(reverse) 5'-CATGGCGCTGTCTGGATCC-3', Npri2 (knock-
out) 5'-CAGGCTTCATACTTCTACCCTC-3', VgluT2 (forward)
5'-AAGAAGGTGCGCAAGACG-3’, VgluT2 (Cre-reverse) 5'-
ACACCGGCCTTATTCCAAG-3', VgluT2 (wt-reverse) 5'-
CTGCCACAGATTGCACTTGA-3'. Video recordings were
captured using a Sony FDR-AX53 camcorder, with the
mother present in the cage. All animal experiments were ap-
proved by the Université Laval Committee on Ethics and
Animal Research.

Immunohistochemistry

Tissue sections were prepared from P16 animals that were
perfused with 4% (wt/vol) formaldehyde and immersion fixed
in 4% formaldehyde for 16 h. Floating sections were immuno-
stained with primary antibodies overnight at 4°C using a
1:500 antibody dilution shown in Table 1. Alexa Fluor-conju-
gated secondary antibodies (Invitrogen) were incubated for 2
h at room temperature before washing and mounting. Three
animals per each genotype were analyzed using confocal
microscope.

Western blot analysis
Tissues were homogenized in lysis buffer containing
150 mm sodium chloride, 50 mm sodium fluoride, 100 um
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sodium orthovanadate (pH 10.0), 50 mm sodium pyro-
phosphate tetrabasic, 10 mm B-glycerophosphate, 5 mwm
EDTA, 5 mm EGTA, and 10 mm HEPES (pH 7.4) and 0.5%
Triton X-100 supplemented with complete anti-protease
cocktail (Roche). Lysates were pelleted by centrifugation.
Cleared lysates, representing the soluble fraction, and the
insoluble membrane fractions were boiled in 1x Laemmli
sample buffer and separated on SDS-PAGE for Western
blotting using antibodies listed in Table 1.

Golgi staining

NPRL2 nKO and littermate controls were used for Golgi
staining, using the manufacturer’s protocol of the FD
Rapid GolgiStain kit (FD Neurotechnologies). 10 cortical
neurons (Layers IV-V) from three independent animals per
genotype were traced and analyzed using Neurolucida
360 (MBF Biosciences). Sholl analysis was performed
starting at 10 um from the soma with 5-um intervals as
previously described (Sephton et al., 2014).

Slice preparation for electrophysiology

Mice were first anesthetized with isoflurane. The brain
was then quickly dissected and placed in the cutting
chamber filled with an ice-cold NMDG-artificial CSF
(aCSF) solution containing the following: 1.25 mm
NaH,PO,, 2.5 mm KCI, 10 mm MgCl,, 20 mm HEPES, 0.5
mm CaCl,, 24 mm NaHCO3, 8 mm D-glucose, 5 mm L-as-
corbate, 3 mm Na-pyruvate, 2 mm thiourea, and 93 mm
NMDG (osmolarity adjusted with sucrose to 300-310
mOsm/l); pH adjusted to 7.4 with HCI 10N. Coronal slices
(250 um) were then cut with a vibratome (VT2000; Leica)
to obtain complete sections containing lateral habenula
(LHDb). Slices were placed in a 32°C oxygenated NMDG-
aCSF solution for 10 min before incubation for 1 h at room
temperature in HEPES-aCSF solution: 1.25 mm NaH,PQOy,,
2.5 mm KClI, 10 mm MgCl,, 20 mm HEPES, 0.5 mm CaCl,,
24 mm NaHCOg, 2.5 mm D-glucose, 5 mm L-ascorbate, 1
mm Na-pyruvate, 2 mm thiourea, 92 mm NaCl, and 20 mm
sucrose (osmolarity adjusted to 300-310 mOsm/I at pH
7.4) and finally transferred into a recording chamber on
the stage of an upright microscope (Zeiss) where it was
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perfused at a rate of 3-4 ml/min with aCSF: 120 mm NaCl,
5 mm HEPES, 2.5 mm KCI, 1.2 mm NaH»P04, 2 mm MgCly,
2 mm CaCl,, 2.5 mm glucose, 24 mm NaHCO3, and 7.5 mm
sucrose. The aCSF in the perfusion chamber was kept at
32°C. All solutions were aerated with 95% O, and 5%
CO, (Ting et al., 2018).

Whole-cell patch clamp recordings

A water immersion 60x objective and a video camera
(Zeiss) were used to visualize neurons in LHb. Whole-
cell patch clamp recordings were performed under cur-
rent clamp with an Axopatch 200B amplifier (Molecular
Devices) using borosilicate patch electrodes (3- to 7-
MQ resistance). Pipettes were filled with an intracellular
patch solution containing the following: 130 mmol/l K-
gluconate, 5 mmol/l KCI, 10 mmol/I HEPES, 2.5 mmol/I
MgCl,, 4 mmol/l Nas,-ATP, 0.4 mmol/l Nas-GTP, 10
mmol/I Na-phosphocreatine, 0.6 mmol/l EGTA, and
0.2% biocytin (pH 7.35). Signals were filtered at 5 kHz
using a Digidata 1500A data acquisition interface
(Molecular Devices) and acquired using pClamp 10.6
software (Molecular Devices). Pipette and cell capaci-
tances were fully compensated. The pH and osmolarity
were adjusted to 7.3 and 285-290 mOsm/I, respec-
tively. Data were analyzed offline using clampfit 10.6
software. Neurons were selected randomly from the
LHb of prepared slices; 1-2 min after obtaining whole-
cell configuration, the resting membrane potential
(RMP) was recorded in current clamp mode right after
whole-cell configuration had been obtained. Rheobase
current was assessed by applying depolarizing current
steps (from —20 to 100 pA, 5-pA increments and 1-s du-
ration), and it was calculated as the minimum current
needed to elicit the AP. To examine evoked firing prop-
erties, depolarizing current steps (—20 to +100pA,
20-pA increments and 300-ms duration) were applied
to the cells. APs generated during this period were
counted, and we obtained the number of spikes and fre-
quency of firing.

Metabolite analysis

The cortex of NPRL2 nKO and littermate controls were
harvested from living animals at postnatal day 16 (P16)
showing no physical signs of stress, by cervical disloca-
tion, rapid dissection, and snap freezing in liquid nitrogen.
Samples were stored at —80°C until processing. One
hemisphere was subjected to metabolite extraction using
the Absolute/DQ p180 kit (Biocrates Life Sciences), using
the manufacturer’s protocol. Samples were analyzed on a
SCIEX 5500 QTRAP by The Analytical Facility for
Bioactive Molecules, The Hospital for Sick Children,
Toronto, Canada.

Primary neuron cultures

Primary cortical neurons were prepared from P0O-P1
Npri2™™ mice using previously described methods
(Nault and De Koninck, 2010). Dissociated neurons
were grown in neurobasal medium supplemented with
B27 (Thermofisher), L-Glutamine (Fisher Scientific)
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and penicillin/streptomycin (Thermofisher). On day in
vitro (DIV) 4 cultures were treated with 5 um AraC
(Sigma) and either control or CRE-expressing lentivi-
rus. On DIV7 cells were treated with 10 nm rapamycin
or DMSO (vehicle) for 24 h and harvested in TRIzol
(Thermofisher) for RNA isolation.

Quantitative (q)RT-PCR analysis

Total RNA from tissues or cells was extracted using
TRIzol (Invitrogen), following the manufacturers protocols.
Primer were selected to span exon-exon junctions where
possible. RNA extracts were treated with DNase (Roche) and
the High Cap cDNA Reverse Transcription kit (Applied
Biosystems) was used for cDNA synthesis. gRT-PCR reac-
tions contained 25 ng cDNA, 150 nm each primer pair, and 5
ul SYBR GreenER (Invitrogen). All reactions were performed
in triplicate on the QuantStudio 5 Real-Time PCR system
(Applied Biosystems). Relative mRNA levels were calculated
using the comparative threshold cycle method using U36B4
as the internal control. gRT-PCR primer sequences used in
this study are listed in Table 2.

Statistical analysis

Statistical analysis was performed by two-tailed
Student’s t test using Microsoft Excel 2016. A p-value
of <0.05 was considered significant.

Results

Loss of NPRL2 in glutamatergic neurons causes
seizures and early lethality

To determine the function of NPRL2 in glutamatergic
neurons, we crossed our genetically engineered Npri2-
floxed mice with VgluT2-ires-Cre females mice to gener-
ate Npri2'>F/oxP- \jgluT2-ires-Cre ™" (NPRL2 nKO) mice
(Vong et al., 2011; Dutchak et al., 2015). We selected this
Cre-driver because it is widely expressed early in devel-
oping glutamatergic neurons, permitting us to investigate
early onset epileptic phenotypes. To verify NPRL2 dele-
tion, we performed Western blot analysis targeting
NPRL2 and other protein subunits of GATOR1, NPRLS,
and DEPDCS5, in cerebral protein extracts from WT and
NPRL2 nKO animals. NPRL2 expression was reduced by
50% in the NPRL2 nKO compared with control, indicating
a targeted knock-out of NPRL2 in the VGLUT2 neuron
population (Fig. 1A,B). Consistent with previous observa-
tions, loss of NPRL2 did not alter NPRL3 or DEPDC5 ex-
pression in the NPRL2 nKO (Dutchak et al., 2015).
Animals were born at the expected Mendelian ratios;
however, NPRL2 nKO mice did not live beyond 20d after
birth (Fig. 1C). We measured the body mass of NPRL2
nKO mice at P16 and found a small but significant reduc-
tion in both males and females compared with littermate
controls (Fig. 1D). To investigate the cause of death, we
performed 24-h video recordings of control and NPRL2
nKO littermates, with their mother present. Control mice
were unremarkable, whereas all NPRL2 nKO mice began
a series of seizures ~3 h before the start of the 12-h light
cycle on the day of their death. Over the next 2-4 h, both
tonic and tonic-clonic seizures were observed, lasting
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Table 2: List of all qRT-PCR primers used in this study

Gene Forward Reverse

Bax GTCTCCGGCGAATTGGA TCCACGTCAGCAATCATCCT
Dapk2 GCAGGGAGCAGAGCAGAG CCTGGACCATACAATCGGCG
Dapk3 CGTAGATGCCGTCTCAGGAT TGGGGACACAGGAGCGTC
Kv1.1 CCCGCCAGCGTCCATC CTGCAGCCCTTCTAGGACAC
Kv1.3 CTTCTGGTGCGGTTCTTTGC TACCTTGTCGTTCAGCCAGC
Kv1.4 GGCTTAACAAGTGATCGCTGC CCAAGGTAGACCCCGGAGAT
Kv1.6 GACTGCCAATTTCTGCTTGGG AGTTATTCAGTGGGGAGGCG
Kv2.2 AACGTAGGGGGCCTTAACCA TTGTAGTCATCGCACACCTCC
Pcna CGAAGGCTTCGACACATACC GGACATGCTGGTGAGGTTCA
Scn1A CTGGCTGGACTTCACTGTCAT GATGGTCTTCAGGCCTGGAA
Scni1B AACACCAGCGTCGTCAAGAA CCATCTCTGCCACAAGCCAT
Scn2A ACCTTTGCGTATGTAACAGAATTT ACAGCTTCTTCACCGACTGG
Scn2B CGCCTAACGTCACAGTCTCT GGACACTAAGAGTGGTGGGC
Scn3A GGACGTGGGGTCTGAGAATG GTGGTACCGTTACTGTTGCG
Scn3B GCTCAGGAAAATGCGTCTGACTAC TGCCTGTACATCACCTCAAGT
Scn4B GTGGACAACACGGTGACTCT CACTCCTTCTTCTTCTCTCGGG
Scn5A AAGCTAGGCAATTTGTCGGC GTCTTCAGGCCTGGAATAACTG
U36B4 CGTCCTCGTTGGAGTGACA CGGTGCGTCAGGGATTG

1.6 £ 0.6 and 5.6 = 1.4 min, respectively (Extended Data
Fig. 1-1). NPRL2 nKO pups died following a tonic-clonic
seizure lasting >5min. These observations show that
NPRL2 function in glutamatergic neurons is essential for
viability, despite the presence of an intact TSC1/2
complex.

NPRL2 contributes to dendritic branching and soma
size of neurons

Previous studies have shown that deletion of the
GATORT1 subunit called DEPDCS5, using a pan-neuronal
Cre driver, reduces dendritic branching of neurons
(Yuskaitis et al., 2018). To determine whether the loss of
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Figure 1. Loss of NPRL2 expression in glutamatergic neurons causes early lethality. A, Western blot analysis of NPRL2, NPRL3, DEPDCS,
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from brain protein extracts (n=3 per group). B, Quantification of Western blot sig-
nal intensities relative to GAPDH (n =6 per genotype). Error bars represent the mean = SD. C, Survival curve of NPRL2 nKO and wild-type lit-
termate controls (n=12/40, respectively). Al NPRL2 nKO animals die 20d after birth. D, Body mass of NPRL2 nKO and littermate controls
(male n=7/16 and female n=7/6, respectively). (Extended Data Fig. 1-1). Error bars represent the mean = SEM a, p < 0.05; ¢, p < 0.001.
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Figure 2. NPRL2 regulates dendritic branching of cortical neurons. A, Representative images of Neurolucida tracing of the dendrites of
Layer IV-V cortical neurons in NPRL2 nKO and littermate controls (1 =30 neurons/3 mice per genotype). B, Sholl analysis shows a reduced
number of intersections, and C reduced cumulative area of dendrites in the NPRL2 nKO compared with littermate controls at P16. D, Soma
volume of NPRL2 nKO versus littermate controls. Error bars represent the mean +/- SEM. Scale bar: 50 um. a, p < 0.05; ¢, p < 0.001.

NPRL2 alters dendritic branching in our model, we per-
formed Golgi staining and Sholl analysis of Layer V-V
cortical neurons in the NPRL2 nKO and littermate controls
at P16 (Fig. 2A). We observed a significant decrease in
the number of intersections and cumulative area of
NPRL2 nKO neurons, compared with control (Fig. 28,C).
We also performed 3D reconstruction of the cell bodies to
determine whether the loss of NPRL2 increased the soma
size, consistent with established pro-growth effects of
mTORC1. We observed the soma of NPRL2 nKO neurons
were 1.5-fold larger compared with control (Fig. 2D). No
gross morphologic differences were observed in the
NPRL2 nKO brain compared with controls at P16 (data
not shown). These data support NPRL2 as a critical regu-
lator of dendritic branching and neuron size in vivo.

Loss of NPRL2 alters intrinsic electrophysiological
properties in neurons

Mutations in NPRL2 are associated with familial forms
of epilepsy (Ricos et al., 2016; Weckhuysen et al., 2016;
Baldassari et al., 2019). To determine whether the loss of
NPRL2 alters the intrinsic passive and active neuronal
electrophysiological properties, we prepared acute brain
slices encompassing the LHb, which contain exclusively
VGLUT2-positive neurons, from NPRL2 nKO and control lit-
termates. To determine neuronal firing properties, evoked fir-
ing activity was evaluated by injecting depolarizing current
steps. We observed no significant difference in the number of
APs (Fig. 3A,B), or instantaneous firing frequency (Fig. 3C) eli-
cited by progressive depolarizing current steps. However, the
electrophysiological properties of the first AP evoked by each

March/April 2022, 9(2) ENEURO.0317-21.2022

depolarizing step showed significantly greater AP amplitude
(Fig. 3D,E), and reduced rise time (Fig. 3F) in the NPRL2 nKO
neurons compared with littermate controls. No significant dif-
ference was observed in the first AP decay slope, RMP, or
rheobase current (Fig. 3G-/). Consistent with the larger size of
the NPRL2 nKO neurons (Fig. 2D), a significant increase in
capacitance was observed in these cells compared with con-
trol (Fig. 3J). These data suggest that loss of NPRL2 in-
creases the sodium-dependent depolarization step of the AP.

NPRL2 controls mTORC1 signal transduction and
neurometabolic homeostasis

NPRL2 is an essential protein subunit of the GATOR1
complex, which functions as a negative regulator of
mTORC1 when intracellular amino acids are limited. To
determine whether NPRL2 is necessary to repress
mTORC1 activity our model, we performed immunohisto-
chemistry and confocal microscopy on sections from
NPRL2 nKO and control animals at P16, stained with
phosphorylated ribosomal protein S6 (P-S6), a down-
stream marker of mMTORC1 activity, and VGLUT2 (Fig. 4A,
B; Extended Data Fig. 4-1). Increased levels of P-S6 in
VGLUT2-positive brain regions were observed in NPRL2
nKO compared with control, suggesting a failure to re-
press mTORC1 signaling. We also co-stained sections
with NeuN, GFAP, and P-S6 to determine whether the ef-
fect on P-S6 was cell autonomous. We observed no in-
crease in P-S6 staining in cells co-stained with GFAP in
the NPRL2 nKO compared with control, consistent with a
cell autonomous effect (Extended Data Fig. 4-2). Western
blot analysis of protein extracts showed a significant
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Figure 3. Electrophysiological properties of NPRL2 nKO neurons. A, Representative tracings of the response samples of control (black) or
NPRL2 nKO (red) neurons and protocol of injected depolarization steps. B, The number of APs elicited by different current steps and their
(C) frequency. D, Example trace of the first AP from control (black) or NPRL2 nKO (red). First AP (E) amplitude, (F) rise time, and (G) decay
slope evoked by different depolarizing steps. RMP (H), rheobase current (/), and capacitance (J) measurements from NPRL2 nKO and con-
trols. NPRL2 nKO =23 neurons/3 mice; control =25 neurons/3 mice. Error bars represent the mean +/- SEM. a, p < 0.05; b, p < 0.01.

increase in P-S6 abundance in the NPRL2 nKO compared
with WT (Fig. 4C; Extended Data Fig. 4-1), consistent with
histologic observations. We also observed a trend of in-
creased phosphorylation of S6-kinase, and a small reduc-
tion in total AKT and phosphorylated AKT (S473) in the
NPRL2 nKO. These data suggest that the regulation of
mTORC1 through NPRL2 is necessary to prevent hyper-
active mTORC1 signaling in glutamatergic neurons de-
spite an intact TSC1/2 complex. mTORC1 activity is
implicated in diverse cellular processes that impact the
regulation of metabolic homeostasis within cells. To de-
termine whether the loss of NPRL2 in glutamatergic neu-
rons contributes to metabolic defects in the brain,
metabolites were extracted and quantified using targeted
small molecule mass spectrometry. NPRL2 nKO extracts
showed a significant reduction in the abundance of all
amino acids except glutamate, aspartate and leucine,
compared with littermate controls (Fig. 5A). Remarkably,
the abundance of glutamine was 60% lower in the NPRL2
nKO brain extracts, compared with littermate controls.
We also observed a significant decrease in dopamine, but
no change in serotonin, histamine, creatinine or taurine
(Fig. 5B). The abundance of carnosine was significantly
reduced, while putrescine was significantly increased in
the NPRL2 nKO brain (Fig. 5B). Since increased levels of
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putrescine are associate with cell death, we measured the
expression of genes that are transcriptionally induced by
neuronal cell death, including Bax, Dapk2, Dapk3, and
Pcna, but found no significant change at P16 (Extended
Data Fig. 5-1; Chiang et al., 2001; Takao et al., 2006). No
significant differences were observed in the abundance of
measured acylcarnitines, sphingolipids, lysophosphati-
dylcholines (Extended Data Fig. 5-2), nor phosphatidyl-
cholines between NPRL2 nKO and control extracts.
Collectively, these data show an important function of
NPRL2 in regulating amino acid homeostasis in brain.

NPRL2-dependent mTORC1 activity controls sodium
channel expression

The electrophysiological characteristics of the NPRL2
nKO neurons suggested a dysregulation of sodium ion
channel expression could contribute to the increased am-
plitude of the AP. We used gRT-PCR to measure the ex-
pression of sodium channels in the brains of P16 NPRL2
nKO and littermate controls. We observed a significant
upregulation of Scn1A, Scni1B, Scn2A, and Scn2B in the
NPRL2 nKO compared with control, but no change in
Scn3A, Scn3B, Scn4B, or Scn5A (Fig. 6A). Expression of
potassium channels: Kv1.1, Kv1.3, Kv1.4, and Kv2.2 were
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Figure 6. NPRL2 contributes to the regulation of sodium channel expression. A, gRT-PCR analysis of sodium voltage-gated channel «
subunits (Scn1A, Scn2A, Scn3A, and Scn5A) and sodium voltage-gated channel B8 subunits (Scn1B, Scn2B, Scn3B, and Scn4B) in control
and NPRL2 nKO brain at P16 (n=5/4, respectively). B, Western blot analysis of SCN1A and metabotropic glutamate receptor 1 (mGIuR1)
from membrane fractions of P16 WT and NPRL2 nKO brain (1=3/3). C, gRT-PCR analysis of Npri2 and Scn1A from Npri2®* primary
neurons infected with control or CRE-expressing lentivirus and treated with 10 nm rapamycin, or DMSO control, for 24 h (1=6/6; 2 inde-
pendent experiments; Extended Data Fig. 6-1). Error bars represent the mean +/- SEM. a, p < 0.05; b, p < 0.01; ¢, p < 0.001.

not significantly changed, whereas Kv1.6 was induced
1.2-fold (Extended Data Fig. 6-1). We next performed
Western blot analysis on membrane fractions and ob-
served a significant increase in SCN1A protein expression
in the NPRL2 nKO, compared with internal control (Fig.
6B).

We next hypothesized that mTORC1 activation contributes
to the expression of sodium channels in neurons. We gener-
ated primary neuron cultures from Npri2®*"** animals and
infected them with either Cre-expressing lentivirus or negative
control virus. Neurons were treated at DIV 7 with rapamy-
cin, an inhibitor of mMTORC1 kinase activity, and qRT-
PCR was used to measure the expression of Npr/2 and
Scn1A. Treatment of Npri2!°XF"°XF neurons with Cre-ex-
pressing lentivirus produced a >90% reduction of Npri2
and a significant up-regulation of Scn1A, compared with
control infected neurons (Fig. 6C). Moreover, rapamycin
treatment blocked the upregulation of Scn1A in NPRL2
knock-out neurons (Fig. 6C). These observations sup-
port an important role of NPRL2 and mTORCH1 activity in
the regulation of Scn1A in neurons.

Discussion
Human mutations in NPRL2 are associated with a spec-
trum of neurologic disorders, including autism, epilepsy,
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and SUDEP. Here, we show that loss of NPRL2 in gluta-
matergic neurons causes early lethality following seizures,
increases the strength of electrically stimulated APs, and
significantly alters amino acid homeostasis in the brain.
Remarkably, the onset of seizures in the NPRL2 nKO mice
occurred shortly before the start of the light-cycle, con-
sistent with observations of GATOR1-dependent noctur-
nal seizures in humans (Picard et al., 2014; Korenke et al.,
2016). These circadian differences between human and
mouse observations could be because of their diurnal ver-
sus nocturnal nature. While human genomic sequencing
studies have identified a greater numbers of disease-
linked mutations in the larger GATOR1 subunit called
DEPDCS5 (Baldassari et al., 2019) compared with NPRL2,
our data show that strict loss-of-function mutations in
NPRL2 cause early lethality and may be underrepre-
sented as a genetic risk factor for SUDEP. As previous
studies have showed global deletion of NPRL2 results
in embryonic lethality and defective fetal liver hemato-
poiesis (Dutchak et al., 2015), the mechanisms that
underlie epilepsy-linked NPRL2 somatic mutations
may elicit distinct changes in the GATOR1 structure
that impair cell-type specific mTORC1 regulatory func-
tions. Collectively, these data support genetic screen-
ing of GATOR1 mutations during risk assessments for
SUDEP.
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GATORT1 functions as an evolutionarily conserved intra-
cellular amino acid-signaling complex that has a critical
function to maintain intracellular amino acid homeostasis
(Bar-Peled et al., 2013; Dutchak et al., 2015; Chen et al.,
2017; Dutchak et al., 2018). Previous studies have shown
that defects in NPRL2 cause significant changes in cellu-
lar glutamine and glutamate homeostasis, and alter the
expression of metabolic enzymes that control these reac-
tions (Dutchak et al., 2018). Here, we show that deletion
of NPRL2 from glutamatergic neurons causes a 60% re-
duction in brain glutamine levels, but an insignificant de-
crease in glutamate levels. These data suggest that the
absence of NPRL2 in glutamatergic neurons, the high de-
mand of glutamate to support neuronal functions, includ-
ing synaptic transmission and protein translation, can be
met by increased metabolic supply of glutamine from as-
trocytes (Schousboe et al., 2014) or potential rewiring of
secondary metabolic pathways (Chen et al., 2017). Since
the glutamate-glutamine cycle relies on glutamine from
astrocytes to support neural populations and prevent
neurotransmitter depletion, these data suggest that the
ability of astrocytes to regenerate glutamine is insufficient
when NPRL2 is impaired in neurons (Schousboe et al.,
2013; Eid et al., 2016). Subsequently, these metabolic de-
ficiencies may contribute to the changes in excitatory glu-
tamate signaling associated with seizures (Schousboe et
al., 2014; Eid et al., 2016), or by substrate deficiencies in
the inhibitory GABAergic system (Swaminathan et al.,
2018).

We also identified other amino acids deficiencies, in-
cluding arginine, which may represent homeostatic mech-
anism to downregulate mTORC1 activity in the brain
(Chantranupong et al., 2016). We did not detect any
change in creatinine or taurine in the NPRL2 nKO, indicat-
ing these secondary pathways of energy metabolism are
not affected. However, the increase in putrescine indi-
cates a neurodegenerative metabolic process may be
stimulated before death, whereas no changes in genetic
markers of apoptosis were observed in living mice at P16
(Chiang et al., 2001; Takao et al., 2006). No changes in
brain acylcarnitines, sphingolipids, lysophosphatidylcho-
lines or phosphatidylcholines were observed. Collectively,
these data support NPRL2 as a specific regulator of
amino acids and their metabolic pathways in the brain.

Early studies showed patients with activating mutations
in mMTORC1 signaling presented with focal cortical dyspla-
sia and neurodevelopmental cortical malformations (Lim
et al., 2015; Mirzaa et al., 2016), with recent evidence sup-
porting a novel two-hit mosaic mutation mechanism as
the etiology of the focal cortical dysplasia (Ribierre et al.,
2018). While no gross morphologic differences were ap-
parent in the NPRL2 nKO brain, Layer IV-V cortical neu-
rons of the NPRL2 nKO mice had larger cell bodies, with
reduced dendritic branching, similar to previous reports
when DEPDCS is deleted using a pan-neuronal Cre-driver
(Yuskaitis et al., 2018). These data support a critical role
for strict mTORC1 regulation by the GATOR1 amino acid
signaling pathway in early neuronal development.

Our data show that loss of NPRL2 in glutamatergic neu-
rons is sufficient to increase mTORC1 signal transduction,
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despite in an intact TSC1/2 complex (Bourdeau Julien et
al., 2018). Previous studies have shown that mTORC1 is
localized to the axons and dendrites of neurons (Takei et
al., 2004; Terenzio et al., 2018), but its biological impact
has not been clearly defined. Our data support an impor-
tant link between hyperactive mTORC1 and changes in
the electrical activity of the neurons by affecting the ex-
pression of sodium channels. Our electrophysiological
analysis shows that loss of NPRL2 is sufficient to increase
the strength of evoked APs, with a significantly greater
amplitude and faster rise time during the depolarization
current step. Consistent with these changes in electro-
physiological parameters, we observed a significant up-
regulation of Scn1A, Scni1B, Scn2A, and Scn2B in the
brain of the NPRL2 nKO mice. Our loss-of-function stud-
ies in primary neuronal cultures also show consistent up-
regulation of Scn1A expression when NPRL2 is deleted,
consistent with a cell autonomous effect. Moreover, the
upregulation of Scn1A expression is prevented by treat-
ment with rapamycin, the pharmacological inhibitor of
mTORCH1. As genetic studies have identified >700 muta-
tions in genes that code for voltage-gated sodium chan-
nels in epilepsy (Kaplan et al., 2016), and reports of
GATOR1 and Scn1A mutations contributing to temporal
epilepsy (Baldassari et al., 2016), our data now implicate
the NPRL2 and mTORC1 regulatory pathways in control-
ling Scn1a expression.

Multiple mutations in several voltage-gated sodium
channels have been linked to human epilepsy (Menezes
et al.,, 2020). For example, the gain-of-function T226M
mutation in Scnia has been found in children with devel-
opmental and epileptic encephalopathy (Berecki et al.,
2019) and gain-of-function mutations in Scn2a have been
shown to elicit seizures, behavioral arrest, and behavioral
abnormalities in mice (Kearney et al., 2001). The pheno-
type of our NPRL2 nKO model is consistent with the
upregulation of Scn1A causing a gain-of-function ef-
fect. In contrast, loss-of-function Scn1A mutations are
associated with genetic epilepsy with febrile seizures
plus (GEFS+) and Dravet syndrome, consistent with
decreased activity of inhibitory GABAergic neurons
(Escayg and Goldin, 2010; Ruffolo et al., 2018). Future
research investigating the contribution of voltage-
gated sodium channels in distinct neuronal sub-types
and brain regions will be of interest for targeted phar-
macological therapies.

Genomic studies have shown that 8% of patients
carrying DEPDC5 mutations present with depression
(Baldassari et al., 2019). Our metabolite analysis of the
NPRL2 nKO brain show significantly lower levels of the
neurotransmitter dopamine, which is linked to depres-
sion (Dunlop and Nemeroff, 2007). Intriguingly, animal
studies have shown that dopamine levels are decreased in
rat models expressing epilepsy linked Scn7A mutations
(Ohmori et al., 2014), providing a functional link between the
overexpression of Scn1A and reduced dopamine levels in the
NPRL2 nKO model. Collectively, these observations suggest
a novel mechanism linking mTORC1 and the expression of
sodium channels and the mesolimbic dopamine reward
pathway.
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In summary, we have shown that the NPRL2 expression
in glutamatergic neurons is essential to prevent seizures
before death at P20, and contributes to the regulation of
amino acid homeostasis and sodium channel expression
in the brain. While the impact of altered amino acid me-
tabolism in the brain remains under investigation, our find-
ings represent a novel link between cellular metabolic
regulation and neuronal activity. We conclude that NPRL2
functions as an important regulator of mMTORC1 activity
that controls the expression of epilepsy-linked Scn1A ex-
pression to regulate the strength of neuronal APs.

References

Baldassari S, Licchetta L, Tinuper P, Bisulli F, Pippucci T (2016)
GATOR1 complex: the common genetic actor in focal epilepsies. J
Med Genet 53:503-510.

Baldassari S, Picard F, Verbeek NE, van Kempen M, Brilstra EH,
Lesca G, Conti V, Guerrini R, Bisulli F, Licchetta L, Pippucci T,
Tinuper P, Hirsch E, de Saint Martin A, Chelly J, Rudolf G, Chipaux
M, Ferrand-Sorbets S, Dorfmdller G, Sisodiya S, et al. (2019) The
landscape of epilepsy-related GATOR1 variants. Genet Med
21:398-408.

Bar-Peled L, Chantranupong L, Cherniack AD, Chen WW, Ottina KA,
Grabiner BC, Spear ED, Carter SL, Meyerson M, Sabatini DM
(2013) A Tumor suppressor complex with GAP activity for the Rag
GTPases that signal amino acid sufficiency to mTORC1. Science
340:1100-1106.

Berecki G, Bryson A, Terhag J, Maljevic S, Gazina EV, Hill SL, Petrou
S (2019) SCN1A gain of function in early infantile encephalopathy.
Ann Neurol 85:514-525.

Bourdeau Julien |, Sephton CF, Dutchak PA (2018) Metabolic net-
works influencing skeletal muscle fiber composition. Front Cell
Dev Biol 6:125.

Chantranupong L, Scaria SM, Saxton RA, Gygi MP, Shen K, Wyant
GA, Wang T, Harper JW, Gygi SP, Sabatini DM (2016) The
CASTOR proteins are arginine sensors for the mTORC1 pathway.
Cell 165:153-164.

Chen J, Sutter BM, Shi L, Tu BP (2017) GATOR1 regulates nitrogenic
cataplerotic reactions of the mitochondrial TCA cycle. Nat Chem
Biol 13:1179-1186.

Chiang LW, Grenier JM, Ettwiller L, Jenkins LP, Ficenec D, Martin J,
Jin F, DiStefano PS, Wood A (2001) An orchestrated gene expres-
sion component of neuronal programmed cell death revealed by
cDNA array analysis. Proc Natl Acad Sci USA 98:2814-2819.

Curatolo P, Moavero R, de Vries PJ (2015) Neurological and neuro-
psychiatric aspects of tuberous sclerosis complex. Lancet Neurol
14:733-745.

Dibbens LM, de Vries B, Donatello S, Heron SE, Hodgson BL,
Chintawar S, Crompton DE, Hughes JN, Bellows ST, Klein KM,
Callenbach PMC, Corbett MA, Gardner AE, Kivity S, lona X, Regan
BM, Weller CM, Crimmins D, O’Brien TJ, Guerrero-Lépez R, et al.
(2013) Mutations in DEPDC5 cause familial focal epilepsy with vari-
able foci. Nat Genet 45:546-551.

Dunlop BW, Nemeroff CB (2007) The role of dopamine in the patho-
physiology of depression. Arch Gen Psychiatry 64:327-337.

Dutchak PA, Laxman S, Estill SJ, Wang C, Wang Y, Wang Y, Bulut
GB, Gao J, Huang LJ, Tu BP (2015) Regulation of hematopoiesis
and methionine homeostasis by mTORC1 inhibitor NPRL2. Cell
Rep 12:371-379.

Dutchak PA, Estill-Terpack SJ, Plec AA, Zhao X, Yang C, Chen J, Ko
B, Deberardinis RJ, Yu Y, Tu BP (2018) Loss of a negative regula-
tor of MTORC1 induces aerobic glycolysis and altered fiber com-
position in skeletal muscle. Cell Rep 23:1907-1914.

Efeyan A, Zoncu R, Chang S, Gumper |, Snitkin H, Wolfson RL, Kirak
O, Sabatini DD, Sabatini DM (2013) Regulation of mTORC1 by the

March/April 2022, 9(2) ENEURO.0317-21.2022

Research Article: New Research 11 of 12

Rag GTPases is necessary for neonatal autophagy and survival.
Nature 493:679-683.

Eid T, Gruenbaum SE, Dhaher R, Lee TSW, Zhou Y, Danbolt NC
(2016) The glutamate—glutamine cycle in epilepsy. In: The gluta-
mate/GABA-glutamine cycle: amino acid neurotransmitter homeo-
stasis (Schousboe A and Sonnewald U, eds), pp 351-400. Cham:
Springer International Publishing.

Escayg A, Goldin AL (2010) Sodium channel SCN1A and epilepsy:
mutations and mechanisms. Epilepsia 51:1650-1658.

Griffith JL, Wong M (2018) The mTOR pathway in treatment of epi-
lepsy: a clinical update. Future Neurol 13:49-58.

Kabat J, Krol P (2012) Focal cortical dysplasia - review. Pol J Radiol
77:35-43.

Kaplan DI, Isom LL, Petrou S (2016) Role of sodium channels in epi-
lepsy. Cold Spring Harb Perspect Med 6:a022814.

Kearney JA, Plummer NW, Smith MR, Kapur J, Cummins TR,
Waxman SG, Goldin AL, Meisler MH (2001) A gain-of-function mu-
tation in the sodium channel gene Scn2a results in seizures and
behavioral abnormalities. Neuroscience 102:307-317.

Korenke GC, Eggert M, Thiele H, Nirnberg P, Sander T, Steinlein OK
(2016) Nocturnal frontal lobe epilepsy caused by a mutation in the
GATOR1 complex gene NPRL3. Epilepsia 57:€60-e63.

Lakhan R, Kumari R, Misra UK, Kalita J, Pradhan S, Mittal B (2009)
Differential role of sodium channels SCN1A and SCN2A gene poly-
morphisms with epilepsy and multiple drug resistance in the north
Indian population. Br J Clin Pharmacol 68:214-220.

Laplante M, Sabatini DM (2009) mTOR signaling at a glance. J Cell
Sci 122:3589-3594.

Lim JS, Kim Wi, Kang HC, Kim SH, Park AH, Park EK, Cho YW, Kim
S, Kim HM, Kim JA, Kim J, Rhee H, Kang SG, Kim HD, Kim D, Kim
DS, Lee JH (2015) Brain somatic mutations in MTOR cause focal
cortical dysplasia type Il leading to intractable epilepsy. Nat Med
21:395-400.

Liu GY, Sabatini DM (2020) mTOR at the nexus of nutrition, growth,
ageing and disease. Nat Rev Mol Cell Biol 21:183-203.

Meikle L, Talos DM, Onda H, Pollizzi K, Rotenberg A, Sahin M,
Jensen FE, Kwiatkowski DJ (2007) A mouse model of tuberous
sclerosis: neuronal loss of Tsc1 causes dysplastic and ectopic
neurons, reduced myelination, seizure activity, and limited sur-
vival. J Neurosci 27:5546-5558.

Menezes LFS, Sabia Junior EF, Tibery DV, Carneiro LDA, Schwartz
EF (2020) Epilepsy-related voltage-gated sodium channelopa-
thies: a review. Front Pharmacol 11:1276.

Mirzaa GM, Campbell CD, Solovieff N, Goold C, Jansen LA, Menon
S, Timms AE, Conti V, Biag JD, Adams C, Boyle EA, Collins S,
Ishak G, Poliachik S, Girisha KM, Yeung KS, Chung BHY,
Rahikkala E, Gunter SA, McDaniel SS, et al. (2016) Association of
MTOR mutations with developmental brain disorders, including
megalencephaly, focal cortical dysplasia, and pigmentary mosai-
cism. JAMA Neurol 73:836-845.

Nascimento FA, Borlot F, Cossette P, Minassian BA, Andrade DM
(2015) Two definite cases of sudden unexpected death in epilepsy
in a family with a DEPDC5 mutation. Neurol Genet 1:e28.

Nault F, De Koninck P (2010) Dissociated hippocampal cultures. In:
Protocols for neural cell culture, Ed 4 (Doering LC, ed), pp 137-
159. Totowa: Humana Press.

Ohmori |, Kawakami N, Liu S, Wang H, Miyazaki I, Asanuma M,
Michiue H, Matsui H, Mashimo T, Ouchida M (2014)
Methylphenidate improves learning impairments and hyperther-
mia-induced seizures caused by an Scnia mutation. Epilepsia
55:1558-1567.

Picard F, Makrythanasis P, Navarro V, Ishida S, de Bellescize J, Ville
D, Weckhuysen S, Fosselle E, Suls A, De Jonghe P, Vasselon
Raina M, Lesca G, Depienne C, An-Gourfinkel |, Vlaicu M, Baulac
M, Mundwiller E, Couarch P, Combi R, Ferini-Strambi L, et al.
(2014) DEPDC5 mutations in families presenting as autosomal
dominant nocturnal frontal lobe epilepsy. Neurology 82:2101-
2106.

Ribierre T, Deleuze C, Bacq A, Baldassari S, Marsan E, Chipaux M,
Muraca G, Roussel D, Navarro V, Leguern E, Miles R, Baulac S

eNeuro.org


http://dx.doi.org/10.1136/jmedgenet-2016-103883
https://www.ncbi.nlm.nih.gov/pubmed/27208208
http://dx.doi.org/10.1038/s41436-018-0060-2
https://www.ncbi.nlm.nih.gov/pubmed/30093711
http://dx.doi.org/10.1126/science.1232044
https://www.ncbi.nlm.nih.gov/pubmed/23723238
http://dx.doi.org/10.1002/ana.25438
https://www.ncbi.nlm.nih.gov/pubmed/30779207
https://www.ncbi.nlm.nih.gov/pubmed/30324104
http://dx.doi.org/10.1016/j.cell.2016.02.035
https://www.ncbi.nlm.nih.gov/pubmed/26972053
http://dx.doi.org/10.1038/nchembio.2478
https://www.ncbi.nlm.nih.gov/pubmed/28920930
http://dx.doi.org/10.1073/pnas.051630598
https://www.ncbi.nlm.nih.gov/pubmed/11226323
http://dx.doi.org/10.1016/S1474-4422(15)00069-1
https://www.ncbi.nlm.nih.gov/pubmed/26067126
http://dx.doi.org/10.1038/ng.2599
https://www.ncbi.nlm.nih.gov/pubmed/23542697
http://dx.doi.org/10.1001/archpsyc.64.3.327
https://www.ncbi.nlm.nih.gov/pubmed/17339521
http://dx.doi.org/10.1016/j.celrep.2015.06.042
https://www.ncbi.nlm.nih.gov/pubmed/26166573
http://dx.doi.org/10.1016/j.celrep.2018.04.058
https://www.ncbi.nlm.nih.gov/pubmed/29768191
http://dx.doi.org/10.1038/nature11745
https://www.ncbi.nlm.nih.gov/pubmed/23263183
http://dx.doi.org/10.1111/j.1528-1167.2010.02640.x
https://www.ncbi.nlm.nih.gov/pubmed/20831750
http://dx.doi.org/10.2217/fnl-2018-0001
https://www.ncbi.nlm.nih.gov/pubmed/30505235
http://dx.doi.org/10.1101/cshperspect.a022814
http://dx.doi.org/10.1016/S0306-4522(00)00479-6
https://www.ncbi.nlm.nih.gov/pubmed/11166117
http://dx.doi.org/10.1111/epi.13307
https://www.ncbi.nlm.nih.gov/pubmed/26786403
http://dx.doi.org/10.1111/j.1365-2125.2009.03437.x
https://www.ncbi.nlm.nih.gov/pubmed/19694741
http://dx.doi.org/10.1242/jcs.051011
https://www.ncbi.nlm.nih.gov/pubmed/19812304
http://dx.doi.org/10.1038/nm.3824
https://www.ncbi.nlm.nih.gov/pubmed/25799227
http://dx.doi.org/10.1038/s41580-019-0199-y
https://www.ncbi.nlm.nih.gov/pubmed/31937935
http://dx.doi.org/10.1523/JNEUROSCI.5540-06.2007
https://www.ncbi.nlm.nih.gov/pubmed/17522300
https://www.ncbi.nlm.nih.gov/pubmed/33013363
http://dx.doi.org/10.1001/jamaneurol.2016.0363
https://www.ncbi.nlm.nih.gov/pubmed/27159400
http://dx.doi.org/10.1212/NXG.0000000000000028
https://www.ncbi.nlm.nih.gov/pubmed/27066565
http://dx.doi.org/10.1111/epi.12750
https://www.ncbi.nlm.nih.gov/pubmed/25154505
http://dx.doi.org/10.1212/WNL.0000000000000488
https://www.ncbi.nlm.nih.gov/pubmed/24814846

eMeuro

(2018) Second-hit mosaic mutation in mMTORC1 repressor
DEPDC5 causes focal cortical dysplasia-associated epilepsy. J
Clin Invest 128:2452-2458.

Ricos MG, Hodgson BL, Pippucci T, Saidin A, Ong YS, Heron SE,
Licchetta L, Bisulli F, Bayly MA, Hughes J, Baldassari S, Palombo
F, Santucci M, Meletti S, Berkovic SF, Rubboli G, Thomas PQ,
Scheffer IE, Tinuper P, Geoghegan J, et al. (2016) Mutations in the
mammalian target of rapamycin pathway regulators NPRL2 and
NPRLS3 cause focal epilepsy. Ann Neurol 79:120-131.

Ruffolo G, Cifelli P, Roseti C, Thom M, van Vliet EA, Limatola C,
Aronica E, Palma E (2018) A novel GABAergic dysfunction in
human Dravet syndrome. Epilepsia 59:2106-2117.

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM
(2010) Ragulator-Rag complex targets mTORC1 to the lysosomal
surface and is necessary for its activation by amino acids. Cell
141:290-303.

Scerri T, Riseley JR, Gillies G, Pope K, Burgess R, Mandelstam SA,
Dibbens L, Chow CW, Maixner W, Anthony Harvey S, Jackson
GD, Amor DJ, Delatycki MB, Crino PB, Berkovic SF, Scheffer IE,
Bahlo M, Lockhart PJ, Leventer RJ (2015) Familial cortical dyspla-
sia type IIA caused by a germline mutation in DEPDC5. Ann Clin
Transl Neurol 2:575-580.

Schousboe A, Bak LK, Waagepetersen HS (2013) Astrocytic control
of biosynthesis and turnover of the neurotransmitters glutamate
and GABA. Front Endocrinol (Lausanne) 4:102.

Schousboe A, Scafidi S, Bak LK, Waagepetersen HS, McKenna MC
(2014) Glutamate metabolism in the brain focusing on astrocytes.
Adv Neurobiol 11:13-30.

Sephton CF, Tang AA, Kulkarni A, West J, Brooks M, Stubblefield JJ,
Liu Y, Zhang MQ, Green CB, Huber KM, Huang EJ, Herz J, Yu G
(2014) Activity-dependent FUS dysregulation disrupts synaptic
homeostasis. Proc Natl Acad Sci USA 111:E4769-E4778.

Shen K, Valenstein ML, Gu X, Sabatini DM (2019) Arg-78 of Nprl2
catalyzes GATOR1-stimulated GTP hydrolysis by the Rag
GTPases. J Biol Chem 294:2970-2975.

Specchio N, Pietrafusa N, Trivisano M, Moavero R, De Palma L,
Ferretti A, Vigevano F, Curatolo P (2020) Autism and epilepsy in
patients with tuberous sclerosis complex. Front Neurol 11:639.

Swaminathan A, Hassan-Abdi R, Renault S, Siekierska A, Riché R,
Liao M, de Witte PAM, Yanicostas C, Soussi-Yanicostas N,
Drapeau P, Samarut E (2018) Non-canonical mTOR-independent

March/April 2022, 9(2) ENEURO.0317-21.2022

Research Article: New Research 12 of 12

role of DEPDCS5 in regulating GABAergic network development.
Curr Biol 28:1924-1937.€5.

Takao K, Rickhag M, Hegardt C, Oredsson S, Persson L (2006)
Induction of apoptotic cell death by putrescine. Int J Biochem Cell
Biol 38:621-628.

Takei N, Inamura N, Kawamura M, Namba H, Hara K, Yonezawa K,
Nawa H (2004) Brain-derived neurotrophic factor induces mam-
malian target of rapamycin-dependent local activation of transla-
tion machinery and protein synthesis in neuronal dendrites. J
Neurosci 24:9760-9769.

Talos DM, Sun H, Zhou X, Fitzgerald EC, Jackson MC, Klein PM, Lan
VJ, Joseph A, Jensen FE (2012) The interaction between early life
epilepsy and autistic-like behavioral consequences: a role for the
mammalian target of rapamycin (mMTOR) pathway. PLoS One 7:
e35885.

Terenzio M, Koley S, Samra N, Rishal |, Zhao Q, Sahoo PK, Urisman
A, Marvaldi L, Oses-Prieto JA, Forester C, Gomes C, Kalinski AL,
Di Pizio A, Doron-Mandel E, Perry RBT, Koppel I, Twiss JL,
Burlingame AL, Fainzilber M (2018) Locally translated mTOR con-
trols axonal local translation in nerve injury. Science 359:1416-
1421.

Ting JT, Lee BR, Chong P, Soler-Llavina G, Cobbs C, Koch C, Zeng
H, Lein E (2018) Preparation of acute brain slices using an opti-
mized N-Methyl-D-glucamine protective recovery method. J Vis
Exp. Advance online publication. Retrieved Feb 26, 2018. doi:
10.3791/53825.

Vong L, Ye C, Yang Z, Choi B, Chua S Jr, Lowell BB (2011) Leptin ac-
tion on GABAergic neurons prevents obesity and reduces inhibi-
tory tone to POMC neurons. Neuron 71:142-154.

Weckhuysen S, Marsan E, Lambrecq V, Marchal C, Morin-Brureau
M, An-Gourfinkel |, Baulac M, Fohlen M, Kallay Zetchi C, Seeck M,
de la Grange P, Dermaut B, Meurs A, Thomas P, Chassoux F,
Leguern E, Picard F, Baulac S (2016) Involvement of GATOR com-
plex genes in familial focal epilepsies and focal cortical dysplasia.
Epilepsia 57:994-1003.

Yuskaitis CJ, Jones BM, Wolfson RL, Super CE, Dhamne SC,
Rotenberg A, Sabatini DM, Sahin M, Poduri A (2018) A mouse
model of DEPDCS5-related epilepsy: neuronal loss of Depdc5
causes dysplastic and ectopic neurons, increased mTOR signal-
ing, and seizure susceptibility. Neurobiol Dis 111:91-101.

Zhou Y, Danbolt NC (2014) Glutamate as a neurotransmitter in the
healthy brain. J Neural Transm (Vienna) 121:799-817.

eNeuro.org


http://dx.doi.org/10.1172/JCI99384
https://www.ncbi.nlm.nih.gov/pubmed/29708508
http://dx.doi.org/10.1002/ana.24547
https://www.ncbi.nlm.nih.gov/pubmed/26505888
http://dx.doi.org/10.1111/epi.14574
https://www.ncbi.nlm.nih.gov/pubmed/30306542
http://dx.doi.org/10.1016/j.cell.2010.02.024
https://www.ncbi.nlm.nih.gov/pubmed/20381137
https://www.ncbi.nlm.nih.gov/pubmed/23966981
https://www.ncbi.nlm.nih.gov/pubmed/25236722
http://dx.doi.org/10.1073/pnas.1406162111
https://www.ncbi.nlm.nih.gov/pubmed/25324524
http://dx.doi.org/10.1074/jbc.AC119.007382
https://www.ncbi.nlm.nih.gov/pubmed/30651352
http://dx.doi.org/10.1016/j.cub.2018.04.061
https://www.ncbi.nlm.nih.gov/pubmed/29861134
http://dx.doi.org/10.1016/j.biocel.2005.10.020
https://www.ncbi.nlm.nih.gov/pubmed/16406751
http://dx.doi.org/10.1523/JNEUROSCI.1427-04.2004
https://www.ncbi.nlm.nih.gov/pubmed/15525761
http://dx.doi.org/10.1371/journal.pone.0035885
https://www.ncbi.nlm.nih.gov/pubmed/22567115
http://dx.doi.org/10.1126/science.aan1053
https://www.ncbi.nlm.nih.gov/pubmed/29567716
https://doi.org/10.3791/53825
http://dx.doi.org/10.1016/j.neuron.2011.05.028
https://www.ncbi.nlm.nih.gov/pubmed/21745644
http://dx.doi.org/10.1111/epi.13391
https://www.ncbi.nlm.nih.gov/pubmed/27173016
http://dx.doi.org/10.1016/j.nbd.2017.12.010
https://www.ncbi.nlm.nih.gov/pubmed/29274432
http://dx.doi.org/10.1007/s00702-014-1180-8
https://www.ncbi.nlm.nih.gov/pubmed/24578174

	NPRL2 Inhibition of mTORC1 Controls Sodium Channel Expression and Brain Amino Acid Homeostasis
	Introduction
	Materials and Methods
	Animal experiments
	Immunohistochemistry
	Western blot analysis
	Golgi staining
	Slice preparation for electrophysiology
	Whole-cell patch clamp recordings
	Metabolite analysis
	Primary neuron cultures
	Quantitative (q)RT-PCR analysis
	Statistical analysis

	Results
	Loss of NPRL2 in glutamatergic neurons causes seizures and early lethality
	NPRL2 contributes to dendritic branching and soma size of neurons
	Loss of NPRL2 alters intrinsic electrophysiological properties in neurons
	NPRL2 controls mTORC1 signal transduction and neurometabolic homeostasis
	NPRL2-dependent mTORC1 activity controls sodium channel expression

	Discussion
	References


