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Abstract
Objective: Genetic variations in proteins of the mechanistic target of rapamycin 
(mTOR) pathway cause a spectrum of neurodevelopmental disorders often as-
sociated with brain malformations and with intractable epilepsy. The mTORo-
pathies are characterized by hyperactive mTOR pathway and comprise tuberous 
sclerosis complex (TSC) and focal cortical dysplasia (FCD) type II. How hyper-
active mTOR translates into abnormal neuronal activity and hypersynchronous 
network remains to be better understood. Previously, the role of upregulated 
GluN2C-containing glutamate-gated N-methyl-D-aspartate receptors (NMDARs) 
has been demonstrated for germline defects in the TSC genes. Here, we ques-
tioned whether this mechanism would expand to other mTORopathies in the dif-
ferent context of a somatic genetic variation of the MTOR protein recurrently 
found in FCD type II.
Methods: We used a rat model of FCD created by in utero electroporation of neu-
ral progenitors of dorsal telencephalon with expression vectors encoding either 
the wild-type or the pathogenic MTOR variant (p.S2215F). In this mosaic con-
figuration, patch-clamp whole-cell recordings of the electroporated, spiny stellate 
neurons and extracellular recordings of the electroporated areas were performed 
in neocortical slices. Selective inhibitors were used to target mTOR activity and 
GluN2C-mediated currents.
Results: Neurons expressing the mutant protein displayed an excessive activa-
tion of GluN2C NMDAR-mediated spontaneous excitatory postsynaptic currents. 
GluN2C-dependent increase in spontaneous spiking activity was detected in the 
area of electroporated neurons in the mutant condition and was restricted to a 
critical time window between postnatal days P9 and P20.
Significance: Somatic MTOR pathogenic variant recurrently found in FCD 
type II resulted in overactivation of GluN2C-mediated neuronal NMDARs in 
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1   |   INTRODUCTION

The mechanistic target of rapamycin (mTOR) pathway 
is an intracellular signaling pathway regulating key cel-
lular processes, including cell growth and metabolism, 
protein and lipid syntheses, autophagy, and many oth-
ers via two protein complexes, mTORC1 and mTORC2.1 
In the human brain, excessive, abnormal activation of 
the mTOR pathway caused by germline or somatic ge-
netic variations results in various epileptic disorders 
often associated with malformations of cortical develop-
ment and with behavioral and cognitive impairments.2–5 
Collectively designated as mTORopathies, the related 
disorders include tuberous sclerosis complex (TSC), 
hemimegalencephaly, and focal cortical dysplasia 
(FCD) type II. FCD type II is characterized by cortical 
dyslamination, neuronal heterotopia, and the presence 
of dysmorphic neurons (in FCD types IIa and IIb) and of 
balloon cells (in FCD type IIb only).6,7 All genetic causes 
of FCD type II identified so far involve members of the 
mTOR pathway and lead to hyperactivation of mTORC1; 
single-hit, gain-of-function pathogenic somatic variants 
were identified in the eponymous MTOR protein that is 
part of the mTORC1 complex, or in positive mTOR reg-
ulators (e.g., the RHEB protein); also, double-hit loss-
of-function defects were reported in negative mTOR 
regulators (e.g., the TSC proteins hamartin and tuberin, 
encoded by the TSC1 and TSC2 genes, respectively; 
the GATOR1 complex proteins DEPDC5, NPRL2, and 
NPRL3). Altogether, genetic variants of the mTOR path-
way have been identified in 30%–60% of type II FCDs.8,9

Upregulation of the mTOR pathway is an important 
cause of severe epilepsy; mTORopathies are the most 
common cause for intractable epilepsy in childhood.5 
Overall, FCDs represent the most frequent cause of 
drug-resistant focal epilepsy in children.10 FCD type 
II represents the most frequent subtype of all FCDs. 
However, pharmacological and surgical management of 
the patients remains unsatisfactory. Hence, identifica-
tion of the pathomechanisms associated with variations 
of the mTOR pathway is needed. Although several cell-
autonomous and non-cell-autonomous mechanisms 
have been proposed in various rodent models,5,11,12 how 

the numerous genetic variants in different members of 
the mTOR pathway lead to abnormal neuronal activ-
ity and to a hypersynchronous network remains to be 
clarified.

Glutamate-gated N-methyl-D-aspartate (NMDA) 
receptors (NMDARs) are instrumental to synchronic-
ity of neuronal networks, and NMDARs dysfunction 
is associated with a broad spectrum of developmental 
brain disorders, including epilepsy. NMDARs are di- or 
triheterotetramers composed of two obligatory GluN1 
and two GluN2(A-D)/GluN3(A,B) subunits. Much of 
the functional difference between NMDARs subtypes is 
attributed to GluN2/3 subunit identity. GluN2/GluN3 
subunits show different temporal and spatial expres-
sion patterns in the brain; furthermore, NMDAR com-
position vary depending on cell types and subcellular 
localization.13 Previously, we showed that neuronal 
currents mediated by GluN2C-containing NMDARs 
in the neocortex played a major epileptogenic role in 
Tsc+/− mice and in surgically removed tissue not only 
from TSC patients, but also from genetically uncharac-
terized FCD patients.14 Slower deactivation kinetics of 
GluN2C-containing NMDARs would sustain increased 
synaptic integration and hypersynchrony of neuronal 
networks. Whether this appealing GluN2C-mediated 
pathogenic mechanism associated with TSC1/TSC2 

neocortices of rat pups. The related and time-restricted local hyperexcitability was 
sensitive to subunit GluN2C-specific blockade. Our study suggests that GluN2C-
related pathomechanisms might be shared in common by mTOR-related brain 
disorders.

K E Y W O R D S

FCD, mTORopathies, neuron, NMDAR

Key points

•	 Excessive activation of GluN2C NMDAR-
mediated currents was seen in spiny stellate 
neurons expressing FCD-causing MTOR so-
matic variation.

•	 GluN2C-dependent increase in spontaneous 
spiking activity was seen in rat somatosensory 
cortex containing mutant MTOR-expressing 
neurons.

•	 GluN2C-dependent local hyperexcitability is 
time-restricted to a critical period between P9 
and P20.
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defects is expandable to other members of the mTOR 
pathway and to their related disorders, and whether it 
would be operating in the mosaic context of the somatic 
variations seen in type II FCDs, are important and re-
lated questions that have not been addressed yet.

We designed a rat model of FCD type II where a 
pathogenic, recurrent somatic variant (p.S2215F) of the 
MTOR protein was expressed in a subset of neuronal 
excitatory cells of the somatosensory cortex by in utero 
electroporation of the appropriate expression vector in 
neural progenitors of the dorsal telencephalon.15 In this 
model, the affected focal area is composed by electro-
porated neurons (expressing the mutant MTOR protein) 
and by nonelectroporated (nonmutant) cells. This situ-
ation mimics the cellular mosaicism seen in FCD type 
II, where MTOR-p.S2215F or other somatic variations in 
genes of the mTOR pathway arise in a subset of neuro-
nal cells, then expressing the mutant isoform of the cor-
responding protein in the brain malformation, whereas 
other cells express only the wild-type (WT) isoform. In 
line with previous reports indicating that the recurrent 
MTOR-p.S2215F variation leads to increased MTOR ki-
nase activity,16–18 electroporated cells showed increased 
S6 phosphorylation consistent with mTORC1 overacti-
vation as well as abnormal migration and dysmorphol-
ogy.15 Here, the functional effects of the pathogenic 
MTOR-p.S2215F variation on neuronal NMDARs and 
local network activities, and the possible involvement 
of GluN2C-mediated NMDAR currents in pathogenesis, 
were analyzed in the mosaic context of this rat model of 
mTOR-related FCD type II.

2   |   MATERIALS AND METHODS

More detailed information on the experimental pro-
cedures and analyses are provided as Supplementary 
Material and Methods.

2.1  |  In utero electroporation

Wistar rats (Janvier Labs) were raised and mated at 
the INMED animal facility (controlled temperature at 
21–23°C, food and water ad libitum, 12–12-h dark–light 
cycle). In utero intracerebroventricular injections and 
electroporations of the embryonic brains with either 
WT or mutant MTOR expression vectors (pCAG-MTOR 
WT-IRES-GFP or pCAG-MTOR-p.S2215F-IRES-GFP, 
respectively; 3.0 μg/μL each) or nonrecombinant 
pCAGIG-GFP vector (pCAG-IRES-GFP; .5 μg/μL) were 
performed from timed pregnant rats at embryonic 
day 15.5 (E15.5) as previously described,15 except that 

isoflurane (4% for induction, then 2.5%) was used in-
stead of sevoflurane.

2.2  |  Single-cell patch-clamp 
recordings and analyses

Coronal neocortical slices (300 μm thick) were obtained 
from postnatal day 9 (P9) and P14–P16 pups and pre-
incubated as previously done.14 Whole-cell patch-clamp 
recordings in somatosensory cortex of electroporated 
(green fluorescent protein [GFP]+) and their adjacent 
(<20 μm distance) nonelectroporated (GFP−) cells that 
displayed typical electrophysiological and morphologi-
cal properties of spiny stellate neurons (SSNs), which 
represent the majority (58%–77%) of all excitatory neu-
rons in layer 4 of somatosensory cortex in rodents,19,20 
were performed at room temperature (22–25°C) in 
Mg2+-free medium to obtain the contribution of the 
NMDAR-mediated component. Neuronal action po-
tential (AP) firing pattern and intrinsic properties were 
recorded in current-clamp configuration. spontane-
ous excitatory postsynaptic currents (sEPSCs) were 
recorded in voltage clamp mode at −75 mV (reversal 
potential of γ-aminobutyric acidergic [GABAergic] cur-
rents) without or with the following NMDAR blockers: 
10 μmol·L−1 DQP 1105 (Tocris Bio-Techne), 10 μmol·L−1 
DQP 1105 + 1 μmol·L−1 Ro 25–6981 (Tocris Bio-Techne), 
50 μmol·L−1 APV (2-amino-5-phosphonovaleric acid, 
Hello Bio). Rapamycin-based experiments were per-
formed with daily intraperitoneal injections during 
seven consecutive days (P8–P14) prior to the P14–P16 
recordings of either rapamycin or only the vehicle, as 
described previously.14 sEPSCs were analyzed using 
MiniAnalysis 6.0.3 software (Synaptosoft), and averaged 
traces were analyzed with Origin software (MicroCal). 
In some experiments, spontaneous APs were recorded 
in current-clamp mode, detected based on AP wave-
forms, and numbers of AP were plotted versus selected 
time intervals for comparison between conditions.

2.3  |  Extracellular recordings and  
analyses

Slices were obtained from P9, P14–P16, and P20–P21 
pups as above. Recordings were done in the electropo-
rated area at room temperature (22–25°C) in oxygen-
ated Mg2+-containing medium using a coated nichrome 
electrode. Spontaneous activity was recorded without or 
with NMDAR blockers DQP 1105 or APV (see above). 
Files were analyzed using Clampfit (Molecular Devices). 
Rapamycin injections were as above.

 15281167, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/epi.18000 by C

ochrane France, W
iley O

nline L
ibrary on [19/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2114  |      PINEAU et al.

2.4  |  Electroencephalographic recordings

Cortical electroencephalography (EEG) was performed on 
postnatal days P60–P70 in freely moving MTOR-p.S2215F 
and MTOR-WT electroporated rats and analyzed as done 
previously.21

2.5  |  Immunohistochemistry

Brains slices from P15 pups were processed for Rorβ 
and GFP immunostaining as detailed in Supplementary 
Material and Methods.

2.6  |  Histological reconstruction of  
neurons

A subset of whole-cell recorded neurons was filled with 
biocytin before the sections were processed for imaging 
using confocal microscropy and neuronal reconstruction 
with Neurolucida software, as reported previously.14

2.7  |  Statistics

Comparison of groups was done with Mann–Whitney 
test (datasets = 2) or with Kruskal–Wallis test followed 
by Dunn's correction for multiple testing (data sets > 2). 
Friedman test with Dunn's post hoc correction was used 
to analyze the effect of DQP 1105 and APV on the fre-
quency of APs in MTOR-p.S2215F extracellular record-
ings. Effects of drugs on sEPSC area was analyzed with a 
mixed-effect model followed by Tukey multiple compari-
son test. For all comparisons, sex ratio did not differ signif-
icantly between conditions (Fisher exact test). All values 
are given as mean ± SD. Level of significance was set at 
p < .05. Raw data are provided as Tables S1–S9.

3   |   RESULTS

3.1  |  Mutant MTOR-p.S2215F neurons 
display decreased cell input resistance and 
increased capacitance

We used a previously characterized model of FCD15 created 
by in utero electroporation of vectors for the coexpression 
of GFP with either of the mutant MTOR-p.S2215F or the 
WT MTOR isoforms in neural progenitors from the soma-
tosensory cortex of rat embryos at E15.5. This model was 
characterized by neuronal dyslamination; in line with the 
neuronal migration defects that had been observed with 

the mutant but not with the WT isoform in prenatal brains 
at E20, MTOR-p.S2215F electroporated neurons were 
not detected in layer 4 of the somatosensory cortex and 
remained located in deeper cortical layers and in corpus 
callosum at P15 (Figure S1). This model was also charac-
terized by epileptic activity, as assessed by telemetric EEG 
in rats aged P60–P70 (Figure S2, Table S1) and as also re-
ported in the corresponding mouse model.22 We first stud-
ied the activity of neurons expressing MTOR-p.S2215F 
compared to neurons expressing MTOR-WT using patch-
clamp recordings in brain slices from P14–P16 rats previ-
ously electroporated in utero. This developmental period 
corresponded to the critical time window when GluN2C-
containing NMDARs played a major epileptogenic role in 
Tsc+/− mice.14 We also electroporated the construct that 
encodes GFP (GFP-only) as a control. Recordings from 
SSNs, in which overexpressed GluN2C-mediated cur-
rents were detected in TSC,14 were selected based on their 
distinct firing properties compared to pyramidal cells. 
Analysis of the firing pattern elicited by depolarizing steps 
revealed that MTOR-p.S2215F neurons displayed signifi-
cantly decreased input resistance (Rinput) and increased 
capacitance (Cm) compared to MTOR-WT and GFP-only 
neurons (MTOR-p.S2215F: Rinput = 241.3 ± 69.98 MΩ, 
Cm = 246.2 ± 106.2 pF; MTOR-WT: Rinput = 529.5 ± 276.3 
MΩ, Cm = 80.1 ± 46.67 pF; GFP: Rinput = 413.9 ± 120 MΩ, 
Cm = 75.16 ± 20.83 pF), whereas no significant difference 
was detected between MTOR-WT and GFP-only neurons 
(MTOR-p.S2215F vs. MTOR-WT: pRinput = .0006 and 
pCm < .0001; MTOR-p.S2215F vs. GFP: pRinput = .0169 
and pCm < .0001; MTOR-WT vs. GFP: pRinput > .9999 and 
pCm = .8842; Figure 1, Table S2). Consistent with the al-
tered input resistance and capacitance in MTOR-p.S2215F 
neurons, and with their previously reported increased cell 
size,15 post hoc reconstruction of biocytin-filled recorded 
cells at P14–P16 revealed significant increase of the soma 
volume and dendrite surface area of MTOR-p.S2215F 
neurons compared to MTOR-WT neurons (Figure  S3, 
Table  S3). No significant change in other neuronal in-
trinsic properties was detected (Figure  S4, Table  S2). 
Nonelectroporated GFP− neurons adjacent to electropo-
rated GFP+ mutant MTOR-p.S2215F neurons displayed 
unaltered input resistance and membrane capacitance, as 
for MTOR-WT neurons (Figure S5, Table S4).

3.2  |  Upregulation of NMDAR-mediated  
currents in mutant MTOR-p.S2215F  
neurons

Next, we analyzed sEPSCs at −75 mV in Mg2+-free artificial 
cerebrospinal fluid to access the contribution of α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
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receptors (AMPARs) and NMDAR-mediated currents to 
the total sEPSCs. Mutant MTOR-p.S2215F neurons looked 
more active than MTOR-WT neurons (Figure  2A), and 
analysis of the normalized-to-the-peak averaged sEPSCs 
revealed an increased contribution of the slow component 
to the total sEPSCs (Figure 2B), most likely indicating ele-
vation of the NMDAR-mediated currents with slow decay 
kinetics, reflected as increased charge transfer in the mu-
tant condition (Figure  2C, Table  S5). Importantly, sEP-
SCs from the nonelectroporated GFP− neurons adjacent 
to electroporated GFP+ mutant MTOR-p.S2215F neurons 
were not different from MTOR-WT neurons and from 
GFP-only neurons (Figure S6). The increased contribution 
of NMDARs in mutant cells was confirmed in experiments 
with APV, a selective blocker of total NMDAR-mediated 
currents. Although no change in the amplitude of 
AMPAR-mediated component of the total sEPSC in the 
presence of APV was observed (Figure  2D,E), the ratio 
of the NMDA/AMPA amplitudes significantly increased 
from .3412 ± .2751 in MTOR-WT neurons to 1.635 ± .5749 
in mutant MTOR-p.S2215F neurons (p = .0006; Figure 2F, 
Table S6).

To discriminate between the respective contributions of 
different NMDAR subunits in increased NMDAR-mediated 
currents with slow decay kinetics in the total sEPSCs, we 
used the following subunit-selective NMDAR blockers: 
DQP 1105 for GluN2C/D-mediated component and Ro 25-
6981 for GluN2B-mediated component. Comparison of the 
averaged sEPSC areas revealed that DQP 1105 significantly 
reduced the total sEPSC area whereas Ro 25-6981 did not 
have any significant additional effect (no drug vs. DQP: 
p = .0054; DQP vs. DQP+Ro: p = .1221; Figure 3, Table S7). 
As a possible contribution of GluN2D in the recorded sEP-
SCs was excluded based on the decay kinetics of the compo-
nent inhibited by DQP 1105, these results suggested a major 
contribution of GluN2C-mediated currents to increased 
NMDAR-mediated component of the total sEPSCs. Also, 
as expected, administration of the mTOR inhibitor rapamy-
cin to the pups prior to the patch-clamp recordings restored 
proper neuronal input resistance and membrane capaci-
tance (Figure 4A–C), and led to decreased contribution and 
faster decay kinetics of NMDAR-mediated currents in mu-
tant neurons (Figure 4D–F, Table S5); consistent with the 
lack of GluN2C-mediated effects in this rescue condition, 

F I G U R E  1   Action potential firing 
pattern and membrane properties of 
electroporated neurons. Example traces 
are shown of action potential firing 
patterns of spiny stellate neurons recorded 
in current-clamp mode upon depolarizing 
and hyperpolarizing current injections 
into the cells and expressing either of 
the following: (A) green fluorescent 
protein (GFP) only (pCAGIG-GFP), (B) 
mechanistic target of rapamycin–wild 
type (MTOR-WT), and (C) mutant 
MTOR-p.S2215F. (D) Neuronal input 
resistance and (E) capacitance values 
in GFP-only (n = 8 neurons from seven 
pups), MTOR-WT (n = 12 neurons from 
11 pups), and mutant MTOR-p.S2215F 
(n = 13 neurons from 11 pups) conditions. 
*p < .05, ***p < .001, ****p < .0001; ns, not 
significant; Kruskall–Wallis test followed 
by Dunn post hoc test.
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DQP 1105 did not have any significant impact on total 
sEPSC (Figure S7, Table S7).

3.3  |  MTOR-p.S2215F variation 
causes increased spontaneous and 
time-restricted spiking activity driven by 
NMDAR-GluN2C currents

Increased sEPSC area associated with increased con-
tribution of the GluN2C-mediated component with the 

slow decay kinetics indicated an increased integration 
time window for excitatory inputs, providing increased 
spiking activity of the mutant neurons. Current-clamp 
experiments showed an increased and longer last-
ing spiking activity in mutant cells that was reduced 
upon DQP 1105 application (Figure  S8). We thus de-
cided to more precisely address the impact of increased 
GluN2C-mediated neuronal currents on local network 
activity. To this aim, we studied the spontaneous spik-
ing activity of the electroporated area using extracel-
lular recordings in coronal slices from rat pups at ages 
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F I G U R E  2   Spontaneous excitatory postsynaptic currents (sEPSCs) and N-methyl-D-aspartate (NMDA) to α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) amplitude ratio in electroporated neurons. (A) Representative traces of sEPSCs in spiny stellate neurons 
expressing mechanistic target of rapamycin–wild type (MTOR-WT; left) and mutant MTOR-p.S2215F (right) recorded in Mg2+-free artificial 
cerebrospinal fluid (ACSF) at −75 mV. (B) Averaged sEPSCs normalized to the peak for the WT (black) and the mutant (red) neurons. Note 
slower current decay and rise times (inset) for mutant neurons, indicating increased contribution of NMDA receptor (NMDAR)-mediated 
component on sEPSC amplitude. Values are given as mean ± SEM. (C) Total charge transfer through the sEPSCs normalized to the peak 
and calculated as an area under the composite sEPSC curve within 200 ms. MTOR-WT neurons, n = 11; mutant MTOR-p.S2215F neurons, 
n = 14. **p < .01; Mann–Whitney test, two-tailed. (D) Representative traces of averaged sEPSCs recorded in MTOR-WT (left) and p.S2215F-
MTOR (right) spiny stellate neurons in the following: black curve, drug-free (no drug) condition, representing total component of sEPSC; 
blue curve, after adding NMDAR blocker APV (50 μmol·L−1), representing AMPA receptor (AMPAR)-mediated component of sEPSC; and 
red curve, after substraction of the AMPAR-mediated component from total sEPSC, representing NMDAR-mediated component of the 
sEPSC. Note the increased amplitude of the NMDAR-mediated component in the mutant MTOR-p.S2215F neurons, whereas the AMPAR-
mediated component remains as in MTOR-WT neurons. (E) Summary data for AMPA component amplitude (IAMPA) in MTOR-WT (n = 7) 
and MTOR-p.S2215F (n = 7) neurons. (F) Summary data for NMDA/AMPA amplitude ratios in MTOR- WT (n = 7) and in mutant MTOR-p.
S2215F (n = 7) neurons. ***p < .001; ns, not significant; Mann–Whitney test, two-tailed.

F I G U R E  3   Functional upregulation of GluN2C-containing N-methyl-D-aspartate receptors (NMDARs) in mechanistic target of 
rapamycin (MTOR) p.S2215F electroporated neurons. (A) Representative traces of averaged spontaneous excitatory postsynaptic currents 
(sEPSCs) recorded in MTOR–wild-type (WT) (left) and MTOR-p.S2215F (right) spiny stellate neurons in the following: black curve, drug-
free (no drug) condition, representing total component of sEPSC; red curve, after adding GluN2C-mediated NMDAR blocker DQP 1105 
(10 μmol·L−1), representing the non-GluN2C-mediated component of sEPSC; and blue curve, after subtraction of the non-GluN2C-mediated 
component from total sEPSC, hence representing GluN2C-mediated component of sEPSC. (B, C) Charge transfers were calculated in 
(B) MTOR-WT neurons and in (C) mutant MTOR-p.S2215F neurons, as areas between peak and 200 ms after the peak of the total sEPSC 
with the following: no drug, GluN2C blocker DQP 1105 (DQP; 10 μmol·L−1), DQP 1105 (DQP; 10 μmol·L−1) + GluN2B blocker Ro25-6981 
(DQP+Ro; 1 μmol·L−1), and total NMDAR blocker APV (50 μmol·L−1). *p < .05, **p < .01; ns, not significant; mixed effect analysis with 
multiple comparison test.
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2118  |      PINEAU et al.

P14–P16. A significant increase of spontaneous spiking 
activity frequency was observed in MTOR-p.S2215F 
slices (MTOR-p.S2215F: .8480 ± .5872 Hz; MTOR-WT: 

.3795 ± .5030 Hz; p = .0434; Figure  5A,B, Table  S8). 
Importantly, this increased spiking activity was signifi-
cantly inhibited when slices were acutely treated with 

F I G U R E  4   Rapamycin restores intrinsic properties and decreases the charge transfer of normalized spontaneous excitatory postsynaptic 
currents (sEPSCs) in mechanistic target of rapamycin (MTOR)–p.S2215F neurons. (A) Example traces of action potential firing patterns 
of spiny stellate neurons expressing MTOR-p.S2215F from pups treated with rapamycin (top) or vehicle (bottom), all recorded in current-
clamp mode upon depolarizing and hyperpolarizing current injections. (B) Neuronal input resistance and (C) capacitance values in 
MTOR-p.S2215F + rapamycin (n = 7 neurons from four pups) and MTOR-p.S2215F + vehicle (n = 5 neurons from three pups) conditions. (D) 
Representative traces of sEPSCs from rapamycin (left) or vehicle (right) treated neurons expressing MTOR-p.S2215F, recorded in Mg2+-free 
artificial cerebrospinal fluid at −75 mV. (E) Averaged sEPSCs normalized to the peak for the rapamycin (black) and vehicle (red) neurons. 
Note a slower current decay for neurons from rapamycin-treated pups, indicating increased contribution of N-methyl-D-aspartate receptor-
mediated component on sEPSC amplitude. (F) Total charge transfer through the sEPSCs normalized to the peak and calculated as an area 
under the averaged sEPSC curve within 200 ms. MTOR-p.S2215F + rapamycine, n = 6 neurons from four pups; MTOR-p.S2215F + vehicle, 
n = 5 neurons from three pups. *p < .05, **p < .01; Mann–Whitney test, two-tailed.
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DQP 1105 in MTOR-p.S2215F condition, compared 
with the untreated condition; no additional effect was 
observed upon complete block of NMDARs with APV 
(no drug vs. DQP: p = .0417; no drug vs. APV: p = .7907; 
Figure  5C,D, Table  S8), thus indicating that increased 
network activity in the local area containing a mosaic of 
MTOR mutant cells was mostly dependent on GluN2C-
mediated NMDARs. In line with their favorable impact 
on NMDAR-mediated currents in mutant neurons, prior 
injections of rapamycin to the pups in vivo during seven 
consecutive days prevented against increased spiking 
activity in MTOR-p.S2215F slices (MTOR-p.S2215F, un-
treated: 1.901 ± .9979 Hz; MTOR-p.S2215F + rapamycin: 
.5902 ± .3601 Hz; p = .0337; Figure 5E–G, Table S8).

We then decided to examine whether the GluN2C-
dependent increased spontaneous spiking activity would 
be restricted to a critical time window, as reported in 
Tsc+/− mice.14 Extracellular slice recordings done at P9 
did not reveal any significant increase in spiking activ-
ity in the electroporated area in the mutant condition 
(Figure  6A,B); however, this spiking activity was driven 
by GluN2C-containing NMDARs, as shown by the sig-
nificant impact of DQP 1105 on the frequency of spiking 
(Figure 6C, Table S9). Consistently, sEPSCs of MTOR-p.
S2215F electroporated neurons at P9 showed a strong DQP 
1105-sensitive component with a deactivation kinetic 
consistent with GluN2C-containing NMDAR-mediated 
currents (Figure  S9). As at P9, at P20–P21 spontaneous 
spiking activity of slices from mTOR-p.S2215F electropo-
rated animals, even though not increased compared with 
MTOR-WT slices (Figure  6D,E), was qualitatively mod-
ified, as it showed sensitivity to DQP 1105, whereas ac-
tivity in MTOR-WT slices was not modified by DQP 1105 
(Figure 6F, Table S9).

4   |   DISCUSSION

Genetic defects leading to excessive activation of the 
mTOR pathway represent a well-established and impor-
tant cause of various types of epileptic disorders, notably 
in the context of brain malformations.2,3,23,24 However, 
the relationship with the underlying hyperexcitability re-
mains to be clarified.5,12 In the recent years, the involve-
ment of somatic mTOR variants in FCD type II has been 
increasingly recognized.25 We previously reported that the 
mosaic expression of a somatic, recurrent p.S2215F MTOR 
variant in neurons of the rat neocortex was associated 
with neuronal dyslamination and dysmorphia, two key 
hallmarks of FCD type II, and with increased S6 phospho-
rylation taken as a readout of mTORC1 overactivation.15 
In this model, we now show that SSNs expressing the mu-
tant MTOR protein displayed intrinsic abnormalities and 

an excessive activation of NMDAR-mediated component 
of total sEPSCs not observed in MTOR-WT neurons, and 
sustained by GluN2C-containing NMDARs. Such an aber-
rant activity resulted in increased spontaneous spiking ac-
tivity, revealing excessive local network activity that was 
restricted to a critical developmental time window. Slow 
decay kinetics of NMDAR GluN2C-mediated currents, 
leading to an increased synaptic integration, would facili-
tate neuronal network synchronicity. Hence, the GluN2C-
dependent hyperexcitability previously reported in TSC14 
is now expanded to another type of mTORopathy and to 
another genetic context, namely FCD type II caused by a 
somatic, gain-of-function MTOR variant.

4.1  |  From cell-autonomous 
GluN2C-related anomalies to 
hyperexcitability

Studies in different models of mTORopathies have 
pointed to nearly as many possible mechanisms of in-
creased neuronal and network activities.5 In our model, 
no change was detected in nonelectroporated neurons 
adjacent to the neurons expressing mutant MTOR. This 
is in line with other mosaic models of mTOR-related 
brain disorders, where cell-autonomous mechanisms 
were also reported.26–28 As our analyses focused on the 
electroporated and their neighboring nonelectroporated 
SSNs, non-cell-autonomous effects on other cell types, 
such as pyramidal neurons, interneurons, or even non-
neuronal cells, cannot be excluded; non-cell-autonomous 
changes, such as altered connectivity of distal neurons29 
or decreased density of interneurons,30 were reported in 
other models of brain cortical malformations, including 
mTOR-related ones.27,31,32 In a similar model of FCD, it 
was even shown that, compared to MTOR-WT neurons, 
neighboring cells were more excitable and sustained local 
epileptogenesis via adenosine release, whereas the mutant 
cells expressing MTOR-p.L2427P were less excitable.31 
Several nonexclusive reasons might account for this dis-
crepancy, including the following: the possible different 
impacts that the p.S2215P and p.L2427P MTOR variants 
might have; the focus made only on SSNs with canonical 
firing patterns in the present study; the different condi-
tions of current-clamp recordings; and the different time 
periods for whole-cell recordings (P14–P16 here vs. from 
3 to 6 weeks of age31). Also, we do not exclude the par-
ticipation of more distant cells or even of normotopic cor-
tex (as in subcortical band heterotopia33) in FCD-related 
hyperexcitability; for instance, the increased bursting 
activity recorded in SSNs might well propagate to upper 
cortical layers, as previously shown in Tsc+/− mice.14 In 
FCD tissues from patients and in animal models, the 
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2120  |      PINEAU et al.

altered expression of GABAA receptors,34 the increased 
expression of Kv1.1 potassium channels,35 and the ectopic 
expression of HCN4-mediated Ih currents in mutant neu-
rons26 have been proposed. When different genetic mod-
els of focal mTORopathies were compared, both shared 
and divergent electrophysiological properties of the mu-
tant neurons were found36; of note, the brain area (medial 
prefrontal cortex), the neuronal type (pyramidal neurons), 

and the developmental time point of the recordings (P28–
P43) were all different from those studied here.

Our data point to a cell-autonomous role of overex-
pressed GluN2C-mediated NMDAR currents in SSNs. 
SSNs are considered to be the main acceptors of tha-
lamic sensory inputs in the somatosensory cortex. 
They are excitatory cells that are highly interconnected 
within layer 4 and also have outputs in all cortical layers 
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in their own barrel and in adjacent ones. Considering 
the connectivity of SSNs and the specific properties of 
GluN2C-gated NMDAR currents, the overexpression of 
GluN2C-containing NMDAR currents in SSNs is very 
likely responsible for an increased probability of synchro-
nizing neuronal activities. It is noteworthy that increased 
GluN2C-mediated NMDAR currents were also recorded in 
SSNs in Tsc+/− mice.14 Of note, also, GluN2D-containing 
NMDARs would be sensitive to DQP 1105 and to other 
currently used GluN2C/D inhibitors14,37,38; however, the 
participation of GluN2D-NMDARs was excluded, as the 
decay kinetics of the component inhibited by DQP 1105 
corresponded to GluN2C and not GluN2D contribution.39

4.2  |  From mTORopathies to 
hyperexcitability: GluN2C-mediated 
neuronal NMDAR currents as a 
unifying mechanism

We had reported on the pathogenic role of GluN2C-
mediated NMDARs in hyperexcitability of a TSC mouse 
model and of resected tissues from TSC patients.14 
Overexpression of GRIN2C, which encodes the GluN2C 
subunit, and GluN2C-dependent hyperexcitability, had 
already been detected in FCD tissues, albeit of unde-
termined genetic status.14,34 We now demonstrate that 
GluN2C drives local hyperexcitability in the context of an 
MTOR pathogenic variant that is recurrently detected in 
FCD type II patients. As mTOR variants represent the ma-
jority of known somatic genetic causes of FCD type II, the 
GluN2C-related pathomechanism might well be shared 
in common by most type II FCDs. Treatment of the pups 
with rapamycin prior to the recordings prevented hyper-
active NMDARs, GluN2C functional upregulation, and 
increased spontaneous spiking activity. This confirms that 
the p.S2215F variant does not impact on MTOR sensitivity 
to rapamycin.40 MTOR is a member of both the mTORC1 

and the mTORC2 complexes, and it was shown that ra-
pamycin exerts its inhibitory effect on mTOR activity by 
targeting the MTOR protein in the mTORC1 but not in the 
mTORC2 complex.41 Hence, our data indicate an impor-
tant contribution of the mTORC1 pathway to pathogene-
sis in our model. Moreover, our data point to postsynaptic 
upregulation of NMDAR-mediated currents, which is 
consistent with previous findings showing that mTORC1 
acted on glutamatergic synaptic transmission via a post-
synaptic mechanism whereas mTORC2 affected presyn-
aptic parameters.42 Nonetheless, our data do not exclude 
the participation of mTORC1-independent pathological 
processes. For instance, it was shown that inhibition of 
mTORC2 reduced the neurobehavioral abnormalities 
of Pten-deficient mice43 and, even more interestingly, of 
adult mice harboring the p.S2215F MTOR variant in a 
similar mosaic configuration as in the present study,22 
suggesting that both mTORC1- and mTORC2-related 
mechanisms would be operating, possibly at different de-
velopmental time points, in FCD caused by the p.S2215F 
MTOR variant.

As mTORC1 upregulation ultimately converges on 
dysregulated phosphorylation of shared downstream 
products, the GluN2C-mediated hyperexcitability might 
expand to an even broader spectrum of mTORC1-
related disorders than TSC and FCD type II. Although 
this obviously warrants expanded confirmation in the 
corresponding models of mTORopathies, this would 
make it even more crucial to identify how mTOR hy-
peractivation leads to increased GluN2C-mediated 
NMDAR currents. Although we and others have previ-
ously demonstrated increased expression of the corre-
sponding GRIN2C gene in human resected tissues and 
in mice,14,34 what transcription and other factors would 
sustain GRIN2C dysregulation should be questioned 
in the future. Posttranscriptional effects of mTOR dys-
regulation on the expression of GluN2C-mediated 
currents, such as increased mTOR-dependent protein 

F I G U R E  5   Increased spiking activity in slices from mechanistic target of rapamycin (MTOR)–p.S2215F electroporated animals. 
(A) Representative traces of spontaneous activity recorded from green fluorescent electroporated areas in Mg2+-containing artificial 
cerebrospinal fluid (ACSF) medium from (top trace) a mutant MTOR-p.S2215F slice and (bottom trace) an MTOR–wild-type (WT) slice. 
(B) Summary data for spiking frequency. MTOR-WT, n = 8 slices from seven pups; MTOR-p.S2215F, n = 10 slices from nine pups. *p < .05; 
Mann–Whitney test, two-tailed. (C) Representative traces of spontaneous activity recorded in mutant MTOR-p.S2215F slices (n = 10 from 
nine pups) obtained in Mg2+-containing ACSF with the following: (top) no drug, (middle) GluN2C blocker DQP 1105 (DQP, 10 μmol·L−1), 
and (bottom) total N-methyl-D-aspartate receptor blocker APV (50 μmol·L−1). (D) Summary data for spiking frequency. *p < .05, **p < .01; 
ns, not significant; Friedman test with Dunn multiple comparison test. (E) Representative traces of spontaneous activity recorded from 
the electroporated areas in Mg2+-containing ACSF medium from the following: (top trace) a slice from a vehicle-treated, mutant MTOR-p.
S2215F pup; and (bottom trace) a slice from a rapamycin-treated, mutant MTOR-p.S2215F pup without (no drug, left) or with DQP 1105 
(DQP; 10 μmol·L−1, right). (F) Summary data for spiking frequency; n = 5 slices from two pups in each condition. *p < .05; Mann–Whitney 
test, two-tailed. (G) Summary data for spiking frequency without or with DQP 1105 for MTOR-p.S2215F + vehicle (left, n = 5 slices from two 
pups) and MTOR-p.S2215F + rapamycin (right, n = 5 slices from two pups). Note the statistical trend toward significant effect of DQP 1105 in 
the MTOR-p.S2215F + vehicle condition, as expected. Wilcoxon test, two-tailed.
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translation or membrane trafficking, may be involved 
as well. Interestingly, the SSNs that had been electro-
porated in utero to express the WT isoform of MTOR 
did not show any quantitative or qualitative anomaly 

in NMDAR-mediated currents compared with the GFP-
alone condition. GluN2C-mediated currents have been 
detected by single-channel recordings in SSNs of the 
somatosensory cortex in naive pups44; hence, mTOR 

F I G U R E  6   Developmental evolution of GluN2C-dependent increased spiking activity. (A) Representative traces of spontaneous activity 
recorded from electroporated areas in Mg2+-containing artificial cerebrospinal fluid (ACSF) medium from (top trace) a mechanistic target of 
rapamycin–wild type (MTOR-WT) slice and (bottom trace) an MTOR-p.S2215F slice from P9 pups, without (no drug, left) or with DQP 1105 
(DQP; 10 μmol·L−1, right). (B) Summary data for spiking frequency. MTOR-WT, n = 5 slices from four pups; MTOR-p.S2215F, n = 7 from six 
pups. ns, not significant; Mann–Whitney test, two-tailed. (C) Summary data for spiking frequency without or with DQP 1105 for MTOR-
WT (left) and MTOR-p.S2215F (right). Data shown are values normalized to the no-drug condition. *p < .05; Wilcoxon test, two-tailed. (D) 
Representative traces of spontaneous activity recorded from electroporated areas in Mg2+-containing ACSF medium from (top trace) an 
MTOR-WT slice and (bottom trace) an MTOR-p.S2215F slice from P20–P21 pups without (No drug, left) or with DQP 1105 (10 μmol·L−1, 
right). (E) Summary data for spiking frequency. MTOR-WT, n = 7 slices from four pups; MTOR-p.S2215F, n = 8 slices from five pups. Mann–
Whitney test, two-tailed. (F) Summary data for spiking frequency without or with DQP 1105 for MTOR-WT (left) and MTOR-p.S2215F 
(right). Data shown are values normalized to the no-drug condition. **p < .01; Wilcoxon test, two-tailed.
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upregulation caused by MTOR-p.S2215F variant would 
be needed to trigger overexpression of GluN2C-mediated 
currents detectable by whole-cell recordings. This is in 
line with the lack of dyslamination and of neuronal dys-
morphism observed here upon expression of WT MTOR, 
and with previous findings showing that overexpression 
of WT MTOR per se did not influence neuronal migra-
tion and morphology.15,31,45,46

4.3  |  Critical time window for 
GluN2C-related pathomechanisms of 
mTORopathies?

As for epileptic activity in Tsc1+/− mice,14 local hyperex-
citability recorded at P14–P16 in neocortical slices looked 
transient, as it was detected neither at earlier (P9) nor at 
later (P20–P21) stages. Hence, GluN2C-mediated local 
hyperexcitability would follow the same developmental 
pattern in TSC and in FCD type II, being restricted to a 
similar critical developmental period. Interestingly, even 
though GluN2C-mediated component was upregulated 
and contributed to NMDAR-mediated currents in SSNs at 
P9, this was not sufficient to induce local hyperexcitabil-
ity at that early stage. Also, compensatory mechanisms 
driven by developmental changes in the relative expres-
sion patterns of other NMDARs subunits, with GluN2A 
becoming predominant over GluN2B with age39 and con-
ferring faster kinetics to NMDARs, might explain why 
local hyperexcitability was no longer detected at the end 
of the third week of life. Our data also suggested that, in 
contrast with Tsc+/− mice, such a critical period of local 
hyperexcitability would not coincide with, but rather 
would precede the emergence of epileptic activity in our 
rat FCD model. In the mutant condition studied here, 
local hyperexcitability in the electroporated area in the 
second week of life was not associated with overt spon-
taneous epileptic seizure at the same age. Not all rodent 
models based on in utero electroporations and displaying 
neocortical dyslamination show overt seizures,47,48 and 
this includes models of mTORopathies.49,50 The mosaic 
characteristic of our model based on in utero electropora-
tion, as compared with the constitutional Tsc+/− mouse 
model,14 should be considered. Furthermore, the p.S2215F 
variant coexisted in one patient with another somatic vari-
ant in RPS6, a downstream protein of the mTOR pathway; 
this may suggest that additional events are needed for epi-
lepsy to manifest clinically in the context of the somatic 
p.S2215F variant. However, the p.S2215F variant has been 
recurrently detected in many FCD type II patients16–18 and 
hence is likely to be pathogenic on its own, as also shown 
in the present study. Epileptic discharges and frequent 
spike–waves were detected at P60–P70 in the mutant rats, 

long after the critical time period for GluN2C-mediated 
hyperexcitability. These data indicate that epileptic ac-
tivity in older rats would emerge after a previous and 
time-restricted local hyperexcitability in the brain area 
displaying MTOR mutant neurons. The likely multiple 
(e.g., neuroinflammation, impaired connectivity) and 
complicated proepileptogenic processes that would follow 
the GluN2C-dependent, time-restricted excessive local 
network activity remain to be clarified.

Our data make the GluN2C-containing NMDAR a pos-
sible target in FCD type II caused by somatic variants of 
the mTOR pathway, as previously suggested for autosomal 
dominant TSC.14,51 The importance of GluN2C in FCD 
pathogenesis might even expand beyond the spectrum of 
mTORopathies, as recently suggested by the detection of 
a somatic GRIN2C variant in a patient with FCD type I.52 
Our results indicate a critical time window for GluN2C-
mediated pathomechanisms and for related rescue strat-
egies. Although efforts toward the development of novel 
GluN2C-selective inhibitors are ongoing,51,53 possible off-
target effects of GluN2C inhibition should be considered. 
Not being detectable at birth, mouse GluN2C expression is 
enriched in the second postnatal week in the cerebellum, 
the thalamic reticular nucleus, and the olfactory bulb.39,54 
Systemic administration of GluN2C inhibitors would 
likely impact on NMDARs expressed in such distant brain 
areas, and GluN2C influences cortical excitation/inhibi-
tion balance and neuronal oscillations.55 Administration 
at the lesion location would likely prevent such broad 
side effects; however, GluN2C-mediated currents are 
also detectable in SSNs in physiological conditions, and 
can be expressed in nonneuronal cells.54,56 Despite these 
limitations, our data suggest that early, focal inhibition of 
GluN2C-mediated currents during a critical time period 
should be considered in FCD type II. Early interventions 
against mTOR-related dysregulations are also being con-
sidered to prevent against the progression to severe epi-
lepsy in TSC.11

5   |   CONCLUSIONS

Slow decay kinetics of GluN2C-mediated NMDAR cur-
rents, by leading to increased synaptic integration, fa-
cilitate neuronal network synchronicity. We show that 
GluN2C-containing NMDARs drive time-restricted local 
hyperexcitability in the context of an MTOR somatic vari-
ant that was recurrently detected in FCD type II patients. 
As somatic variants of the mTOR pathway represent 
an important cause of FCD type II, the GluN2C-related 
mechanism of focal mTORopathy might well be shared in 
common by most type II FCDs, and beyond in the context 
of other mTORopathies.
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