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Background: NACHT and WD repeat domain-containing protein 1 (Nwd1) is a member of the innate immune
protein subfamily. Nwd1 contributes to the androgen receptor signaling pathway and is involved in axonal
growth. However, the mechanisms that underlie pathophysiological dysfunction in seizures remain unclear.
Methods: Biochemicalmethodswere used to assess Nwd1 expression and localization in amousemodel of kainic
acid (KA)-induced acute seizures and temporal lobe epilepsy (TLE) patients. Electrophysiological recordings
were used to measure the role of Nwd1 in regulating synaptic transmission and neuronal hyperexcitability in a
model of magnesium-free-induced seizure in vitro. Behavioral experiments were performed, and seizure-
induced pathological changes were evaluated in a KA-induced seizure model in vivo. GluN2B expression was
measured and its correlation with Tyr1472-GluN2B phosphorylation was analyzed in primary hippocampal
neurons.
Findings:We demonstrated high protein levels of Nwd1 in brain tissues obtained frommice with acute seizures
and TLE patients. Silencing Nwd1 in mice using an adeno-associated virus (AAV) profoundly suppressed neuro-
nal hyperexcitability and the occurrence of acute seizures, which may have been caused by reducing GluN2B-
containing NMDA receptor-dependent glutamatergic synaptic transmission. Moreover, the decreased activation
of Nwd1 reduced GluN2B expression and the phosphorylation of the GluN2B subunit at Tyr1472.
Interpretation: Here, we report a previously unrecognized but important role of Nwd1 in seizure models in vitro
and in vivo, i.e., modulating the phosphorylation of the GluN2B subunit at Tyr1472 and regulating neuronal hy-
perexcitability. Meanwhile, our findings may provide a therapeutic strategy for the treatment of epilepsy or
other hyperexcitability-related neurological disorders.
Fund: The funders have not participated in the study design, data collection, data analysis, interpretation, or writ-
ing of the report.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in Context

Evidence before this study

NACHT and WD repeat domain-containing protein 1 (Nwd1) is a
member of the NACHT and leucine rich repeat domain containing
protein (NLR) family. Nwd1 iswidely expressed in various brain re-
gions. Existing research suggests that Nwd1 expression becomes
elevated during prostate cancer progression, is associated with
various molecular chaperones commonly related to androgen re-
ceptor complexes, and eventually modulates androgen receptor
signaling. Moreover, Nwd1 is expressed in neural stem/progenitor
cells and is most analogous to the apoptosis regulator Apaf1,
which may be involved with signaling molecules of axonal out-
growth regulation and apoptosis. However, whether and how it
is involved in the pathophysiological process of seizure is not
clear. We hypothesize that Nwd1 controls neuronal
hyperexcitability.

Added value of this study

In the present study, we provide evidence supporting our hypoth-
esis.We demonstrate that silencing Nwd1 inmice using AAV pro-
foundly suppresses neuronal hyperexcitability in vitro free
magnesium models and reduces the occurrence of epileptic sei-
zures induced by KA injection. As a potential mechanism, we
demonstrate an increase in Nwd1 expression in brain tissues
from epileptic mice and TLE patients, suggesting that these mole-
cules may be associated with human epilepsy. Electrophysiologi-
cal experiments suggest that Nwd1 downregulation decreases
GluN2B-containing NMDAR-mediated glutamatergic synaptic
transmission by decreasing the phosphorylation of GluN2B at
Tyr1472, which should result in the decreased excitability of neu-
ronal networks.

Implications of all the available evidence

Our results reveal a novelmechanismunderlying the biological role
of Nwd1 at the synapse and characterize the beneficial effect of
Nwd1 in the treatment of epilepsy by suggesting that the down-
regulation of Nwd1prolongs the anticonvulsant effect in amanner
similar to that produced by anti-epileptic drugs. Our findings may
provide a therapeutic strategy for epilepsy or other
hyperexcitability-related neurological disorders.
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1. Introduction

Seizure is caused by a loss of the balance between excitatory and in-
hibitory systems, which originates from the hyperexcitability of a large
number of neurons in different brain regions, including the cortex and
the hippocampus [1,2]. The hippocampus, which is particularly suscep-
tible to seizures, often undergoes structural reorganization, and it is
widely used for studying altered epileptiform events and cognitive im-
pairment [3–9]. The N-methyl-D-aspartate receptor (NMDAR) is a
major type of glutamate receptors that is widely distributed in the
brain and plays a critical role in synaptic function such as cognition
and seizures [10–12]. The number and subunit composition of synaptic
NMDARs are tightly controlled by neuronal activity. GluN2B signal
transduction depends on phosphorylation at its C-terminal tail by the
Src-family of nonreceptor protein-tyrosine kinases, which includes
Fyn, cyclic AMP-dependent protein kinase, protein kinase C, and
calcium/calmodulin-dependent protein kinase II (CaMKII) [13–15].
Mice with a tyrosine to phenyalanine mutation at Tyr1472 exhibit im-
paired fear-related learning, reduced amygdaloid long-term potentia-
tion [15–17], and an inhibition of the binding of GluN2B to AP-2,
resulting in an increase in the levels of the synaptic GluN2B membrane
protein [18,19], and the prevention of neuropathic pain by suppression
phosphorylation of GluN2B at Tyr1472 [20]. However, less is known
about GluN2B phosphorylation at the Tyr1472 site in seizures. Studies
have shown that NMDAR subunits and autoantibodies against NMDARs
lead to the development of epilepsy in humans [3,21,22], however,
NMDAR antagonists failed to emerge as ameans for clinical intervention
for epilepsy because of the challenge in attaining clinically tolerable
doses and/or the technical difficulties in penetrating the blood-brain
barrier [23]. Therefore, investigating NMDAR subtype-dependent con-
tributions to seizures is of great interest for understanding the pathol-
ogy of the disease.

As a member of the innate immune protein subfamily, NACHT- and
leucine-rich repeat domain-containing proteins (NLRs) are mainly
used as cytoplasmic pattern recognition receptors to recognize cyto-
plasmic pathogens and endogenous cell damage signals [24,25].
NACHT andWD repeat domain-containing protein 1 (Nwd1) is a mem-
ber of the NLR family. Nwd1 is expressed in the cerebral cortex, stria-
tum, hippocampal pyramidal layer, and dentate gyrus [26]. Prior
research has found that Nwd1 is expressed in neural stem/progenitor
cells and is most analogous to the apoptosis regulator Apaf1, which
may be involved with signaling molecules of axonal outgrowth regula-
tion and promoting axon growth or apoptosis [26]. However, whether it
is involved in the pathophysiological process of seizures is not clear.

Until now, there has been very limited information regarding the re-
lationship between Nwd1 and NMDA receptors. Thus, we aimed to in-
vestigate whether Nwd1 modulates neuronal hyperexcitability and
GluN2B phosphorylation in seizure models. In the present study, we
therefore sought to determine the following: 1) how Nwd1 modulates
neuronal hyperexcitability under seizure-inducing conditions;
2) whether and how Nwd1 regulates GluN2B-containing NMDAR-
mediated postsynaptic currents in a model of magnesium-free-induced
seizure; and 3) how Nwd1 influences the phosphorylation of the
GluN2B subunit at Tyr1472 under epileptic conditions.

2. Materials and methods

2.1. Animals and ethics statement

C57BL/6 mice were used for all experiments. The mice were main-
tained under standard laboratory conditions (controlled temperature:
22 ± 1 °C; 12-h light/dark cycle with lights on from 8:00 a.m. to
8:00 p.m.). Food and water were available ad libitum. All animal proce-
dures were reviewed and approved by the Animal Ethics Committee of
Chongqing Medical University and Southern Medical University. Every
effort was made to minimize the number of animals used and their
suffering.

2.2. Constructs, viral packaging and in vivo stereotaxic injections

shRNA of Nwd1was constructed and synthesized by Biopharmaceu-
tical Technology Co., Ltd. (Shanghai, China). A recombinant adeno-
associated virus (AAV-Nwd1-shRNA-GFP) was produced by co-
transfecting 293 T cells with an AAV expression plasmid and packaging
the plasmids. Oligonucleotides of 21-base sense and antisense se-
quenceswere connectedwith a hairpin loop followed by a poly A termi-
nation signal. The target sequences againstmouseNwd1 thatwere used
are as follows: AAV-Nwd1-shRNA1: 5′-GCTATCACCGATCAGTTATTG-3′
(virus titer: 2.83 × 1012 transducing units (TU)/mL); AAV-Nwd1-
shRNA2: 5′-GCCACACACCAGCTCTGTATA-3′ (2.76 × 1012 TU/mL); and
AAV-Nwd1- shRNA3: 5′-GCTGAAGATGCACTGCTATGC-3′ (3.20 × 1012

TU/mL). These targeting shRNAs were screened in hippocampal tissue
of mice (Fig. S1a–b). The AAV-Nwd1-shRNA1 that effectively knocked
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down the expression of Nwd1was chosen for use in theKA-induced sei-
zuremodel (Fig. S2a; Fig. 7). The sequence of the scrambled shRNAwas
5′-TTCTCCGAACGTGTCACGT-3′ (2.88 × 1012 TU/mL). The targeting
shRNA and the scrambled shRNAwere ligated into anAAV2/9 vector ex-
pressing EGFP. An AAV with an empty vector expressing GFP alone
(AAV-GFP) was used as the control (5.95 × 1012 TU/mL).

For in vivo viral injections, adult mice (18–25 g, 8–10 weeks old)
were anesthetized with 3.5% chloral hydrate and then mounted in a
stereotactic headframe containing a mouse adaptor (Reward Life Tech-
nology Co., Ltd., China), as described previously [27,28]. The viral
vectors were bilaterally injected into the dorsal hippocampus region
(anteroposterior (AP) = −1.8 mm, mediolateral (ML) = 1.2 mm, dor-
soventral (DV) = 1.5 mm) with a microsyringe (Hamilton, Reno, NV)
filled with 2.0 μL of virus. A volume of 1.0 μL of virus was delivered at
a speed of 0.1 μL/min. After a 5-min delay, the needle was retracted
0.25 mm, and an additional 1.0 μL of virus was delivered over an addi-
tional 10 min. The needle was left in place for 5 additional minutes
after the injection of the virus. They were returned to their home
cages and used 3 weeks after AAV injection.

2.3. Kainic acid-induced acute seizure model and behavioral tests

The KA-induced acute seizures were produced essentially as previ-
ously described [28–30]. KA (Sigma-Aldrich, Cat# K0250) was adminis-
tered to mice at a dose of 20 mg/kg (diluted in 0.9% NaCl solution) via
intraperitoneal injection. To minimize suffering and mortality rates,
we intraperitoneally injected diazepam (10 mg/kg body weight)
45 min after KA administration to block seizures and then injected
lorazepam (6 mg/kg body weight) 1 h later [31]. The evaluation of sei-
zure severity was performed according to Racine's scale, as reported
previously [32]. Seizures were evaluated as follows: stage 0, no seizure;
stage I, mouth and facial twitching; stage II, head nodding; stage III,
monoliteral forelimb clonus; stage IV, rearing and bilateral forelimb
clonus and/or Straub tail; stage V, bilateral limb clonus and falling or
turning over onto one side; and stage VI, generalized tonic-clonic sei-
zures. To standardize the measurement of status epilepticus (SE), the
behavioral onset of SE was defined as the first time a mouse exhibited
a stage ≥ IV seizure. Moreover, when a mouse experienced a minimum
of three stage III–VI seizure eventswithin 45min followingKA injection,
it was considered to have experienced SE. The seizures were scored by
an observer whowas blinded to the treatment andwho only scored be-
havioral seizures with a Racine score of III–VI. The mice were scored
every 5 min for 45 min after KA injection.

3. Human tissue samples

All human brain tissue specimens were obtained as described in our
previous study [28,33,34]. Samples from eight adult patients with drug-
resistant temporal lobe epilepsy with hippocampal sclerosis taken dur-
ing routine surgical procedures were randomly chosen from our brain
tissue bank. Samples from these patients were obtained only for treat-
ment purposes. The details were provided in the Supplementary mate-
rials and supplementary Table S1 and Table S2. The informed consent
form was signed by the patients or their close relatives before surgery.
The study was approved by the National Institutes of Health and
Human Research Committee of Chongqing Medical University. The
human study was carried out in accordance with the National Institute
of Health Human Subjects Policies and Guidance released in Jan 26
and Dec 23, 1999. The formal approval to conduct the study described
has been obtained from the human being review board of the appropri-
ate ethics committee as stated in the manuscript.

3.1. Primary hippocampal cell culture and spine density analysis

Primary cultured neurons were cultured as described from E18
C57BL/6 mice [35]. Hippocampal explants were digested with 0.25%
trypsin (Invitrogen, Cat# 25200072) for 30 min at 37 °C and then tritu-
rated with a pipette in Dulbecco's modified Eagle's medium with 10%
fetal bovine serum. The dissociated neurons were plated at a
density of 65 cells/mm2 in a six-well dish. The culturesweremaintained
at 37 °C and physiological pH with 5% CO2. After 4 h, the medium was
replaced with neurobasal medium supplemented with 2% B27, 1% anti-
biotic and 0.5 mMGlutaMAX™-I (Invitrogen, Cat# 10565018). The hip-
pocampal neurons were cultured for 5–7 days and then treated with
AAV-Nwd1-shRNA, AAV-Scr-shRNA, AAV-GFP, GluN2B-Tyr1472, or
GluN2B-Ser1480 before western blotting or immunofluorescence ac-
cording, to the experimental requirements. To construct a Mg2+-free
model, hippocampal neuronswere exposed toMg2+-free artificial cere-
brospinal fluid (ACSF) for 3 h at 37 °C.

For spine density analysis, neurons were transfected at DIV5 with 2
μL AAV-Nwd1-shRNA, AAV-Scr-shRNA, or AAV-GFP for two weeks.
The neurons were fixed with 4% paraformaldehyde, washed with
phosphate-buffered saline (PBS) and incubatedwith rabbit anti-GFP an-
tibody (1:500, Abcam, Cat# ab6556) overnight at 4 °C. After being
washed, the neurons were incubated with a goat anti-rabbit Alexa
Fluor 488 (1:200, Beyotime, Cat# A0423) secondary antibody for 1 h
at 37 °C. Images were captured with a confocal laser-scanning micro-
scope (LSM700, Zeiss). The number of spines was determined with
Image-Pro Plus 6.0 software.
3.2. Biochemical measurement of cell surface protein levels

Biochemical measurements of cell surface protein levels were per-
formed as previously described [36]. Briefly, cell-surface receptor pro-
teins on DIV14–18 neurons cultured in 60-mm diameter dishes were
extracted with a Mem-PER™ Plus Membrane Protein Extraction Kit
(Thermo Fisher Scientific, Cat# 89842), as per the manufacturer's pro-
tocol. The cell precipitate was washed with 3 mL of cell cleaning solu-
tion and centrifuged at 300 xg for 5 min, and the supernatant was
discarded twice. Permeation buffer (0.75 mL) was added to the
cell precipitate. The homogeneous cell suspensions were incubated
at 4 °C for 10 min under continuous mixing conditions and centri-
fuged at 16,000 xg at 4 °C for 15 min, and the supernatant fractions
were collected. Solubilizing buffer was added to the precipitate for re-
suspension and incubated at 4 °C for 30 min. The tube was centrifuged
at 16,000 ×g for 15 min at 4 °C. The extracted proteins were then an-
alyzed by immunoblotting.
3.3. Western blot, immunohistochemical staining and immunofluorescence
analysis

Western blot, immunohistochemical staining and immunofluores-
cence analysis of cultured hippocampal neurons and tissues from the
animals were performed as described in our previous studies
[28,34,37]. The following primary antibodies were used in this study:
a rabbit anti-NWD1 pAb (1:500, Proteintech Group, Inc., Cat#
25025–1-AP); a rabbit anti-GAPDH mAb (1:1000, Proteintech Group,
Inc., Cat# 10494–1-AP); a guinea pig anti-MAP2 mAb (1:300, Synaptic
Systems, Cat# 188004); a mouse anti-GFAP mAb (1:200, Proteintech
Group, Inc., Cat# 60190–1-Ig); a chicken anti-GAD67mAb (1:300; Syn-
aptic Systems, Cat# 198006); a goat anti-PSD95 mAb (1:300, Abcam,
Cat# ab12093); a mouse anti-PSD95 mAb (1:300, Abcam, Cat#
ab13552); a guinea pig anti-Vglut1 mAb (1:300; Synaptic Systems,
Cat# 135304); DAPI (1:50, Sigma-Aldrich, Cat# D9542); a rabbit anti-
GluN2A pAb (1:500, Proteintech Group, Inc., Cat# 19953-1-AP); a
mouse anti-GluN2B mAb (1:500, Abcam, Cat# ab28373); a rabbit anti-
GluN2B pAb (1:500, Abcam, Cat# ab65783); a rabbit anti-GluN2B-
Tyr1472 pAb (1:500, Abcam, Cat# ab3856,); and a rabbit anti-GluN2B-
Ser1480 pAb (1:200, Bioss, Cat# bs-5382R); a mouse anti-Beta Actin
Antibody mAb (1:1000, Proteintech Group, Inc., Cat# 60008-1-Ig).
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3.4. Electrophysiological recordings

Hippocampal slices were prepared as described previously [28].
Briefly, AAV-treated mice were anesthetized. Coronal hippocampal
slices (400 μm thick) were cut using a vibrating blade microtome
(VT1200S, Leica, Germany) in an ice-cold artificial cerebrospinal fluid
(ACSF) solution. The fresh slices were placed in a continuously oxygen-
ated humidified interface holding a chamber containing oxygenated
Mg2+-free ACSF ((in mM) 124 NaCl, 2.5 KCl, 1.25 NaH2PO4·2H2O, 26
NaHCO3, 0 MgCl2·6H2O, 2 CaCl2, and 10 glucose (pH 7.4,
315–330mOsm)), in which they recovered for at least 1 h before subse-
quent studies. After recovery, whole-cell patch-clamp recordings were
made from CA1 pyramidal neurons visualized with infrared optics
using an upright microscope equipped with a 40× water-immersion
lens (BX51WI, Olympus, Tokyo, Japan) and an infrared-sensitive CCD
camera (Dage-MTI, Michigan City, IN, USA). The slices were placed
in the recording chamber, which was superfused (2 mL/min) with
Mg2+-free ACSF at 22–24 °C with a 1440A digitizer and a MultiClamp
700B amplifier (Molecular Devices, Palo Alto, CA). Pipettes were pulled
by a micropipette puller (P-97, Sutter Instruments) with a resistance of
3–5 MΩ. All solutions were saturated with 95% O2 and 5% CO2.

For miniature excitatory postsynaptic current (mEPSC) recordings,
the pyramidal neurons were held at −70 mV in the presence of 1 μM
TTX (Aladdin Bio-Chem Technology Co., Cat# 4368-28-9) and 100 μM
picrotoxin (PTX) (Sigma-Aldrich, Cat# R284556), with the pipette solu-
tion containing (in mM) 130 CsMeSO4, 10 HEPES, 10 CsCl, 4 NaCl, 1
MgCl2·6H2O, 1 EGTA, 12 Na-phosphocreatine, 0.5 Na3-GTP, 5 Mg-ATP,
and 5 NMG (pH 7.3, 285 mOsm). For miniature inhibitory postsynaptic
current (mIPSC) recordings, the pyramidal neurons were bathed with 1
μM TTX, 20 μMDNQX (Sigma-Aldrich, Cat# D0540), and 50 μMDL-AP5
(Sigma-Aldrich, Cat# A8054), with the pipette solution containing (in
mM) 100 CsCl, 10 HEPES, 1 MgCl2·6H2O, 1 EGTA, 30 NMG, 0.5 Na3-
GTP, 5 Mg-ATP, 1 EGTA, and 12 Na-phosphocreatine (pH 7.3,
290 mOsm).

To investigate the properties of evoked excitatory postsynaptic cur-
rent (EPSC) recordings, 100 μM PTX was added to the ACSF to block
GABAA receptor currents. EPSCs were evoked by stimulating the
Schaffer collateral (SC)-CA1 pathway with a bipolar tungsten stimulat-
ing electrode (0.05 Hz, 0.1 ms duration). The neurons were held at
−70mV to recordα-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor-dependent EPSCs (AMPA-EPSCs) and at +40 mV to re-
cord NMDAR-mediated EPSCs (NMDA-EPSCs). AMPAR and NMDAR
current amplitudes were evaluated by averaging 10 traces measured
at the point of the peak amplitude and 50 ms after the peak amplitude,
respectively. After EPSC baseline recordings, the GluN2B subunit antag-
onist ifenprodil (Sigma-Aldrich, Cat# I2892) was added to the ACSF for
additional EPSC recordings.

For paired-pulse ratio (PPR) recordings, EPSCs were evoked by stim-
ulating the SC-CA1 pathway (50 ms stimulation interval) at a holding
potential of +40 mV in the presence of 100 μM PTX and 20 μM DNQX.
The value of the ratioswas defined as the amplitude of the EPSCs evoked
between the first and second pulse. For spontaneousfiring recordings of
hippocampal pyramidal neurons, the slices were perfused inMg2+-free
ACSF and held at resting membrane potential. Microelectrodes were
filled with the following solution (in mM): 60 K2SO4, 60 NMG, 40
HEPES, 4 MgCl2·6H2O, 0.5 BAPTA, 12 Na-phosphocreatine, 2 Na-ATP,
and 0.2 Na3-GTP (pH 7.3, 290 mOsm). Four or more action potentials
were defined as epileptiform activity of the pyramidal neurons and
were quantified as a depolarization drift (PDS). After 10min of baseline
recordings, the NMDA receptor antagonist DL-AP5was bath-applied for
20 min.

Extracellular field potential recordings were performed as described
previously [28,38]. Electrodes were positioned in the CA1 stratum
radiatum in current-clamp mode with 1 M NaCl-filled glass pipettes
(1–2 MΩ). Electrophysiological signals were amplified and filtered at
0.1 Hz and 1 kHz by a MultiClamp 700 B amplifier digitized at 5 kHz
with a 1440A digitizer. Epileptiform activity was induced by perfusing
Mg2+-free/4-AP ACSF containing the following (in mM): 124 NaCl,
1.25 NaH2PO4·2H2O, 26 NaHCO3, 0 MgCl2·6H2O, 2 CaCl2, 10 glucose
and 0.1 4-AP. The onset of synchronous population activity was timed
from the negative peak of the initial population spike to the last spike
present in each epileptiform event. After 30 min of baseline recordings,
DL-AP5 was bath-applied for 40 min.

In all experiments, series and input resistances were continually
controlled below 20 MΩ and were not compensated. The data were
not included if the series resistance fluctuated N25% of the initial
value. The data were analyzed using pClamp 10.0.3 and MiniAnalysis
6.0.3 (Synaptosoft, USA), and at least 50% of the data were analyzed in
a blinded fashion. All reagents for ACSF preparation were obtained
from Sigma-Aldrich or Tocris Bioscience.

3.5. Statistical analysis

The statistical analyses were performed using Prism 6.0 software
(GraphPad, SanDiego, CA, USA). For all electrophysiological, biochemis-
try and immunohistochemistry experiments, an unpaired two-tailed
Student's t-test (for two sample) or one-way ANOVA followed by
Tukey's multiple comparisons test (for three or more samples) were
used. The differences between the mean values were evaluated using
one-way ANOVA followed by the least significant difference (LSD) test
for post hoc comparisons when equal variances were assumed. For the
electrophysiological tests, the n values represent the number of neurons
and slices. For all other experiments, the n values represent the number
of tissues from mice or patients. All of the results are shown as the
means ± S.E.M., and statistical significance was set at *P b .05, **P b

.01, ***P b .001.

4. Results

4.1. Nwd1 is expressed in the excitatory synapses of seizure-induced mice
and in human epileptogenic tissues

To demonstrate the correlation between Nwd1 and seizure, we first
assessed whether pathologic seizure activity in vivo affects Nwd1 ex-
pression. The KA-induced model recapitulates the neuropathological,
electroencephalographic and behavioral characteristics that are ob-
served in epileptic patients, particularly recurring spontaneous seizures
(SRSs) that are resistant to various antiepileptic drugs [39,40]. The re-
sults showed that the levels of the Nwd1 protein were increased in
the hippocampus and cerebral cortex of KA-induced acute seizure
mice compared with those in the control (Fig. 1a–b). To further charac-
terize this effect, we used immunohistochemistry, andwe found similar
expression patterns in cortical tissue obtained from drug-resistant TLE
patients. Nwd1 immunoreactivity was stronger in cerebral cortex tis-
sues from TLE patients than in those from controls (Fig. 1c–d). The im-
balance between inhibitory and excitatory components result in
neuronal networks hyperexcitability through neurotransmission syn-
aptic function, which eventually leads to seizures [2]. We then exam-
ined the distribution of Nwd1 in functional synapses to further
explore the function of Nwd1 in seizure. Triple immunofluorescence
staining of TLE and acute seizure mouse specimens revealed that
Nwd1 was located in MAP2-positive neurons but not in GFAP-positive
astrocytes in the hippocampus and cerebral cortex, demonstrating
that hippocampal neurons express Nwd1 (Fig. 1e; Fig. S1c). Moreover,
Nwd1 was coexpressed with the excitatory synapse postsynaptic den-
sity marker PSD95, whereas cells labeled with the presynaptic vesicular
marker VGLUT1 were not positive for Nwd1 (Fig. 2a, c). In a further
analysis, Nwd1 was weakly expressed in inhibitory synapses labeled
with the glutamate decarboxylase isoform GAD67 (Fig. 2b, d) These re-
sults show that Nwd1 may play a role in seizure by being mainly
expressed in functional excitatory synapses.
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4.2. Downregulation of Nwd1 weakens glutamatergic synaptic
transmission

Wenext explored themolecularmechanism underlying the effect of
Nwd1 deletion on seizures and asked whether Nwd1 is necessary and
sufficient for regulating excitatory synaptic transmission. To further
test this possibility, we measured mEPSCs and mIPSCs in hippocampal
pyramidal neurons [41,42] prepared from acute brain slices taken
from mice injected with AAV-Nwd1-shRNA or AAV-GFP. The slices
were subjected to voltage-clamp recordings in a Mg2+-free model
in vitro. Compared to the recordings from AAV-GFP-treated and un-
treated control littermates, the whole-cell recordings from the CA1
Fig. 1.Nwd1 expression is upregulated in the brain tissues of amousemodel of acute seizures an
the hippocampus and cerebral cortex ofmicewith KA-induced status epilepticus comparedwith
epilepticus). (c–d) Immunohistochemical staining indicates that Nwd1 immunoreactivity in th
control, n = 8 per group, unpaired t-test). (e) Nwd1 is expressed in pyramidal neurons and c
an astrocyte marker (glial fibrillary acidic protein (GFAP)) in cortical and hippocampal sampl
error bars indicate the SEM. *P b 0.05, **P b 0.01, ***P b 0.001.
pyramidal neurons of the AAV-Nwd1-shRNA-treated mice showed sig-
nificantly lower mEPSC amplitudes without a change in frequency
(Fig. 3a–b). However, inhibitory synaptic transmission, as measured
by the frequencies and amplitudes of the mIPSCs, was not significantly
affected (Fig. 3c–d). These results suggest that the major alteration
that occurs after the knockdown of Nwd1 is a decrease in glutamatergic
synaptic transmission manifested as a reduction in postsynaptic recep-
tor number/function.

Because some evidence supports that a loss in dendritic spine den-
sity leads to reduced excitatory synapses [43–45], we examined
whether AAV-Nwd1-shRNA causes changes to dendritic spines in pri-
mary hippocampal cells. Consistent with a reduction in excitatory syn-
aptic transmission, we observed a significantly lower dendritic spine
d TLEpatients. (a–b)Western blot analysis shows that Nwd1protein levels are increased in
those in the control (***P= .0002, **P=.0034, n=8per group, unpaired t-test; SE, status
e cerebral cortex tissues is stronger in TLE patients than in controls (***P = .0003 versus
olocalizes with microtubule-associated protein 2 (MAP2)-positive neurons but not with
es from TLE patients and acute seizures mice. The arrows indicate the positive cells. The
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density in Nwd1-knockdown neurons compared with control neurons
(Fig. 3e–f). Thus, injecting AAV-Nwd1-shRNA in vitro resulted in a sig-
nificant reduction in spine density.

4.3. Nwd1 inhibition decreases GluN2B-dependent EPSCs in the
hippocampus

To test whether the decreased mEPSC amplitudes correspond to a
decrease in synaptic strength, we recorded evoked EPSPs in pyramidal
neurons from the CA1 region of the hippocampus. The ratio between
the amplitudes of the AMPA-EPSCs and the amplitudes of the NMDA-
EPSCs was defined as the AMPA/NMDA ratio, which is often used to
measure glutamatergic synaptic strength [46,47]. The AAV-Nwd1-
shRNA-treated mice exhibited a significantly increased AMPA/NMDA
ratio relative to that of the AAV-GFP-treated and control mice
(Fig. 4a–b). Moreover, NMDA-EPSC amplitudes (50.55 ± 4.83 pA)
were significantly decreased compared to those obtained from the
AAV-GFP-injected mice (90.13 ± 9.54 pA), whereas there was no effect
of AAV-Nwd1-shRNA on the amplitudes of the AMPA-EPSCs (Fig. 4a–b).
The results showed that the AAV-Nwd1-shRNA-induced increase in the
AMPA/NMDA ratio was due to a reduction in NMDA receptor function.
The NMDAR subunit GluN2B forms a glutamate-gated ion channel
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that is pivotal for the regulation of synaptic function [48]. Compared to
the baseline ratio in the Con and AAV-GFP-treated slices, the AMPA/
NMDA ratio and the NMDA-EPSC amplitudes were not significantly
altered in the AAV-Nwd1-shRNA-treated slices after they were exposed
to ifenprodil (a GluN2B subunit antagonist) for 15 min (Fig. 4a–b). The
paired-pulse ratio (PPR) was determined in the presence of PTX and
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DNQX to ensure the elimination of the effects on GABAA and AMPA re-
ceptors. The results showed that there was no significant difference be-
tween the PPRs of the AAV-Nwd1-shRNA-treated, AAV-GFP-injected
and control mice, suggesting that Nwd1 does not alter the probability
of presynaptic NMDA release (Fig. 4c–d). Triple labeling of human
brain and seizure mice tissues and primary hippocampal neurons with
antibodies against the GluN2B subunit, Nwd1 and PSD95 showed that
these neurons express three receptors with a similar distribution pat-
tern, further supporting the possibility that the effect of Nwd1 on
NMDA occurs through theGluN2B subunit (Fig. 4e). Therefore, these re-
sults indicate that Nwd1 knockdown decreases GluN2B-dependent
EPSCs in hippocampal pyramidal neurons.

4.4. Decreased neuronal Nwd1 activity alters the phosphorylation of
GluN2B at Tyr 1472

The tyrosine phosphorylation of the GluN2B subunit regulates the
trafficking and synaptic localization of NMDARs [10,17]. To determine
whether decreased synaptic activity is due to the lower number of
NMDARs on the cell surface induced by GluN2B phosphorylation, we
isolated surface receptors and analyzed them by western blotting. The
phosphorylation levels of GluN2B at Tyrosine1472 (Tyr1472) and Ser-
ine 1480 (S1480)were assessed using phospho-site-specific antibodies.
We found that the pretreatment of hippocampal neurons with AAV-
Nwd1-shRNA in magnesium-free conditions decreased the surface ex-
pression of GluN2B and the phosphorylation of the GluN2B subunit at
Tyr1472 without affecting the phosphorylation of GluN2B at S1480 or
the surface expression of GluN2A compared with those in the control
groups (Fig. 5a–b). When the hippocampal neurons were exposed to
the Src family tyrosine kinase inhibitor PP2 (1 μM) after pretreatment
with AAV, the results showed that the phosphorylation of GluN2B at
Tyr1472 did not change in the AAV-Nwd1-shRNA-treated neurons
(Fig. 5a–b). Our experiments suggest that the phosphorylation of
GluN2B at Tyr1472may play an important role in the synaptic localiza-
tion of NMDARs.

4.5. Inhibition of Nwd1 activity alleviates neuronal hyperexcitability

A logical hypothesis based on the data presented above is that Nwd1
downregulation produces a long-lasting decrease in the spontaneous
firing of hippocampal pyramidal neurons due to the weakness of post-
synaptic NMDA receptor function. To test this hypothesis, we performed
in vitro intracellular and extracellular recordings in slices treated with
Con
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Fig. 5. Phosphorylation of Tyr1472 in GluN2B is suppressed in the hippocampal neurons after d
and p-S1480 in the primary hippocampal neuron lysate obtained from AAV-Nwd1-shRNA, A
amount of GluN2B, but not of GluN2A, is decreased after AAV-Nwd1-shRNA treated, and
application of inhibitor PP2 to the AAV-Nwd1-shRNA treated groups. Phosphorylation of
compared to control and AAV-GFP group (n = 6 mice for each group). Error bars indicate SEM
AAV-Nwd1-shRNA or AAV-GFP in Mg2+-depleted ACSF to measure
spontaneous firing. Our results demonstrated that, compared to the py-
ramidal neurons of the AAV-GFP-treated and controls, the pyramidal
neurons of the AAV-Nwd1-shRNA mice exhibited a decreased sponta-
neousfiring frequency (Fig. 6a–b). In agreementwith this result, the fre-
quency of PDS (a high-frequency burst of action potentials) was
reduced in the AAV-Nwd1-shRNA slices (Fig. 6a–b). In addition, the ap-
plication of the NMDA agonist DL-AP5 (50 μM) had no significant effect
on spontaneous firing or PDS frequency in the AAV-Nwd1-shRNA slices
compared to control slices (Fig. 6a–b). We evaluated whether Nwd1
contributes to abnormal network excitability, andwe found that epilep-
tiform activity, including ictal-like events and interictal-like events,
were less frequently observed in extracellular recordings of the hippo-
campal CA1 area of the AAV-Nwd1-shRNA slices, indicating decreased
excitability in these tissues (Fig. 6c–f). Similar to the above results,
there was a significant reduction in the duration of epileptiform events
in the AAV-Nwd1-shRNA-treated mice compared to the AAV-GFP-
injected and control mice (Fig. 6). Moreover, epileptiform event spikes
were reduced in the slices obtained from the AAV-Nwd1-shRNA mice
(Fig. 6f). Pretreatment with DL-AP5 produced results similar to sponta-
neous firing patterns in the AAV-Nwd1-shRNA slices (Fig. 6d, f). These
results are consistent with the hypothesis that the lower levels of
Nwd1 that induce a reduction in postsynaptic NMDA receptor function
produce a decreased neuronal hyperexcitability in hippocampal pyra-
midal neurons and slices.

4.6. The effect of Nwd1 on acute seizures in a KA-induced mouse model

In general, seizures can be produced by an imbalance between neu-
ronal excitation and inhibition, in which glutamate and GABA, respec-
tively, play important roles [2,49]. Consistent with this, our above
results found that downregulation of Nwd1 reduced excitability. Mean-
while, having characterized a pattern of Nwd1upregulation in the excit-
atory synapses of acute seizures mouse and TLE patient specimens, we
next investigated whether Nwd1 activity contributes to seizures. To ad-
dress this issue, we compared the seizures in acute SE evoked by intra-
peritoneal injections KA every 5 min for 45 min (Fig. 7a). First, we
reduced Nwd1 levels in C57BL/6 mice by an intrahippocampal injection
of AAV-Nwd1-shRNA3weeks before KA application [28,50]. The time to
the onset of the first seizure (the latency of SE onset) wasmarkedly de-
layed by AAV-Nwd1-shRNA treatment (Fig. 7b). Compared with the
control mice, the AAV-Nwd1-shRNA injected mice also exhibited a sig-
nificantly reduced average duration of behavioral seizure events
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(Fig. 7c). In addition, there was no difference in the average behavior
seizure score among all groups, which indicated that Nwd1 had no ef-
fect on seizure score (Fig. 7d). Furthermore, we measured the relation-
ship between seizure degree and the levels of theNwd1 protein, andwe
found that Nwd1 expression was reduced in the AAV-Nwd1-shRNA-
treated mice after KA-induced SE (Fig. S2a–b). Consistent with the
above results, Nissl staining indicated the protective effects of AAV-
Nwd1-shRNA against the hippocampal tissue damaged by KA exposure.
Fig. 6. Inhibition of Nwd1 activity alleviates neuronal hyperexcitability in vitro in a model o
pyramidal neurons at baseline (upper traces) and after bath application of AP5 (lower traces)
PDS frequency in the AAV-Nwd1-shRNA-treated, AAV-GFP-treated and control slices, and t
frequency (n = 10 neurons for control, n = 10 neurons for AAV-GFP-treated, n = 11 neuron
post hoc test). (c, e) Representative extracellular recordings showing the initiation of intericta
(0 Mg2+, 100 μM 4-AP) in the CA1 region of control, AAV-GFP-treated and AAV-Nwd1-shRNA
in (c). Slices from AAV-Nwd1-shRNA mice showed a reduction interictal-like event frequency
average event duration and reduced the interictal-like event frequency in control and AAV-G
0.001). (f) Quantitative analysis of the data in (e). The average of ictal-like event frequency
shRNA-treated mice. The application of AP5 decreased the above indicators in Con control an
control, n = 10 slices for AAV-GFP-treated; n = 11 slices for AAV-Nwd1-shRNA-treated; The
0.001; N.S., not significant).
The loss of Nissl substance was attenuated by AAV-Nwd1-shRNA injec-
tion (Fig. S2c). Furthermore, immunofluorescence staining showed a
loss of NeuN positive cells in the hippocampal CA1 region of vehicle-
and AAV-Nwd1-GFP-treated mice after KA-SE treatment. This hippo-
campal damagewas attenuated by AAV-Nwd1-shRNA (Fig. S2d–e). Col-
lectively, these results imply that the low expression of Nwd1mitigates
KA-induced seizures.
f magnesium-free induced seizure. (a) Representative spontaneous firing traces of CA1
are shown for each experimental group. (b) Graphs showing the spontaneous firing and
he effect of the NMDAR antagonist DL-AP5 application on spontaneous firing and PDS
s for AAV-Nwd1-shRNA-treated; *P b 0.05, **P b 0.01, ***P b 0.001; ANOVA followed by
l-like epileptiform events (c) and ictal-like epileptiform events (e) in proconvulsant ACSF
-treated mice in the absence or presence of DL-AP5. (d) Quantitative analysis of the data
and a decreased average event duration. Pretreatment with 20 μM DL-AP5 decreased the
FP-treated slices but not in AAV-Nwd1-shRNA-treated slices (*P b 0.05, **P b 0.01, ***P b

, event duration and event spikes were all reduced in slices obtained from AAV-Nwd1-
d AAV-GFP-treated slices but not in AAV-Nwd1-shRNA-treated slices (n = 11 slices for
error bars indicate the SEM. ANOVA followed by post hoc test (*P b 0.05, **P b 0.01, ***P b



481Q. Yang et al. / EBioMedicine 47 (2019) 470–483
5. Discussion

To our knowledge, these are the first in vivo and in vitro studies
showing that the inhibition of Nwd1 can alter pathologic electrical ac-
tivity in the brain, and our results offer a novel therapeutic target for
the treatment of seizures. In the present study, we identified a novel
role for Nwd1 in controlling synaptic NMDAR composition. Specifically,
we obtained four principal findings from this study: 1) there are high
protein levels of Nwd1 in brain tissues obtained from TLE patients and
mice with KA-induced acute seizures; 2) in vitro, inhibition of Nwd1
by AAV reduces excitatory synaptic transmission by suppressing
GluN2B-containing NMDAR-mediated excitatory postsynaptic currents
in acute hippocampal slices; 3) the downregulation of Nwd1 reduces
GluN2B surface protein levels by decreasing the phosphorylation of
the GluN2B subunit at Tyr1472 in primary hippocampal neurons; and
4) silencing Nwd1 profoundly suppresses neuronal hyperexcitability
and reduces the occurrence of acute seizures during KA-induced SE.
Our findings highlight the important role of Nwd1 in regulating neuro-
nal excitability, and the inhibition of Nwd1 may lead to a therapeutic
strategy for treating acute seizures or other hyperexcitability-related
neurological disorders.

Nwd1 is a newly identified NLR-related protein that contains a cen-
tral NACHTdomain akin to that of classical NLR familymembers [25,51].
There has been no evidence produced by recent profiling work to sug-
gest that there is an association between seizures and changes in
Nwd1 expression. Our experiments are the first to show the upregula-
tion of Nwd1 in the hippocampus and cortex of TLE patients and acute
seizure mice specimens and to link this upregulation to harmful sei-
zures. This suggests that the regulation of Nwd1may be coupled to ep-
ileptic or pathogenic brain activity.

Synapse dysfunction has been implicated in epilepsy [4]. As shown
by immunofluorescence staining, Nwd1 was localized to MAP2-
positive cells and cells positive for the excitatory synapse marker
PSD95- in hippocampal and cortical epileptic tissues but was not local-
ized to cells positive for an inhibitory synapsemarker. These results sug-
gest that Nwd1 may be associated with seizures through its expression
in functional excitatory synapses. In addition, our electrophysiological
studies revealed that Nwd1 was suppressed in hippocampal CA1 pyra-
midal neurons in Mg2+-depleted ACSF [28,52], and the AAV-Nwd1-
shRNA-treated slices displayed a reduction in mEPSC amplitude. How-
ever, AAV-Nwd1-shRNA had no effect on mEPSC frequency, mIPSC fre-
quency or amplitude. These observations imply that silencing Nwd1
may alter glutamatergic receptor function. Dendritic spine structure
and density are positively related to synaptic strength and the expres-
sion of synaptic proteins. Dendritic spines are targets of excitatory
axons, and spine loss accounts for reduced excitatory responses in the
brain [43,53]. Here, we found that the knockdown of Nwd1 in mice de-
creased excitatory synaptic transmission, likely by decreasing the basal
number of dendritic spines in the hippocampus. Moreover, NMDAR
subunits are crucial for neuronal synaptic transmission and synaptic
plasticity [54]; consistent with this, whole-cell recording studies re-
vealed decreased NMDAR currents in the AAV-Nwd1-shRNA-injected
mice that were not changed in the presence of ifenprodil, suggesting
an effect of GluN2B-mediated EPSCs. Together, our findings highlight
that glutamatergic synaptic transmission is downregulated by Nwd1 si-
lencing via postsynaptic GluN2B-containing-NMDAR-mediated
mechanisms.

NMDAR surface proteins, especially the GluN2B subunit, are dy-
namic, and their trafficking, insertion, and internalization are tightly
regulated [54–56]. The tyrosine phosphorylation of NMDAR subunits
is an important regulatory mechanism for plastic changes in NMDARs
[57]. Previous research has found that the phosphorylation of Tyr1472
positively correlates with the surface expression of NMDARs by Cdk5
in an activity-dependent manner [19]. In our study, we found that the
phosphorylation of Tyr1472 and the surface expression of GluN2B
were decreased in primary hippocampal neuron lysates after incubation
withMg2+-free ACSFwhenNwd1 activitywas inhibited by AAV-Nwd1-
shRNA. Nevertheless, the downregulation of Nwd1 affected neither
Ser1480 phosphorylation nor the surface expression of GluN2A. There-
fore, our data indicate a novel mechanism by which Nwd1 impacts the
level of surfaceGluN2Bprotein in an activity-dependentmanner by reg-
ulating the level of Tyr1472 phosphorylation. Existing research suggests
that the phosphorylation of Tyr1472-GluN2B lowers the binding of
NMDARs to the clathrin adaptor protein complex AP-2 and therefore
may be related to the endocytosis machinery [18]. However, our exper-
iment did not confirm whether Nwd1 is involved in NMDAR trafficking
and thuswhether it affects the surface expression of GluN2B; this notion
needs to be explored in further experiments. Based on our study, we
speculate that suppressed levels of the Nwd1 protein result in a loss of
phosphorylated Tyr1472 and, consequently, in the decreased surface
expression of GluN2B, which in turn results in impaired GluN2B-
mediated synaptic transmission.

Given that postsynaptic Nwd1 is a keymediator ofNMDAR activity, a
critical question iswhether postsynaptic Nwd1 is linked to neuronal hy-
perexcitability and behavioral phenotypes. Circuit hyperexcitability is
accompanied by increased spontaneous excitatory synaptic input or re-
duced inhibitory synaptic input, which leads to a shift in the balance be-
tween excitation and inhibition and generates neuronal
hyperexcitability [2,58,59]. In the in vitro Mg2+-free model used in
this study, our findings suggest that there was a significant reduction
in spontaneous firing and the PDS of single hippocampal pyramidal
neurons from the AAV-Nwd1-shRNA-injected mice, which was in
agreementwith the application of theNMDAagonist DL-AP5.Moreover,
the observed decrease in NMDAR-dependent excitatory synaptic trans-
mission was not accompanied by a significant change in inhibitory
transmission, which eventually led to less spontaneous firing.
Interictal-like epileptiformdischarge activitywas secondary to after dis-
charges, as has been described previously. Ictal-like epileptiform dis-
charge activity was composed of an initial sustained phase and a
subsequent phase of involving an intermittent pattern of population
discharges [38,60]. This is similar to tonic-clonic seizures in patients
with epilepsy. In our experiment, extracellular recordings from the
CA1 region of the AAV-Nwd1-shRNA-treated slices indicated that the
frequencies and durations of the interictal-like and ictal-like epilepti-
form discharges, as well as ictal-like epileptiform discharge event
spikes, were lower than those of the control groups. This finding sug-
gests that the neuronal hyperexcitability and hypersynchrony inhibited
by the downregulation of Nwd1 may inhibit seizures and after dis-
charges. To further verify these results, we measured animal behavior.
The KA-induced model exhibited typical histopathological changes
analogous to those of temporal lobe epilepsy patients [39]. Our in vivo
experiment suggested lower Nwd1 expression lengthened the seizure
onset and reduced the seizure duration of status epilepticus induced
by KA. These data show that the knockdown of Nwd1 generates a
prolonged anticonvulsant effect in a manner similar to that produced
by anti-epileptic drugs.

In conclusion, we report a previously unrecognized but important
role of Nwd1 in acute seizure models in vitro and in vivo. Our results
for the first time reveal an increase in Nwd1 expression in brain tissues
from TLE patients, suggesting that this moleculemay be associatedwith
human epilepsy. This study indicates that the knockdown of Nwd1 pro-
foundly suppresses neuronal hyperexcitability and acute seizures, and
suggests that Nwd1 downregulation controls GluN2B-containing-
NMDAR-mediated glutamatergic transmission by decreasing the
Tyr1472 phosphorylation of GluN2B. Given the effects of Nwd1, our
study contributes to the understanding of the biological role of
Nwd1 at the synapse and the characterization of the beneficial effects
of Nwd1 in the treatment of seizures. Moreover, this study provides a
clue for the development of an alternative approach to the treatment
of epilepsy through offers a novel therapeutic target on Nwd1.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.08.050.
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