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Inhibition of GluN2B-containing N-methyl-p-
aspartate receptors by radiprodil
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N-methyl-p-aspartate (NMDA) receptors mediate a slow, Ca®*-permeable component of excitatory synaptic transmis-
sion in the brain and participate in neuronal development and synaptic plasticity. Most NMDA receptors are tetra-
meric assemblies of two GluN1 and two GluN2 subunits encoded by five genes (GRIN1 and GRIN2A-GRIN2D), which
produce GluN1 and GluN2A-GluN2D subunits. NMDA receptors that contain the GIuN2B subunit have unique
pharmacological properties, being inhibited by multiple structurally distinct series of biaryl compounds with high po-
tency and selectivity. These agents are of considerable therapeutic interest, given the numerous roles that GluN2B-
containing NMDA receptors play in normal brain function and pathological situations.

Among GluN2B-selective negative allosteric modulators, radiprodil inhibits NMDA receptors that contain GluN2B
with high potency and selectivity and appears to be safe in humans. Here, we evaluate the structural determinants
of radiprodil binding to the heterodimeric GluN1-GluN2B amino terminal domain by X-ray crystallography and ex-
plore the molecular mechanism of inhibition. A large number of de novo variants have been identified in the GRIN
gene family in patients with various neurological and neuropsychiatric conditions, including autism, intellectual dis-
ability, epilepsy, language disorders and movement disorders. We show that radiprodil is an effective antagonist at
>80% of human disease-associated GRIN1 and GRIN2B missense variants tested in vitro (22/27, equally or more effect-
ive as wild-type receptors), including variants in the pore-forming region, linker regions and elsewhere that uniform-
ly increase NMDA receptor-mediated charge transfer. We show that radiprodil blocks synaptic GluN2B receptors in
brain slices acutely isolated from a knock-in mouse line harbouring the gain-of-function variant GluN2B-Ser810Arg
associated with early-onset epileptic encephalopathy and intractable seizures in patients. In addition, radiprodil de-
lays the onset of seizures (458 + 90 s, versus 207 + 23 s in the vehicle group) in response to in vivo administration of the
chemoconvulsant pentylenetetrazole.

These data support the potential utility of GluN2B-selective antagonists, such as radiprodil, for clinical treatments of
neurological conditions where clinical aetiologies might involve increased current mediated by GluN2B-containing
NMDA receptors.
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Introduction

N-methyl-p-aspartate receptors (NMDARSs) are ligand-gated cation-
selective channels that bind to the neurotransmitter glutamate and
mediate a slow, Ca®*-permeable current at virtually all excitatory
synapses in the CNS." NMDARs are blocked by extracellular Mg** in
a voltage-dependent manner,>* which can be relieved by depolariza-
tion that, when paired with glutamate release, gives rise to an inward
current. Voltage-dependent Mg?* block enables NMDARS to act as co-
incidence detectors, which is important for multiple processes in the
CNS, including learning, memory and neuronal development.’ The
GRIN1, GRIN2A-GRIN2D and GRIN3A-GRIN3B genes encode the
GluN1, GluN2A-GluN2D and GluN3A-GluN3B NMDAR subunits.
Combinations of two GluN1 and two GluN2 subunits or two GluN1
and two GluN3 subunits yield several distinct NMDAR assemblies,
and potential mixing of GluN1, GluN2 and GluN3 subunits within a
receptor complex can expand this diversity further.

NMDAR dysfunction is thought to be involved in neurological
and neuropsychiatric disorders such as epilepsy, intellectual dis-
ability, autism spectrum disorder, neuropathic pain, depression,
Parkinson’s disease and schizophrenia.»*” In addition, an increas-
ing number of rare de novo variants in GRIN genes (e.g. GRINI,
GRIN2A, GRIN2B and GRIN2D) have been identified by whole-exome
sequencing in patients with various neurological and neuropsychi-
atric disorders.®*® Functional evaluation to determine how a
disease-associated GRIN variant might influence receptor function
is important to understand potential molecular mechanism under-
lying the phenotypes of patients. Functional analysis to evaluate
multiple properties of GRIN variants has been performed in model
systems.’>'¥23 We proposed an analytical and comprehensive
framework to classify GRIN variants as either gain of function
(GoF) or loss of function by integrating data from six different in vitro
assays,”* which is essential to evaluating variant pathogenicity, pa-
tient stratification and precision therapeutics, in addition to variant
selection for making animal models.

NMDARs can be modulated by multiple exogenous compounds,
many of which are subunit selective.»* The pharmacology of
GluN2B-selective negative allosteric modulators is well developed
and includes a large number of scaffolds, several of which have

progressed to clinical trials.?**' Among clinically relevant

GluN2B-selective modulators, radiprodil is noteworthy for its po-
tency and selectivity. Here, we explore the pharmacology and
mechanism of action of radiprodil across NMDARs of varied
GluN2 stoichiometry, define at atomic resolution its binding site,
and show that radiprodil retains potency and efficacy for a number
of different GRIN1 and GRIN2B missense variants associated with
various neurological and neuropsychiatric disorders. We demon-
strate that radiprodil possesses antiseizure actions in a knock-in
mouse model harbouring a gain-of-function GluN2B missense vari-
ant (Grin2b-S810R).

Materials and methods

All reagents and chemicals were obtained from Millipore Sigma
(unless otherwise stated). Radiprodil was purchased from Cayman
Chemical (Cat. No. 29712) and was aliquoted as powder. To gener-
ate a 1% methylcellulose solution, 1 g Methocel A15 LV (Sigma
64605-1006-F) was added gradually into 100 ml of 0.9% saline,
heated to 40°C—45°C with magnetic stirring. The solution was clear
after cooling to 4°C. To make 0.3 mg/ml stock solution, radiprodil
was initially dissolved in DMSO (final 0.5% DMSO) and added under
agitation to the 1% methylcellulose solution. A white, even suspension
was formed when DMSO was combined with the drug and methylcel-
lulose, which was injected intraperitoneally (i.p.). Vehicle was 0.5%
DMSO in 1% methylcellulose in 0.9% saline. The mice were treated ei-
ther with vehicle (VEH) or with radiprodil in vehicle (DRUG; 3 mg/kg
weight, with volume of 10 ml/kg) by intraperitoneal injection 30 min
before the tests. The 1% methylcellulose solution was kept at 4°C,
and all other solutions were prepared freshly on the same day as the
tests.

Complementary DNAs encoding human GluN1-1a (GluN1, RefSeq
NM_007327.3) and GluN2B (NM_000834.4) and rat GluN1-la
(NP_058706), GluN1-1b (NP_001257531.1), GluN2A (NP_036705),
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GluN2B (NP_036706), GluN2C (NP_036707) and GluN2D (NP_073634)
were subcloned into the pCl-neo plasmid, which was linearized
with Not I and cRNA synthesized in vitro (mMessage machine,
ThermoFisher Scientific). Triheteromeric NMDARs comprised rat
GluN1 and GluN2A-GluN2D with modified C-terminal peptide
tags as described previously®*?® (Supplementary material,
Methods). Patient-derived GRIN1 and GRIN2B variants were intro-
duced into human GluN1-la and GluN2B cDNAs using the
Quikchange protocol (Agilent). The full open reading frame was
Sanger sequenced (Eurofins) to confirm that only the intended mu-
tation was present.

Stage V-VI Xenopus laevis oocytes were isolated as described,?* and
cRNAs (~10 ng total) were injected in a total volume of 50 nl to pro-
duce diheteromeric GluN1/GluN2A, GluN1/GluN2B, GluN1/GluN2C
or GluN1/GluN2D or triheteromeric GluN1/GluN2Ac/GluN2Bc,,
GluN1/GluN2B¢1/GluN2Cc, or GluN1/GluN2B¢,/GluN2Dc,
(Supplementary material, Methods). Two-electrode voltage-clamp
current recordings were performed at room temperature as de-
scribed.®® Oocytes were perfused with (mM): 90 NacCl, 1 KCl, 10
HEPES and 0.5 BaCly; pH adjusted to 7.4 with 10 pM EDTA added
to chelate trace divalent ions such as Zn?*. The recording micropip-
ettes were filled with 300 mM KCl (voltage electrode) or 3 M KCl
(current electrode). The concentration-response relationship was
determined by applying 100 uM glutamate and 30 pM glycine, fol-
lowed by co-application of co-agonists with increasing concentra-
tions of radiprodil. Radiprodil was applied for 3-6 min to achieve
steady-state inhibition. Only oocytes with current responses of
>50 nA were analysed. For all recordings on the triheteromeric re-
cordings, the escape current attributed to diheteromeric receptors
was <10% of the total current (Supplementary Fig. 1A). The current
response amplitude was normalized to the response amplitude in
the absence of radiprodil, and fitted by:

Present Response (%) = (100 — minimum)/{1 + ([radiprodil]/ICso)"™}
+ minimum

1

where ICsq is the concentration that produces half-maximal inhib-
ition, minimum is the percentage response in saturating radiprodil,
and ny is the Hill slope.

Human embryonic kidney 293 cells (HEK; ATCC CRL-1573) were pla-
ted onto 0.1 mg/ml poly-p-lysine-pretreated glass coverslips in
Dulbecco’s modified Eagle medium (Gibco 10569-010, DMEM +
GlutaMAX) supplemented with 10% dialysed fetal bovine serum,
10 U/ml penicillin, 10 pg/ml streptomycin, 200 yM bL-2-amino-5-
phosphonopentanoic acid and 200 uM 7-chlorokynurenic acid. HEK
cells were maintained at 37°C in a humidified environment with
5% CO, and transiently transfected with rat GluN1, GluN2B and en-
hanced green fluorescent protein ¢cDNA (ratio 1:1:1, 0.5pug per
well*"). Between 12 and 24 h post-transfection, coverslips were trans-
ferred to a recording chamber, and cells were perfused with record-
ing solution containing (mM): 150 NaCl, 3 KCl, 0.01 EDTA, 1 CaCl,,
10 HEPES and 22 p-mannitol (pH 7.4). Patch electrodes (3-5MQ)
were made from thin-walled glass micropipettes (TW150F-4, World
Precision Instruments) and contained (mM): 110 p-gluconate, 110
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CsOH, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl,, 2 MgCl,, 5 BAPTA, 2
NaATP and 0.3 NaGTP (pH adjusted to 7.4 with CsOH;
300-305 mOsmol/kg). Whole-cell currents in response to rapid appli-
cation and removal of glutamate were recorded at a holding potential
of —-60 mV (23°C), low-pass filtered at 8 kHz (eight-pole Bessel, -3 dB)
and digitized at 20 kHz. Responses >1 nA were corrected for series re-
sistance filtering off-line.** The position of a two-barrelled theta-
glass used for rapid solution exchange was controlled by a piezoelec-
tric translator (Burleigh Instruments). The time course for onset and
offset of radiprodil inhibition was fitted by:

Response = Amplitude[exp(— time/tau)] 2)

The deactivation time course following rapid removal of glutamate
was fitted by:

Response = Amplitudepast[exp(— time/taupasr)]

3)

+ Amplitudes;ow [exp(— time/tausiow)]
The weighted deactivation tau (Tauw, Tw) was calculated by:

Tauw = (Amplitudepasrtaupast + Amplitudesowtausiow)/
(Amplitudepast + Amplitudes;ow)

()

Horizontal brain slices (280-300 pm thick) were prepared from wild-
type (WT) C57BL/6] mice (Jackson Laboratory, postnatal Day 17-22)
or knock-in mice (with their WT littermates as controls) from both
sexes, as described in the Supplementary material, Methods. Slices
containing hippocampus were transferred to a recording chamber
and continuously perfused at a rate of 4 ml/min with oxygenated
standard recording artificial CSF recording solution, which con-
tained (mM): 126 NaCl, 26 NaHCO;, 10 glucose, 2.5 KCI, 1.25
NaH,PO,, 1.5 MgS0, and 1.5 CaCl,, bubbled with 95% 0,-5% CO..
Neurons identified via infrared-differential interference contrast
(DIC) optics, and voltage-clamp recordings were made using boro-
silicate micropipettes (1.5mm outer diameter, 1.12 mm inner
diameter; World Precision Instruments) pulled via a P-1000 micro-
pipette puller (Sutter Instruments) and a Multiclamp 700B amplifier
(Molecular Devices). Current recordings were filtered at 2 kHz using
an eight-pole Bessel filter (-3 dB), digitized at 20 kHz using Axon
pClamp10, and analysed off-line. The unpolished pipettes were
filled with internal solution containing (mM): 105 caesium gluco-
nate, 5 CsCl, 8 NaCl, 5 sodium phosphocreatine, 5 MgCl,, 2
Na-ATP, 0.3 Na-GTP, 0.6 EGTA, 5 BAPTA, 40 HEPES and 5 QX314
(pH 7.3, adjusted with CsOH, ~290 mOsm). Pipette resistances
were 4-7 MQ. We added 10 uM gabazine and 10 pM NBQX to the ex-
ternal solution to block GABA, receptors and AMPA receptors, re-
spectively. NMDA receptor-mediated excitatory postsynaptic
currents (EPSCs) in cells held at +40 mV were evoked by injecting
50-120 pA of current for 0.1 ms using a monopolar platinum-iridium
stimulating electrode (FHC) placed within the Schaffer collaterals in
the stratum radiatum. The temperature was maintained at 30°C-
32°C by an inline heater system (TC-344C, Warner Instruments).
Series resistance was monitored continuously from the response to
a -5 mV hyperpolarizing pulse applied prior to the synaptic stimuli,
and analysed offline using the peak of the capacitive charging spike
and Ohm’s law. If the series resistance changed by >10% during the
experiment, or exceeded 30 MQ, the cell was excluded. Only stable
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recordings were included, defined as those with a drift in series re-
sistance of <10% over the course of the recordings.

Co-expression and purification of the Xenopus GluN1-1b and
rat GluN2B N-terminal domain (NTD) heterodimer were described
previously.*>*? Trichoplusia ni (High Five, Thermo Fisher) insect cells
were infected with a baculovirus harbouring Xenopus GluN1b NTD
and rat GluN2B NTD cDNAs for 48 h. The concentrated medium
was purified by Chelating-Sepharose charged with CoCl.
Polyhistidine tags on the C-terminus of GluN1b NTD and the
N-terminus of the GluN2B NTD were removed by thrombin diges-
tion, and the samples were purified further by Superdex200 (GE
Lifescience). Protein was concentrated to 10 mg/ml and dialysed
against 50 mM Nacl, 10 mM Tris (pH 8.0) and 1 pM ifenprodil hemi-
tartrate (Tocris). The dialysed protein was filtered through a 0.1 pm
spin filter (Millipore) prior to the crystal screens. Crystals grew in
sodium formate/HEPES,*? taking 3-4 days to appear, then continu-
ing to grow for 2-3 weeks at 18°C. Crystals were transferred to 2 pl
drops containing 4 M sodium formate, 0.1 M HEPES (pH 7.5),
35 mM NacCl, 7 mM Tris (pH 8.0) and 50 pM radiprodil, and soaked
overnight. Crystals were then transferred to a new drop of the
same solution and soaked overnight again. Crystals were flash-
frozen in liquid nitrogen for X-ray diffraction data collection by se-
quentially transferring them to 4.5 and 5 M sodium formate and
leaving them overnight. Diffraction data were collected at the
wavelength of 0.92A on the 17ID-1 beamline at the National
Synchrotron Light Source II. Data were indexed and scaled by
the software, XDS. The structure was solved by the molecular re-
placement method with the GluN1b-GluN2B ATD dimer in the
PDB coordinate, 3QEL,*® as a search probe using the program
PHASER.** The structural model was refined by the program
REFMAC, and the coordinate was modified by the program Coot.*

We used the CRISPR/Cas9 system to generate the Grin2b Ser810Arg
(S810R) knock-in point mutation mouse line (Supplementary Fig. 2).
One guide RNA (gRNA) and 180 bp Repair Donor were designed at
the syntenic loci in the mouse genome. The Emory Mouse
Transgenic and Gene Targeting core injected 20 ng/ul of gRNA, 20
ng/ul of Cas9 protein and 20 ng/ul of Repair Donor into single-cell
C57BL/6] zygotes. Embryos were cultured overnight and transferred
to pseudopregnant females. The resulting pups were screened for
Grin2b-S810R mutation (AGC>AGG) via PCR. To confirm the desired
mutation, Sanger sequencing was performed on purified PCR DNA
from the potential mutant mice. Heterozygous mice progress to
maturity; however, homozygous pups were not viable.

Adult (2- to 3-month-old) mouse whole brains were used for
fractionation experiments as previously described.*® Whole brain
tissues were homogenized and lysates prepared as described
in the Supplementary material, Methods. Ten micrograms of
homogenate (Total) and 3 pg of postsynaptic density (PSD) pro-
teins were used for immunoblotting. Antibodies were purchased
as follows: rabbit anti-GluN2A (Abcam, Cat. No. ab124913), mouse
anti-GluN2B (Neuromab, catalogue clone N59/36), rabbit
anti-GluN1 (Abcam, Cat. No. 109182), rabbit anti-GluA1,*” mouse
anti-GluA2 (Neuromab, catalogue clone L121/32), mouse
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anti-PSD-95 (Neuromab, catalogue clone K28/43) and mouse
anti-B-actin (abm, catalogue G043).

For dendritic spine analysis, Golgi staining was performed in hippo-
campeal slices with the FD Neurotech Golgi staining kit. For dendritic
arborization, widefield z-stack images (z-spacing 1 um) of impreg-
nated CA1 pyramidal cells were obtained at x20 and x100 magnifica-
tion. At least four dendrites from each mouse (four mice per
condition) were imaged, and three-dimensional reconstructions
were performed using NeuroLucida 360 to determine the number of
spines per segment (normalized by length). Sholl analysis was used
to determine the number of primary and secondary branch points.
Spine density values were evaluated based on their distance from
the soma, moving in 40 pm increments up to 240 ym. Spine geometry
and size were evaluated. All analyses were performed blind.

Dynamic PET imaging was conducted for 60 min using a PET scan-
ner (Molecubes). Adult Grin2b-S810R mice and their WT littermates
were anaesthetized using isoflurane in medical oxygen and cathe-
terized in the tail vein for intravenous bolus injection of tracers.
Acquired PET data were reconstructed into 35 frames of increasing
length (6x10s, 8% 30s, 5x 1 min, 10 x 2 min and 6 x 5 min). Image
analysis was performed with PMOD v.4.2 software (PMOD
Technologies). Time-activity curves (TACs) for the striatum, motor
cortex, hippocampus, thalamus and cerebellum were extracted
from dynamic PET images. Results are presented as the standard
uptake value (SUV) calculated from the TACs.

Adult (8- to 30-week-old) Grin2b-S810R mice (C57BL/6]) and their WT
littermates, with both sexes balanced, were acclimated to the behav-
ioural room for >48 h prior to the beginning of the experiment. Food
and water were available, and the room was on a standard 12 h-12 h
light-dark cycle. Ear tags and toe clips were used to identify animals
individually. Additional tail marking with different colours for short-
term identification was performed immediately before the tests to
minimize potential confounders. All procedures described were ap-
proved by the Institutional Animal Care and Use Committee at
Emory University. A set of behavioural assays [rotarod, locomotor ac-
tivity, Y-maze, novel object recognition (NOR), and elevated zero
maze (EZM)] were performed as described in the Supplementary
material, Methods. All animals in the behavioural assays were in-
cluded in the analyses, except for mice with >15% body weight loss
or severe skin wounds. To minimize observer bias, both the treat-
ment groups during the behavioural assays and the data analyses
were blinded to the experimenters and those performing analyses.

Heterozygous knock-in Grin2b-S810R or WT littermate mice were as-
sessed for response to intraperitoneal injection of pentylenetetra-
zole (PTZ; Sigma-Aldrich). The mouse was restrained by the scruff
of the neck with the abdomen facing the operator and the head posi-
tioned slightly lower than the hindquarters, and a 27-gauge needle
was inserted at a 45° angle through the skin and abdominal wall
slightly to the left, lower quadrant. The PTZ solution (3.5-4.0 mg/ml)
was prepared in sterilized saline (0.9% NaCl). We injected 10 ml/kg vol-
ume of material for a final dose of 35-40 mg/kg. At least eight mice per
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genotype per condition were tested. Mice were observed and video-
taped for 30 min immediately after injection, and the times to first
myoclonic jerk, first generalized tonic—clonic seizure (GTCS), first
GTCS plus bouncing, and hindlimb extension were recorded.

All in vitro studies were conducted according to the guidelines
of Emory University and Cold Spring Harbor Laboratory. All animal
work was performed according to the protocol of Emory University
Institutional Care and Use Committee (IACUC).

Data are presented as the mean + standard error of the mean (SEM)
or the mean with the 95% confidence interval (CI), and the number
of replicates is reported by n. Potency shifts for inhibitors and stat-
istical comparisons (Student’s two-tailed paired or unpaired t-test,
Mann-Whitney U-test, or one-way ANOVA, with Bonferroni’s mul-
tiple comparisons test) were performed in GraphPad Prism v.8.0.1
(LaJolla, CA, USA). The mean ICso value and 95% ClIs were calculated
from the Log ICso (half-maximal inhibitory concentration) values.
The number of samples was calculated to produce a power to detect
a 50% change of >0.8. Samples sizes were determined by a priori
power analysis for effect size =2, power =0.8 and o =0.05. For ana-
lysis of the actions of radiprodil on GRIN variants, we evaluated the
adjusted P-value from Student’s unpaired t-test between variant
and same-day control data using the Benjamini-Hochberg proced-
ure to decrease type 1 errors, with a false discovery rate set to 0.01.

Results

Radiprodil is a member of a class of piperadine-containing GluN2B
antagonists.*®*° We assessed the potency and subunit selectivity
for radiprodil inhibition of NMDAR subtypes using two-electrode
voltage-clamp recordings from X. laevis oocytes expressing recom-
binant NMDARs. We initially determined the ICs, value for radipro-
dil inhibition of diheteromeric rat and human NMDARSs (Fig. 1A and
C). Table 1 summarizes fitted ICso values for radiprodil inhibition of
the GluN1-GluN2B NMDAR responses to maximally effective con-
centrations of glutamate and glycine. Radiprodil was less potent
on NMDARSs that contained a GluN1 subunit that included residues
encoded by the alternative exon 5 (GluN1-1b; Table 1). Given that
the GluN1-1a isoform is the most extensively studied and well char-
acterized, all further functional experiments were performed exclu-
sively with the GluN1-1a isoform to ensure consistency and reduce
experimental variability. Radiprodil was without effect on GluN2A,
GluN2C and GluN2D diheteromeric receptors (Supplementary Fig.
1B). The application of saturating concentrations of radiprodil does
not fully inhibit NMDARs. We therefore investigated the properties
of the residual current following radiprodil binding. We found that
radiprodil-bound (1 pM) diheteromeric NMDARSs could be activated
by glutamate with an ECs, value of 0.25 uM (Hill slope 0.82; n=7 oo-
cytes), compared with a control ECsy value of 1.1 uM (Hill slope 1.1;
n=7 oocytes) (Fig. 1E and F and Supplementary Table 1).

NMDARs expressed in vivo in adulthood are often triheteromeric as-
semblies of two GluN1 subunits and two different GluN2 subunits.
For example, at least half of the NMDARs in adult cortex
and hippocampus are GluN1/GluN2A/GluN2B triheteromeric

T. G. Banke et al.

complexes,*>®

features that are distinct from diheteromeric receptors.
Additional studies support the concept of unique pharmacology
and function of triheteromeric receptors with two different GluN2
subunits.®®?° Han et al.>® showed reduced inhibition of trihetero-
meric receptors by saturating concentrations of radiprodil, similar
to what has been observed for other GluN2B antagonists.”® We
therefore examined in detail the actions of radiprodil on trihetero-
meric NMDARs that contain one copy of the GluN2B subunit using
coiled-coil domains and an endoplasmic reticulum retention signal
appended to the intracellular C-terminal to control subunit stoichi-
ometry.*? As expected, radiprodil was an effective inhibitor of the
C-terminal-modified diheteromeric GIluN2B receptors (GluN1/
GluN2B1/GluN2Bc,) (Fig. 1B and D and Table 1) and retained inhibi-
tory action at GluN2B-containing triheteromeric NMDARSs, includ-
ing GluN1/GluN2A¢;/GluN2Bc;, GIuN1/GluN2Bc/GluN2Cq, and
GluN1/GluN2Bc,/GluN2Dc; (Table 1). However, the potency and ex-
tent of inhibition are reduced in triheteromeric assemblies com-
pared with diheteromeric NMDARs that contain two copies of
GIuN2B. Interestingly, saturating concentrations of radiprodil pro-
duced stronger inhibition of triheteromeric receptors that con-
tained GIuN2C or GIuN2D than GIuN2A, similar to other
GluN2-selective antagonists, such as CP101,606.%

which show some functional and pharmacological
32,38,39,56,57

We evaluated the time course of radiprodil actions by rapidly apply-
ing different concentrations of radiprodil to NMDARs during the
steady-state response to a maximally effective concentration of
glutamate and glycine. We found a concentration-dependent asso-
ciation rate and progress into the inhibited state, consistent with
the law of mass action governing the binding of radiprodil
(Fig. 1G). The unbinding rate was impractical to measure because
only a small amount of current was recovered (4.7% + 1.2%) after
3 min of radiprodil washout (Fig. 1G). At this rate, it might take
<1h to recover fully from inhibition. Thus, using the intercept
from the linear fit of the concentration-dependent association
rate, we estimated a kinetically determined Kp of 0.175uM
(Fig. 1H). However, the unusually slow dissociation for radiprodil
suggests that Kp should be lower.

We explored the structural determinants of radiprodil binding at
the heterodimer interface between the GluN1-1b (referred to as
GluN1b for structural work on isolated NTD) and GluN2B amino ter-
minal domains (NTDs) using X-ray crystallography. We solved the
structure of the isolated GluN1b-GluN2B NTD heterodimer in com-
plex with radiprodil at 2.74 A resolution (Fig. 2 and Supplementary
Table 2). Here, the GluN1-1b splice variant was used because well-
diffracting crystals could not be obtained for the GluN1-1a isoform.
The GluN1b-GluN2B NTD structure is nearly identical to that of the
GluN1a-GluN2B NTD dimer in the intact GluN1a-GluN2B NMDARs,
apart from differences around the exon 5-encoded region,®® which
does not contribute directly to radiprodil binding. Therefore, the
overall structural insights derived from the GluN1b-GluN2B NTD
can be directly applicable to the GluN1la-GluN2B NMDAR. The
GluN1 and GluN2B NTDs have bi-lobe architectures composed of
the upper (R1) and lower (R2) domains (Fig. 2B). Radiprodil binds
at the GluN1b-GluN2B subunit interface, thus, there are two radi-
prodil binding sites within the intact tetramers. The structure of
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Figure 1 Inhibition of diheteromeric and triheteromeric NMDA receptors by the GluN2B-selective compound radiprodil. (A and C) Di-heteromeric rat
GluN2B-containing NMDARs expressed with different N-terminal GluN1 splice variants (1a or 1b, as indicated). (A) Representative normalized current
responses recorded from Xenopus oocytes using two-electrode voltage clamp show the concentration-response relationship for radiprodil inhibition of
rat GluN2B NMDARs expressed with either GluN1-1a (lacking exon 5) or GluN1-1b (including exon 5). Current responses were activated by saturated
concentrations of glutamate (Glu, 100 pM) and glycine (Gly, 30 uM), applied as indicated by the white box; increasing concentrations of radiprodil
are shown by greyscale boxes (0.01, 0.03, 0.1, 0.3, 1 and 3 uM, as indicated). (B) Representative current responses for radiprodil inhibition of rat trihe-
teromeric NMDARs activated by saturated concentrations of glutamate (100 pM) and glycine (30 pM) are shown (white box), with increasing concentra-
tions of radiprodil indicated by the greyscale boxes (0.003, 0.01, 0.03, 0.1, 0.3 and 1 pM). (C) The concentration-response relationships for radiprodil
inhibition of rat diheteromeric NMDARs containing two GluN1 splice variants are shown. (D) The concentration-response relationships for radiprodil
inhibition of triheteromeric NMDAR-mediated current responses for GluN1/GluN2A¢;/GIuN2Bc,, GIuN1/GIuN2Bc;/GluN2Cc, and GluN1/GluN2Bc,/
GluN2Dc, are shown. All triheteromeric subunit combinations were expressed with the GluN1-1a splice variant. The fitted diheteromeric GluN1-1a/
GIluN2B trace from C is superimposed as a dotted line for comparison. (E) Representative current responses recorded from Xenopus oocytes show
the concentration-response relationship for glutamate activation of rat GluN2B NMDARs expressed with GluN1-1a in the absence or presence of
1 uM radiprodil. (F) Concentration-response relationship for glutamate in the absence and presence of radiprodil (present in wash and agonist solu-
tions). (G and H) The time course for the onset of radiprodil inhibition. (G) Top: Concentration-dependent binding of radiprodil to rat GluN1/GluN2B
NMDARs was assessed in HEK293 cells recorded under voltage clamp. The steady-state level of inhibition for all radiprodil concentrations approached
that observed for saturating concentrations of antagonists (0.3 uM, 6.0% of control; 1 uM, 7.9% of control; 3 uM, 6.7% of control). Bottom: Radiprodil
washout proceeds very slowly, with a 3-min washout producing negligible recovery from inhibition (4.7% recovery from inhibition, which suggests
a 62 min recovery tau, assuming an exponential time course). (H) A single exponential function could describe the relaxation during radiprodil appli-
cation. The association and dissociation rates were determined from the linear relationship between radiprodil concentration and the reciprocal of the
fitted deactivation tau, consistent with the law of mass action. The kinetically determined K, (dissociation constant) was approximated to be 0.175 pM
by the ratio of the fitted linear intercept (koff, dissociation rate constant) and the slope (kon, association rate constant). Data were expressed as the mean
+standard error of the mean.
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Table 1 Inhibition of NMDA receptor function by radiprodil

T. G. Banke et al.

Receptor ICs0, pM, mean [95% CI] nH, mean + SEM Maximum inhibition, %, mean + SEM n
Human GluN1-1a/GluN2B 0.029 [0.023, 0.035] 14+0.1 91+1.0 13
Rat GluN1-1a/GluN2B 0.026 [0.0085, 0.038] 1.7+0.3 82+9 16
Rat GluN1-1b/GluN2B 0.13[0.081, 0.17] 1.9+0.1 83+3 19
Rat GluN1-1a/GluN2Ac1/GluN2Bc, 0.091 [0.047, 0.13] 1.4+0.3 45+10 8
Rat GluN1-1a/GluN2Bc1/GluN2Cc, 0.035 [0.026, 0.041] 1.7+0.1 64 +5 13
Rat GluN1-1a/GluN2Bc1/GluN2D¢, 0.054 [0.021, 0.059] 14+0.3 65+4 16

Radiprodil concentration-inhibition results for N-methyl-p-aspartate receptors (NMDARs) expressed in Xenopus oocytes and activated by 100 pM glutamate and 30 pM glycine.
The Hill equation was fitted to responses from each oocyte, and the mean with 95% confidence interval (CI) calculated from the log(ICsc), or mean + standard error of the mean
(SEM). n is the number of oocytes evaluated. ECso = half maximal effective concentration; ICso = half-maximal inhibitory concentration; nH = Hill slope.

the isolated NTDs is similar to the NTDs of the intact tetrameric re-
ceptors [root mean square deviation (RMSD) =0.595 A over 590 Ca
positions between the A/B chain of the GluN1a-GluN2B NTD crystal
structure and the structure with the 4PES5 PDB code]. Therefore, the
radiprodil-bound structure presented here is physiologically rele-
vant and serves as an excellent model for understanding the binding
mode (Fig. 2B-D).*>**61.62 Radiprodil was localized to the same bind-
ing pocket as ifenprodil, EU93-31 and other previously published
biaryl GluN2B-selective negative allosteric modulators (NAMs)°*>
(Fig. 2E and F). With respect to overall conformations, the GluN1b-
GluN2B NTD-radiprodil structure is highly similar to the ifenprodil-
bound conformation of the intact GluN1b-2B NMDAR (RMSD versus
4PES5 =0.595 A over 590 Co positions).®? It is more similar to the non-
active conformation of the agonist-bound intact GluN1b-2B NMDARs
(RMSD versus 7SAA =1.806 A over 660 Ca carbons; Supplementary
Fig. 3), where the bi-lobe structure (composed of R1 and R2) of
GluN2B NTD is closed,®>®*®® than to the active conformation, in
which the GluN2B NTD bi-lobes are open.®*®®

The quality of the electron density is sufficient for identification
and modelling of the radiprodil molecule (Fig. 2), which permits
visualization of the binding mode (Fig. 2). The structural data
showed that residues from GluN1b and GluN2B NTDs, especially
around the o3 helix from GluN1b and a2’ and a6’ from GluN2B,
were in contact with radiprodil. The 2-oxo-benzoxazol group of ra-
diprodil forms polar interactions with the backbone amides of
GluN2B-Met207 and the GluN2B-Glu236 side chain from o6’ in the
R2 lobe. Radiprodil has more extensive polar interactions than ifen-
prodil,*? involving both GluN2B-Met207 and GluN2B-Glu236 (Fig. 2E).
EU93-31 has the same set of polar interactions as radiprodil, but in-
volving the sulfonamide group instead of the 2-oxobenzoxazol group
(Fig. 2F). The fluorophenyl group and the piperadine ring are in van
der Waals contacts with multiple residues, including GluN2B-Pro78,
-Phel76, -Prol77, -1le111 and -Phell4 and GluN1b-Phel13, -Ile133
and -Leul35, located mainly in the R1 lobe (Fig. 2D). The van der
Waals contacts are similar between radiprodil and ifenprodil
(Fig. 2E) but distinct from the EU93-91 owing to their differences in
the backbone configurations (Fig. 2F, arrow). Overall, the compound
binding involves hydrophobic interactions with the R1-lobe residues
and polar interactions with the R2-lobe residues. Consequently, the
GIuN2B NTD bi-lobes would close, and GluN1-GluN2B NTD dimer in-
terfaces rearrange and stabilize the inhibited state.®*®® The strength
of these van der Waal and polar interactions would, therefore, control
the stability of the inhibited conformation and the channel inhibition.

The GRIN gene family is intolerant to variation, and a large number
of missense variants that are absent from the general population

have been observed in patients with neurological conditions.
Many of these variants can enhance receptor function, often referred
to as a GoF.'®°#¢7 Prior studies showed that the GluN2B allosteric an-
tagonist radiprodil, which can reduce seizure burden in patients with
infantile spasms, inhibits diheteromeric GluN2B receptors har-
bouring two copies of rare GIuN2B de novo GoF variants,®®in addition
to triheteromeric receptors with one copy of GluN2A and one copy of
variant GluN2B.>® We sought to determine further whether variants
in different regions of the NMDAR retained sensitivity to radiprodil,
which might indicate that radiprodil could mitigate some aspects
of GluN2B-containing NMDAR overactivation. We evaluated 27 GoF
GRIN1 and GRIN2B variants in the NTD, the agonist-binding domain
(ABD), the transmembrane domains (TMDs) and the linker regions
connecting these domains."'#?%¢%72 Variants localized in different
subdomains can drive unique electrophysiological effects by distinct
mechanisms, and thus neurological phenotypes in patients can
Vary.12‘13’16'18

We recorded the concentration-response relationship for radi-
prodil inhibition of WT and five variant GluN1- and 22 variant
GluN2B-containing NMDARs. Table 2 summarizes the results of
the analysis of variant NMDARs. These data show strong inhibition
produced by radiprodil in most of the 27 GluN1 and GluN2B variants
tested. We found five GluN2B variants that showed a significant re-
duction in potency, as demonstrated by these increases in ICsq va-
lues: A639V 23-fold, I655F 4.5-fold, A652G 3.2-fold, M818T 2.8-fold
and S810R 1.9-fold. We also found that five GluN2B variants had sig-
nificantly less (2.0- to 4.4-fold) maximal overall inhibition (I150V,
A639V, A652G, I655F and M818T), determined from the magnitude
of the fitted residual current response in a saturating concentration
of radiprodil (Table 2). Five GluN2B variants exhibited a modest 1.4-
to 1.6-fold increase in radiprodil potency (N616I, N616S, W607S,
G611V and E657G). None of the GluN1 variants tested showed an al-
tered response to radiprodil. These data support the idea that radi-
prodil is equally or more effective than WT receptors in 81% (22/27)
of variant NMDARs tested. These data also suggest that radiprodil is
capable of inhibiting GoF variants located in multiple regions, in-
cluding the amino terminal domain, agonist-binding domain, pore-
forming region and the linkers.

To evaluate further the effect of radiprodil on GoF GRIN variants, we
studied the variant GluN2B-S810R, which resides in the pre-M4
linker region (Fig. 3A and B) and has previously been identified in
a patient with intellectual disability, focal seizures, malformation
of cortical development, and microcephaly.®” The initial functional
characterization® revealed increased co-agonist potencies, with no
change in Mg®* sensitivity. We have repeated these experiments
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Figure 2 Structure of GluN1-1b-GluN2B NTD in complex with radiprodil. (A) The GluN1b-GluN2B NTD (N-terminal domain) bound to radiprodil
(spheres) is superimposed on the structure of the intact GluN1-GluN2B NMDAR in complex with glycine and glutamate (PDB code: 7SAA). (B)
GluN1-1b-GluN2B NTD viewed from the eye in A. The upper and lower lobes are annotated as R1 and R2, respectively. (C) The Fo-Fc omit map of the
radiprodil density contoured at 4.5¢ (mesh) and the modelled radiprodil (sticks). (D) Binding of radiprodil at the dimer interface between GluN1-1b
and GluN2B. (E and F) Comparison of binding poses between radiprodil and ifenprodil (E) or EU93-31 (F). The GluN1-1b subunits of the ifenprodil-bound
or EU93-31-bound structures were superimposed onto the radiprodil-bound structure. An arrow in F indicates the large difference in the binding mode

between radiprodil and EU93-31.

and completed new assays that are necessary for a determination
of gain or loss of function, as described by Myers et al.?* We con-
firmed the increase in glutamate and glycine potency, in addition
to a reduction in tonic proton inhibition at physiological pH

(Fig. 3C, D and F). We also confirmed no effect of this variant on
the ICs, value for extracellular Mg®* inhibition (Fig. 3E). We recorded
the time course of NMDAR-mediated currents from transfected
HEK cells in response to rapid agonist application and found that
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Table 2 Inhibition of NMDA receptor GRIN variant function by radiprodil

GRIN variants PMID or ClinvVar Domain Mutant/WT synaptic charge Mutant/WT non-synaptic charge ICsp, inhibition %,
transfer transfer (n)

WT GluN1/GluN2B - - 1.0 1.0 35 nM, 85%, (253)
GluN2B-1150V PMID 37369021 NTD 1.1 1.7 33 nM, 31%", (10)
GluN2B-P259H RCV002926524 NTD 13 2.9 48 nM, 89%, (10)
GIluN2B-S541G PMID 37369021 S1-M1 1.8 4.4 44 nM, 80%, (10)
GluN2B-W607S PMID 37369021 M2 7.1 7.2 20 nM*, 87%, (5)
GluN2B-G611V PMID 373690211 M2 28 12 24 nM*, 85%, (10)
GluN2B-N6161 PMID 38766179 M2 89 173 25 nM*, 88%, (11)
GluN2B-N616S PMID 38766179 M2 12 9.3 22 nM*, 88%, (10)
GluN2B-V620M PMID 37369021 M2 8.6 9.9 37 nM, 77%, (10)
GIuN2B-A639V PMID 38538865 M3 7.9 6.2 1041 nM*, 37%", (6)
GIuN2B-A652G PMID 38538865 M3 6.3 12 113 nM*, 71%*, (7)
GluN2B-M6541 PMID 38766179 M3 5.9 8.4 50 nM, 88%, (10)
GluN2B-M654V PMID 38766179 M3 2.0 14 65 nM, 84%, (10)
GIluN2B-I655F PMID 38538865 M3 15 2.0 181 nM*, 66%*, (9)
GIuN2B-E657G VCV000234479.3 M3-S2 0.041 3.7 21 nM?*, 82%, (8)
GIluN2B-E657D PMID 37369021 M3-S2 1.7 2.4 23 nM, 85%, (10)
GIluN2B-R682C VCV000029730.6 ABD (S2) NA NA 33 nM, 84%, (10)
GluN2B-R682H PMID 37369021  ABD (S2) 3.2 3.9 36 nM, 87%, (11)
GluN2B-R693S PMID 37369021 ABD (S2) 5.1 10 43 nM, 88%, (10)
GluN2B-R696C PMID 38766179  ABD (S2) 3.0 12 29 nM, 86%, (9)
GluN2B-R696H PMID 37369021  ABD (S2) 15 4.8 36 nM, 85%, (10)
GluN2B-S810R This study S2-M4 21 57 53 nM*, 89%, (12)
GluN2B-M818T PMID 38766179 M4 2.6 54 79 nM*, 81%*, (13)
GluN1-Q556R PMID 39535073  ABD (S1) 15 25 32 nM, 84%, (4)
GluN1-A637S PMID 38538865 M3 34 2.0 17 nM, 87%, (7)
GluN1-M641L PMID 38538865 M3 4.0 11 38 nM, 85%, (7)
GIluN1-E737K VCV003544383.1 ABD (S2) 0.74 0.69 25 nM, 88%, (6)
GluN1-A806E PMID 39535073 pre-M4 8.7 14 12 nM, 84%, (4)

Radiprodil concentration-effect curves were recorded under two-electrode voltage clamp from human N-methyl-p-aspartate receptors (NMDARSs) expressed in oocytes. The
individual concentration-response curves were fitted by the Hill equation (see the ‘Materials and methods’ section), and the mean ICso value and percentage maximal inhibition

at saturating radiprodil concentration are reported. The relative synaptic and non-synaptic charge transfer were calculated as described by Myers et a

1.2* and were obtained from

published data; data for variants not previously published are in Supplementary Table 3. NA indicates data not available because responses in some assays (Tau determination
in HEK cells, open probability) were too small to measure. Mean wild-type (WT) ICso was calculated from same-day control recordings pooled from all experiments. ABD =
agonist binding domain; ECso = half maximal effective concentration; ICso = half-maximal inhibitory concentration; NTD = N-terminal domain.

*P < 0.05 for Log ICsp or mean residual current obtained from fits to each concentration-response curve for each oocyte by Student’s unpaired t-test compared with same-day

controls. We used Benjamini-Hochberg correction for false discovery rate (set to 0.01).

this variant prolongs the time constant describing deactivation
(Fig. 3G and H). We also showed that the variant increased open
probability without markedly changing the surface expression rela-
tive to WT NMDARs (Fig. 3I and J). These results show that the
GluN2B-S810R variant enhances receptor-mediated charge transfer
in multiple conditions and can be classified as likely GoF, with pre-
dicted relative increases in synaptic and non-synaptic charge
transfer of 21- and 57-fold (Table 3), respectively.?*

We developed a knock-in mouse line (Supplementary Fig. 2) that
harboured the single nucleotide change (c.2430C>A) giving rise to
the GoF GluN2B-S810R variant. We studied this mouse line to eluci-
date the in vivo consequences of this variant by using a series of
electrophysiological, anatomical, metabolic and behavioural as-
says. We also evaluated the ability of radiprodil to mitigate the cir-
cuit and/or behavioural alternations caused by the variant. The
heterozygous GluN2B-S810R mice showed a tendency towards re-
duced body weight (Supplementary Fig. 4), raising the possibility
that this variant alters development. We initially evaluated
whether the GluN2B-S810R variant influences the expression of
NMDAR subunits, AMPAR subunits and membrane-associated

guanylate kinase (MAGUK) proteins. To investigate their expression
in total homogenate and in synaptic fractions, we performed the
subcellular fractionation assay using adult WT and GluN2B-S810R
heterozygous mouse whole brain. The protein expression of
NMDAR subunits (GluN2A, GluN2B and GluN1) and AMPAR subu-
nits (GluA1l and GluA2), in addition to the MAGUK protein PSD-95,
in both total and PSD fractions were not significantly different
(Fig. 3K-N and Supplementary Fig. 5).

We assessed how the GluN2B-S810R variant influenced synaptic
connectivity and activity. Stimulation of the Schaffer collaterals
during whole-cell voltage-clamp recordings of hippocampal CA1
pyramidal neurons from brain slices allowed us to record evoked
excitatory postsynaptic currents (eEPSCs). Knock-in mice that con-
tained GluN2B-S810R showed an enhanced NMDAR EPSC ampli-
tude at lower stimulus intensities (Fig. 4A-D and Table 3). We
subsequently performed Golgi staining on four WT and four hetero-
zygous GluN2B-S810R mice and assessed the number and morph-
ology of dendritic spines. Analysis of dendritic spines in
hippocampal CA1 pyramidal cells revealed a significant decrease
in spine density in mice harbouring the GluN2B-S810R variant
(Table 3 and Fig. 4E and F). This was manifested primarily as a
loss of larger mushroom-shaped spines (Fig. 4F) that are often con-
sidered mature. We then performed in vivo dynamic PET scans to
evaluate the influence of the GluN2B-S810R variant on cerebral
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Figure 3 The missense variant GluN2B-S810R produces a likely gain of function and unchanged expression of synaptic proteins in GluN2B-S810R het-
erozygous mouse brain. (A) Linear schematic diagram of a cDNA encoding different NMDAR domains, with the pre-M4 linker expanded below. Ser810
is conserved across species and within the GluN2 gene family. (B) The substitution of Arg for Ser at position 810 produces steric and electronic changes
to the protein at a site that is critically involved in gating.”? (C and D) Concentration-response curves show an increase in potency of GluN2B-S810R for
glutamate (C; variant ECsg 0.023 uM, WT ECso 1.4 uM, n =13 or 14) and glycine (D; variant ECso 0.0064 uM, WT ECso 0.32 uM) compared with WT controls
recorded on the same day. (E) There was no detectable effect on the potency of Mg>* inhibition evaluated at —-60 mV (variant ICs, 20 uM, WT ICs0 22 uM,
n=12-19). (F) There was a clear reduction in proton sensitivity, with the ratio of current recorded at pH 6.8 to pH 7.6 for variant being 29% + 2.8% (n = 15)
and for WT being 15% + 0.60% (n = 10). (G and H) The weighted mean time constant (Tauwgicurep) describing the time course for deactivation following
rapid removal of glutamate was prolonged from 708 + 33 ms (h = 17) to 8370 + 745 ms (n = 5) for the variant. (I) The open probability was increased for the
variant (0.082 + 0.0046, n = 13) compared with WT (0.043 + 0.0076, n = 13). (J) There was no detectable change in the surface expression relative to WT
controls (100% + 12%, n = 9 experiments). (K-N) Using adult WT and GluN2B-S810R heterozygous mouse whole brain, a subcellular fractionation assay
was performed as described in the ‘Materials and methods’ section, and homogenates (Total) and PSD lysates were immunoblotted with indicated anti-
bodies. (M and N) Quantification of blots divided by B-actin, then normalized to WT (n = 4 independent experiments). Each band intensity in homogen-
ate (Total) using GluN2A (P = 0.0955), GluN2B (P =0.2017), GluN1 (P = 0.2544), GluA1 (P = 0.3796), GluA2 (P = 0.0581) and PSD-95 (P = 0.4787), in addition to
GIuN2A (P = 0.1368), GIuN2B (P = 0.3667), GluN1 (P = 0.1865), GluA1 (P = 0.2895), GluA2 (P = 0.2615) and PSD-95 (P = 0.3550) in the PSD fraction, was mea-
sured using Image] software (NIH). Error bars represent + standard error of the mean. Student’s unpaired t-test, *P < 0.05. ECso = half maximal effective
concentration; ICso = half-maximal inhibitory concentration; PSD = postsynaptic density; WT = wild-type.
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Table 3 Properties of GluN2B-S810R variant and heterozygous GluN2B-S810R mice

T. G. Banke et al.

Parameters

Wild-type

GluN2B-S810R

Oocytes, HEK cells
Glutamate ECsp, pM
Glycine ECso, pM
%, pH 6.8/pH 7.6
Mg** ICso, UM
Tauweightedr ms
Popen, MTSEA
Surface/total ratio (beta-lac)
Synaptic charge transfer
Non-synaptic charge transfer
Slices
eEPSC amplitude, pA

Normalized eEPSC amplitude, pA

Decay time, ms
Total spine, number/mm
Thin spine, number/mm
Mushroom spine, number/mm
Stubby spine, number/mm
PET scan, FDG
Whole brain
Cortex
Hippocampus
Thalamus
Striatum
Cerebellum
Animals
Rotarod: latency, s
Locomotor: total distance, mm
Y-maze: % correct alternation
Y-maze: arm entries
NOR: novelty preference, %

1.4[1.2,1.6] (13)
0.32[0.27, 0.38] (10)

15+ 0.6 (10)
20 [17, 24] (19)
708 £33 (17)

0.043 +0.0076 (13)

1.0 (7)
1.0
1.0

43+2.0(12)

55+4.6 (12)

107 £79 (12)
0.99+0.02 (4)
0.38+0.02 (4)
0.39+0.04 (4)
0.21+0.01 (4)

1.19+0.049 (5)
1.20 +0.049 (5)
1.24 +0.042 (5)
1.23+0.053 (5)
1.21+0.082 (5)
1.18 +0.046 (5)

115+ 6.6 (17)
6043 + 341 (16)
66 +2.3% (12)

44+33(12)
69 +6.1% (12)

0.023 [0.013, 0.042] (14)*
0.0064 [0.0026, 0.016] (13)

29+2.8 (15)*
22[19, 27] (12)
8370 + 745 (5)°

0.082 + 0.0046 (13)*

1.1+0.36 (5)
21
57

52+1.7 (17)
121+3.5 (17)*

74 +38 (17)
0.54+0.01 (4)
0.17 +0.01 (4)*
0.29+0.02 (4
0.10+0.01 (4)*

*

0.88 +0.048 (8)"
0.88+0.050 (8)"
0.92+0.052 (8)°
0.89 +0.050 (8)"
0.88+0.048 (8)"
0.93+0.052 (8)

106 +5.2 (31)
5411 + 352 (32)
64+1.7% (12)

56+3.2 (12)*
54 +7.3% (12)

NOR: travel distance (Day 1), mm 24,204 + 1469 (12) 30,803 + 1568 (12)*
EZM: number of open arm crossings 7.1+1.7 (16) 4.1+1.1(30)
EZM: time in open arm, s 47 +7.9 (16) 33+7.5(30)
Delay to PTZ: induced myoclonic jerk, s 115+ 4.4 (10) 58 +1.6 (10)"
Delay to PTZ: induced GTCS, s 309+18(5) 183 +7.2 (10)*
Animals undergoing GTCS 5/10 10/10
Rescue: slices
Vehicle: eEPSC amplitude, pA 33+5.6(6) 48+ 11 (9)
Radiprodil: eEPSC amplitude, pA 16+2.3 (6)* 25+5.9 (9)*
Vehicle: eEPSC decay, ms 122 + 46 (6) 80+14(9)
Radiprodil: eEPSC decay, ms 82+ 11 (6) 61+7.2(9)
Rescue: animals
Vehicle: delay to PTZ-induced myoclonic jerk, s 175 +39 (19) 99 + 8.4 (20)
Radiprodil: delay to PTZ-induced myoclonic jerk, s 244 + 65 (17) 131433 (26)
Vehicle: delay to PTZ-induced GTCS, s 352 +58 (5) 207 +23 (20)
Radiprodil: delay to PTZ-induced GTCS, s 502 +70 (6) 458 + 90 (16)*
Vehicle: animals undergoing GTCS (%) 5/21 (24%) 20/21 (95%)
Radiprodil: animals undergoing GTCS (%) 6/18 (33%) 16/26 (62%)

Data are presented as mean [95% confidence interval] calculated from the log(ECso) and log(ICso), or mean + standard error of the mean. For spine analysis, we evaluated the
three-dimensional collapse to a projection image for branches in 16 cells from four different animals per condition. ECso = half maximal effective concentration; eEPSC = evoked
excitatory postsynaptic current; EZM = elevated zero maze; FDG = fluorodeoxyglucose; GTCS = generalized tonic-clonic seizures; ICso = half-maximal inhibitory concentration;
NOR = novel object recognition; PSD = postsynaptic density; PTZ = pentylenetetrazole.

“Ninety-five per cent confidence intervals (CIs) that are non-overlapping with wild-type GluN1/GluN2B-containing N-methyl-p-as partate receptors (NMDARs).

*P <0.05, Student’s unpaired t-test, compared with wild-type.

P <0.05, Student’s unpaired t-test, compared with the vehicle/control group of the same genotype.

glucose metabolism. We used *®F-fluorodeoxyglucose (**F-FDG) to We performed a series of baseline behavioural tests (rotarod,
measure cerebral rates of glucose metabolism quantitatively. Our locomotor, novel object recognition, Y-maze and elevated zero
data indicate that the adult heterozygous S810R mice present a re- maze) on WT and GluN2B-S810R mice to assess coordination, mo-
duced glucose metabolism in the whole-brain level, in addition to tor function, exploratory behaviour, learning/memory and anxiety.
several specific brain regions, such as cortex, hippocampus, thal- Table 3 and Fig. 4I-L summarize the results of these tests, which

amus, striatum and cerebellum (Fig. 4G and H and Table 3). show no marked differences in the latency to falling (rotarod),
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Figure 4 Effects of GluN2B-S810R on NMDAR-mediated EPSCs, dendritic spine density, cerebral glucose metabolism, behaviours and seizure thresh-
old. (A) Representative CA1 pyramidal cells that were filled with dye during patch-clamp recording. (B) Representative evoked NMDAR-mediated EPSCs
were recorded in CA1 pyramidal cells in response to Schaffer collateral stimulation in the presence of the AMPA receptor antagonist NBQX and reduced
extracellular Mg>* (0.2 mM). (C) Input-output curve for stimulus intensity versus the amplitude of the evoked NMDAR-mediated component of the EPSC
(eEPSC) in CA1 pyramidal cells recorded from WT and GluN2B-S810R hippocampal slices. (D) Evoked NMDAR-mediated EPSC amplitude for WT and
GluN2B-S810R CA1 pyramidal cells. (E and F) Dendritic spines in CA1 pyramidal cell by Golgi staining showed a significantly reduced total spine density
and mature type mushroom spine in S810R (n = 4 independent experiments). (G and H) Effect of the S810R variant on cerebral glucose metabolism eval-
uated by dynamic PET scans (FDG). (I-M) Effect of the S810R variant on motor coordination [rotarod, I; locomotion, J; recognition memory (novel object
recognition, NOR; K); spatial learning (Y-maze; L); and anxiety level (EZM test; M)]. (N) Effect of the S810R variant on the seizure threshold (PTZ). EZM =
elevated zero maze; GTCS = generalized tonic-clonic seizures; MJ = myoclonic jerk; PTZ = pentylenetetrazole. Student’s unpaired t-test, *P < 0.05.
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Figure 5 Effects of radiprodil and memantine on agonist-evoked GluN2B NMDAR currents, evoked NMDAR-mediated EPSCs and seizure threshold.
(A and C) Composite concentration-response curves for radiprodil (A) and memantine (C) at a holding potential of —40 mV assessed by the two-elec-
trode voltage-clamp current recordings from Xenopus oocytes expressing GluN1/GluN2B and GluN1/GluN2B-S810R. (B and D) Effects of radiprodil (B;
3 uM) and memantine (D; 30 uM) on evoked NMDAR-mediated EPSCs for wild-type (WT) and GluN2B-S810R were recorded from CA1 pyramidal cells
in response to Schaffer collateral stimulation in the presence of the AMPA receptor antagonist NBQX (10 pM for GluN2B-S810R) and reduced extracel-
lular Mg?* (0.2 mM). (E and F) Effect of radiprodil (3.0 mg/kg, i.p.) and memantine (20 mg/kg, i.p.) on the latency to the first myoclonic jerk (MJ) or general-
ized tonic-clonic seizures (GTCS) induced by pentylenetetrazole (PTZ; 40 mg/kg, i.p.).

travel distance in the open field (locomotion), percentage of novelty
preference (NOR) and percentage of correct alternation (Y-maze)
between WT mice and those harbouring the GRIN2B variant.
However, the GluN2B-S810R mice showed altered habituation dis-
tances (NOR; Fig. 4K, right) and maze entries (Y-maze; Fig. 4L, right).
This might reflect that the knock-in mice might have a high level of
anxiety. Indeed, the GluN2B-S810R mice presented a trend of a re-
duced numbers of open arm crossing (4.1+1.1, versus 7.1+ 1.7 in
WT) and less time spent in the open arm (33+7.5s, versus 47 +
7.9 s in WT) of the elevated zero maze test (Table 3 and Fig. 4M), al-
though both changes did not reach statistical significance (P=
0.0932 and P =0.0588, respectively; Mann-Whitney U-test).

Adult heterozygous male mice often showed generalized
seizures (stage IV) when their cage lids were opened
(Supplementary Videos 1 and 2; the S801R mouse showed general-
ized seizures that progressed from repetitive head bobbing to rear-
ing and falling). We therefore evaluated seizure susceptibility by
measuring the latency to the initiation of myoclonic jerks and

GTCS following intraperitoneal injection of 35 mg/kg of PTZ in 10
WT and 10 GluN2B-S810R female mice (age 14-25 weeks). All mice
showed myoclonic jerks, with the GluN2B-S810R mice showing
a shorter latency to the first myoclonic jerk (58 +1.6s, versus
115+4.4s in WT; Table 3 and Fig. 4N). All the S810R mice (10/10)
showed GTCS, whereas only half of the WT mice (5/10) progressed
to GTCS, with longer latency than variant knock-in mice (183+7.2 s,
versus 309 +18 s in WT; Table 3 and Fig. 4N). These data suggest
that the adult heterozygous GluN2B-S810R mice have a higher seiz-
ure susceptibility (i.e. a reduced seizure threshold).

We next determined whether the GluN2B-selective radiprodil
can mitigate the altered receptor function caused by the GIuN2B-
S810R variant. NMDARs containing the GluN2B-S810R variant
showed a modestly elevated radiprodil ICso value compared with
WT NMDARs (20 nM, versus 53nM for the WT; Table 2 and
Fig. 5A), suggesting that this variant has a comparable sensitivity
to radiprodil. We then evaluated whether the evoked NMDAR-
mediated EPSCs were sensitive to radiprodil. Our data suggest
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Radiprodil inhibition of GluN2B NMDAR

that 3uM radiprodil can significantly inhibit the NMDAR-
mediated component of evoked EPSCs in both knock-in
GluN2B-S810R and WT CA1 pyramidal cells (Fig. 5B and Table 3).
To investigate whether NMDAR antagonists can rectify the reduced
seizure threshold in the heterozygous mice harbouring the
GluN2B-S810R variant, we initially administered radiprodil
(3.0mg/kg, ip.) or vehicle to the GluN2B-S810R knock-in
mice, which was followed 30 min later by PTZ administration
(40 mg/kg, i.p.). There was no significant difference in the latency to
the first myoclonic jerk between the vehicle and the radiprodil
groups (131+33s, n=26, versus 99+8.4 s, n=21 of vehicle/control;
P=0.40, Student’s unpaired t-test; Fig. SE, left and Table 3). Most
vehicle-treated GluN2B-S810R mice (20/21) underwent GTCSs at
this dose of PTZ, with a latency of 207 + 23 s following intraperitoneal
injection, and 16 of 26 GluN2B-S810R mice treated with radiprodil
showed GTCS. The latency to GTCS (458 +90s) was significantly
longer in these 16 mice compared with the GluN2B-S810R mice trea-
ted with vehicle (P=0.0053, Student’s unpaired t-test; Fig. 5E, right
and Table 3). However, the durations of the PTZ-induced first GTCS
are comparable between the vehicle- and radiprodil-treatment
groups for both WT and GluN2B-S810R mice (WT, 23 +3.0s for ve-
hicle and 21+0.8 s for radiprodil, P =0.47; GluN2B-S810R, 16 +0.9 s
for vehicle and 18 + 1.9 s for radiprodil, P =0.34; Student’s unpaired
t-test).

For a comparison, we tested whether the GluN2B-S810R vari-
ant changes the sensitivity to memantine using recordings from
both oocytes expressing recombinant NMDARs and evoked
EPSCs in CA1 pyramidal cells. The oocyte data showed that the
GluN2B-S810R variant led to only a modest reduction in meman-
tine potency (increased ICso value) by 2.9-fold (1.4 uM, versus
4.1 uM in the WT; Fig. 5C). However, patch-clamp data obtained
from CA1 pyramidal cells in hippocampal slices suggested that
10 uM memantine did not inhibit the NMDAR-mediated EPSCs in
GluN2B-S810R mice (Fig. 5D). We subsequently administered
memantine (20 mg/kg body weight, i.p.) or vehicle to the
GluN2B-S810R knock-in mice 30 min before PTZ administration.
Memantine-treated mice showed a trend to reduce the latency
to the first myoclonic jerk (53 +2.0 s, n=15; versus vehicle group,
97 +5.55s,n=9; P=0.014, Student’s unpaired t-test) and first GTCS
in GluN2B-S810R mice (156 +6.3 s, n=15; versus vehicle group,
205+20s, n=8; P=0.36, Student’s unpaired t-test; Fig. 5F).
These data suggest that memantine does not mitigate seizure ac-
tivity in GluN2B-S810R mice and might sensitize mice to
PTZ-induced seizures.

Discussion

Here, we show that radiprodil can selectively inhibit NMDARs that
contain two copies of GIuN2B or a single copy of GluN2B and one
copy of either GluN2A, GluN2C or GluN2D. As observed for other
GluN2B-selective antagonists,***°%7 for triheteromeric receptors
that contain only one copy of GluN2B, we found reduced potency of
radiprodil and reduced overall inhibition at saturating concentra-
tions. We also showed that radiprodil enhanced the potency of glu-
tamate, and although this effect could be manifested as
potentiating actions at very low concentrations of agonists,”* we
could not detect any potentiation of NMDAR response amplitude
by radiprodil. One might predict inhibitory actions at synaptic re-
ceptors that are exposed to saturating concentrations of glutamate
following synaptic release. In contrast, depending on the glutamate
concentration present at extracellular non-synaptic sites, radipro-
dil might both increase receptor occupancy and produce a decrease
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in open probability, with a net effect of diminished inhibition of
extracellular GluN2B-containing NMDARs. This is in contrast to
what has been reported for ifenprodil, which can enhance the
NMDAR response amplitude at very low agonist concentrations.”*
The ramifications of this effect on circuit function have notbeen ex-
plored fully but could be therapeutically important.

We also describe the binding site and pose for radiprodil at
2.74 A, and these data reveal the following features. Radiprodil
binds at the subunit interface between the GluN1 and GluN2B
NTDs and has extensive hydrophobic and hydrophilic interactions
with residues from the R1 and R2 lobes, respectively. The mode of
hydrophobic interactions is more similar to ifenprodil than to
EU93-31,°% whereas that of hydrophilic interactions is more similar
to EU93-31 than to ifenprodil, harbouring two polar interactions
with the R2 lobe residues. Radiprodil would have higher inhibitory
capability in comparison to ifenprodil, owing to stronger interac-
tions with the R2 lobe residues to favour the closure of the
GluN2B NTD bi-lobes, which, in turn, stabilizes the non-active-like
conformation in the context of the intact receptors.5*®®
Interestingly, radiprodil inhibition is relatively insensitive to extra-
cellular pH, which is different from context-dependent GIuN2B an-
tagonists, such as EU93-317° and NP10679.”°

Rare de novo GRIN1 and GRIN2B missense variants appear to be
associated with a number of neurological conditions, some of
which can produce a strong GoF that is associated with epi-
lepsy.'”*®¢” Evaluation of the effect of these variants on radiprodil
potency is instructive because it shows that the allosteric inhibition
imparted by stabilization of the heterodimer interface and asso-
ciated closure of the bi-lobed NTD can inhibit NMDARs that con-
tained variants in most domains. This suggests that the control of
gatingimparted by the NTD remains intact even when variants res-
ide in the transmembrane domain, gating motifs, linkers or agonist
binding domains and influence channel function. However, ~20%
of the variants tested show either diminished potency and/or di-
minished inhibition at saturating radiprodil concentrations; one
variant was largely insensitive to radiprodil (Table 2).

We also describe a mouse model in which we have knocked in a
GoF GRIN2B variant (Ser810Arg) associated with intractable sei-
zures and early-onset epileptic encephalopathy. The variant sig-
nificantly enhances NMDAR function by elevating agonist
potency (for both glutamate and glycine), reducing proton inhib-
ition, prolonging synaptic-like response time course and increasing
channel open probability. These in vitro data suggest that the S810R
variant produces a strong GoF variant. These heterozygous mice
show reduced total dendritic spine density and a reduction in ma-
ture mushroom spines, suggesting that this variant might impair
spine maturation. We also observed an increase in the amplitude
of NMDAR-mediated synaptic responses. The adult heterozygous
mice showed spontaneous generalized seizures (stage IV) when
the cage lids were lifted and presented a higher susceptibility to
chemoconvulsant-induced seizures (i.e. a reduced seizure thresh-
old). The adult heterozygous mice showed reduced cerebral glucose
metabolism (i.e. decreased FDG signal level in PET scans), which is
consistent with the PET data on human epileptic patients.”” These
data suggest that the heterozygous GluN2B-S810R mice can mimic
the seizure phenotype of patients.

Finally, we evaluated the ability of radiprodil to mitigate the al-
tered synaptic activity and reduce seizure sensitivity in adult het-
erozygous GluN2B-S810R mice. We found that radiprodil can
significantly reduce the enhanced current amplitude of eEPSCs in
brain slices from the mice that contain the GluN2B-S810R variant
and prolong the time to seizure onset following introduction of
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the chemoconvulsant pentylene tetrazole. However, memantine, a
US Food and Drug Administration-approved NMDAR channel
blocker, is generally less efficacious than radiprodil for this variant
and appears to sensitize mice to PTZ-induced seizures. It is well
known that memantine has a relatively higher affinity/potency
for GluN2D-containing NMDARs than the receptors that contain
GIuN2A or GluN2B.”® GluN2D is expressed predominantly in certain
types of hippocampal and cortical interneurons and contributes
to the activation of these interneurons, which enhances the inhibitory
output of interneurons to pyramidal cells.”*#? Preference of meman-
tine inhibition on GluN2D-expressing interneurons (e.g. parvalbumin-
positive) could further exacerbate the imbalance of excitation-inhib-
ition caused by the GluN2B-S810R variant. These data support the pos-
sibility that GluN2B-selective allosteric antagonists could have utility
in forms of epilepsy that involve overactivation of GluN2B receptors.

Conclusion

Here, we show that radiprodil can inhibit NMDARs that contain a
single copy or two copies of GIluN2B with high potency and selectiv-
ity, and it is an effective antagonist at multiple human GRIN1 and
GRIN2B missense variants related to various neurological and
neuropsychiatric conditions. The X-ray crystallography data dem-
onstrate the binding site and pose for radiprodil at the subunit
interface between the GluN1 and GluN2B NTDs. Inhibition of
GluN2B-containing NMDARs by radiprodil might be achieved by
stabilizing the non-active-like conformation and facilitating the
closure of the GluN2B NTD bi-lobes through strong interactions
with the R2 lobe residues. Furthermore, radiprodil can mitigate
the altered synaptic activity and decrease seizure sensitivity in a
knock-in mouse line harbouring a GoF GRIN2B variant associated
with early-onset epileptic encephalopathy, suggesting its potential
use in personalized medicine.

Data availability

Data presented in this publication are available for sharing upon re-
quest from the academic research community. All novel DNAs and
animal models designed and created in this publication are made
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ment. The structural coordinate for GluN1b-GluN2B NTD in com-
plex with radiprodil has been deposited to the Protein Data Bank
under the accession code 9Q3Y.
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