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Department of Neurobiology and Pittsburgh Institute for Neurodegenerative Diseases, University of Pittsburgh School of
Medicine, Pittsburgh, PA, United States

Mutations in N-methyl-p-aspartate receptors (NMDAR) subunits have been implicated in a
growing number of human neurodevelopmental disorders. Previously, a de novo mutation
in GRIN2A, encoding the GIUN2A subunit, was identified in a patient with severe epilepsy
and developmental delay. This missense mutation, which leads to GIUN2A-P552R,
produces significant dendrotoxicity in transfected rodent cortical neurons, as
evidenced by pronounced dendritic blebbing. This injurious process can be prevented
by treatment with the NMDA antagonist memantine. Given the increasing use of FDA
approved NMDA antagonists to treat patients with GRIN mutations, who may have
seizures refractory to traditional anti-epileptic drugs, we investigated whether additional
NMDA antagonists were effective in attenuating neurotoxicity associated with GIUN2A-
P552R expression. Intriguingly, we found that while treatment with memantine can
effectively block GIUN2A-P552R-mediated dendrotoxicity, treatment with ketamine
does not, despite the fact that both drugs work as open NMDAR channel blockers.
Interestingly, we found that neurons expressing GIUN2A-P552R were more vulnerable to
an excitotoxic insult—an effect that, in this case, could be equally rescued by both
memantine and ketamine. These findings suggest that GIUN2A-P552R induced
dendrotoxicity and increased vulnerability to excitotoxic stress are mediated through
two distinct mechanisms. The differences between memantine and ketamine in halting
GIuN2A-P552R dendrotoxicity could not be explained by NMDA antagonist induced
changes in MAP or Src kinase activation, previously shown to participate in NMDA-
induced excitotoxicity. Our findings strongly suggest that not all NMDA antagonists may be
of equal clinical utility in treating GRIN2A-mediated neurological disorders, despite a
shared mechanism of action.

Keywords: GRIN2A gene, GIuN2A subunit, memantine, ketamine, precision medicine, N-methyl-p-aspartate
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INTRODUCTION

N-methyl-p-aspartate receptors (NMDARs) are ligand-gated,
ionotropic glutamate receptors that are widely expressed in the
brain, where they play key roles in neuronal developmental,
synaptic plasticity, and survival. NMDARs are heterotetramers
composed of three main subtypes: GluN1, which are obligatory,
GluN2 of which there are four subunit types (A-D), and GluN3
subunits of which there are two subunit types (A-B) (Traynelis
et al., 2010; Paoletti et al, 2013). The majority of NMDARs
express two glycine-binding GluN1 subunits and two glutamate-
binding GIluN2 subunits (Kohr, 2006). The GluN2 subtype
dictates many of the NMDAR’s characteristics such as its
biophysical, pharmacological, and signaling properties, as well
as its spatiotemporal pattern of expression (Monyer et al., 1992;
Watanabe et al., 1994; Paoletti et al., 2013; Vieira et al., 2020).

Mutations in NMDAR subunits have been increasingly
implicated in neurological and neurodevelopmental diseases,
including intellectual disability, autism spectrum disorders,
developmental delay, and epilepsy (Myers et al, 2019). The
identification of GRIN variants in pediatric patients is
significant, as individuals GRIN mutations and epilepsy
refractory to standard anti-convulsants have been successfully
treated with the FDA-approved NMDAR antagonists
memantine, ketamine, and dextromethorphan (Pierson et al,
2014; Li et al, 2016; Amador et al., 2020; Xu et al,, 2021).
Although mutations in four genes encoding NMDAR subunits
(GRINI, GRIN2A, GRIN2B, and GRIN2D) have been linked to
human disease (Carvill et al., 2013; Li et al., 2016; Liu et al., 2017;
Li et al., 2019; Bahry et al,, 2021; Xu et al., 2021), mutations in
GRIN2A account for the majority of disease-linked variants
(46%) (Myers et al., 2019; Strehlow et al., 2019). Pathogenic
variants cluster in the highly conserved agonist binding domains
as well as transmembrane and linker domains, which are highly
intolerant to genetic variation (Swanger et al., 2016; Ogden et al.,
2017; Strehlow et al., 2019).

Recently, a de novo missense mutation in the pre-M1 helix
region—the linker between the agonist binding domain and the
first transmembrane domain—was identified in a patient with
profound intellectual disability, developmental delay, and
epilepsy (de Ligt et al., 2012). This mutation, which results in
a substitution of arginine for proline at amino acid 552 (P552R),
was further characterized as leading to neurotoxicity when
expressed in cultured rat cortical neurons, as evidenced by
pronounced dendritic swelling (Ogden et al, 2017). This
neurotoxicity could be rescued by treatment with memantine.
Given the superiority of ketamine as compared to memantine in
treating some GRIN mutations (Li et al., 2016), and its widespread
use in treating status epilepticus in adult and pediatric
populations (Mewasingh et al, 2003; Ilvento et al, 2015;
Zeiler, 2015), we sought to determine whether ketamine
treatment was equally effective as memantine in abrogating
GluN2A-P552R induced neurotoxicity in vitro. Surprisingly,
our data indicate that the P552R mutation exerts neurotoxicity
through two separate mechanisms, dendritic blebbing and
increased susceptibility to excitotoxic injury—both responsive
to treatment with memantine but only the latter responsive to
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treatment with ketamine, despite a shared mechanism of action
between these two drugs.

METHODS

Materials

Primary antibodies used: rabbit anti-p38 MAPK (Cell Signaling,
92128, 1:1,000), mouse anti-phospho-p38 MAPK (Cell Signaling,
92168, 1:1,000), mouse anti-ERK (pan-ERK) (BD Transduction
Lab, 610,123, 1:2000), rabbit anti-phospho-p44/42 MAPK (ERK
1/2) (Cell Signaling, 910, 1:1,000), mouse anti-JNK (Santa Cruz,
sc-7345, 1:1,000), rabbit anti-pSAPK/JNK (Cell Signaling, 4668S,
1:1,000), rabbit anti-Src (Cell Signaling, 2108S, 1:1,000), rabbit
anti-phospho-Src (Tyr416) (Cell Signaling, 2101S, 1:1,000), and
mouse anti-B-actin (Sigma, A5441, 1:10,000). Mouse or rabbit
secondary antibodies used: Li-cor IRDye 700 CW and Licor
IRDye 800CW (LI-COR Biosciences). Chemicals were
obtained from Sigma-Aldrich unless otherwise specified.

Neuronal Cultures

All procedures involving the use of animals were reviewed and
approved by the University of Pittsburgh TACUC. Primary
cortical cultures were prepared from embryonic day
16-17 Sprague-Dawley rats as previously described (Hartnett
et al., 1997). Briefly, pregnant rats (Charles River Laboratories)
were sacrificed via CO, inhalation. Embryonic cortices were
dissociated with trypsin and cells were plated on 12-mm, poly-
L-ornithine coated glass coverslips in six-well plates at a density
of 670,000 cells per well. On day 14 in vitro (DIV 14) cytosine
arabinoside (1-2 pM) was used to inhibit nonneuronal cell
proliferation. Cultures were used at DIV 18-25.

Transfections

Transfections were performed using Lipofectamine 2000
(Thermo Fisher). Neurons were transfected with the following
plasmid mixtures (total of 1.5ug DNA/0.5ml): for confocal
imaging, cells were transfected with a GFP-expressing plasmid
(pEGFP-N1; BD Biosciences), pCI-neo vector, human wild-type
GluN2A, or human GIluN2A-P552R (gifts from Drs. Hongjie
Yuan and Stephen Traynelis). Plasmid mixtures (per well)
contained either 0.9 ug pEGFP-N1 + 0.6 ug pCl-neo vector,
0.9 ug pEGFP-N1 + 0.3 pg pCl-neo empy vector + 0.3 ug
GluN2A plasmid, or 0.9 ug pEGFP-N1 + 0.3 ug pCI-neo empy
vector + 0.3 pug GluN2A-P552R plasmid (Ogden et al., 2017). For
luciferase viability experiments, cells were transfected with a
firefly luciferase-expressing plasmid (pUHC13-3 Luciferase, gift
of Dr. H. Buchard) instead of one expressing GFP. Plasmid
mixtures (per well) contained either 0.375ug pUHCI13-3
Luciferase + 1.125ug pCl-neo vector plasmid, 0.375ug
pUHCI13-3 Luciferase + 0.525pg pCl-neo vector + 0.6ug
GluN2A plasmid, or 0.375 pg pUHCI13-3 Luciferase + 0.525 ug
pClI-neo vector plasmid + 0.6 pg GluN2A-P552R plasmid.

Confocal Imaging and Bleb Analysis
To analyze the effect of the GluN2A-P552R mutation on dendrite
morphology, cells were imaged 24h after transfection. All
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treatments were added to the cell media at the time of
transfection. Images were obtained on a Nikon Al+ confocal
microscope using a x20 water immersion objective. Three
separate culture dates were used per experiment, and three
coverslips were transfected with each plasmid mixture per
condition. Each coverslip was divided into four quadrants, and
one field of view was randomly selected from each quadrant
resulting in four images per coverslip. Bleb counts per field were
added to determine a bleb count per coverslip (blebs/CS). For
these experiments, n refers to the number of coverslips. Laser
power was sometimes adjusted between coverslips due to
differences in transfection efficiency of the GFP-expressing
plasmid. Nikon Instruments Software Basic Research (NIS-
Elements BR) was used for non-biased analysis of dendritic
blebs. All images were subjected to intensity thresholding
before analysis. The object count feature was used to quantify
the number of blebs in each image field. Area was restricted to
0-5 um” and circularity was set to 0.5-1.0. The smooth, clean, and
separate features were used to reduce background noise and
settings were consistent between control, ketamine, and MK-
801 groups. Settings had to be adjusted once due to the
installation of a new laser in our system.

Lactate Dehydrogenase Assays

Cortical neurons were treated with 10 pM glycine, 10 uM glycine
+ 30 uM NMDA, or 10 uM glycine + 30 uM NMDA with either
50 uM memantine or 10 uM ketamine for 30 min in HEPES-
buffered minimal essential media with 0.01% BSA (MHB). After
30 min, cells were washed with fresh MHB and then incubated
with MHB or MHB containing memantine or ketamine. Twenty-
four hs following glycine + NMDA treatment, medium was
collected for lactate dehydrogenase (LDH) assays. Toxicity is
represented by increased OD490 values. Three experiments from
separate culture dates were performed, each in quadruplicate.

Luciferase Viability Assays

Cortical cultures were transfected with plasmid mixtures
containing a luciferase-expressing. Twenty-four hs following
transfection, cells were either left untreated, treated with
45uM  DL-threo-p-Benzyloxyaspartate ~ (TBOA)  (Tocris
Bioscience), or co-treated with 45 uM TBOA and either 50 uM
memantine or 10 uM ketamine. TBOA is a glutamate uptake
inhibitor that induces an excitotoxic injury in vitro (Bonde et al.,
2003). Twenty-four hs after drug treatment, firefly luciferase
expression was measured using the SteadyLite Plus
Luminescence Gene Reporter Assay System (PerkinElmer)
(Aras et al, 2008). Results for TBOA-treated groups were
normalized to the luminescence values (counts per second) of
their respective untreated groups. This assay was performed a
minimum of four times with neurons from separate culture dates.

Immunoblotting

Cortical cultures were left untreated, treated with 50 uM
memantine, or treated with 10pM ketamine for 45 min.
Control, memantine treated-, and ketamine treated neurons
were collected from the same 6 well plate for each experiment.
Following treatment, neurons were rinsed twice with ice-cold
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FIGURE 1 | GIuN2A-P552R expression exerts dendrotoxicity in rat
primary cortical cultures which can be rescued by treatment with memantine.
Representative images of cortical neurons transfected with GFP and either
pCl-neo (empty vector), GIUN2A, or GIuUN2A-P552R. Top row shows
untreated neurons and bottom row shows neurons co-treated with 50 pM
memantine (A). Quantification of dendritic blebs per coverslip (blebs/CS)
revealed significantly more blebs in GIUN2A-P552R transfected neurons as
compared to those transfected with pCl-neo or GIuN2A (B). This difference is
abolished by treatment with 50 uM memantine (C). Data are expressed as
mean + SEM from three independent experiments with three coverslips per
transfection condition in each experiment (*p < 0.01, **p < 0.001, one-way
ANOVA/Tukey post-hoc, n = 9).

PBS, exposed to cell lysis buffer (Invitrogen) supplemented with
protease  inhibitor cocktail (Roche Diagnostics) and
phenylmethlysulfonyl fluoride, and scraped off dishes. Debris
was pelleted by centrifugation at 14,000 g for 10 min. The
remaining lysates were stored at —80°C. Protein concentration
of lysates was determined (Pierce BCA Protein Assay Kit; Thermo
Fisher). Samples were prepared by incubating 30 pg of protein
with a reducing sample buffer at 100°C for 5 minutes. Samples
were loaded onto a 7.5% SDS-PAGE gel and proteins were
separated using the Mini Protean 3 System (Biorad). Gels were
transferred onto 0.2 um nitrocellulose membranes and blocked at
room temperature for 1 h with 1% BSA in PBS containing 0.05%
Tween 20 (PBST). Membranes were incubated overnight at 4°C in
primary antibody. After washing 3x in PBST, membranes were
probed with Li-Cor IRDye-conjugated secondary antibodies
labeled with IRDyes 700CW (685 nm) and 800CW (780 nm),
at 1:10,000 for 1 h at room temperature. Fluorescent signals were
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FIGURE 2 | Ketamine treatment does not rescue GIuN2A-P552R-mediated dendritic blebbing. Representative images of cortical neurons transfected with GFP

and either pCl-neo, GIUN2A, or GIuN2A-P552R and co-treated with 50 uM ketamine show that GIUN2A-P552R transfected neurons exhibit pronounced blebbing that is
not rescued by the open-channel blocker (A). Quantification of dendritic blebbing confirmed significantly more blebs in the GIUN2A-P552R group (B) (***p < 0.0001,
one-way ANOVA/Tukey post-hoc, n = 9). LDH assays of untransfected primary cortical neurons treated with 10 uM glycine (control) or 10 uM glycine + 30 uM
NMDA (NMDA) confirmed that ketamine is protective against excitotoxic injury (C) (**p < 0.01, two-way ANOVA/Sidak post-hoc, n = 3). Therefore, the failure of ketamine
to rescue GIUN2A-P552R dendrotoxicity is not due to inefficacy of the drug in our culture system. Data are expressed as mean + SEM from three independent
experiments. Three transfections per condition were analyzed from each independent imaging experiment.
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acquired (Odyssey Infrared Imaging System; LI-COR) and
quantified using Fiji software.

Statistical Analysis

Data are presented as means + SEM. All statistical analyses were
performed using GraphPad Prism 9 (GraphPad). Prior to
analyses, data were tested for normality using a Shapiro Wilk
test. For comparison of two sample means, a two-tailed ¢-test was
used. For comparison of more than two sample means, a one-way
analysis of variance (ANOVA) with Tukey’s test for multiple
comparisons was used. For LDH assays, a two-way ANOVA with
Sidak’s multiple comparison test was used to compare the effect
of drug treatments on viability between control and treatment
groups.

RESULTS

A previous characterization of the GluN2A-P552R mutation
found that the mutant NMDAR subunit exerted profound
dendrotoxicity when expressed in primary neurons, as
evidenced by dendritic swelling (blebbing) (Ogden et al,
2017). GluN2A-P552R mediated dendritic blebbing could be
rescued by treating neurons with the FDA-approved NMDAR
antagonist memantine (50 uM), consistent with clinical reports of
NMDAR receptor antagonists being used to treat refractory

epilepsy in patients with GRIN mutations (Pierson et al., 2014;
Lietal, 2016; Amador et al., 2020). Given that ketamine, another
FDA-approved NMDAR antagonist, is currently widely used to
treat status epilepticus (Ilvento et al., 2015; Zeiler, 2015; Pribish
et al.,, 2020), and has been used to treat refractory epilepsy in
patient with a GRIN2D mutation (Li et al., 2016), we evaluated its
neuroprotective  profile in = GluN2A-P552R  mediated
neurotoxicity.

We first confirmed our previous findings from the initial
characterization of the GluN2A-P552R mutation (Ogden et al.,
2017). As noted earlier, cortical neurons transfected with
GluN2A-P552R  displayed pronounced dendritic blebbing
(Ogden et al, 2017) (Figures 1A,B). This effect was not
observed in neurons transfected with the empty vector (pCI-
neo) or, importantly, the wild-type subunit (GluN2A). GluN2A-
P552R-mediated dendrotoxicity was attenuated by treatment
with 50 pM memantine (One-way ANOVA, p = 0.3025, n =
9) (Figures 1A,C), as previously shown, confirming that FDA-
approved NMDAR antagonists may be a viable treatment strategy
for individual(s) with this mutation. Surprisingly, although
ketamine and memantine share the same mechanism of
action, similar pharmacodynamic profiles, and overlapping
binding sites within NMDA receptors (Song et al., 2018;
Zhang et al, 2021; Emnett et al, 2013), we found that
ketamine treatment did not rescue GluN2A-P552R mediated
dendritic blebbing (One-way ANOVA, p < 0.0001; Multiple
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comparisons, pCl-neo vs. GluN2A, p = 0.9407, pCl-neo vs.
GluN2A-P552R, p < 0.0001, GluN2A vs. GluN2A-P552R, p <
0.0001, n = 9) (Figures 2A,B). Indeed, an unpaired t-test revealed
that there was no difference in the number of dendritic blebs per
coverslip between untreated neurons and those treated with
50 uM ketamine (p = 0.7819, n = 9). Although there are some
reports of ketamine induced neurotoxicity in neurons exposed to
the drug for prolonged periods (Liu et al., 2013; Wang et al,
2017), empty vector transfected neurons and GluN2A transfected
neurons, which were also treated with ketamine in parallel with
GluN2A-P552R transfected neurons, did not display any
dendrotoxicity, suggesting that the dendritic blebbing observed
in GluN2A-P552R group was not a result of the ketamine
treatment itself. It is noteworthy that ketamine’s ability to
inhibit GluN1/GluN2A-P552R-mediated ionic currents does
not significantly differ from its ability to block GluN1/GluN2A
wild type channels. Ketamine’s maximum blocking efficacy for
GluN1/GluN2A-P552R channels is 96% as compared to 98% for
wild-type channels. Furthermore, the GIuN2A-P552R mutation
enhances the potency of ketamine (ICsy =1.3 uM for GluN2A-
P552R; ICsp = 4.7uM for wild type GluN2A), without
significantly affecting memantine’s blocking actions at the
receptor (ICso = 3.7 uM for GluN2A-P552R; IC5, = 4.8 for
wild type GluN2A) (Ogden et al, 2017). As such the lack of
ketamine’s ability to protect from the observed dendrotoxicity
could not be accounted by an inability to antagonize the mutant
channels.

Given these data, we sought to confirm that ketamine was
indeed protective against canonical excitotoxic insults in our cell
culture system. To this end, we exposed untransfected cortical
cultures to either 10 pM glycine (control) or 10 uM glycine and
30 uM NMDA for 30 min and co-treated with either vehicle or
ketamine (10 uM, 30 uM, or 50 uM). Cell viability was assessed
using LDH assays 24 hs after the exposure. Cells not treated with
ketamine displayed a significant loss of viability when exposed to
glycine + NMDA as compared to the control, whereas no
significant differences were found between the control and
glycine + NMDA groups when cells were co-treated with
ketamine (Two-way ANOVA, p = 0.0158 for interaction;
Multiple comparisons, glycine vs glycine + NMDA: 0uM
ketamine, p = 0.0021, 10 uM ketamine, p = 0.9997, 30 uM
ketamine, p = 0.9820, 50 uM ketamine, p = 0.8645, n = 3)
(Figure 2C). Furthermore, comparison of control neurons in
these assays confirmed that ketamine treatment is not neurotoxic
in our system (One-way ANOVA, p > 0.05). These results
indicate that ketamine 1is an effective excitotoxicity
neuroprotectant in our preparation.

As the above data indicate that the inability of ketamine to
rescue of GluN2A-P552R mediated dendrotoxicity is not due to a
loss of potency or innate toxicity, we next aimed to determine
whether memantine’s ability to rescue this phenotype was
through its classically defined role as an NMDA receptor
channel antagonist or through an undefined, alternative
mechanism. To this end, we exposed GluN2A-P55R
expressing neurons to the open-channel blocker MK-801,
which binds to the same pocket of the NMDAR as memantine
and ketamine (Song et al., 2018; Zhang et al., 2021). Treatment

Imprecision in Precision Medicine

with 10uM MK-801 similarly abolished GluN2A-P552R
mediated dendritic blebbing (One-way ANOVA, p > 0.05)
(Figures 3A,B), strongly suggesting that memantine rescues
GluN2A-P552R  through its known mechanism of
pharmacological action.

Having established the NMDAR blockade is sufficient to
rescue GluN2A-P552R mediated dendrotoxicity, we next
investigated downstream pathways that may be either
activated or inhibited by ketamine, but not by memantine,
which could account for the differential responses observed.
Activation of MAP kinases (MAPKs) have previously been
shown to be part of signaling cascades initiated downstream of
NMDAR activation (Kawasaki et al., 1997; Chen et al., 2003),
including those implicated in excitotoxicity (Kawasaki et al.,
1997; Cao et al., 2004; Choo et al., 2012; Liu et al., 2014;
Engin and Engin, 2021). Therefore, we assessed via western
blot whether there were differences in kinase phosphorylation
in primary cortical neurons treated with either ketamine or
memantine. No significant differences were found between
memantine and ketamine groups in levels of phosphorylated
ERK1/2 or JNK (Paired #-test, p > 0.05, n = 5-6) (Supplementary
Figure S1F and S1G). A small but significant reduction in
phosphorylated p38 (p-p38) was found in ketamine treated
neurons as compared to those treated with memantine (Paired
t-test, p = 0. 0.0036, n = 5) (Supplementary Figure S1E).
However, given that phosphorylation of p38 has been
implicated in excitotoxic neuronal apoptosis (Kawasaki et al,
1997; Chen et al,, 2003; Liu et al., 2014), it is unlikely that the
reduction of p-p38 in the ketamine treated group is the
mechanism underlying the persistent dendritic blebbing in
ketamine treated GluN2A-P552R expressing neurons. As Src
kinase has been shown to upregulate NMDAR activity
(Manzerra et al., 2001; Zhao et al., 2015; Scanlon et al., 2017),
we also assessed whether memantine and ketamine treatment
differentially affected Src phosphorylation. However, no
differences were found between groups (Paired t-test, p > 0.05,
n = 5) (Supplementary Figure S1H). Thus, the mechanism
underlying the inability of ketamine to rescue GluN2A-P552R-
induced dendritic blebbing is yet to be identified. Nonetheless, the
data presented thus far strongly suggests that human disease-
linked GRIN mutations may be differentially responsive to
NMDAR antagonists.

Because the GluN2A-P552R mutation results in increased
agonist potency and mean channel open time (Ogden et al,
2017), we hypothesized that neurons that express this mutant
subunit may show enhanced vulnerability to excitotoxic injury,
perhaps due to exaggerated calcium influx upon activation. To
test this, we transfected neurons with a plasmid expressing firefly
luciferase along with the either the empty vector, GluN2A, or
GluN2A-P552R. Co-transfection of the firefly luciferase construct
allowed us to compare viability of cells expressing the mutant
subunit as compared to wild-type GluN2A or the empty vector
(Aras et al,, 2008). Twenty-four hs after transfection, neurons
were exposed to a mild excitotoxic insult (treatment with a
sublethal concentration of the glutamate uptake inhibitor
TBOA, 45uM) for an additional 24 hs. Indeed, following
TBOA exposure, we found a significant difference in viability
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FIGURE 3 | Dendritic blebbing is attenuated by treatment with the channel blocker MK801. Representative images of rat cortical neurons transfected with pCl-neo
empty vector, GIUN2A-WT, and GIuN2A-P552R and co-treated with 10 uM MK801 (A). GIuN2A-P552R expressing neurons treated with 10 pM MK801 show a
significant reduction in blebbing (B) (one-way ANOVA, p > 0.05, n = 9). Data are + SEM from three independent experiments with three coverslips analyzed per
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Treatments were applied 24 h after transfection and Iuciferase assays were performed 48 h following transfection. Neurons expressing GIUN2A-P552R showed
significantly reduced viability after exposure to 45 uM TBOA as compared to those expressing the empty vector or wild-type receptor (A) (‘o < 0.05, **p < 0.001,
one-way ANOVA/Tukey post-hoc, n = 8). However, this reduction in viability was rescued by co-treatment with 50 pM memantine (B) (one-way ANOVA, p > 0.05) or
10 uM ketamine (C) (one-way ANOVA, p > 0.05). Luciferase values for TBOA treated neurons were normalized to their relevant vehicle-treated vector group. Data
represent mean + SEM from 4-8 independent experiments performed in triplicate or quadruplicate.

of GluN2A-P552R transfected neurons as compared to those
transfected with the empty vector or the wild-type subunit (One-
way ANOVA, p = 0.001; Multiple Comparisons, pCl-neo vs
GluN2A, p = 0.3983, pCI-neo vs GluN2A-P552R, p = 0.0008,
GluN2A vs GIluN2A-P552R, p = 0.0181). (Figure 4A). Co-
treatment with memantine rescued the loss of viability
observed in GIuN2A-P552R expressing neurons (One-way
ANOVA, p > 0.05), consistent with its effect on GluN2A-
P552R mediated dendrotoxicity (Figure 4B). In contrast to
ketamine’s failure to attenuate dendritic blebbing, co-
treatment with this channel blocker also completely rescued
TBOA-induced cell death in GIluN2A-P552R expressing
neurons (One-way ANOVA, p > 0.05) (Figure 4C). These
data strongly suggest that the P552R mutation exerts
dendrotoxicity and enhances vulnerability to excitotoxic
stress through two separate cell injurious signaling pathways.

DISCUSSION

The rise of next-generation and whole exome sequencing (WES)
has led to the increasing identification of clinically relevant gene
variants and molecular diagnoses in patients with neurological
diseases. Indeed, in one large observational study, WES was able
to provide a molecular diagnosis for approximately 27% of
patients with neurological and developmental disorders (Yang
etal, 2014). In a smaller cohort of pediatric neurological patients,
WES provided a presumptive diagnosis in 41% of patients.
Importantly, the results of WES affected the management of
all patients with a presumptive diagnosis in this cohort including,
but not limited to, the cessation and initiation of medication
(Srivastava et al.,, 2014). Thus, genetic testing has both a high
diagnostic yield and significant implications for personalized
clinical management for neurological patients.
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The clinical utility of genetic sequencing is especially
significant for patients with epileptic encephalopathies. It is
estimated that the diagnosis yield for these disorders is 15-20%
(EpiPM Consortium, 2015). Intriguingly, GRIN mutations
make up a high proportion of these disease-linked
mutations, and GRIN2A mutations, specifically, have been
identified as key drivers of epilepsy aphasia spectrum
disorders (Carvill et al., 2013; Li et al., 2020; Lemke et al.,,
2013; Lesca et al., 2013). The identification and in vitro
characterization of human disease-linked GRIN mutations
has led to the successful implementation of personalized
medicine for several pediatric patients. More specifically,
patients with GRIN mutations and intractable epilepsy have
been treated with FDA-approved NMDAR blockers, including
ketamine, memantine, and dextromethorphan
(Supplementary Table S1), which led to a reduction in
seizure burden in the majority of patients treated with these
targeted therapies (Pierson et al., 2014; Li et al., 2016; Platzer
etal., 2017; Amador et al., 2020; Xu et al., 2021). The results of
these n of one clinical trials have important clinical
implications for patients with GRIN-associated epileptic
encephalopathies, as refractory epileptic activity in these
disorders is thought to contribute to the co-morbid, and
often progressive, cognitive impairments (Khan and Al
Baradie, 2012; Auvin et al., 2016).

The increasing number of individuals with identified GRIN
mutations along with the in vitro characterization of NMDAR
subunit variants has led to an attempt by some to predict clinical
phenotypes based upon molecular diagnoses. For example, it has
been suggested that GRIN2A mutations predominantly lead to an
epileptic phenotype while GRIN2B variants are more likely to lead to
neurodevelopmental disorders (Myers et al., 2019). However, while
this may be true in broad strokes, GRIN2B has been identified as a
causative gene in encephalitic encephalopathies (Epi4K Consortium
et al., 2013; Lemke et al., 2014). Moreover, the characterization of
GRINZ2B mutations in two patients with missense mutations at the
same amino acid residue revealed a divergence in multiple aspects
of both the patient phenotypes and the functional properties of the
mutant channels (Kellner et al., 2021), underscoring the complexity
of the NMDAR and the need for complete characterizations of
GRIN variants for targeted therapies. Similarly, characterizing
GRIN mutations as gain-of-function or loss-of-function based
on their location in the protein domain may be overly simplistic
and lead to improper pharmacological treatment strategies. While a
large cohort analysis of individuals with GRIN2A variants
identified two phenotypic groups based on whether mutations
occurred within the N-terminal or agonist binding domains versus
the transmembrane or linker domains, with the former
corresponding to loss-of function (LOF) and the latter gain-of-
function (GOF) (Strehlow et al., 2019), functional analysis of
disease-linked mutations within the pre-M1 linker domain of
GluN2A receptors identified both LOF and GOF variants
(Ogden et al., 2017). Thus, a full functional characterization of
GRIN mutations is warranted before the initiation of treatment
with channel-blockers.

Imprecision in Precision Medicine

In this work, we uncover another layer of complexity in the
application of precision medicine to GRIN mutations: the
differential response of a mutant subunit to channel blockers
that do not differ in their potency or maximal inhibition of the
receptor. Specifically, we found that a missense GRIN2A variant
resulting in a substitution of arginine for proline at amino acid
552 (P552R) exerts neurotoxicity through two distinct
mechanisms—increased sensitivity to excitotoxic insults,
which is sensitive to rescue by the channel blockers
memantine and ketamine, and pronounced dendrotoxicity
that is sensitive to rescue by memantine and MK801, but not
ketamine.

Previous characterizations of GRIN mutations have found
differential responses to channel blockers. For example,
treatment with dextromethorphan results in increased
inhibition of the NMDA channel as compared to memantine
in the NMDA receptor GluN2AN-N615K variant (Marwick
et al, 2019). However, memantine binds to the pore by
interacting with the amino acids that cluster around the area
of this mutation (N612, N613, and N614) (Song et al., 2018),
while dextromethorphan is thought to interact with residues in
a more extracellular portion of the vestibule (LePage et al.,
2005). Thus, increased inhibition of GIuN2A-N615K
containing receptors by dextromethorphan is consistent with
the understanding of its binding site, while differences in
binding sites cannot explain the observed differential dendro-
protective response of GluN2A-P552R-containing NMDA
receptors to memantine and ketamine, as these channel
blockers bind to an overlapping site in the pore (Emnett
et al, 2013; Zhang et al, 2021). To account for the noted
changes, we explored whether memantine and ketamine
differentially activate or inhibit kinases downstream of
neurotoxic NMDAR signaling. However, these experiments
did not reveal significant differences between treatment
groups. Given that memantine has been found to stabilize
GIuN1/GluN2A receptor desensitization in a calcium-
dependent manner (Gao et al, 2017), one possible
explanation for the discrepancy between memantine and
ketamine’s ability to rescue GluN2A-P552R mediated
dendrotoxicity is that the mutation enhances calcium influx
through NMDARs thereby enhancing memantine’s potency.
However, preliminary experiments showed that the IC50 of
memantine in the presence of high and low intracellular calcium
did not differ between wild-type and mutant receptors,
suggesting this phenomenon does not account for our results
(M. Phillips and J. Johnson, personal communication). Thus,
the mechanism underlying the differential response of GIuN2A-
P552R containing NMDARs to memantine and ketamine
remains to be elucidated. Nonetheless, our findings are
significant in the context of personalized medicine for
patients with neurological disorders attributable to GRIN
mutations as they suggest that in addition to a functional
characterization of the mutation, in vitro drug screening and
investigation of rescue pharmacology may be necessary to
identify the most appropriate therapeutic strategies to follow.

Frontiers in Pharmacology | www.frontiersin.org

October 2021 | Volume 12 | Article 773455


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Gale et al.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Pittsburgh IACUC.

AUTHOR CONTRIBUTIONS

EA, JG, and GK conceived the project and designed the
experiments. JG, GK, and KH-S performed the experiments
and analyzed the data. JG and EA wrote the paper. All
authors have read and agreed to the published version of the
manuscript.

REFERENCES

Epi4K Consortium, Epilepsy Phenome/Genome ProjectAllen, A. S., Allen, A. S.,
Berkovic, S. F., Cossette, P., Delanty, N., Dlugos, D., et al. (2013). De novo
mutations in epileptic encephalopathies. Nature 501, 217-221. doi:10.1038/
naturel2439

Amador, A., Bostick, C. D., Olson, H., Peters, J., Camp, C. R, Krizay, D., et al.
(2020). Modelling and treating GRIN2A developmental and epileptic
encephalopathy in mice. Brain 143, 2039-2057. doi:10.1093/brain/awaal47

Aras, M. A, Hartnett, K. A, and Aizenman, E. (2008). Assessment of cell viability
in primary neuronal cultures. Curr. Protoc. Neurosci., 44 Chapter 7, Unit 7.18.
doi:10.1002/0471142301.ns0718s44

Auvin, S., Cilio, M. R., and Vezzani, A. (2016). Current understanding and
neurobiology of epileptic encephalopathies. Neurobiol. Dis. 92, 72-89.
doi:10.1016/j.nbd.2016.03.007

Bahry, J. A., Fedder-Semmes, K. N., Sceniak, M. P., and Sabo, S. L. (2021). An
Autism-Associated de novo Mutation in GIuN2B Destabilizes Growing
Dendrites by Promoting Retraction and Pruning. Front. Cel. Neurosci. 15,
692232. doi:10.3389/fncel.2021.692232

Bonde, C,, Sarup, A., Schousboe, A., Gegelashvili, G., Zimmer, J., and Noraberg, J.
(2003). Neurotoxic and neuroprotective effects of the glutamate transporter
inhibitor DL-threo-beta-benzyloxyaspartate (DL-TBOA) during physiological
and ischemia-like conditions. Neurochem. Int. 43, 371-380. doi:10.1016/s0197-
0186(03)00024-x

Cao, J., Semenova, M. M., Solovyan, V. T., Han, J., Coffey, E. T., and Courtney, M. J.
(2004). Distinct requirements for p38alpha and c-Jun N-terminal kinase stress-
activated protein kinases in different forms of apoptotic neuronal death. J. Biol.
Chem. 279, 35903-35913. doi:10.1074/jbc.M402353200

Carvill, G. L., Regan, B. M, Yendle, S. C., O’'Roak, B. ]., Lozovaya, N., Bruneau, N.,
et al. (2013). GRIN2A mutations cause epilepsy-aphasia spectrum disorders.
Nat. Genet. 45, 1073-1076. doi:10.1038/ng.2727

Chen, R. W., Qin, Z. H., Ren, M., Kanai, H., Chalecka-Franaszek, E., Leeds, P., et al.
(2003). Regulation of c-Jun N-terminal kinase, p38 kinase and AP-1 DNA
binding in cultured brain neurons: roles in glutamate excitotoxicity and lithium
neuroprotection.  J.  Neurochem. 84, 566-575. doi:10.1046/j.1471-
4159.2003.01548.x

Choo, A. M., Geddes-Klein, D. M., Hockenberry, A., Scarsella, D., Mesfin, M.
N., Singh, P., et al. (2012). NR2A and NR2B subunits differentially mediate
MAP kinase signaling and mitochondrial morphology following
excitotoxic insult. Neurochem. Int. 60, 506-516. doi:10.1016/

j-neuint.2012.02.007

Imprecision in Precision Medicine

FUNDING

JG is supported by National Institute of Health Grant
5T32GMO008208-32. This work was supported, in part, by
National Institutes of Health grants NS117702 to EA.

ACKNOWLEDGMENTS

We thank Hongjie Yuan and Stephen Traynelis for the gift of
plasmids and many useful discussions throughout this project,
and Matthew Phillips and Jon Johnson for help and advice and
preliminary studies performed for this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.773455/
full#supplementary-material

de Ligt, ., Willemsen, M. H., van Bon, B. W., Kleefstra, T., Yntema, H. G., Kroes, T.,
et al. (2012). Diagnostic exome sequencing in persons with severe intellectual
disability. N. Engl. J. Med. 367, 1921-1929. doi:10.1056/NEJMo0al1206524

Emnett, C. M., Eisenman, L. N, Taylor, A. M., Izumi, Y., Zorumski, C. F., and
Mennerick, S. (2013). Indistinguishable synaptic pharmacodynamics of the
N-methyl-D-aspartate receptor channel blockers memantine and ketamine.
Mol. Pharmacol. 84, 935-947. doi:10.1124/mol.113.089334

Engin, A., and Engin, A. B. (2021). N-Methyl-D-Aspartate Receptor Signaling-
Protein Kinases Crosstalk in Cerebral Ischemia. Adv. Exp. Med. Biol. 1275,
259-283. doi:10.1007/978-3-030-49844-3_10

EpiPM Consortium (2015). A roadmap for precision medicine in the epilepsies.
Lancet Neurol. 14, 1219-1228. doi:10.1016/S1474-4422(15)00199-4

Gao, K., Tankovic, A., Zhang, Y., Kusumoto, H., Zhang, J., Chen, W., et al. (2017).
A de novo loss-of-function GRIN2A mutation associated with childhood focal
epilepsy and acquired epileptic aphasia. PLoS One 12, e0170818. doi:10.1371/
journal.pone.0170818

Hartnett, K. A, Stout, A. K, Rajdev, S., Rosenberg, P. A., Reynolds, L. J., and
Aizenman, E. (1997). NMDA receptor-mediated neurotoxicity: a paradoxical
requirement for extracellular Mg2+ in Na+/Ca2+-free solutions in rat cortical
neurons in vitro. J. Neurochem. 68, 1836-1845. doi:10.1046/j.1471-
4159.1997.68051836.x

Ilvento, L., Rosati, A., Marini, C., L’Erario, M., Mirabile, L., and Guerrini, R. (2015).
Ketamine in refractory convulsive status epilepticus in children avoids endotracheal
intubation. Epilepsy Behav. 49, 343-346. doi:10.1016/j.yebeh.2015.06.019

Kawasaki, H., Morooka, T., Shimohama, S., Kimura, J., Hirano, T., Gotoh, Y., et al.
(1997). Activation and involvement of p38 mitogen-activated protein kinase in
glutamate-induced apoptosis in rat cerebellar granule cells. J. Biol. Chem. 272,
18518-18521. doi:10.1074/jbc.272.30.18518

Kellner, S., Abbasi, A., Carmi, I, Heinrich, R., Garin-Shkolnik, T., Hershkovitz, T.,
et al. (2021). Two de novo GluN2B mutations affect multiple NMDAR-
functions and instigate pediatric  encephalopathy. Elife 10.
doi:10.7554/eLife.67555

Khan, S., and Al Baradie, R. (2012). Epileptic encephalopathies: an overview.
Epilepsy Res. Treat. 2012, 403592. doi:10.1155/2012/403592

Kohr, G. (2006). NMDA receptor function: subunit composition versus spatial
distribution. Cell Tissue Res 326, 439-446. doi:10.1007/s00441-006-0273-6

Lemke, J. R., Hendrickx, R., Geider, K., Laube, B., Schwake, M., Harvey, R. ], et al.
(2014). GRIN2B mutations in West syndrome and intellectual disability with
focal epilepsy. Ann. Neurol. 75, 147-154. doi:10.1002/ana.24073

Lemke, J. R, Lal, D., Reinthaler, E. M., Steiner, 1., Nothnagel, M., Alber, M., et al.
(2013). Mutations in GRIN2A cause idiopathic focal epilepsy with rolandic
spikes. Nat. Genet. 45, 1067-1072. doi:10.1038/ng.2728

severe

Frontiers in Pharmacology | www.frontiersin.org

October 2021 | Volume 12 | Article 773455


https://www.frontiersin.org/articles/10.3389/fphar.2021.773455/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.773455/full#supplementary-material
https://doi.org/10.1038/nature12439
https://doi.org/10.1038/nature12439
https://doi.org/10.1093/brain/awaa147
https://doi.org/10.1002/0471142301.ns0718s44
https://doi.org/10.1016/j.nbd.2016.03.007
https://doi.org/10.3389/fncel.2021.692232
https://doi.org/10.1016/s0197-0186(03)00024-x
https://doi.org/10.1016/s0197-0186(03)00024-x
https://doi.org/10.1074/jbc.M402353200
https://doi.org/10.1038/ng.2727
https://doi.org/10.1046/j.1471-4159.2003.01548.x
https://doi.org/10.1046/j.1471-4159.2003.01548.x
https://doi.org/10.1016/j.neuint.2012.02.007
https://doi.org/10.1016/j.neuint.2012.02.007
https://doi.org/10.1056/NEJMoa1206524
https://doi.org/10.1124/mol.113.089334
https://doi.org/10.1007/978-3-030-49844-3_10
https://doi.org/10.1016/S1474-4422(15)00199-4
https://doi.org/10.1371/journal.pone.0170818
https://doi.org/10.1371/journal.pone.0170818
https://doi.org/10.1046/j.1471-4159.1997.68051836.x
https://doi.org/10.1046/j.1471-4159.1997.68051836.x
https://doi.org/10.1016/j.yebeh.2015.06.019
https://doi.org/10.1074/jbc.272.30.18518
https://doi.org/10.7554/eLife.67555
https://doi.org/10.1155/2012/403592
https://doi.org/10.1007/s00441-006-0273-6
https://doi.org/10.1002/ana.24073
https://doi.org/10.1038/ng.2728
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Gale et al.

LePage, K. T., Ishmael, J. E., Low, C. M., Traynelis, S. F., and Murray, T. F. (2005).
Differential binding properties of [3H]dextrorphan and [3H]MK-801 in
heterologously expressed NMDA receptors. Neuropharmacology 49, 1-16.
doi:10.1016/j.neuropharm.2005.01.029

Lesca, G., Rudolf, G., Bruneau, N., Lozovaya, N., Labalme, A., Boutry-Kryza, N.,
et al. (2013). GRIN2A mutations in acquired epileptic aphasia and related
childhood focal epilepsies and encephalopathies with speech and language
dysfunction. Nat. Genet. 45, 1061-1066. doi:10.1038/ng.2726

Li, D., Yuan, H,, Ortiz-Gonzalez, X. R,, Marsh, E. D,, Tian, L., McCormick, E. M.,
et al. (2016). GRIN2D Recurrent De Novo Dominant Mutation Causes a Severe
Epileptic Encephalopathy Treatable with NMDA Receptor Channel Blockers.
Am. ]. Hum. Genet. 99, 802-816. doi:10.1016/j.ajhg.2016.07.013

Li, J., Zhang, J., Tang, W., Mizu, R. K., Kusumoto, H., XiangWei, W., et al. (2019).
De novo GRIN variants in NMDA receptor M2 channel pore-forming loop are
associated with neurological diseases. Hum. Mutat. 40, 2393-2413. doi:10.1002/
humu.23895

Li, X, Xie, L. L., Han, W., Hong, S. Q., Ma, J. N., Wang, J,, et al. (2020). Clinical
Forms and GRIN2A Genotype of Severe End of Epileptic-Aphasia Spectrum
Disorder. Front. Pediatr. 8, 574803. doi:10.3389/fped.2020.574803

Liu, F,, Patterson, T. A., Sadovova, N., Zhang, X, Liu, S., Zou, X,, et al. (2013).
Ketamine-induced neuronal damage and altered N-methyl-D-aspartate
receptor function in rat primary forebrain culture. Toxicol. Sci. 131,
548-557. doi:10.1093/toxsci/kfs296

Liu, S., Zhou, L., Yuan, H., Vieira, M., Sanz-Clemente, A., Badger, J. D., et al. (2017).
A Rare Variant Identified within the GluN2B C-Terminus in a Patient with
Autism Affects NMDA Receptor Surface Expression and Spine Density.
J. Neurosci. 37, 4093-4102. doi:10.1523/JNEUROSCI.0827-16.2017

Liu, X. W,, Ji, E. F,, He, P,, Xing, R. X,, Tian, B. X,, and Li, X. D. (2014). Protective
effects of the p38 MAPK inhibitor SB203580 on NMDA induced injury in
primary cerebral cortical neurons. Mol. Med. Rep. 10, 1942-1948. d0i:10.3892/
mmr.2014.2402

Manzerra, P., Behrens, M. M., Canzoniero, L. M., Wang, X. Q., Heidinger, V.,
Ichinose, T., et al. (2001). Zinc induces a Src family kinase-mediated up-
regulation of NMDA receptor activity and excitotoxicity. Proc. Natl. Acad. Sci.
U S A. 98, 11055-11061. doi:10.1073/pnas.191353598

Marwick, K. F. M., Skehel, P. A., Hardingham, G. E., and Wyllie, D. J. A. (2019).
The human NMDA receptor GluN2AN615K variant influences channel
blocker potency. Pharmacol. Res. Perspect. 7, €00495. d0i:10.1002/prp2.495

Mewasingh, L. D., Sékhara, T., Aeby, A., Christiaens, F. J., and Dan, B. (2003). Oral
ketamine in paediatric non-convulsive status epilepticus. Seizure 12, 483-489.
doi:10.1016/s1059-1311(03)00028-1

Monyer, H., Sprengel, R., Schoepfer, R., Herb, A., Higuchi, M., Lomeli, H., et al.
(1992). Heteromeric NMDA receptors: molecular and functional distinction of
subtypes. Science 256, 1217-1221. doi:10.1126/science.256.5060.1217

Myers, S. J., Yuan, H., Kang, J.-Q., Tan, F. C. K,, Traynelis, S. F., and Low, C.-M.
(2019). Distinct roles of GRIN2A and GRIN2B variants in neurological
conditions. FIO00Res 8, 19408. doi:10.12688/f1000research.18949.1

Ogden, K. K., Chen, W., Swanger, S. A., McDaniel, M. J., Fan, L. Z., Hu, C,, et al.
(2017). Molecular Mechanism of Disease-Associated Mutations in the Pre-M1
Helix of NMDA Receptors and Potential Rescue Pharmacology. Plos Genet. 13,
€1006536. doi:10.1371/journal.pgen.1006536

Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diversity:
impact on receptor properties, synaptic plasticity and disease. Nat. Rev.
Neurosci. 14, 383-400. doi:10.1038/nrn3504

Pierson, T. M., Yuan, H., Marsh, E. D., Fuentes-Fajardo, K., Adams, D. R,
Markello, T., et al. (2014). GRIN2A mutation and early-onset epileptic
encephalopathy: personalized therapy with memantine. Ann. Clin. Transl
Neurol. 1, 190-198. doi:10.1002/acn3.39

Platzer, K., Yuan, H., Schiitz, H., Winschel, A., Chen, W., Hu, C,, et al. (2017).
GRIN2B encephalopathy: novel findings on phenotype, variant clustering,
functional consequences and treatment aspects. J. Med. Genet. 54, 460-470.
doi:10.1136/jmedgenet-2016-104509

Pribish, A., Wood, N., and Kalava, A. (2020). A review of nonanesthetic uses of
ketamine. Anesthesiol Res. Pract. 2020, 5798285. doi:10.1155/2020/5798285

Imprecision in Precision Medicine

Scanlon, D. P., Bah, A., Krzeminski, M., Zhang, W., Leduc-Pessah, H. L., Dong, Y.
N, etal. (2017). An evolutionary switch in ND2 enables Src kinase regulation of
NMDA receptors. Nat. Commun. 8, 15220. doi:10.1038/ncomms15220

Song, X., Jensen, M. @., Jogini, V., Stein, R. A., Lee, C. H., Mchaourab, H. S,, et al.
(2018). Mechanism of NMDA receptor channel block by MK-801 and
memantine. Nature 556, 515-519. d0i:10.1038/s41586-018-0039-9

Srivastava, S., Cohen, J. S., Vernon, H., Barafiano, K., McClellan, R., Jamal, L., et al.
(2014). Clinical whole exome sequencing in child neurology practice. Ann.
Neurol. 76, 473-483. doi:10.1002/ana.24251

Strehlow, V., Heyne, H. O., Vlaskamp, D. R. M., Marwick, K. F. M., Rudolf, G., de
Bellescize, J., et al. (2019). GRIN2A-related disorders: genotype and functional
consequence predict phenotype. Brain 142, 80-92. doi:10.1093/brain/awy304

Swanger, S. A., Chen, W., Wells, G., Burger, P. B., Tankovic, A., Bhattacharya, S.,
et al. (2016). Mechanistic Insight into NMDA Receptor Dysregulation by Rare
Variants in the GluN2A and GluN2B Agonist Binding Domains. Am. J. Hum.
Genet. 99, 1261-1280. doi:10.1016/j.ajhg.2016.10.002

Traynelis, S. F., Wollmuth, L. P., McBain, C.J., Menniti, F. S., Vance, K. M., Ogden,
K. K, et al. (2010). Glutamate receptor ion channels: structure, regulation, and
function. Pharmacol. Rev. 62, 405-496. doi:10.1124/pr.109.002451

Vieira, M., Yong, X. L. H,, Roche, K. W., and Anggono, V. (2020). Regulation of
NMDA glutamate receptor functions by the GluN2 subunits. J. Neurochem.
154, 121-143. doi:10.1111/jnc.14970

Wang, C., Liu, F., Patterson, T. A., Paule, M. G., and Slikker, W. (2017).
Relationship between ketamine-induced developmental neurotoxicity and
NMDA receptor-mediated calcium influx in neural stem cell-derived
neurons. Neurotoxicology 60, 254-259. doi:10.1016/j.neuro.2016.04.015

Watanabe, M., Mishina, M., and Inoue, Y. (1994). Distinct spatiotemporal
expressions of five NMDA receptor channel subunit mRNAs in the
cerebellum. J. Comp. Neurol. 343, 513-519. doi:10.1002/cne.903430402

Xu, Y., Song, R., Chen, W., Strong, K., Shrey, D., Gedela, S., et al. (2021). Recurrent
seizure-related GRIN1 variant: Molecular mechanism and targeted therapy.
Ann. Clin. Transl Neurol. 8, 1480-1494. doi:10.1002/acn3.51406

Yang, Y., Muzny, D. M,, Xia, F,, Niu, Z,, Person, R, Ding, Y., et al. (2014).
Molecular findings among patients referred for clinical whole-exome
sequencing. JAMA 312, 1870-1879. doi:10.1001/jama.2014.14601

Zeiler, F. A. (20152015). Early use of the NMDA receptor antagonist ketamine in
refractory and superrefractory status epilepticus. Crit. Care Res. Pract. 2015,
831260. doi:10.1155/2015/831260

Zhang, Y., Ye, F., Zhang, T., Lv, S., Zhou, L., Du, D., et al. (2021). Structural basis of
ketamine action on human NMDA receptors. Nature 596, 301-305.
doi:10.1038/541586-021-03769-9

Zhao, C,, Du, C. P, Peng, Y., Xu, Z, Sun, C. C, Liu, Y, et al. (2015). The
upregulation of NR2A-containing N-methyl-D-aspartate receptor function by
tyrosine phosphorylation of postsynaptic density 95 via facilitating Src/proline-
rich tyrosine kinase 2 activation. Mol. Neurobiol. 51, 500-511. doi:10.1007/
$12035-014-8796-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Gale, Kosobucki, Hartnett-Scott and Aizenman. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

October 2021 | Volume 12 | Article 773455


https://doi.org/10.1016/j.neuropharm.2005.01.029
https://doi.org/10.1038/ng.2726
https://doi.org/10.1016/j.ajhg.2016.07.013
https://doi.org/10.1002/humu.23895
https://doi.org/10.1002/humu.23895
https://doi.org/10.3389/fped.2020.574803
https://doi.org/10.1093/toxsci/kfs296
https://doi.org/10.1523/JNEUROSCI.0827-16.2017
https://doi.org/10.3892/mmr.2014.2402
https://doi.org/10.3892/mmr.2014.2402
https://doi.org/10.1073/pnas.191353598
https://doi.org/10.1002/prp2.495
https://doi.org/10.1016/s1059-1311(03)00028-1
https://doi.org/10.1126/science.256.5060.1217
https://doi.org/10.12688/f1000research.18949.1
https://doi.org/10.1371/journal.pgen.1006536
https://doi.org/10.1038/nrn3504
https://doi.org/10.1002/acn3.39
https://doi.org/10.1136/jmedgenet-2016-104509
https://doi.org/10.1155/2020/5798285
https://doi.org/10.1038/ncomms15220
https://doi.org/10.1038/s41586-018-0039-9
https://doi.org/10.1002/ana.24251
https://doi.org/10.1093/brain/awy304
https://doi.org/10.1016/j.ajhg.2016.10.002
https://doi.org/10.1124/pr.109.002451
https://doi.org/10.1111/jnc.14970
https://doi.org/10.1016/j.neuro.2016.04.015
https://doi.org/10.1002/cne.903430402
https://doi.org/10.1002/acn3.51406
https://doi.org/10.1001/jama.2014.14601
https://doi.org/10.1155/2015/831260
https://doi.org/10.1038/s41586-021-03769-9
https://doi.org/10.1007/s12035-014-8796-4
https://doi.org/10.1007/s12035-014-8796-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Imprecision in Precision Medicine: Differential Response of a Disease-Linked GluN2A Mutant to NMDA Channel Blockers
	Introduction
	Methods
	Materials
	Neuronal Cultures
	Transfections
	Confocal Imaging and Bleb Analysis
	Lactate Dehydrogenase Assays
	Luciferase Viability Assays
	Immunoblotting
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


