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GRINZ2D Recurrent De Novo Dominant Mutation
Causes a Severe Epileptic Encephalopathy
Treatable with NMDA Receptor Channel Blockers
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N-methyl-D-aspartate receptors (NMDARs) are ligand-gated cation channels that mediate excitatory synaptic transmission. Genetic
mutations in multiple NMDAR subunits cause various childhood epilepsy syndromes. Here, we report a de novo recurrent
heterozygous missense mutation—c.1999G>A (p.Val667Ile)—in a NMDAR gene previously unrecognized to harbor disease-
causing mutations, GRIN2D, identified by exome and candidate panel sequencing in two unrelated children with epileptic
encephalopathy. The resulting GluN2D p.Val667Ile exchange occurs in the M3 transmembrane domain involved in channel
gating. This gain-of-function mutation increases glutamate and glycine potency by 2-fold, increases channel open probability by
6-fold, and reduces receptor sensitivity to endogenous negative modulators such as extracellular protons. Moreover, this mutation
prolongs the deactivation time course after glutamate removal, which controls the synaptic time course. Transfection of cultured
neurons with human GRIN2D cDNA harboring ¢.1999G>A leads to dendritic swelling and neuronal cell death, suggestive of
excitotoxicity mediated by NMDAR over-activation. Because both individuals’ seizures had proven refractory to conventional anti-
epileptic medications, the sensitivity of mutant NMDARs to FDA-approved NMDAR antagonists was evaluated. Based on these re-
sults, oral memantine was administered to both children, with resulting mild to moderate improvement in seizure burden and
development. The older proband subsequently developed refractory status epilepticus, with dramatic electroclinical improvement
upon treatment with ketamine and magnesium. Overall, these results suggest that NMDAR antagonists can be useful as adjuvant
epilepsy therapy in individuals with GRIN2D gain-of-function mutations. This work further demonstrates the value of func-
tionally evaluating a mutation, enabling mechanistic understanding and therapeutic modeling to realize precision medicine for
epilepsy.

Introduction this allows the ready detection of biparentally inherited
mutations, as well as detection of de novo dominant mu-
tations. De novo variants are increasingly appreciated to
be a common genetic basis for the epileptic encephalop-

The epileptic encephalopathies, a spectrum of conditions
manifesting with intractable seizures and neurodevelop-

mental disabilities, have a diverse range of etiologies
including an increasing number of monogenic disorders.
Establishing the precise genetic etiology in individ-
uals has become increasingly possible in the rapidly
advancing age of massively parallel sequencing analyses.
However, pursuit of clinically available molecular studies
is able to provide a definitive diagnosis only in an

athies and neurodevelopmental disorders.” Still, the clin-
ical laboratory diagnosis of pathogenic mutations is
limited to prior-defined genes. Identification of either
variants of uncertain significance in prior-defined genes
or predicted pathogenic mutations in genes previously
unrecognized to have disease-causing mutations poses
challenges for clinical diagnosis. In either scenario, con-

estimated 25% to 41% of such cohorts.' ™ The likelihood
of success is increased if broad-based exome- or genome-
sequencing studies are pursued in familial trios, because

fidence in establishing the correct disease etiology can
be garnered by identifying multiple individuals having
similar variants in the same gene who share similar
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phenotypic presentations. However, reaching definitive
confirmation of the disease etiology, as well as mecha-
nistic insight into the disease process, requires func-
tional validation in cellular and/or animal model
systems. Indeed, such insights become critical to develop
and test targeted therapies that are tailored to the spe-
cific underlying pathophysiology of rare Mendelian
disorders.

N-methyl-D-aspartate receptors (NMDARs) are ligand-
gated cation channels that mediate a slow calcium-
permeable component of excitatory synaptic trans-
mission in brain.® NMDAR mutations (GRINI [MIM:
138249], GRIN2A [MIM: 138253], GRINZ2B [MIM:
138252]) have been identified in neurological disorders,
including epilepsy.” "' Here, we report a genetic disorder
caused by a de novo, recurrent, missense mutation
c.1999G>A (p.Val667Ile) in GRIN2D (MIM: 602717)
that was identified by exome and panel sequencing in
two unrelated children with epileptic encephalopathy.
Two affected individuals were recruited under research
protocols approved by their respective institutions’
IRB with informed consent. The family of each subject
sequenced provided written consent and all work
was in accordance with proper IRB-approved protocol.
Extensive functional characterization of this NMDAR
mutation in heterologous expression systems revealed
that its pathogenicity is multifactorial. Indeed, it was
found to reflect a combination of enhanced charge trans-
fer during channel activation derived from its reduced
sensitivity to negative allosteric modulators, prolonga-
tion of the synaptic response time course, increased
probability that agonist-bound receptors will open, and
increased response to submaximal concentrations of
agonists.

Because seizures in both affected children were refrac-
tory to conventional antiepileptic medications, in vitro
pharmacologic studies were performed to test the sensi-
tivity of mutant receptors to FDA-approved NMDAR
antagonists. Based on these data, oral memantine was
used off-label as adjunctive therapy in both children
and led to a modest improvement in seizure control
in one of them and parental reports of developmental
improvements in both. The older proband was taken
off memantine and months later her seizures became
near continuous, at which point she was treated for
subclinical status epilepticus. Although her subclinical
status was refractory to both midazolam- and pento-
barbital-induced coma, a uniquely synergistic therapy
of ketamine and magnesium was tried based on the
in vitro data that remarkably led to seizure freedom
and dramatic electroencephalogram (EEG) as well as clin-
ical improvement. These results suggest that NMDAR
antagonists and magnesium might be useful adjunc-
tive therapy to control seizures in individuals with
GRIN2D gain-of-function mutations in pore-forming
regions of the receptor. This further demonstrates the
promise of personalizing therapeutic regimens to func-

tionally validated genetic etiologies and specific disease
mechanisms.

Material and Methods

Molecular Studies

Whole-Exome Sequencing and Bioinformatics Analytic Methods Per-
formed in Proband 1

After institutional review board (IRB)-approved informed consent,
blood was obtained from proband 1 and ultimately both of her un-
affected parents. Exome sequencing was performed only on the
proband and her mother, however, because her father was not
available at the beginning of the study. Exons were captured
from qualified fragmented genomic DNA samples using the
SureSelect Human All Exon 51 Mb kit (Agilent Technologies).
Paired-end 101-base massively parallel sequencing was carried
out on the Illumina HiSeq2000 platform (Illumina), according to
the manufacture’s protocols. Base calling was performed by the
Illumina CASAVA software (v.1.8.2) with default parameters.
Sequencing reads passing the quality filter were aligned to the
human reference genome (GRCh37-derived alignment set used
in 1000 Genomes Project) with Burrows-Wheeler aligner (BWA
v.0.6.2)."* PCR duplicates were removed with Picard (v.1.97).
The Genome Analysis Toolkit (GATK v.2.6)"* was used to reca-
librate base quality scores, realign around insertions/deletions
(indels), and generate variant calls. All variants were then anno-
tated by ANNOVAR' and SnpEff (v.2.0.5)'° to collect amino
acid change, protein functional effect, conservation score, minor
allele frequency (MAF), and output from prediction programs
(SIFT, PolyPhen-2, LRT, and MutationTaster). Variants were priori-
tized under both autosomal-dominant and -recessive models to
exclude variants with the following factors: (1) synonymous vari-
ants, (2) variants in known pseudogenes, (3) variants having a
MAF of greater than or equal to 1% in either the 1000 Genomes
Project or the 6,503 exomes from the National Heart, Lung, and
Blood Institute Exome Sequencing Project (ESP6500SI), (4) vari-
ants having a conservation score GERP++ less than 2, and (5) var-
iants that were predicted by SIFT/PolyPhen-2 scores to be benign.
After filtering, no potentially candidate with paired mutations in a
gene survived. To facilitate identification of de novo dominant
variants, we presumed that the variants responsible for the disease
would be rare and probably absent in the general population.
Therefore, we selected for variants not present in 1000 Genomes
Project and not identified in control subjects by our in-house
exome variant database. The de novo dominant variants identified
were then further filtered to exclude variants that had a MAF of
greater than 0.05% in ESP6500SI. Validation of surviving domi-
nant mutation candidates was performed by standard Sanger
sequencing.

Candidate Gene Panel Sequencing and Bioinformatics Analytic Methods
Performed in Proband 2

Genetic testing was performed with a epilepsy panel that includs a
few previously unrecognized gene candidates that were largely
chosen due to their gene families. Methods were performed as
previously described.'® In brief, coding regions and exon-intron
boundaries were enriched using Agilent SureSelect technology fol-
lowed by next-generation sequencing on the Illumina HiSeq2500
platform. Reads were aligned using Burrows Wheeler Aligner
(BWA-mem 0.7.2) with hg19 as reference genome. Unambiguous
reads were removed with Picard 1.14. Variant calling was per-
formed with SAMtools (v.0.1.18) and VarScan (v.2.3). Variants
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were then selected with a MAF below 5% (according to 1000
Genomes, dbSNP, ESP6500SI, and in-house database). More than
98% of targets had at least 30x coverage. Validation of detected
variants and segregation analysis were performed by Sanger
sequencing.

Electrophysiology and GluN2D-p.Val667Ile

Functional Evaluation

For this study we utilized cDNA for wild-type (WT) human
NMDAR GluN1-1a (hereafter GluN1) and GluN2D subunits in
pCl-neo (GluN2D; GenBank: NP_015566 and NP_000827.1)."7
The mutant GluN2D was generated by site-directed mutagenesis
using the QuikChange protocol (Stratagene). Synthesis and injec-
tion of cRNA into Xenopus laevis oocytes (obtained from Ecocyte)
as well as two-electrode voltage-clamp (TEVC) recordings from
oocytes were performed as previously described.'® The recording
solution contained (in mM) 90 NaCl, 1 KCI, 10 HEPES, 0.5
BaCl,, 0.01 EDTA (pH 7.4). The membrane potential was held
at —40 mV for all TEVC recordings from oocytes unless otherwise
stated. The concentration-response curves were fitted with

Response = 100% / (1 + (ECso / [agonist])N> (Equation 1)

Response (%) = (100 - minimum) / <1 - ([concentration]/ ICSO)N>

+ minimum
(Equation 2)

where N is the Hill slope, ECs is the concentration of the agonist
that produces a half-maximal effect, ICsy is the concentration of
the antagonist that produces a half-maximal effect, and minimum
is the degree of residual inhibition at a saturating concentration of
the antagonist. The channel open probability (Popgn) can be esti-
mated with the following equation:'’

Poren = (Ymrsea/Ycontror) X (1/ Potentiation)  (Equation 3)

where yyrsea and yYcontror, Were estimated from GluN1/GluN2A
receptors.”’

The response time course was evaluated using whole-cell
voltage-clamp recordings on transiently transfected HEK293 cells
at —60 mV (23°C) with an Axopatch 200B amplifier (Molecular
Devices). Recording electrodes (3-5 MQ) were made from thin
wall glass micropipettes (TW150F-4, World Precision Instruments)
pulled using a vertical puller (Narishige P-10) and filled with
(in mM) 110 D-gluconate, 110 CsOH, 30 CsCl, 5 HEPES, 4 NaCl,
0.5 CaCl,, 2 MgCl,, 5 BAPTA, 2 NaATP, and 0.3 NaGTP
(pH 7.35). The external solution contained (in mM) 150 NaCl,
10 HEPES, 30 D-mannitol, 3 KCI, 1.0 CaCl,, 0.01 EDTA at 23°C
and pH 7.4. Rapid solution exchange and data analysis were per-
formed as previously described.'® Deactivation time course after
rapid removal of glutamate was fitted with

Response = Ampy,; (exp (-time / taugasr))

+ Ampyg oy (exp (-time / tausiow)) (Equation 4)

Unitary currents from single channels were recorded in excised
outside-out patches from transfected HEK293 cells that were
exposed to 1 mM glutamate and 50 pM glycine and in an external
solution at pH 8.0. Single-channel properties including unitary cur-
rent, mean channel open time, and open probability within a burst
were evaluated in recordings at a holding potential of —80 mV.
Recording electrodes were made from thick-wall glass pipettes

(G150F-4, Warner Instruments) pulled using a vertical puller (Nar-
ishige PP-830), coated with Sylgard (Dow Corning), and then fire-
polished to 7.5-11 MQ. The composition of recording solution
and internal solution were the same as used for whole-cell voltage-
clamp recording. The data were analyzed using QUB and the mean
open time distributions were fitted using ChanneLab (Synaptosoft).

Neuronal Excitotoxicity

All procedures involving the use of animals were reviewed
and approved by the University of Pittsburgh IACUC. Mixed
neuronal/glial cortical cultures were derived from E17 Sprague
Dawley rats and maintained as previously described.”’ Neurons
were transfected at 19-20 DIV utilizing Lipofectamine 2000.%*
Cells were transfected with the following plasmid mixtures
(total of 2.5 pg total DNA/mL): 0.625 pg pUHC13-3 luciferase,
0.875 ng pEGFP-N1, and 1 pg of either pClneo (vector), human
GIluN2D, or human GluN2D-p.Val6671le. Transfection efficiency
was approximately 6%-10%. Half of the transfected cultures
were treated with 50 uM memantine until analysis. For morpho-
logical examination, cells were visualized 24 hr after transfection
at 20x and 60x magnification with a Nikon A1+ confocal micro-
scope. For cell toxicity assays, a luciferase viability assay was
employed 48 hr after transfection, as previously described.”
This assay measures viability only in the transfected cells by deter-
mining the expression of luciferase using a commercially available
kit (Steadylite, Perkin Elmer). We have previously established that
luciferase activity correlates precisely with number of live neurons,
as measured with alternative methods.”* Nonetheless, luciferase
toxicity assay results were confirmed by cell counts for selected
groups performed by a person blinded to the treatment groups.
Counts were performed of GFP-positive cells transfected with
either GIuN2D or GluN2D-p.Val667Ile. Similar to the luciferase
assay, a subset of cells transfected with the mutant subunit were
exposed to memantine after the transfection. Counts were per-
formed 72 hr after the initiation of the transfection, in order to
ensure that dead cells had disintegrated. Each group consisted of
three coverslips, with 30 fields at 20X magnification counted for
each coverslip in four independent experiments.

Screening of FDA-Approved NMDAR Antagonists
FDA-approved drugs that act as NMDAR open channel blockers
were evaluated using voltage clamp recordings from Xenopus
oocytes co-expressing GluN1 with the WT or mutant GluN2D.
The composite concentration-effect curves were recorded at a
holding potential of —40 mV and fitted with the Equation 2 to
determine the ICs, value.

Statistical Analysis

Data are presented as the mean + the standard error of the mean,
and significance tested using a two-tailed unpaired t test or
ANOVA, as appropriate. Significance was set at p < 0.05. Analysis
of neurotoxicity was performed in a blinded fashion.

Results

Clinical Phenotype

Proband 1

Proband 1 is an 8.5-year-old biracial girl of African Amer-
ican and European descent who presented to Genetics
Clinic at The Children’s Hospital of Philadelphia for
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evaluation since infancy of intractable epilepsy, global
developmental delay, and static encephalopathy. After
decreased fetal movements noted late in pregnancy, she
was born at full-term to a G3P,_, 3 mother with meconium
aspiration, stridor, and reflux. Clinical concern for seizures
was first noted at 4 months of age due to episodic whole-
body tremors as well as daily episodes of eye fluttering
with arrest of activity. At the age of 10 months, video
EEG monitoring revealed frequent spikes and waves in
the posterior quadrants while awake. During sleep, her
EEG became hypsarrhythmic with a highly disorganized,
high-voltage, and multifocal spike and wave discharge
recorded throughout. Proband 1’s development, move-
ment disorder, pedigree, extensive diagnostic evaluation,
and prior treatment are described in the Supplemental
Note. Clinical testing results were unrevealing, leading to
performance of research-based whole-exome sequencing
analysis, as detailed in Material and Methods.

Proband 2

Proband 2 is a Tunisian girl born at 38 weeks’ gestation to a
G,P; _,, mother after an unremarkable pregnancy; she had
congenital hypotonia noted in the neonatal period. Clin-
ical concern for seizures was first raised at 2 months of
age due to a several-second episode of right cheek twitch-
ing, drooling, tongue deviation, and apnea. At 6 months
of age, she experienced two episodes on consecutive days
of abnormal tongue movements and cyanosis. EEG re-
vealed sharp and spike wave discharges at the right tempo-
ral area. Over the next several weeks, three additional
episodes of abnormal tongue movements and a general-
ized seizure occurred. Her epilepsy proved therapy resistant
to standard antiepileptic drugs (phenobarbital, valproic
acid, levetiracetam), steroids, and vitamin B6, as her
EEGs continued to reveal multifocal spike discharges espe-
cially in the bioccipital area. Brain MRI, head ultrasound,
and electromyogram (EMG) were normal. Clinical genetic
diagnostic testing was limited to a blood karyotype, which
was normal. Her developmental history, review of systems,
pedigree, results of metabolic testing, and physical exami-
nation findings are described in the Supplemental Note.
Epilepsy candidate gene panel sequencing was performed
on a research basis, as detailed in Material and Methods.

Identification of a Recurrent, De Novo, Heterozygous
Mutation in GRIN2D

After the whole-exome sequencing data filtering strategy (as
described in Material and Methods and Table S1), only seven
dominant candidates were present in proband 1 and not in
her unaffected mother (Table S2, father’s sample was not
available at the time of exome analysis; see Supplemental
Note for full clinical details). Among these, a missense
variant, ¢.1999G>A (p.Val6671le), identified in GRIN2D
(GenBank: NM_000836.2), was selected as the most likely
disease-causing candidate based on NMDAR being known
to control synaptic plasticity and memory function,** and
the GIuN2D subunit being highly expressed in neonatal
brain.?® This heterozygous mutation was absent from 1000

Genomes Project, ESP6500SI, EXAC v.0.3, or additional
exome-sequence data from more than 2,000 samples that
we had previously sequenced in our in-house database.”**’
Sanger sequencing in blood from proband 1 and both par-
ents confirmed that this mutation was present only in pro-
band 1 (Figure 1A). Independently, candidate epilepsy panel
sequencing in proband 2 also revealed a ¢.1999G>A
(p.Val667Ile) variant in GRIN2D and Sanger sequencing
confirmed that the variant occurred de novo (see Material
and Methods and Supplemental Note for full clinical details).

The Val667 residue is highly conserved across vertebrate
species (Figure 1B), as well as within the four GluN2 sub-
units, suggesting that it may serve an essential role in
NMDAR function. Val667 resides in the M3 transmem-
brane domain, which forms the membrane-spanning
ion channel core, and is located very close to the highly
conserved motif (SYTANLAAF) that controls channel
gating (Figures 1B and 1C).”"***° The M3 transmembrane
helix forms a helical bundle crossing that occludes ion
permeation through the central pore, which is considered
to be a key component of the channel gate. We hypothe-
sized that replacement of valine by isoleucine at this posi-
tion leads to a gain of function by either stabilizing the
open state of the ion channel pore or lowering the activa-
tion energy for channel opening.

Functional Evaluation of the Mutant GluN2D
Receptor

The mutant GluN2D-p.Val667Ile was co-expressed with
GIluN1 in Xenopus laevis oocytes and its pharmacological
properties were evaluated by two-electrode voltage clamp
recording. Agonist potencies (ECs, the agonist concentra-
tions that can produce a half-maximal current response)
were determined for glutamate and glycine. NMDARs that
contain GluN2D-p.Val6671Ile showed a statistically signifi-
cant 1.5-fold reduction in the ECsq value (i.e., increased
potency) for glutamate (0.26 uM versus 0.40 pM of wild-
type [WT] in the presence of 100 uM glycine) and a
1.7-fold reduction for glycine (0.07 uM versus 0.12 uM of
WT in the presence of 100 uM glutamate) (Figures 2A and
2B; Table 1). These data indicated that the observed muta-
tion in the epilepsy probands’ NMDAR can be activated
by lower concentrations of these co-agonists than those
required in wild-type NMDARs.

Proton sensitivity was assessed by comparing the current
amplitude at pH 6.8 to that observed at pH 7.6. The data
showed that the mutant receptor has more current remain-
ingat pH 6.8 (63% versus 33% in the WT, p < 0.05, unpaired
t test; Figure 2C; Table 1), suggesting that the mutation
produces a substantial reduction in tonic in proton inhibi-
tion, which should increase the current flowing through
NMDARs when bound by agonist. Together, these data sup-
porttheidea that GluN2D-p.Val667Ile-containing NMDARSs
will be overactive as a result of both the increased activation
at low concentrations of agonists and the reduced proton
inhibition. The resulting enhanced excitatory drive may
contribute to the individual’s epileptic phenotype.
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Figure 1. Genetic and Protein Alteration of GRIN2D and GluN2D

(A) Pedigrees and genotypes of a de novo mutation ¢.1999G>A (p.Val6671le) identified in both unrelated kindreds.

(B) Schematic topology represents a GluN2D subunit, where asterisk indicates the position of the p.Val6671le variant. The Val667 residue
is highly conserved across vertebrate species and all GluN2 subunits.

(C) The red asterisk in the cartoon indicating the domain arrangement of a GlJuN2D subunit shows the position of Val667 in the trans-
membrane domain (M3) (left). A homology model of GIuN2D subunit, shown as space fill, was built from the GluN1/GluN2B crystal-
lographic data®”** using Muscle for sequence alignment, Modeler to build the homology model, and the Schrodinger Modeling for
model refinement (middle). The location on the M3 transmembrane helix is show in an expanded panel (right).

Evaluation of Response Time Course and Channel GluN2D-p.Val6671Ile on the time course of NMDARs in
Open Probability of the Mutant GluN2D Receptor response to rapid application and removal of glutamate
The deactivation time course for NMDAR responses (in the presence of saturating glycine). The NMDAR cur-
after rapid removal of glutamate controls the time rent response time course after glutamate removal was
course of the NMDAR component of the excitatory post- recorded using a piezoelectric rapid solution exchange
synaptic current. We therefore evaluated the effect of system and whole-cell patch-clamp recordings of WT
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Figure 2. The Mutant GluN2D-p.Val667lle Changes NMDAR Pharmacological Properties

(A and B) The composite glutamate (in the presence of 100 pM glycine) (A) and glycine (in the presence of 100 uM glutamate) (B) con-
centration-response curves show an increased agonist potency in the mutant receptors compared to the WT receptors.

(C) Summary of proton sensitivity of WT GluN2D and mutant receptors, evaluated by current ratio at pH 6.8 to pH 7.6. *p < 0.05
compared to WT GIuN2D, unpaired t test. Error bars show SEM, which were calculated from 20 and 28 independent recordings for

WT and mutant receptors, respectively.

GluN1/GIluN2D or mutant GluN1/GluN2D-p.Val6671le
co-transfected into HEK293 cells. Although HEK293 cells
do not express NMDARs, they have been used exten-
sively to investigate properties of recombinant NMDARs,
which show remarkable similarity to properties of native
NMDARs.® The deactivation time course of the mutant
NMDAR after removal of glutamate could be described by
two exponential components, which were prolonged in
mutant receptors. The weighted time constant (tv) from
these exponential fits increased from 4,530 ms for the
WT NMDARs to 7,020 ms for mutant NMDAR (n = 6; Fig-
ures 3A and 3B; Table 2). We also briefly moved the cell
into glutamate solution for 5 ms (brief application) to
mimic synaptic release of glutamate in the central nervous
system. Analysis of the response time course for this para-
digm showed that the mutant NMDARs again deactivated
with a slower time course (tw 6,100 ms) compared to WT
GIluN1/GIuN2D receptors (4,090 ms; Figures 3A and 3B).
The slower deactivation time constant is consistent with
the increased glutamate potency.*’

Previous studies have shown that MTSEA (2-aminoethyl
methanethiosulfonate hydrobromide) modification of a
variant (p.Ala652Cys) within GluN1 SYTANLAAF gating re-
gion can lock NMDARs in open state.”””® If we assume
open probability of the covalently modified receptor in-
creases to a value near 1, the degree of potentiation of the
open probability will be reciprocally related to the channel
open probability before MTSEA treatment. We used this
approach to assess the effects of GluN2D-p.Val6671le on
the channel open probability (see Equation 3 in Material
and Methods).' The data indicate that agonist-bound
mutant channels expressed in oocytes have a 10-fold higher
open probability (0.06) than WT receptors (0.006) (Figures
3C and 3D; Table 1).

To further assess the effects of this mutation on NMDAR
function, we recorded single-channel currents activated
by maximally effective concentration of glutmate and
glycine in outside-out patches excised from HEK cells tran-
siently expressing human GluN2/GIluN2D receptors. Anal-

ysis for WT GluN1/GluN2D receptors gave unitary currents
with two prominent sublevels with a chord conductance of
65 = 1.2 pSand 42 + 1.2 pS (n = 3) (assuming a reversal
potential of 0). Mutant GluN1/GluN2D-p.Val6671le recep-
tors had similar chord conductance values (67 + 0.8 pS
and 42 = 0.6 pS, n = 4; p = 0.134 and 0.918, unpaired
t test), suggesting that this mutation did not alter the ion
permeation properties. However, the mean channel open
time increased 6-fold to 5.2 + 0.03 ms (n = 4) for the
mutant compared to 0.76 + 0.03 ms (n = 3) (p < 0.01,
unpaired t test) for the WT receptors (Figures 3E and 3F;
Table 1). Open probability during stretches of the recording
with no double openings also increased 6-fold to 0.48 =+
0.002 (n = 4) from 0.08 + 0.001 (n = 3; p < 0.01, unpaired
t test) in WT GluN1/GluN2D receptors. Because outside-
out patches in this experiment probably contained more
than a single active channel, our measurement of open
probability for WT GluN1/GluN2D is an overestimate of
the probability that a single channel will open. However,
for mutant GluN1/GluN2D-p.Val6671le receptors, we
analyzed only stretches of the data record that contained
a single active channel, which were unambiguous given
the high open probability. These data further support the
classification of this variant as producing a strong gain-of-
function, are consistent with the apparent increase in
agonist potency (Table 1), and raise the possibility that
activation of NMDARs that contain the mutant subunit
will enhance neuronal excitability in neurons expressing
GluN2D.

Neuronal Excitotoxicity Induced by the Mutant
GluN2D Receptor

Over-activation of NMDARs is well known to trigger
excitotoxic cell death through excessive influx of calcium
(Ca®>").*! In order to assess the potential toxicity of
GluN2D-p.Val667Ile expression, rat cortical neurons were
maintained in culture for >20 days and transfected with
either WT or mutant NMDAR GIuN2D subunits. Neuronal
health was assessed both visually at 24 hr and via decrease
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Table 1. Summary of Pharmacological and Biophysical Properties
WT p.Val667lle

Glutamate, 0.40 + 0.04 (42) 0.26 + 0.02 (43)*

ECso, 1M (n)

Glycine, 0.12 = 0.005 (23) 0.07 = 0.008 (26)*

ECso, 1M (n)

Proton inhibition, 33% = 0.9% (20) 63% + 2.2% (28)*

% (n)*

Amplitude 21 = 8.5 37 £ 6.9*

(peak, pA/pF)

Amplitude 19 £ 7.2 35 = 6.8*

(SS, pA/pF)

Iss/Ippax 0.95 + 0.02 0.95 + 0.01

Rise time (ms) 8.7 + 0.3 8.7 £ 0.2

TrasT (MS) 1,448 + 154 2,920 + 490

Tspow (MS) 5,735 = 177 12,377 += 3,878

%TRAST 28% 42%

Tw (mSs) 4,523 + 84 7,021 + 565*

Charge transfer, 94,233 267,778*

PA x ms/pF

n 6 6

% Potentiation 16,120 * 2,248 1,412 + 153

by MTSEA

Calculated Poppn 0.006 + 0.001 0.06 + 0.008*

n 22 32

Mean open time, ms 0.76 = 0.03 5.2 = 1.2

n 3 4

*p < 0.05, unpaired t test, compared with the wild-type (WT). The ECsq
for glutamate was determined in 100 pM glycine and the ECsq for glycine
was determined in 100 uM glutamate. The weighted time constant was
calculated by Equation 4. Charge transfer was estimated for the response to
5 ms application of glutamate as the product of amplitude and weighted .
*The proton sensitivity was assessed by comparing the percent of the current at
pH 6.8 to that at pH 7.6.

in luciferase expression as an index of cell viability 48 hr
later.”” Expression of WT GIuN2D was relatively innocuous
to the cells, with no observable changes in morphology and
no significant effect on viability (Figure 4). In contrast,
neurons expressing GluN2D-p.Val667Ile showed pro-
nounced dendritic swelling 24 hr after transfection in
all experiments. Assessment of the overall viability in these
cultures showed that the expression of the mutant GluN2D-
p-Val667Ile produced >50% lethality when luciferase was
assayed 48 hr after the initiation of transfection. Both the
morphological abnormalities and the toxicity in GluN2D-
p-Val6671le-expressing cells could be prevented by the
continuous presence of an NMDAR channel blocker, mem-
antine (50 uM) (Figure 4), suggesting that over-activation of
the mutant receptor was responsible for its deleterious
actions on neurons. Consistent with the results from the
luciferase assay, transfection of a construct encoding
GluN2D-p.Val6671le induced cell death assessed by count-
ing viable GFP-expressing cells at 72 hr after transfection,

and the neurotoxicity was blocked by memantine (see
Figure 4B, insert).

Screening of FDA-Approved NMDAR Antagonists
Because conventional antiepileptic drugs did not provide
adequate control of the two probands’ seizures, we evaluated
several FDA-approved NMDAR antagonists for their ability to
inhibit receptors containing GluN2D-p.Val667Ile (Table 2).
Of these agents, memantine had been indicated to have anti-
convulsant effects in animal models of epilepsy** and also
has been used previously in children without side ef-
fects.**** Interestingly, memantine was previously used to
treat one individual with a gain-of-function GRIN2A muta-
tion (c.2434C>A [p.Leu812Met]), which was associated
with increased sensitivity to agonists, increased open proba-
bility, and reduced Mg?* sensitivity.>> Memantine treatment
of that individual with drug-resistant epileptic encephalop-
athy resulted in a substantial reduction in his seizure
burden.*® In vitro analysis in oocytes indicated that meman-
tine inhibited GluN2D-p.Val667Ile-containing NMDARSs
with an ICs of 4.0 uM compared with 0.57 uM for the WT
GluN2D-containing NMDARs (Figure 5A; Table 2). We also
evaluated the inhibition of other FDA-approved NMDAR
channel blockers—dextromethorphan, dextrorphan, aman-
tadine, and ketamine—on currents arising from GIluN2D-
p-Val6671le-containing NMDARs. Both dextromethorphan
and its metabolite dextrorphan showed reduced potency
on p.Val667Ile-containing NMDARs in comparison to WT
NMDARs (3.3-fold and 4.2-fold, respectively; Table 2).
Ketamine, an anesthetic, inhibited the GluN1/GIuN2D-
p-Val667lle with an ICso of 8.1 pM compared with
2.2 uM for the WT GIuN1/GluN2D (Figure 5B; Table 2).
These data indicated that NMDAR channel blockers can
reduce GIluN2D-p.Val6671le-mediated NMDAR hyperac-
tivity, although at a modestly reduced potency compared
to WT receptors.

Voltage-dependent Mg®" inhibition is an important
feature of NMDAR function. The Mg®" inhibition on
GluN2D-p.Val6671le was evaluated by two experiments.
The concentration-response curves for Mg*" block showed
a small but statistically significant 1.3-fold reduction in po-
tency that was manifest as an increase in the ICsq value
from 220 uM for WT NMDARs to 346 pM for NMDARs con-
taining GluN2D-p.Val6671le (—60 mV holding potential;
p < 0.05, unpaired t test) (Figure 5C; Table 2). Evaluation
of the current-voltage relationship (Figure 5D) indicated
a comparable current flow in the mutant receptors
compared to the WT receptors at negative holding poten-
tials in the presence of 0.3 mM, 1.0 mM, and 3.0 mM of
Mg*" (e.g., the current ratio was 0.31 = 0.03 of p.Val667Ile
versus 0.29 = 0.01 of WT at —45 mV in the presence of
1.0 mM Mg*", p = 0.66, unpaired t test).

Clinical Response of GRIN2D Probands to NMDA
Receptor Antagonists

After the GRIN2D variant was identified and in vitro data
were obtained, proband 1 (see Supplemental Note for
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Figure 3. The Mutant GluN2D-p.Val667lle Changes Response Time Course and Channel Open Probability

(A) The p.Val6671le mutation prolongs deactivation time course of GIluN2D receptors. Normalized representative current response of di-
heteromeric NMDARs (WT GluN2D and GluN2D-p.Val6671le) to 1 mM glutamate applied for 1.5 s (left) or 5 ms (right) (VyoLp —60 mV);
50 puM glycine was present in all solutions.

(B) Summary of weighted deactivation tau of WT GluN2D and mutant receptors. Error bars show SEM, which were calculated from six
independent recordings.

(C) Representative current traces evoked by agonists (100 pM glutamate and glycine) followed by 200 pM MTSEA were determined by
TEVC recordings from Xenopus oocytes expressing GluN1-p.Ala652Cys/GIluN2D (left) and GluN1-p.Ala652Cys/GluN2D-p.Val6671le
receptors (right).

(D) Summary of estimated Popen of WT GIuN2D and mutant receptors determined in oocytes. Error bars show SEM, which were calcu-
lated from 22 and 32 independent recordings of WT and mutant receptors, respectively.

(E) Representative current traces of steady-state recordings from an outside-out patch containing WT (left) and the mutant (right)
NMDARs. Unitary currents were activated by 1 mM glutamate and 50 pM glycine. Abbreviations are as follows: C, close; O, open.

(F) Summary of channel mean open time of WT GluN2D and mutant receptors. *p < 0.05 compared to WT GluN2D, unpaired
t test. Error bars show SEM, which were calculated from three and four independent recordings for WT and mutant receptors,
respectively.

pre-treatment details) was started on memantine at age 20 mg daily, equivalent to 0.85 mg/kg/day). Prior to initi-
6.5 years and titrated up in dose (started at 2 mg daily ation of memantine treatment, she had intermittent
for 1 week and increased by 2 mg weekly to a goal of events of lethargy, emesis, and right-sided weakness that
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Table 2. Summary of FDA-Approved NMDA Receptor Channel
Blocker Analyses

Name Class WT IC5o p.-Val667lle IC5o
Memantine AD drug 0.57 £ 0.04 4.0 £ 09*
(10; 92%) (9; 92%)
Dextromethorphan  antitussive 4.0 = 0.4 13 + 1.6*
(12; 90%) (7; 88%)
Dextrorphan metabolite  0.60 + 0.09 2.5 + 0.4*
(10; 94%) (8; 93%)
Amantadine antiviral 34 £ 1.8 189 + 26*
(8; 88%) (8; 86%)
Ketamine anesthetic 2.2 + 0.31 8.1 + 2.3*
(11; 91%) (11; 89%)
Mg+ 221 + 20 346 + 39*
(12; 84%) (15; 78%)

1C50, mean = SEM, uM (n; max inhibition% at 100 uM for memantine, 300 uM
for dextromenthorphan, 30 uM for dextrorphan, 1,000 uM for amantadine,
100 uM for ketamine, 1,000 uM for Mg“). Abbreviation is as follows: AD, Alz-
heimer disease. *p < 0.05, compared to WT, unpaired t test.

®Holding potential was at —40 mV, except for Mg?" (—60 mV).

were concerning for postictal effects of subclinical seizures
but were not captured on pretreatment video EEG (Fig-
ures 6A, 6A’, and 6A”). Repeat video EEG recording
after 2 months of memantine treatment revealed an un-
changed background at times when awake but at other
times the EEG was higher voltage and contained frequent
bifrontal and multifocal discharges with no organization
(Figure 6B). When asleep, the EEG became hypsarrhyth-
mic (Figure 6B’). No clinical seizures were recorded but
four subclinical seizures occurred that began at the T6
electrode (not shown). With worsening seizures and EEG
findings, the memantine was weaned off. Shortly after
the memantine wean, her clinical complex partial seizures
became more frequent and were associated with pro-
longed postictal weakness. Therefore, memantine was re-
introduced and dose was escalated to 20 mg twice daily
(equivalent to 1.3 mg/kg/day) while the ketogenetic diet
was also initated. Both treatments were well tolerated
but neither resulted in clinically meaningful improve-
ment. Over the next 18 months, her seizures and result-
ing encephalopathy increased in frequency, duration,
and severity, with multiple admissions for subclinical
status that did not resolve with traditional anti-seizure
medications. At 8.5 years, in the setting of an increasing
severity and frequency of clinical complex partial seizures
as well as worsening encephalopathy and functional
decline (Figure 6C), the decision was made to induce
pharmacological coma in an attempt to maximize therapy
to treat her electrographic status epilepticus. Escalating
doses of midazolam and pentobarbital infusions put her
into burst suppression (Figure 6C”) but did not signifi-
cantly alter her EEG (Figure 6C') or clinical picture upon
weaning. Given her pre-admission clinical state and the
failure of phentobarbital and midazolam infusions, a keta-
mine infusion was attempted based on the knowledge of
the GRIN2D status. Ketamine infusion at 10 mg/kg/hr

aborted her electrographic status epilepticus, but frequent
subclinical seizures and a highly epileptiform background
remained (Figure 6D). With the proband remaining in
extremis and the in vitro data on the c.1999G>A
(p-Val6671le) variant described above, she was started on
an intravenous magnesium sulfate infusion (2 g per dose
given every 4 hr). Immediately after onset of Mg*" infu-
sion, her EEG improved dramatically (Figure 6D’). Sub-
clinical seizures remained on this more normal-appearing
background, but were reduced to few brief seizures per
hour. Based on the dramatic change in her EEG with
Mg*" infusion, ketamine was weaned off. After a few
days, her EEG remained significantly improved (not
shown) and she started to show clinical improvement
but continued to have a few subclinical seizures per day,
which worsened when serum Mg*" levels dropped below
2 mg/dL. Restarting a lower dose of ketamine (2 mg/kg/hr)
in combination with the magnesium infusion led to reso-
lution of subclinical seizures for days and an EEG that
had some background slowing but was remarkably non-
epileptiform (see Figure 6D”). Because this treatment
was given in the intensive care unit setting, the proband
was subsequently transitioned to an enteral regimen of
ketamine (1 mg/kg/dose given every 6 hr) and magnesium
as amino acids chelate (1.5 mEq/kg/dose given every
6 hr). Weeks after transitioning to oral ketamine and
Mg?*, she remains clinically seizure free and she is mak-
ing progress in an inpatient rehabilation setting, standing
in a gait trainer, reaching for toys, and cognitively back to
her pre-coma baseline (Figure 6E).

Proband 2 was also started on memantine after the diag-
nosis of a GRIN2D mutation was made at 2.5 years old. She
was started at 0.5 mg/kg/day of memantine during a hospi-
talization to ensure safety. Pre-treament records reported
29 seizures during the 5 days prior to initiation of mem-
antine treatment (5.8 seizures per day). This frequency
decreased to 12 seizures during the 5 days before being dis-
charged from hospital (~59% seizure reduction). In the
following 3 weeks, she had complete seizure freedom and
developmental improvement including improved visual
fixation, motor development progress including initiation
of independent sitting, as well as improved turning around
and grasping. However, 4 weeks after discharge, she devel-
oped a viral infection and her seizures recurred (4-8 sei-
zures daily) and were characterized by jerking lasting for
5-6s, a “vibrating” face, strabismus, and slowed breathing.
Months later, when compared to her pre-memantine clin-
ical status while also on sultiam (10 mg/kg/day) and lamo-
trigine (3.4 mg/kg/day), her seizure frequency has settled
at one seizure every 2-3 days (characterized by startle,
screaming, opening of eyes, tonic movements of lower ex-
tremities, and deviation of eyes and head to the left lasting
approximately 1 min). In addition, her EEG at last visit was
mostly normal with some spike discharges still occurring
at night. Whereas she had severe autistic behavior pre-
treatment, she is now markedly more awake, alert, and
focused.
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Figure 4. Transfection of GIuN2D-p.Val667lle into Cultured
Cortical Neurons Induces Excitotoxicity, which Can Be Prevented
by Memantine

(A) Confocal images display morphological features of rat
cortical neurons transfected with a GFP-expressing plasmid
(1.5/2.5 pg/mL of total transfected DNA), along with either WT
GIluN2D or GluN2D-p.Val6671le (1/2.5 pg/mL of total transfected
DNA); the latter was supplemented with either vehicle or meman-
tine (50 uM). Note the prominent dendritic swelling induced by
expression of GluN2D-p.Val6671le, but not by WT GluN2D, which
was mitigated by memantine treatment. Left column images were
acquired 24 hr after transfection at 20x total magnification; areas
boxed in red are magnified to 100 x in the adjacent panels. Scale
bars represent 10 uM.

(B) Histograms representing mean cell viability values as a percent
of control groups. Main graph: neuronal cultures were transfected
with luciferase cDNA (0.625/2.5 pg/mL of total transfected DNA)
to assay cell viability, along with either PCIneo-vector, WT
GIluN2D, or GluN2D-p.Val667Ile cDNA (1/2.5 pg/mL of total

Discussion

We report a de novo, recurrent, missense mutation—
€.1999G>A (p.Val6671le)—in GRINZD that was identified
independently in two unrelated probands with epileptic en-
cephalopathy and found to significantly alter the NMDA re-
ceptor currents and responsiveness to antagonists, although
mutations in other NMDA receptor subunits have recently
been recognized to play an important role in the etiology
of childhood epilepsy syndromes such as West syndrome
(MIM: 308350) and Landau Kleffner syndrome (MIM:
245570).>77193538 The ¢.1999G>A (p.Val667Ile) mutation
that we propose is the etiology of the severe neurological
impairment in these two unrelated individuals is located in
the M3 transmembrane domain motif, which participates
in channel gating.® Indeed, our functional data both validate
the pathogenicity of this mutation and demonstrate that
this mutation significantly increases NMDAR function.
This mutation increased both glutamate and glycine po-
tency, reduced the sensitivity of the channel to negative
allosteric modulators, prolonged the response time course
to synaptic-like stimulation, and increased the probabil-
ity that an agonist-bound single channel will open by
6-fold. Thus, functional in vitro studies confirm that the
c.1999G>A (p.Val667Ile) mutation results in a strong
gain-of-function of recombinant GluN1/GluN2D NMDARs.
Furthermore, there are marked clinical parallels to previously
described disorders caused by other glutamate ionotropic re-
ceptor NMDA type subunits. For example, encephalopathies
caused by GRIN1, GRIN2A, and GRIN2B mutations are asso-
ciated with a similarly severe developmental delay, severe

transfected DNA). Each transfection condition was performed in
the presence or either vehicle (-) or memantine (50 pM; +). Lucif-
erase assays were performed 48 hr after transfection. Each experi-
ment was carried out in quadruplicate, and five independent
experiments were performed. Each condition was normalized
to its corresponding vector-transfected group to obtain relative
viability values (e.g., memantine-treated, vector-expressing group
was used to normalize memantine-treated GluN2D-expressing
group). Histograms are displayed as mean = SEM of viability
(percent control) values for each condition: WT GIuN2D (-),
83.3 = 9.5, WT GIuN2D (+), 118.6 + 6.3; GluN2D-p.Val667Ile
(), 46.7 + 7.0; GluN2D-p.Val667lle (+), 152.2 + 16.6; **p <
0.01, **p < 0.001; ANOVA/Bonferroni. Inset: cell viability as-
says were confirmed by cell counting. Neuronal cultures were
transfected with a GFP-expressing plasmid (1.5/2.5 pg/mL of total
transfected DNA), along with either WT GIuN2D or GIluN2D-
p-Val6671le cDNA (1/2.5 pg/mL of total transfected DNA). Each
transfection condition was performed in the presence or either
vehicle (-) or memantine (50 uM; +). Cells were fixed with 4%
paraformaldehyde 72 hr after transfection and counted by a per-
son blinded to the experimental groups. 30 image fields from 3
coverslips per condition were obtained at 20x magnification in
four independent experiments. The number of neurons per cover-
slip was averaged for each condition. GluN2D-p.Val667Ile groups
(with and without memantine) were standardized to WT GluN2D-
transfected control to obtain relative viability values expressed
as percent control for each experiment. Data are displayed as
mean + SEM of viability (percent control) for each condition:
GIluN2D-p.Val667Ile (-), 75.3 = 9.6; GluN2D-p.Val6671le (+),
108.1 = 13.7; *p < 0.05; paired t test.
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Figure 5. Screening of FDA-Approved NMDAR Antagonists

(A-C) Composite concentration-response curves for memantine (A), ketamine (B), and Mg2+ (C) inhibition on the mutant and WT cur-
rent responses to maximal effective concentration (100 pM) of glutamate and glycine determined by TEVC recordings from oocytes.
(D) Current-voltage (I-V) curves in the presence of 0, 0.3 mM, 1.0 mM, and 3.0 mM of Mg“.

intellectual disability, marked truncal hypotonia, movement
disorder, seizures, and non-specific volume loss on MRI. The
involuntary eye movements reported early in life in proband
1 resemble oculogyric crises seen in GRIN1 encephalopa-
thy.*® The hypsarrhythmic EEG pattern and infantile spasms
have previously been described in GRIN2B encephalopathy
(MIM: 616139),>” and the worsening of the EEG in sleep is
a frequent observation in epilepsies (MIM: 245570) due to
GRIN2A mutations.'”

Because conventional antiepileptic medications failed to
optimally control either of the GRIN2D individuals’seizures,
thein vitro sensitivity of the mutant receptors was evaluated
to candidate FDA-approved NMDAR antagonists, including
memantine, ketamine, dextromethorphan, and amanta-
dine. This functional analysis showed that these mutant
NMDARs are less sensitive to channel blockers, but still
can be inhibited, raising the possibility of using memantine
to partially rectify the overactivation of the NMDAR pro-
duced by this mutation. The clinical responses of these
two individuals to memantine raises interesting questions
about the potential responsiveness and the ideal time and
duration for treatment. Whereas both individuals reported
subjective developmental gains, the seizure responses were
different. This difference, may, in part, be due to the timing
of treatment (proband 2 was treated at a younger age than

proband 1) or just to the natural history of the disease
(proband 1 had good initial developmental and seizure
response on levateracitam but deteriorated over time as
her epilepsy control worsened). Proband 1's apparent
response to a combined magnesium and ketamine regimen,
devised based on the in vitro functional validation data in
Xenopus laevis oocytes, highlights the importance of under-
standing the biology and physiology of any given mutation,
as this can lead to successful precision treatments as was
observed in this case. Specifically, the in vitro results showed
a 10-fold diminished potency of memantine, although the
mutant receptors still retain some sensitivity (ICso 4 uM).
The mutantreceptors had less pronounced effects on the po-
tency of ketamine, reducing potency about 3.5-fold. Given
the low cerebrospinal fluid (CSF) levels of memantine, we
postulate that the reduced potency seen in the GRIN2D sub-
jectsmay lead to an inability to occupy the receptor at a level
that could produce effects to alter circuit function and clin-
ical outcome. However, ketamine reaches higher CSF levels,
and its potency is impacted to a lesser extent than is the
potency of memantine by the mutation, as appears to be
consistent with the effectiveness of ketamine treatment in
conjunction with Mg?" administration in proband 1.
Recently, a number of groups have reported the utility of
applying a “precision” medicine approach to individuals
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Figure 6. EEG before and after Treatments Are Presented

(A) The top row is the pre-treatment EEG (baseline at 6 years old). The best awake background is shown (A) with a 7-8 Hz posterior theta-
alpha rhythm present for intermittent periods. When she went to sleep (A’, A”), there was an absence of normal sleep architecture (A’)
and at time the recording became hypsarrythmic with high amplitude, multifocal sharps, and a lack of organization (A”).

(legend continued on next page)
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with epileptic encephalopathies, where identification of a
pathogenic variant in an ion channel directed clinicians
to an existing pharmacologic agent that counter-balanced
the in vivo effect of the mutation. The first such paper
involved treatment of a single case subject who has an
NMDA receptor mutation affecting the GluN2A subunit,
which resulted in significant seizure improvement on
memantine.*® Subsequently, retagabine use has been re-
ported in KCNQ2-related epileptic encephalopathy with
mixed results.””*" Finally, infants with KCNTI-related
epileptic encephalopathy or malignant migrating partial
seizures of infancy have been treated with quinidine to in-
crease current through the channel.*'** There has been
both good responses*’ and a lack of response seen with
quinidine,***’ raising the question as to whether the
response could be mutation specific or impacted by age
or treatment timing. Our current study further supports
the concept of recycling existing medications to target spe-
cific mutations in ion channels. Our treatment efforts had
positive but not definitive responses, similarly as seen in
the other mutation-guided treatment reports in epilepsy,
again emphasizing the need to address the relative effects
of treatment timing, duration, and mutation-specific is-
sues in other individuals found to have GRIN2D gain-of-
function mutations. Collectively, these studies highlight
the inherent limitations of open label, small case series.
Well-designed clinical trials are needed before the field
can definitively conclude whether we have truly achieved
an era of precision medicine for the diverse group of
epileptic encephalopathies.

Overall, this work demonstrates the importance of
focusing therapeutic efforts on treatments that modulate
functional effects of a precisely established genetic etiology,
rather than non-specific treatments largely focused on alle-
viation of generic clinical manifestations. The combination
of state-of-the-art genomic sequencing with functional
validation of specific disease mechanism and evaluation
of candidate therapeutic approaches in vitro may enable
the realization of precision medicine for otherwise intrac-
table or progressive pediatric neurodevelopmental disease.
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(B) The second row presents the post memantine treatment EEG, 3 months after starting treatment, on a stable dose for 6 weeks. Again,
the best awake background (B) is presented, but this had fewer periods with a posterior theta alpha rhythm and more frequent interrup-
tion by bifrontal or lateralized (arrows in B) epileptiform sharps. After treatment, when asleep, the EEG was continuously high voltage,

multifocal sharps, and lacked any discernable organization (B').

(C) The third row presents the EEG after being off memantine and admitted for status epilepticus. The EEG shows continuous general-
ized spike and slow wave discharges at ~3 Hz. After failing first and second line i.v. medications, she was placed on a continuous mid-
azolam infusion (C’) with slowing of the spike and wave but status persisted. Changing to pentobarbital resulted in burst suppression,
but when pentobarbital was weaned, the continous spike and slow wave returned. She was put under pentobarbital and ketamine and

burst suppression returned (C").

(D) Wean of pentobarbital again resulted in return of spike wave. Addition of i.v. magnesium to ketamine resulted in acute sessation
of spike wave without EEG suppression (D'). Finally, lowering the IV Mg?* and ketamine resulted in persistence of a slow and better
organized EEG (D). This EEG background continued when Mg®* and ketamine were changed to oral administration (not shown).
(E) Weeks after transitioning to oral ketamine and Mg?*, she remains clinically seizure free.
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