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Abstract Epilepsy is one of the most common neurolog-
ical diseases. Of all cases, 70%—-80% are considered to be
due to genetic factors. In recent years, a large number of
genes have been identified as being involved in epilepsy.
Among them, N-methyl-D-aspartate receptor (NMDAR)
subunit-encoding genes represent a large proportion, sug-
gesting an important role for NMDARSs in epilepsy. In this
review, we summarize and analyze the genotypes, func-
tional alterations, and clinical aspects of NMDAR subunit
mutations/variants identified from patients with epilepsy.
These data will help to throw light upon the pathogenicity
of these NMDAR mutations and advance our understand-
ing of the subtle and complicated role of NMDARSs in
epilepsy. It will also offer new insights into precision
therapy for this disorder.

Keywords Epilepsy - NMDA receptors - Subunit -
Mutation

Introduction

Epilepsy is one of the most common neurological condi-
tions, characterized by abrupt, recurrent, and synchronous
discharges of the brain. Seventy to eighty percent of
epilepsy cases are believed to be due to one or more
genetic factors [1]. Advances in genomic technology have
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led to a rapid increase in the discovery of novel epilepsy-
associated genes. Among these, a large proportion com-
prises ion channels and neurotransmitter receptors [2—4]. In
particular, a surprising number of N-methyl-D-aspartate
receptor (NMDAR) subunit mutations have been found in
seizure disorders causing various childhood epilepsy
syndromes, suggesting that the NMDAR subunit appears
to be a locus for epilepsy [2, 3, 5].

NMDARs are a subtype of ionotropic glutamate recep-
tors, mainly localized at the postsynaptic neuronal mem-
brane. Unlike other kinds of such receptors, NMDARs
possess some unique features including co-agonist activa-
tion, voltage-dependent blockade by extracellular Mg*™,
high permeability to Ca*", and relatively slow gating and
deactivation kinetics [6-9]. There are at least seven
NMDAR subunits, namely, GIluN1, GIluN2A-2D, and
Glu3A-3B. The canonical NMDARs are heterotetrameric
complexes usually composed of two glycine/D-serine-
binding obligatory GIuN1 subunits and two glutamate-
binding regulatory GIuN2 subunits (NR2A-2D). The
GluN1/GluN2A/GluN2B triheteromer is the dominant
NMDAR subtype that is widely distributed in the hip-
pocampus and cortex [10-12]. Recently, the structures of
the GluN1/GIuN2B diheteromer and the GluN1/GluN2A/
GluN2B triheteromer have been resolved by cryogenic
electron microscopy. The mechanisms of NMDAR activa-
tion/inhibition and their allosteric modulation have been
clarified by these studies, leading to further understanding
of NMDARs [13, 14]. Typically, the receptor subunit
possesses four discrete modules [6, 15]. The extracellular
amino-terminal domain (ATD) is mainly involved in
subunit oligomerization/assembly and allosteric regulation.
The ligand-binding domain (LBD) is made up of two
discontinuous segments (S1 + S2). The transmembrane
domain (TMD) includes three and a half transmembrane
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helices (TM1-4) and forms the channel pore. The intracel-
lular carboxyl-terminal domain (CTD) is highly flexible
and is associated with receptor trafficking, anchoring, and
signaling via interaction with various postsynaptic proteins
[16-21].

Profile of NMDAR Subunit Mutations in Human
Epilepsy

The GRINI gene located at human chromosome 9q34.3
encodes the NMDAR GIluN1 subunit. So far, twelve
GRINI mutations, including one duplication mutation,
one nonsense mutation, and ten missense mutations, have
been identified in epilepsy by targeted panel sequencing or
whole-exome sequencing (Table 1). Of these twelve, eight
have been functionally tested to show that six are loss-of-
function mutations (D552E, Q556*, S560dup, Y647S,
G815R, and G827R) and two are mutations without any
functional change (A645S and R844C) [22, 23] (Fig. I;
Tables 1, 4). The S688Y mutation is considered to be
located at the glycine-binding site. In silico studies have
suggested that this mutation would disrupt NMDAR ligand
binding, although functional investigation is lacking [24].
These twelve mutations are all de novo mutations except
for Q556*. The Q556* truncation mutation was identified
from three siblings with severe neonatal epileptic
encephalopathy and is the only homozygous mutation.
All three siblings died soon after birth, suggesting a critical
function of the GRINI gene during neurodevelopment.
Note that D552E, Q556*, G815R, G827R, and R844C have
been identified from two or more cases, indicating a greater
likelihood of their pathogenicity in epilepsy. So far, no
gain-of-function mutations have been found in the GRINI
gene from epilepsy cases.

The GRIN2A gene maps to human chromosome 16p13.2
and encodes the NMDAR GIuN2A subunit. 16p13.2 is
located at the classical 16p13.3p13.13 hotspot, which is
one of the less stable regions of the human genome [28].
Since the first GluN2A mutation N615K was discovered in
epilepsy in 2010 [29], eighty-two GRIN2A gene mutations
have been identified in succession, including deletions,
duplications, splice-site variations, nonsense mutations,
and missense mutations (Table 2). The majority are
missense mutations. The number of GRIN2A mutations is
far greater than that of other NMDAR subunit mutations,
suggesting that the GRIN2A gene is one of the most
closely-related epilepsy genes. Thirty-two of the GRIN2A
mutations have been investigated and twenty-eight of them
have been shown to have functional alterations. Among
these functionally validated GRIN2A mutations, nine are
gain-of-function, nineteen are loss-of-function, and the
remaining four have been found not to change NMDAR
function (Fig.1; Tables 2, 4). So far, no homozygous
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mutations in GRIN2A have been reported, and the number
of inherited mutations is far greater than those that are de
novo. Both the inherited missense mutation V967L and the
splice-site variant F139fs (predicted) have been found in
twelve cases, indicating a likely role for these two
mutations in epilepsy. M817V is the only de novo mutation
discovered in two sporadic cases. The D731N mutation has
been identified in two sporadic cases (de novo) as well as in
a family (inherited).

The GRIN2B gene is located on human chromosome
12p13.1 and encodes the NMDAR GIuN2B subunit. At the
present time, only thirteen GRIN2B gene mutations have
been identified as being associated with epilepsy, including
two deletions, one inversion, one splice-site variant, and
nine missense mutations (Table 3). Five missense muta-
tions among them have been functionally analyzed. Three
of these lead to gain-of-function effects of NMDARs
(R540H, N615I, and V618G), while the other two have
loss-of-function effects on the receptor (C436R and
C461F) (Fig. 1; Tables 3, 4). Unlike epilepsy-associated
GRIN2A mutations, the main form of GRIN2B mutations is
de novo mutation, similar to GRINI. To date, no epilepsy-
associated missense mutation has been discovered in the
C-terminus of the GluN2B subunit. This may suggest that
the GIuN2B C-terminus is more evolutionarily conserved
and thus plays a key role in receptor trafficking and down-
stream signaling [6]. Unlike the epilepsy-associated GRINI
and GRIN2A mutations, no single mutation in GRIN2B has
been discovered in more than one case.

The GRIN2D gene located on human chromosome 19
(19q13.3) encodes the NMDAR GIluN2D subunit. Only one
GRIN2D mutation has been identified in epilepsy
(Table 4). It is the missense, heterozygous, de novo
mutation V6671. This mutation located in GluN2D TM3
was identified in two unrelated children with epileptic
encephalopathy. Functional analysis has revealed that this
is a gain-of-function mutation [63].

According to the epilepsy-associated mutations of GRIN
subunit genes identified to date, GRIN2C, GRIN2D,
GRIN3A, and GRIN3B mutations seem to be more relevant
to human intellectual disorders (IDs), autism, and
schizophrenia [3, 43].

Relationship Between Mutation and Phenotype

It seems hard to predict the phenotype from any particular
epilepsy-associated NMDAR mutation (Tables 1, 3). One
reason is that genetic mutation is not the only factor
resulting in epilepsy. Genetic background and environ-
mental factors can also contribute to the phenotype.

In general, epilepsy-associated GluN1, GluN2B, and
GluN2D mutations display more severe clinical phenotypes
than GluN2A mutations and appear to be more susceptible
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Fig. 1 Distribution of functionally evaluated GRINI, GRIN2A, and
GRIN2B mutations/variants associated with epilepsy. ATD, amino-
terminal domain (blue); LBD-S1 and LBD-S2, the first and second
polypeptide sequences comprising the LBD (green); 1, 2, 3, and 4,
transmembrane domains (purple); CTD, carboxyl-terminal domain

to ID and developmental delay (DD), whereas GluN2A
mutations are predominantly associated with language
disorders [64]. GluN1, GluN2B, and GluN2D subunits are
all expressed from the embryonic period, and their function
cannot be replaced by the postnatally-expressed GIuN2A
[65-68], which may explain the more severe symptoms
caused by these subunits. Furthermore, the GluN1 subunit
is the obligatory subunit of the NMDAR channel widely
expressed in the brain [69-71], which means that trunca-
tion of the two GRINI alleles or missense mutation of
GluN1 would result in more severe phenotypes in patients
with epilepsy than GluN2 subunits. The etiology of the
motor and language disorders caused by GluN2A muta-
tions is elusive. GluN2A-containing NMDARs are exten-
sively expressed in various brain regions, including motor
speech areas. Dysfunction of NMDARSs caused by GRIN2A
mutations may disrupt speech and language networks,
which may partially explain the motor and language
disorders.

Patients with epilepsy carrying different mutations
usually have different epileptic phenotypes (Tables 1-3).
The epileptic phenotypes of patients with GRIN2A
mutations cover a wide range. The common seizure types
are benign epilepsy with centro-temporal spikes

@ Springer

(pink). Linker regions (S1-M1 linker, M3-S2 linker, and S2-M4
linker) are in yellow. Mutations with gain-of-function effects, loss-of-
function effects, and unchanged effects are indicated in red, green,
and blue, respectively

(BECTS), atypical benign partial epilepsy, continuous
spike and slow-wave during sleep (CSWS), and Landau-
Kleffner syndrome (LKS), and some of the patients
display motor and language disorders [30, 33, 46]
(Table 2). More severe phenotypes such as early-onset
epileptic encephalopathy (EOEE) accompanied by DD or
ID have also been reported [29, 72], indicating that the
GluN2A-containing NMDARs also play an important role
during neural development.

It is also not surprising that different mutations can lead
to the same/similar clinical phenotypes (Tables 1-3).
Epilepsy-associated GRINI mutations show uniformly
severe phenotypes [22] (Table 1). The genotype lacks
correlation with the phenotype. A shared secondary
mechanism led by changes in NMDAR subunit composi-
tion or trafficking is one of the possible explanations.

In most cases, the phenotypes of patients with the same
mutation are identical, but this is not always true.
Phenotypic heterogeneity exists in both de novo and
inherited mutations (Table 2). GluN2A D731N was iden-
tified in three unrelated patients with epilepsy. The
phenotypes of these patients are unexplained epilepsy
accompanied by DD [51], LKS [52], and Rolandic epilepsy
with language dysfunction [33]. For a few inherited
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mutations, the phenotypes of patient relatives in the same
family are sometimes different [29, 30, 33] and even one or
more members in the family can be unaffected by epilepsy
[36, 37]. This is perhaps due to incomplete penetrance.
This evidence suggests that some mutations just act as a
genetic risk factor conferring susceptibility to epilepsy
rather than having a direct pathogenic role.

Interestingly, there are epilepsy-associated homologous
mutations in NMDAR subunits. C436R is a mutation
existing in both GIuN2A and GluN2B at an homologous
site. GluN2A and GIluN2B C436R both dramatically
decrease the peak amplitude of NMDAR currents. Never-
theless, the phenotype of the GluN2B C436R mutation is
much more serious than that of the GluN2A C436R
mutation [30, 39, 42]. A little different from this situation,
GluN2A N615K and GIuN2B N615I are both located in the
pore region of the NMDAR channel. In N615K, the first
asparagine (N) of the NNSVPV sequence is mutated into
lysine (K), while in N615I, the second asparagine (N) of
the NNSVPV sequence is mutated into isoleucine (I).
These two mutations give rise to similar functional changes
and have the clinical phenotypes EOEE and West syn-
drome, respectively [29, 56].

It is unexpected that some mutations are associated with
epilepsy as well as other neurological diseases. Some of the
epilepsy-associated GRINI mutations also display autism-
spectrum disorder (ASD) or ASD-like features [22].
GIluN2A V452M is associated with schizophrenia [43]
and intractable seizures [44]. Y1387* and F652V muta-
tions have both been identified in patients with CSWS as
well as autistic features [33]. Similarly, the missense
mutation C461F [42] and the 12p13.1gq21.31 inversion
mutation [57] in GRIN2B are both associated with epilepsy
and autism. These lines of evidence remind us that one
mutation may have the potential to cause more than one
kind of neurological disease or that some neurological
diseases have internal links.

Mutations located at the GIluN2A LBD have variable
phenotypes ranging from mild BECTS to severe LKS and
mutations located at different domains of the NMDAR
subunits can display the same or similar phenotype,
suggesting that location has nothing to do with the
phenotype (Table 2). However, the ¢.2449A>G,
p-M817V mutation is refractory epilepsy with develop-
mental delay, while the ¢.2448C>T, p.M817V mutation is
unexplained epilepsy with ID [52, 53], suggesting that the
property of the nucleotide at the mutation site might
influence the clinical phenotype.

Diversity of Functional Consequences

Epilepsy-associated NMDAR subunit mutations bring
about multiple functional consequences. Among all the

mutations that have been functionally evaluated, only six
out of forty-six were found to have no effect on the
function of NMDARs, the remaining forty mutations all
having functional changes, supporting the pathogenicity of
NMDAR mutations in epilepsy (Tables 1-4). Currently,
most of the mutations that have been functionally inves-
tigated are missense mutations located in the extracellular
domain and the TMD, and only three mutations located in
the C-terminal have been tested (GIuN1 R844C, and
GluN2A D933N and N976S), but no change was found
(Table 5). The missense mutations located in the LBD have
all been functionally evaluated except for GluN1 S688Y
and GluN2B Q662P.

It is worth mentioning that six GRINI mutations
(S560dup, Q556*, D552E, Y647S, G815R, and G827R),
six GRIN2A mutations (I1184T, C436R, R518H, T531M,
V685G, and D731N), and two GRIN2B mutations (C436R
and C461F) identified in epilepsy lead to almost complete
loss of the NMDAR current [22, 41, 42], thus pointing out
the importance of these amino-acids at corresponding sites
in NMDAR function.

In general, based on the functional consequences,
mutations can be classified into three types: gain-of-
function, loss-of-function, and no change. Mutations with
loss-of-function effects are the most common form
(Table 4). These gain-of-function and loss-of-function
mutations can change NMDAR properties in different
aspects, including current density, glutamate and glycine
potency, sensitivity of the magnesium, zinc, proton, and
synaptic-like response time course (ty), single-channel
opening time and open probability, and total and surface
receptor expression levels. Different mutations may cause
different or similar changes. Some mutations alter one or a
few properties of NMDARs [29, 30], and some cause
comprehensive changes [54, 72]. Not all the properties are
changed consistently. For example, changes in NMDAR
current density and protein expression level are sometimes
contradictory [42, 56]. Such inconsistency even exists in
agonist sensitivity. For instance, GluN2B C461F causes
reduced glutamate potency as well as enhanced glycine
potency [42]. To evaluate the overall functional conse-
quences of a mutation, the first step is to examine the
current density. If the current density of a mutant is the
same as the wild-type NMDARs, then it is necessary to test
properties such as expression level and sensitivity to
magnesium, zinc, calcium, and protons.

The functional consequences of GRIN2A gene mutations
seem to be more diverse than other NMDAR subunit
mutations (Tables 1-3). The large number and the many
modulatory sites may contribute to this diversity. The
properties of amino-acid residues at the same site may be
one of the factors that affect NMDAR function [26, 72].
GluN2A L812M is a good example. Leucine located at 812
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Tablel4 Sum.mary. of NMDAR Gene Number Functional validation

subunit mutations in epilepsy

Gain-of-function Loss-of-function No change Sum

GRIN1 12 0 6 2 8
GRIN2A 82 9 19 4 32
GRIN2B 13 3 2 0 5
GRIN2D 1 1 0 0 1
Sum 108 13 27 6 46

is critical for NMDAR function and any substitution leads
to over-activation of NMDARs [72].

Gain-of-function mutations of NMDARs may cause
over-excitation of the brain, which could potentially give
rise to epilepsy. For the loss-of-function mutations iden-
tified in the GRIN2A and GRIN2B genes, disruption of the
inhibitory network and neural development might account
for their pathogenicity in epilepsy [73]. Furthermore,
GRIN2A loss-of-function mutations might activate com-
pensatory mechanisms that induce more GIuN2B-contain-
ing NMDAR expression, which would lead to a longer
opening time of NMDARs and thus result in temporarily
hyperactive NMDARSs and excitotoxicity [74].

The pathogenicity of those mutations that do not change
NMDAR function in epilepsy is unknown. It is likely that
they do not play a causative role, however, we also cannot
exclude the possibility of pathogenicity, as these mutations
might affect undetected downstream signaling, or disturb
the inhibitory network, which might lead to epilepsy as
well.

Of course, not all mutations identified in epilepsy are
pathogenic. Some mutations might just increase the
susceptibility to epilepsy as they also occur in healthy
controls. Environmental factors, genetic background, and
other elements can also contribute to epilepsy. Further-
more, as clinicians usually focus on the disease in which
they are interested, other concurrent diseases in patients
with epilepsy may be ignored in screening. Hence, some
mutations may cause diseases other than epilepsy.

Relationship Between Functional Alteration
and Phenotype

There are a large number of epilepsy-associated NMDAR
subunit mutations and they are distributed in all major
domains of the subunit, resulting in NMDAR mutants with
diverse functional changes and thus lead to extremely
complex clinical manifestations. However, in general, the
severity of the functional consequences appears to have no
direct relationship with the severity of the clinical pheno-
types (Tables 1-3).

The functional consequences of GRINI mutations are
very different. Six mutations (D552E, S560dup, Y6475,

G815R, Q556*, and G827R) dramatically reduced the
function of NMDARSs, but the other two mutations, A645S
and R844C, appear not to impact receptor channel function
(Tables 1, 4). However, the severity of the phenotypes is
similar (Table 1). Other undetected secondary physiolog-
ical changes caused by these mutations rather than direct
functional changes of the NMDAR channels might con-
tribute to this inconsistency [22].

Such inconsistency also exists in epilepsy-associated
GRIN2A mutations. According to functional studies,
BECTS and CSWS are both mainly associated with loss-
of-function effects; however, there are also two gain-of-
function mutations and one mutation with no functional
change. Although no gain-of-function mutation has been
discovered in LKS, the loss-of-function effects can be
moderate or serious, and one mutation with no change has
also been reported in LKS (Table 2).

As few GRIN2B mutations have been functionally
evaluated, it is difficult to speculate on the relationship
between a functional change of the mutant receptor and the
clinical phenotype. From the current data, most of the
GRIN2B mutations result in large functional changes and
the epileptic phenotypes are mostly severe. However,

Table 5 Localization of functionally validated NMDAR subunit
mutations in epilepsy

GRINI GRIN2A  GRIN2B  GRIN2D  Sum
ATD 0 4 0 0 4
LBD-S1 0 7 3 0 10
S1-Ml linker 3 3 0 0 6
T™MI 0 0 0 0 0
T™2 0 1 2 0 3
T™3 2 1 0 1 4
M3-S2 linker 0 0 0 0 0
LBD-S2 0 11 0 0 11
S2-M4 linker 0 2 0 0 2
T™M4 2 1 0 0 3
CTD 1 2 0 0 3
Sum 8 32 5 1 46
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R540H, which only leads to mild functional changes and
mild phenotypes, is an exception (Table 3).

Of course, similar functional changes can lead to similar
phenotypes. The GIuN2A mutations R518H and T531M
were separately identified in two sporadic CSWS cases.
These mutations both decrease the current amplitude and
increase the single-channel opening time of the NMDAR
[33, 46]. The same phenomenon is also found in the
GIluN2B subunit. The N615I and V618G mutations were
separately identified in two unrelated patients with infantile
spasm. These mutations both significantly reduce the
inhibitory effect of magnesium on NMDARs and increase
the permeability of calcium through the receptor [56].

Treatment

The dramatically increasing number of known NMDAR
subunit mutations in epilepsy suggests that NMDARSs can
serve as an important molecular target for epilepsy therapy
[3, 5, 75]. Anti-epileptic drugs usually control the seizures
easily in mild epileptic types, such as BECTS and focal
epilepsy of childhood. However, it is often difficult to cure
more severe seizure types like epileptic encephalopathy
with continuous spike-wave during sleep. Intriguingly, a
patient with EOEE carrying the GluN2A L812M mutation
exhibited resistance to various anti-epileptic drugs such as
lacosamide, rufinamide, and valproic acid, whereas
memantine, a non-competitive antagonist of the NMDAR,
improved his condition [38, 72]. Memantine is an FDA-
approved drug used clinically for the treatment of
Alzheimer’s disease. This case indicates that it is promising
to screen drugs among FDA-approved NMDAR antago-
nists for personalized epilepsy therapeutics. Hence, keta-
mine, magnesium, dextromethorphan, dextrorphan,
amantadine, tomoxetine, and TCN-201 have been tested
by electrophysiological experiments in vitro. These drugs
effectively inhibit the current of NMDARSs containing the
GIluN2A-L812M, GIuN2A-M817V, and GluN2D-V6671
mutations in a dose-dependent manner, and are thought to
be promising personalized drugs for epilepsy [54, 63, 72].
However, in some intractable cases, treatment with one
drug alone is not enough. GluN2D V6671 was identified in
two unrelated children with epileptic encephalopathy. One
of them was refractory to memantine, midazolam, pento-
barbital, ketamine or magnesium alone. However, keta-
mine in combination with the magnesium infusion
dramatically improved this patient’s condition. The other
was refractory to memantine alone and finally was
controlled by a combination of memantine, sulthiame,
and lamotrigine [63]. Therefore, for intractable epilepsy
such as epileptic encephalopathy, the combined use of anti-
epileptic drugs and/or FDA-approved NMDAR antagonists
may be a good choice. Recently, radiprodil, a negative

@ Springer

allosteric modulator of GluN2B-containing NMDARs, was
demonstrated to be as effective on GluN2B R540H, N6151,
and V618G mutants as on wild-type NMDARs by in vitro
experiments [60]. Therefore, radiprodil may be a valuable
therapeutic option for treatment of pediatric epileptic
encephalopathies associated with GRIN2B mutations.

Epilepsy-associated NMDAR subunit mutations pro-
duce a variety of functionally altered receptor mutants and
diverse epileptic clinical phenotypes, while different
patients respond differently to anti-epileptic drugs. Hence,
personalized treatment for patients with epilepsy carrying
NMDAR mutations requires further work.

Conclusions and Perspectives

In this review, we summarize the NMDAR subunit
mutations associated with epilepsy, including their geno-
types, properties of functional alterations of the mutant
receptor channels, and clinical phenotypes. We also tried to
analyze the possible relevance of genotypes with functional
changes and clinical manifestations. The information is
expected to provide clues in assessing the pathogenicity of
these GRIN mutations, and could lead to mechanistic
insights into the roles of NMDARs in epilepsy and
precision treatments in the future.

So far, most of the epilepsy-associated NMDAR muta-
tions that have been functionally investigated are located in
the extracellular domain and TMD, and are limited to
missense mutations (Tables 1, 2, 3, 5). This lack of
functional analysis of mutations located in the C-terminal
could be due to difficulty and limitations in detecting direct
changes in NMDARSs using current approaches. In order to
better understand the subtle and complicated actions of
NMDARs in human epilepsy and to develop precision
therapeutics, more functional studies of epilepsy-related
NMDAR mutations are needed. However, since in vitro
experiments are not suitable for detecting the exact
physiological changes, the field is limited to analyzing
the correlation of phenotypes and genotypes. Further
studies using knock-in mice and in vivo experiments are
needed to confirm the pathogenicity of the mutations
identified in epilepsy.

As some GRIN mutations have been repeatedly identi-
fied in epilepsy and some result in similar functional
changes and the same clinical phenotypes, the establish-
ment of a database composed of information on “epilepsy-
related NMDAR mutation—functional alteration—pheno-
type—drug treatment” would provide better guidance and
offer greater convenience in genetic diagnosis and preci-
sion therapeutics for epilepsy. However, the number of
known NMDAR mutations in epilepsy is increasing
continuously, and they lead to multiple functional
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consequences, diverse epileptic phenotypes, and different
drug tolerances. Therefore, precision treatment for epilepsy
with causative mutations of NMDARs is full of challenges
and needs long-term unrelenting effort.
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