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ABSTRACT
Background Malformations of cortical development 
(MCDs) have been reported in a subset of patients with 
pathogenic heterozygous variants in GRIN1 or GRIN2B, 
genes which encode for subunits of the N- methyl- D- 
aspartate receptor (NMDAR). The aim of this study was 
to further define the phenotypic spectrum of NMDAR- 
related MCDs.
Methods We report the clinical, radiological and 
molecular features of 7 new patients and review data on 
18 previously reported individuals with NMDAR- related 
MCDs. Neuropathological findings for two individuals 
with heterozygous variants in GRIN1 are presented. We 
report the clinical and neuropathological features of 
one additional individual with homozygous pathogenic 
variants in GRIN1.
Results Heterozygous variants in GRIN1 and GRIN2B 
were associated with overlapping severe clinical and 
imaging features, including global developmental delay, 
epilepsy, diffuse dysgyria, dysmorphic basal ganglia 
and hippocampi. Neuropathological examination in two 
fetuses with heterozygous GRIN1 variants suggests that 
proliferation as well as radial and tangential neuronal 
migration are impaired. In addition, we show that 
neuronal migration is also impaired by homozygous 
GRIN1 variants in an individual with microcephaly with 
simplified gyral pattern.
Conclusion These findings expand our understanding 
of the clinical and imaging features of the 
’NMDARopathy’ spectrum and contribute to our 
understanding of the likely underlying pathogenic 
mechanisms leading to MCD in these patients.

INTRODUCTION
N- methyl- D- aspartate receptors (NMDARs) are 
ligand- gated cation channels mediating excitatory 
synaptic transmission. The NMDAR is a hetero-
meric complex typically composed of two GluN1 
subunits (encoded by GRIN1) and two GluN2 
subunits (encoded by GRIN2A- D). The combina-
tion of different subunits influences receptor func-
tion.1 2 NMDAR subunits contain a discontinuous 

ligand- binding domain (S1 and S2), an intracel-
lular re- entrant pore loop (M2) and three trans-
membrane domains (M1, M3 and M4).3 NMDAR 
subunits exhibit different spatiotemporal expres-
sion patterns. The essential glycine- binding GluN1 
subunit is highly and ubiquitously expressed in the 
fetal and adult brain.2 In contrast, the glutamate- 
binding subunit GluN2B (encoded by GRIN2B) is 
highly expressed prenatally with progressive limita-
tion to the forebrain, before being replaced postna-
tally by GluN2A (encoded by GRIN2A).4

Pathogenic variants in GRIN1 and GRIN2B 
have been described in individuals with a spec-
trum of neurological phenotypes. In individuals 
with heterozygous pathogenic variants, common 
features include developmental delay, intellectual 
disability, epilepsy, cortical visual impairment, 
neurobehavioural problems and movement disor-
ders.5–10 Homozygous variants have only rarely 
been reported in GRIN1. These include four indi-
viduals from two different families with homozy-
gous missense variants, developmental delay and 
movement disorders but without seizures,9 11 and 
four individuals from two families with homo-
zygous truncating variants with severe neonatal 
epileptic encephalopathy.9 12 Homozygous vari-
ants in GRIN2B have not been reported yet. To 
date, 12 patients harbouring de novo heterozygous 
pathogenic variants in GRIN1 and 6 patients with 
pathogenic variants in GRIN2B have been reported 
to have malformations of cortical development 
(MCDs).13–15 This subset of patients accounts for 
approximately 10%–15% of all reported individ-
uals with pathogenic variants in either GRIN1 or 
GRIN2B.16 17 Based on radiological appearance, the 
MCDs observed in patients with pathogenic variants 
in GRIN1 or GRIN2B are characterised by variable 
sulcal depth and/or orientation with normal cortical 
thickness. This was described as ‘dysgyria’, the 
generic term for abnormal cerebral cortex, although 
the malformation seems to closely resemble polymi-
crogyria.13 18 However, histopathological evidence 
has not been available from previous patients to 
confirm this. Associated brain malformations such 
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as dysmorphic basal ganglia, hypoplastic corpus callosum and 
hippocampal dysplasia have been reported.13 15 The pattern of 
brain malformations associated with NMDAR- associated MCDs 
has been noted to resemble that of tubulinopathies.13 15

To provide further insights into the clinical and radiolog-
ical features of NMDAR- associated MCDs, we report four 
patients with pathogenic heterozygous variants in GRIN1 and 
three patients with heterozygous variants in GRIN2B who 
all presented with complex brain malformations, including 
dysgyria, and malformations of the hippocampus and basal 
ganglia. In addition, we present a single patient with a homozy-
gous variant in GRIN1 associated with a simplified gyral pattern 
(SGP). The neuropathological data, which were available for 
two fetuses with de novo heterozygous GRIN1 variants and a 
neonate with the homozygous GRIN1 variant, contribute to our 
understanding of the underlying pathophysiological mechanisms 
causing the phenotypic features of NMDAR- associated MCD.

MATERIALS AND METHODS
Patient selection
The patients were identified through the Neuro- MIG Network 
(European Cooperation in Science and Technology (COST) 
Action CA16118). Three of the patients (individuals 1, 2 and 7) 
were part of the Deciphering Developmental Disorders study.19 
Clinical data were collected through clinical examination and 
review of medical records. Imaging data were reviewed by the 
authors (SB, AEF, NB- B).

Genetic analysis
DNA preparation and genetic investigation were undertaken 
with informed consent from the parents or guardians of the 
patients. DNA was derived from the saliva (individuals 1, 2 and 
7), blood (individuals 5, 6 and 8) and by amniocentesis (indi-
viduals 3 and 4). DNA was extracted using standard protocols. 
Whole- exome sequencing was performed in individuals 1–4, 
6 and 7. Individuals 5 and 8 were tested by next- generation 
sequencing multigene panels. Sanger sequencing was used in 
all individuals except for individual 6 to validate the variants 
and to test the parents. The positions of variants are based on 
transcripts NM_007327.3 for GRIN1 and NM_000834.3 for 
GRIN2B. Variants were classified using the American College of 
Medical Genetics and Genomics and Association for Molecular 
Pathology criteria.20 21

Electrophysiological analysis
A detailed description of these methods is provided in online 
supplemental material. In summary, the p.Cys744Tyr and the 
p.Ala653Thr variants were introduced into a plasmid expres-
sion construct containing the human GluN1- 1a cDNA (here-
after GluN1, based on NM_007327.3) and the p.Met818Thr 
introduced into human GluN2B cDNA (NM_000834.3) via 
a QuikChange mutagenesis protocol. The RNAs made from 
cDNA (cRNA) for wild- type and mutant forms of GluN1 were 
coinjected with wild- type human GluN2A cRNA and for wild- 
type and mutant forms of GluN2B with wild- type human GluN1 
cRNA into Xenopus laevis oocytes. The expressed receptors were 
functionally evaluated by two- electrode voltage clamp record-
ings for dose response to L- glutamate, glycine, Mg2+ and Zn2+ 
ions and for proton sensitivity.

Neuropathological studies
After complete autopsy, brains were fixed in a 10% formaldehyde- 
zinc buffer solution. Macroscopic and microscopic examinations 

were performed according to standardised procedures. Immu-
nohistochemical studies were performed using markers for 
neuronal progenitors, migrating neurons and interneurons, 
as well as for cortical layering (online supplemental material). 
Results were compared with age- matched controls aged 25, 30 
and 39 gestational weeks, respectively.

RESULTS
Clinical features of patients with MCD with pathogenic 
heterozygous variants in GRIN1 and GRIN2B
We identified seven unrelated patients with MCD (individuals 
1–7) with de novo heterozygous pathogenic variants in either 
GRIN1 or GRIN2B. Clinical findings for individuals 1–7 are 
summarised in table 1. Two individuals with GRIN1 variants 
(individuals 1 and 2) and three individuals with GRIN2B vari-
ants presented with microcephaly, severe developmental delay 
and epilepsy. The age of seizure onset ranged from the neonatal 
period to 2 years of age. Seizure types were variable, and were 
refractory to treatment in two individuals. Individuals 3 and 4 
were fetuses with variants in GRIN1 that underwent termina-
tion of pregnancy. Autopsy and neuropathological findings from 
individuals 3 and 4 are described in the following section .

In total, 25 patients with MCD with heterozygous variants in 
either GRIN1 or GRIN2B have now been reported in this series 
and in the wider literature. We reviewed the available clinical 
information for these 25 patients (online supplemental material 
tables S1 and S2). Patients with GRIN1 or GRIN2B MCD had 
overlapping severe clinical phenotypes. Common features in this 
combined cohort included severe or profound developmental 
delay or intellectual disability (13 of 13 in GRIN1, 9 of 9 in 
GRIN2B), epilepsy (13 of 13 in GRIN1, 9 of 9 in GRIN2B), 
microcephaly (12 of 14 in GRIN1, 5 of 6 in GRIN2B), spastic 
quadriparesis (9 of 12 in GRIN1, 2 of 3 in GRIN2B) and cortical 
visual impairment (10 of 11 in GRIN1, 4 of 5 in GRIN2B). 
Movement disorders were present in three of five individuals 
with variants in GRIN1, but have not been reported in individ-
uals with variants in GRIN2B. The age of onset of epilepsy was 
variable across this combined cohort, ranging from the neonatal 
period to 1 year for GRIN1, and from 10 weeks to 2 years 3 
months for GRIN2B. Epilepsy phenotypes were also variable 
in the combined cohort, including epileptic spasms in 2 of 12 
individuals with variants in GRIN1 and 5 of 9 individuals with 
variants in GRIN2B.

Brain imaging in patients with MCD with pathogenic variants 
in GRIN1 and GRIN2B
Brain MRI was performed in all seven individuals with hetero-
zygous variants in GRIN1 or GRIN2B in our series between 29 
weeks gestation and 3 years of age (table 1, figure 1), except 
for individual 3 (in which only prenatal ultrasound (US) was 
performed). All individuals with variants in GRIN1 presented 
with abnormal gyration. The two living GRIN1 patients (indi-
viduals 1 and 2) exhibited bilateral dysgyria, predominantly 
affecting the frontal regions. Among the GRIN2B patients, indi-
viduals 5 and 6 demonstrated diffuse bilateral dysgyria, while 
individual 7 had bilateral but asymmetric dysgyria predomi-
nantly affecting the left hemisphere.

We reviewed the available neuroradiology for all 25 patients 
with heterozygous NMDAR MCD (online supplemental tables 
S1 and S2). We found that the MRI phenotypes of GRIN1 and 
GRIN2B patients were very similar (online supplemental mate-
rial table S3). Common MRI features in the combined cohort 
included diffuse bilateral dysgyria often with some posterior 
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sparing, reduced white matter, enlarged lateral ventricles, hippo-
campal dysplasia, hypoplastic corpus callosum, and enlarged or 
dysmorphic basal ganglia. The brainstem was normal on imaging 
in all GRIN1 and GRIN2B patients, except for mildly reduced 
myelination of the brainstem in individual 1 in this study. The 
cerebellum was abnormal in three individuals with variants in 
GRIN1, but normal in all individuals with variants in GRIN2B. 
It was not possible to distinguish GRIN1- related and GRIN2B- 
related MCDs based on radiological findings alone.

Molecular and electrophysiological findings in patients with 
MCD with pathogenic variants in GRIN1 and GRIN2B
We identified three GRIN1 and two GRIN2B variants that have 
not previously been reported. The variants were classified as 
pathogenic or likely pathogenic (online supplemental material 
tables S4 and S5). The p.(Ser553Leu) GRIN1 variant in indi-
vidual 1 is a pathogenic variant previously reported in an unre-
lated patient with MCD.13 The p.(Met818Thr) GRIN2B variant 
in individual 7 has previously been reported in a patient without 
MCD.15 The seven variants were located in the same regions 

where previous MCD- associated NMDAR variants have clus-
tered (figure 2).

To investigate the impact of two GRIN1 variants and one 
GRIN2B variant, functional studies were performed. The full 
results are given in section 3 of the online supplemental mate-
rial. Compared with wild- type GluN1 the concentrations that 
elicit a half- maximal current (EC50) for GluN1- C744Y, GluN1- 
A653T and GluN2B- M818T were reduced for L- glutamate and 
for glycine, indicating these agonists have significantly greater 
potency (ie, produce responses at lower agonist concentra-
tions). Mutant receptors were also less sensitive to inhibition by 
protons. Expression of the variants GluN1- C744Y and GluN1- 
A653T subunit protein does not appear to be altered substan-
tially as the expressed levels of both surface and total receptor 
protein were modest. Overall, these in vitro electrophysiological 
and biochemical analyses suggest that the three variants cause a 
gain of function (GOF).

Table 1 Clinical and imaging features of novel patients with variants in GRIN1 and GRIN2B

Individual 1 2 3 4 5 6 7 8

Gene GRIN1 GRIN1 GRIN1 GRIN1 GRIN2B GRIN2B GRIN2B GRIN1

Mutation c.1658C>T, 
p.(Ser553Leu)

c.1972G>T, 
p.(Asp658Tyr)

c.1957G>A, 
p.(Ala653Thr)

c.2231G>A, 
p.(Cys744Tyr)

c.2437C>G, 
p.(Leu813Val)

c.2438T>C, 
p.(Leu813Pro)

c.2453T>C, 
p.(Met818Thr)

c.1422C>A, p.(Tyr474*)

Inheritance De novo De novo De novo De novo De novo De novo De novo Homozygous, inherited

Age at last 
review

19 months n/a 25 GW 30 GW 23 months 2.5 years 15 months 6 days

Sex Male Male Male n/a Male Male Male Female

DD Severe Severe n/a n/a Severe Severe Severe n/a

Age sz onset Birth/prenatal 4 months n/a n/a 4 months 2 years 3 months 10 weeks Early postnatal

Sz type n/a Absences, drops, 
tonic extensions

n/a n/a Epileptic spasms, 
tonic sz

GTCS with fever Infantile spasms, 
rapid and rolling 
eye movements

Status epilepticus

Refractory sz No Yes n/a n/a Yes No No Yes

Neurology Hypertonia Spastic 
quadriplegia

n/a n/a Spastic 
quadriplegia

Spastic quadriplegia, 
truncal hypotonia 
and limb hypertonia, 
pseudobulbar palsy

Hypertonia n/a

Dysmorphism Long palpebral 
fissures, 
shallow orbits, 
overlapping 
fingers

Thin upper lips, 
anteverted nostrils, 
high frontal 
hairline, wide 
nasal bridge

Prominent 
philtrum, broad 
nasal bridge, 
anteverted 
nostrils

Marked 
nasal ridge, 
prominent 
philtrum, 
flat face, 
camptodactyly

No No No No

OFC 41.5 cm (−5.2 
SD)

0.4–2nd percentile Low brain 
weight, OFC 
−2 SD

Low brain 
weight

44 cm (−3.2 SD) 44.8 cm (−2.2 SD) 44 cm (9th centile) 
at 10 months, at 
2.5 years 45 cm 
(−3.96 SD)

Brain weight within 
normal limits

Dysgyria Bilateral diffuse 
(A>P)

Bilateral diffuse 
(A>P)

Bilateral diffuse Bilateral 
diffuse

Bilateral diffuse Bilateral diffuse (peri- 
Sylvian and parietal 
lobe most severly 
affected)

Asymmetric (left > 
right)

Microcephaly with 
simplified gyral pattern

Other features Reduced WM, 
enlarged LV, 
hypoplastic 
CC, abnormal 
myelination in 
BS, dysmorphic 
hippocampus

Reduced WM, 
enlarged LV, 
hypoplastic CC, 
dysmorphic BG

Enlarged third 
ventricle, 
absent 
gyration, ACC

Enlarged LV, 
operculation of 
Sylvian fissure, 
enlarged 
subarachnoid 
spaces

WM reduced 
occipitally, 
colpocephaly, 
hypoplastic CC, 
enlarged BG

Reduced WM, enlarged 
LV, dysmorphic 
hippocampus

Reduced WM, 
enlarged left LV, 
dysmorphic CC 
and BG

Bilateral symmetric 
subcortical atrophy 
with periventricular 
leucoencephalopathy

SD is above or below the mean.
ACC, agenesis of corpus callosum; A>P, anterior more severe than posterior; BG, basal ganglia; BS, brainstem; CC, corpus callosum; DD, Developmental delay; GTCS, generalised 
tonic- clonic seizures; GW, gestational weeks; LV, lateral ventricles; n/a, not applicable; OFC, Occipitofrontal circumference; sz, seizures; WM, white matter.
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Neuropathological findings in GRIN1 patients
Autopsy and neuropathological examination were performed 
in individuals 3, 4 and 8. Individuals 3 and 4, harbouring de 
novo heterozygous variants in GRIN1, underwent termina-
tion of pregnancy at 25 and 30 weeks gestation, respectively, 
according to the French law, due to severe brain malforma-
tions identified on US imaging. In individual 3, US examination 
performed at 23 weeks of gestation (WG) revealed agenesis 
of the corpus callosum and of the septum pellucidum. Severe 
deformations of the extremities consisting of bilateral campto-
dactyly and equinovarus talipes were noted. Based on these find-
ings medical termination of pregnancy was proposed and was 
accepted by both parents. In individual 4, US performed at 24 
WG identified mild ventricular dilatation. At 26 WG, control 
US revealed diffuse dysgyria and MRI performed at 29 WG 
allowed the detection of absent primary fissures and secondary 
sulci suggestive of lissencephaly. Neither deformities of the 
limbs nor polyhydramnios were identified. Both individuals 
showed mild facial particularities consisting of prominent phil-
trum, broad nasal bridge with anteverted nostrils and flat face. 
Macroscopic and histological examinations of all viscera were 
normal in both cases. Both patients had reduced brain weight 
for gestational age (<3rd percentile).22 On external macroscopic 
brain examination of individual 3, the brain surface appeared 
smooth with a dimple- shaped Sylvian fissure (figure 3A,B). On 
sagittal and coronal sections, the ventricles were enlarged and 
the corpus callosum was absent. Histologically, the thin cortical 

ribbon had a diffuse festooned- like appearance suggestive of 
polymicrogyria under a thick and irregular molecular layer 
containing some immature neuronal heterotopias and covered 
by a persistent transient external granular cell layer (figure 3C). 
Nodular heterotopias were also noted in the periventricular 
regions close to the germinative zone of the dorsal telenceph-
alon, to the ganglionic eminences and within the basal ganglia 
(figure 3D). The infratentorial structures were free of lesions. 
External macroscopic brain examination in individual 4 revealed 
diffuse polymicrogyria (figure 3E). The olfactory tracts were 
absent. The Sylvian fissure was short, vertically oriented and 
prematurely closed (closure normally occurs between 36 and 
38 weeks gestation). The corpus callosum was hypoplastic in its 
posterior part (figure 3E). The lateral ventricles were moderately 
dilated. The hippocampi appeared to be malrotated (figure 3F). 
Histologically, the cortical ribbon was replaced by diffuse and 
poorly laminated polymicrogyria (figure 3G) covered by a glia 
limitans which was focally discontinuous with small foci of over-
migration. The internal capsule was hypoplastic, the ganglionic 
eminences had already regressed and the basal ganglia were 
dysplastic, as were the thalami which were formed by the juxta-
position of nodules. Small confetti- like heterotopic nodules 
were observed throughout the intermediate zone (figure 3H). 
The cerebellar vermis was hypoplastic but the brainstem and the 
spinal cord were normal.

We compared the clinical and neuropathological findings of 
individuals 3 and 4 with individual 8 with novel homozygous 
truncating variants (p.Tyr474*) in GRIN1 inherited from asymp-
tomatic heterozygous carrier parents. Shortly after birth, indi-
vidual 8 developed seizures evolving to status epilepticus. The 
patient died at 6 days of age. Brain imaging was not performed. 
Individual 8 had microcephaly with an SGP without tertiary 
sulci on macroscopic examination (online supplemental material 
figure S1). The corpus callosum was hypoplastic. Histologically, 
multiple foci of neuronal depletion with loss of lamination and 
abnormal persistence of the external transient granular cell layer 
in some areas were observed. In the hippocampus, the dentate 
gyrus was dysmorphic and discontinuous. Small germinolytic 
pseudo- cysts were observed along the ventricular walls (online 
supplemental material figure S1).

Cortical thickness was measured at 1.97 mm, which does 
not significantly differ from the cortical thickness measured on 
several control cortical plates between 30 and 38 WG (1.70–
1.90 mm). These data are not in favour of lissencephaly with thin 
or thick cortex.

Immunohistochemistry revealed less numerous SOX2- positive 
and PAX6- positive proliferating radial glial cells in the ventric-
ular and outer subventricular zones of individual 3 than observed 
in the control brain aged 24–25 WG (online supplemental 
material table S7). MAP2 antibody, which immunolabels radi-
ally migrating neurons and pyramidal neurons of layers III and 
V, did not allow identification of any immunoreactive neuron 
in the micropolygyric cortex of individual 3, these neurons 
being observed within the periventricular heterotopic nodules 
(figure 4A). In individuals 4 and 8, very few MAP2- positive 
neurons were identified in the cortical plate. These neurons 
were misoriented, dysmorphic and/or immature (figure 4B–D). 
CTIP2- positive and SATB2- positive neurons were either absent 
or mislocalised (figure 4E–H). GABAergic interneurons were 
aberrantly located or almost absent, as were calretininergic 
interneurons (figure 4I–L). These findings highly suggest that 
functional NMDARs are essential for proper radial and tangen-
tial migration without which neurons cannot reach their final 
location.

Figure 1 Brain imaging findings of individuals with heterozygous 
pathogenic variants in GRIN1 and GRIN2B. Individual 1 has diffuse 
dysgyria, hypoplastic corpus callosum (arrow) and dysmorphic hippocampi 
(arrowhead) (A–C). Individual 2 has bilateral dysgyria, hypoplastic corpus 
callosum (arrow) and dysmorphic basal ganglia (asterisk) (D–F). Prenatal 
ultrasound in individual 3 at 25 gestational weeks shows absent corpus 
callosum (arrow) and dilated third ventricle (arrowhead) (G–H). Individual 
4 has diffuse dysgyria and enlarged lateral ventricles on prenatal MRI at 
29 gestational weeks (I–J). Individual 5 presents with bilateral dysgyria, 
enlarged basal ganglia (asterisk) and hypoplastic corpus callosum (arrow) 
(K–M). Individual 6 has bilateral symmetric dysgyria and dysmorphic 
hippocampi (arrowhead) (N–P). Individual 7 has asymmetric dysgyria of the 
left hemisphere, dysmorphic basal ganglia (asterisk) and corpus callosum 
(arrow) (Q–S).
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DISCUSSION
We presented seven new patients and reviewed all previously 
reported patients with NMDAR MCD with de novo hetero-
zygous variants in either GRIN1 or GRIN2B. In addition, we 

provided the first reports of neuropathological findings in two 
individuals with heterozygous and one individual with homozy-
gous variants in GRIN1. Our findings expand the current under-
standing of the phenotypic spectrum of NMDAR- associated 

Figure 2 Distribution of variants in a linear model and 3D protein structure for GRIN1 (A, C) and GRIN2B (B, D). In the linear model, clustering of MCD- 
associated variants (top) and non- MCD associated variants (bottom, blue triangles) is highlighted. Functional domains are highlighted in the 3D model: 
blue: helices; green: sheets. Reported variants from this cohort are written in orange, variants reported in the literature are blue, and the recurring variants 
in the literature and our cohort are green. The 3D structure is based on Swiss models NMDZ1_HUMAN glutamate receptor ionotropic, NMDA1 Q05586 
and NMDE2_HUMAN Q13224 glutamate receptor ionotropic, and NMDA 2B. 3D, three- dimensional; ATD, amino- terminal domain; CBD, carboxy- terminal 
domain; MCD, malformation of cortical development; SP, signal peptide.
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Figure 3 Distinctive brain morphological characteristics from individuals 3 and 4. Individual 3: (A) external view of the left side of the brain, where 
primary fissures are lacking, with almost indiscernible Sylvian fissure (arrow) and marked temporal lobe hypoplasia (blue asterisk), (B) compared with 
an age- matched control brain where the Sylvian fissure has a triangular shape (arrow). (C) The brain surface is smooth with a relatively thick transient 
subpial granular cell layer which should have disappeared from 22 WG (arrow) and diffuse polymicrogyria forming multiple protrusions into the molecular 
layer (OM ×20). (D) The cerebral mantle is particularly thin (half of the thickness of a normal cortical plate) and the deep intermediate zone contains 
numerous heterotopic nodules of various sizes (arrow) above the germinative zone of the dorsal telencephalon (asterisk) (OM ×20). Individual 4: (E) 
median supratentorial sagittal section revealing posterior hypoplasia of the corpus callosum (white arrow), (F) and on coronal sections supernumerary gyri 
(asterisks), areas of smoothened cortex covering polymicrogyria (black arrows) and malrotated hippocampus (white arrow). (G) Characteristic histological 
features of unlayered polymicrogyria (H&E, OM ×50), (H) associated with confetti- like nodular heterotopias, measuring about 1.50 µ, distributed throughout 
the intermediate zone (arrow) (H&E, OM ×50). OM, original magnification; WG, weeks of gestation.
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MCD and provide insight into the suspected underlying patho-
physiological mechanisms.

For the 25 patients with heterozygous variants in either GRIN1 
or GRIN2B that have now been reported in this series and in 
the wider literature, we found a striking similarity in imaging 
and phenotypic features. The predominant imaging pattern of 
MCD in both groups was an extensive diffuse, bilateral dysgyria 
resembling polymicrogyria. Commonly associated brain malfor-
mations in both groups include enlarged ventricles, hippocampal 
dysplasia, hypoplastic corpus callosum, and enlarged or dysmor-
phic basal ganglia. Hippocampal dysplasia has been reported on 
MRI in 5 of 15 individuals with variants in GRIN1 and in 5 of 
9 patients with variants in GRIN2B. This feature was confirmed 
by neuropathological examination in individual 4 and in an indi-
vidual with a homozygous GRIN1 variant (individual 8) in our 
series. The hippocampal abnormalities are likely due to the high 
expression of NMDAR in the hippocampus.23 Abnormal basal 
ganglia were found in 6 of 14 and 8 of 9 of individuals with 
variants in GRIN1 and GRIN2B, respectively, likely reflecting 
the importance of glutaminergic signalling passing through the 
basal ganglia. Both hippocampal dysplasia and dysmorphic basal 
ganglia are rare in patients with MCD in general. Individuals 
with variants in tubulin genes, referred to as tubulinopathies, 
also show complex brain malformations, including dysgyria 
and dysmorphic basal ganglia. Rarely, hippocampal hypoplasia 

or dysplasia is present, most frequently in patients with vari-
ants in TUBA1A.24 25 Although there appears to be significant 
overlap of clinical and imaging findings between tubulinopa-
thies and the spectrum observed in individuals with variants in 
GRIN1 or GRIN2B, tubulinopathies are often associated with 
abnormalities of the corpus callosum, brainstem and cerebellar 
hypoplasia or dysplasia, possibly due to the role microtubules 
play in neuronal migration and axon development.24 In contrast, 
the cerebellum and brainstem were usually normal in individ-
uals with variants in either GRIN1 or GRIN2B. Prior to genetic 
testing, variants in GRIN1 and GRIN2B were not suspected 
based on clinical or imaging features in the individuals presented 
in this cohort. This might be due to the small number of indi-
viduals with NMDAR- related MCD reported previously. During 
fetal life, the discovery of microcephaly or microlissencephaly 
with or without corpus callosum agenesis may correspond to 
a constellation of aetiologies, either environmental or genetic, 
and there are no specific signs identified to date which could 
point to GRIN1 and GRIN2B as candidate genes. The homoge-
neous imaging spectrum observed in individuals with GRIN1- 
associated and GRIN2B- associated MCD, including diffuse 
dysgyria, dysmorphic basal ganglia and hippocampal dysplasia 
without any infratentorial lesions, may therefore be a potential 
diagnostic clue and should trigger consideration of pathogenic 
variants in NMDAR based on imaging findings in the future.

Figure 4 Immunohistochemical findings in individuals 3, 4 and 8. (A) Strong MAP2 immunoreactivity in the periventricular heterotopic nodules in 
individual 3. (B) Scattered dysmorphic MAP2- positive pyramidal neurons in the cortical plate (individual 4). (C) Decreased density in MAP2- positive 
haphazardly dispersed pyramidal neurons in the cortical plate (individual 8), (D) compared with the control cortical plate at 39 WG in which the neurons 
of layers II, III and V are observed, with predominance in layer V (arrow). (E) Almost no SATB2- positive neurons in the cortex of individual 4, (F) contrary to 
the control brain at 30 WG where SATB2- positive neurons are observed mainly in layer II (arrow) and to a lesser extent in layers III and IV. (G) No CTIP2 
immunoreactive neurons (individual 8), (H) whereas in the control cortical plate immunoreactive neurons are observed mainly in layer V (arrow). (I) Few 
GABAergic interneurons dispersed in the micropolygyric cortex (individual 4), (J) by comparison with the control brain where GABA antibody immunolabels 
interneurons of layers I, II (thin arrow) and III (thick arrow), (K) and with scarce calretininergic interneurons in layer III (individual 8), (L) conversely to the 
control where calretinin antibody immunolabels the tangential superficial network and Cajal- Retzius cells (arrow) in layer I and interneurons in layers II and 
III. Dark brown staining: specific; light brown: background staining. Individual 3: 25 WG; individual 4: 30 WG; individual 8: 39 WG. WG, weeks of gestation.
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Clinical features included severe or profound developmental 
delay or intellectual disability, early- onset epilepsy, microcephaly, 
spastic quadriparesis and cortical visual impairment. Micro-
cephaly was more common in patients with NMDAR MCD than 
in NMDAR patients without MCD, and was present in all seven 
new patients presented here. Overall, 11 of 13 (84.6%) reported 
GRIN1 MCD and 6 of 6 reported patients with GRIN2B MCD 
for which information is available have microcephaly (ranging 
from −2.0 to −7.1 SD in GRIN1 patients). Six out of 23 
(26%) patients without MCD with GRIN1 variants reported 
by Lemke et al9 and 7 of 56 (12.5%) patients without MCD 
with GRIN2B missense variants reported by Platzer et al15 had 
microcephaly. Hyperkinetic and stereotyped movement disor-
ders have been described in patients with and without MCD and 
variants in NMDAR.8 9 13–15 Interestingly, none of the individuals 
in our series has been reported to have abnormal movements. 
However, it is possible that abnormal movements were present 
but not recognised, limited by limb spasticity or misdiagnosed 
as seizures.

We provided the first neuropathological reports of three 
individuals with variants in GRIN1. Individuals 3 and 4 were 
reported with dysgyria resembling polymicrogyria on brain 
MRI and de novo heterozygous pathogenic variants in GRIN1. 
Neuropathological examination confirmed polymicrogyria. 
Both individuals also had extreme microcephaly, nodular hetero-
topias in the periventricular and intermediate zones, gaps of the 
glia limitans and overmigration foci in the meninges, arhin-
encephaly, dysplastic basal ganglia and hippocampi, as well as 
cerebellar hypoplasia. In addition, we provide first evidence that 
homozygous loss- of- function (LOF) variants also cause MCD. 
Neuropathological examination of individual 8 carrying homo-
zygous GRIN1 variants has revealed microcephaly and an SGP 
associated with defective lamination of the cortex and malro-
tated hippocampi.

Taken together, the features observed argue for a crucial role 
of GRIN1 in the morphological organisation of the different 
neuroanatomical structures during fetal life. Immunohistochem-
ical findings also strongly argue for decreased neuron production 
as well as delayed and inappropriate radial and tangential migra-
tion resulting in microcephaly with polymicrogyria or simplified 
pattern. Noteworthy, using NMDAR RNA interference with in 
utero electroporation in the cortex of rat embryos, Jiang et al26 
found severely delayed radial migration, with more than 80% of 
migrating MAP2- positive projection neurons which could not 
reach the upper layers of the cortical plate and with 30% of the 
cells remaining located in the intermediate zone. In addition, it 
has been shown that developmental disruption of NMDAR has 
major effects on interneuron localisation leading to inhibitory 
network deficits, in so far as ionotropic NMDARs are normally 
expressed in tangentially migrating interneurons.27

It remains uncertain why a subset of patients with NMDAR 
variants develop severe MCDs. It has already been highlighted 
that GRIN variants associated with diffuse dysgyria tend to have 
GOF effects, as has been shown by functional studies for two 
variants in GRIN1 (p.(Ala653Thr) and p.(Cys744Thr)) and one 
variant in GRIN2B (p.Met818Thr) presented here, while many 
non- MCD variants are hypofunctional.9 13 NMDAR variants 
with GOF effects have also been observed in patients in which no 
MCDs were reported.7 15 28 29 These observations raise the possi-
bility that a patient’s genetic background or non- genetic events 
(eg, viral infection or hypoxic- ischaemic injury) may be contrib-
uting to the pathogenesis of NMDAR MCDs. Another expla-
nation can be subtle changes of cortical architecture that might 
be missed on imaging studies, as has been shown in individual 8 

with SGP and homozygous LOF variants. Of note, the homozy-
gous variants in individual 8 were truncating variants. These are 
likely to cause complete LOF of GRIN1, as has been reported in 
three siblings and one additional individual with a similar clin-
ical course of neonatal epileptic encephalopathy with homozy-
gous truncating variants in GRIN1.9 12 Homozygous truncating 
variants causing complete absence of the protein might there-
fore be at the most severe end of clinical and neuropathological 
features of LOF variants in GRIN1. Thus, the growing evidence 
for a genotype–phenotype correlation suggests that intrinsic 
properties of specific NMDAR variants need to be considered 
as well.10 An intermediate imaging phenotype with milder or 
focal dysgyria has not yet been reported, neither for variants in 
GRIN1 nor GRIN2B, suggesting different mechanisms of patho-
genic variants on protein function. Nevertheless, the SGP in indi-
vidual 8 demonstrates that MCD can also occur in patients with 
homozygous LOF variants in GRIN1. Thus, the hypothesis of an 
all- or- nothing mechanism, resulting in two patient populations 
with severe MCD and without MCD, is not supported. Finally, 
the lack of polymicrogyria in the individual with biallelic LOF 
variants supports the hypothesis that clinical, histological and 
pathophysiological differences between gain and loss of function 
GRIN variants exist.

The seven heterozygous NMDAR variants reported in our 
series were located in the same regions as previously reported 
MCD- associated variants. MCD- associated GRIN1 variants 
(figure 1) have clustered in the S1- M1 linker (pre- M1) region, 
the Lurcher motif in the M3 region and the S2 domain of 
GluN1.13 MCD- associated GRIN2B variants have clustered 
in the M3, S2 and M4 domains of GluN2B.15 Interestingly, 
while non- MCD variants in GRIN1 and GRIN2B have been 
described, no MCD- associated GRIN1 variants have yet been 
reported in the GluN1 M4 helix (a region where around half 
of non- MCD GRIN1 variants have been located7 9) or the 
pre- M1 region of GluN2B. This may reflect functional differ-
ences between these two domains between GluN1 and GluN2 
subunits.

In the patients reported to date, the spectrum of NMDAR 
variants, including recurrent variants, such as the p.(Ser553Leu) 
GRIN1 variant in individual 1, is different from the variants 
found in patients without MCD. An exception to this observa-
tion has been the recurrent p.(Met818Thr) in GRIN2B, located 
in the GluN2B M4 helix, which has been reported in both a 
patient with MCD (individual 7 in this paper) and a previously 
reported patient without MCD.15 Neuroimaging data from 
the patient without MCD have not been available for review. 
The variable brain phenotype associated with the recurrent 
p.(Met818Thr) variant may indicate that additional modifiers, 
such as non- genetic events or genetic background, can influence 
the outcome.

Electrophysiological analysis of the GluN1 p.Cys744Tyr 
variant seen in individual 4 with morphologically polymicrogyria 
confirmed that the p.Cys744Tyr variant causes GOF effects. The 
Cys744 residue forms a disulfide bond with another cysteine in 
the S2 domain at residue 798.30 Mutation of either Cys744 or 
Cys798 to alanine has been shown to increase the potency of 
glutamate and reduce proton inhibition.31 The Cys744- Cys798 
disulfide bond has been shown to modulate the behaviour of 
NMDAR in response to redox environment.30 32 In pathological 
situations (eg, following stroke or hypoxia) the brain environment 
becomes more reductive, which favours free thiol over disulfide 
formation.30 It has been proposed that the Cys744- Cys798 bond 
is a ‘molecular oxygen sensor’ in the brain, responding to low 
partial pressure of oxygen (pO2) levels by controlling how much 
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nitric oxide (NO) can inhibit N- methyl- D- aspartate (NMDA) 
function.30

There is evidence that disruption of NMDA signalling 
can influence the proliferation, migration and maturation of 
neuronal progenitor cells and postmitotic neurons.26 33 A higher 
prevalence of microcephaly in patients with MCD, together with 
increased potency of the NMDAR during electrophysiological 
studies and reduced neuronal density on histology, suggests 
increased NMDAR signalling leading to excitotoxic cell death 
may contribute to the increased frequency of microcephaly. 
This also suggests that the impact on proliferation or survival 
of neurons is more common or more severe in MCD- associated 
NMDAR variants. Alternatively, it has been noted that MCD- 
associated NMDAR variants tend to have GOF effects.13 This 
is consistent with animal models of NMDAR agonist- induced 
polymicrogyria.34–36

In conclusion, patients with MCD with GRIN1 and GRIN2B 
variants reported to date have overlapping phenotypic features, 
consisting of early presentation of global developmental delay, 
epilepsy and microcephaly. Brain imaging mostly shows severe 
dysgyria, histologically in line with polymicrogyria in two cases, 
and often with associated brain malformations including dysmor-
phic basal ganglia and hippocampi. These findings extend our 
understanding of the ‘NMDARopathy’ spectrum. Our neuro-
pathological findings for the first time provide evidence that 
GRIN1 is implicated in the generation, migration and cortical 
positioning of neurons and interneurons in humans, ultimately 
leading to MCD.
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