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Abstract
Objective: N-methyl-d-aspartate (NMDA) receptors are expressed at synaptic 
sites, where they mediate fast excitatory neurotransmission. NMDA receptors 
are critical to brain development and cognitive function. Natural variants to the 
GRIN1 gene, which encodes the obligatory GluN1 subunit of the NMDA receptor, 
are associated with severe neurological disorders that include epilepsy, intellec-
tual disability, and developmental delay. Here, we investigated the pathogenicity 
of three missense variants to the GRIN1 gene, p. Ile148Val (GluN1-3b[I481V]), 
p.Ala666Ser (GluN1-3b[A666S]), and p.Tyr668His (GluN1-3b[Y668H]).
Methods: Wild-type and variant-containing NMDA receptors were expressed in 
HEK293 cells and primary hippocampal neurons. Patch-clamp electrophysiology 
and pharmacology were used to profile the functional properties of the receptors. 
Receptor surface expression was evaluated using fluorescently tagged receptors 
and microscopy.
Results: Our data demonstrate that the GluN1(I481V) variant is inhibited by the 
open pore blockers ketamine and memantine with reduce potency but otherwise 
has little effect on receptor function. By contrast, the other two variants exhibit 
gain-of-function molecular phenotypes. Glycine sensitivity was enhanced in re-
ceptors containing the GluN1(A666S) variant and the potency of pore block by 
memantine and ketamine was reduced, whereas that for MK-801 was increased. 
The most pronounced functional deficits, however, were found in receptors con-
taining the GluN1(Y668H) variant. GluN1(Y668H)/2A receptors showed im-
paired surface expression, were more sensitive to glycine and glutamate by an 
order of magnitude, and exhibited impaired block by extracellular magnesium 
ions, memantine, ketamine, and MK-801. These variant receptors were also ac-
tivated by either glutamate or glycine alone. Single-receptor recordings revealed 
that this receptor variant opened to several conductance levels and activated 
more frequently than wild-type GluN1/2A receptors.
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1   |   INTRODUCTION

N-methyl-d-aspartate (NMDA) receptors are tetrameric as-
semblies of two obligatory GluN1 subunits and two GluN2 
(A–D) or GluN3 (A or B) subunits (Figure 1A). They are 
located at synaptic sites throughout the brain and spinal 
cord, where they mediate excitatory neurotransmission.2,3 
The subunits assemble to form a central cation-selective 
ion channel that exhibits relatively high permeability to 
Ca2+ ions.4 The channels also exhibit prominent voltage-
dependent channel block by extracellular Mg2+ ions, which 
is relieved by membrane depolarization.4,5 Activation of 
NMDA receptors requires the binding of two neurotrans-
mitter agonists, glutamate and glycine (or d-serine).2,3 Glu-
tamate binds to the GluN2 subunits, whereas glycine binds 
to the GluN1 and GluN3 subunits.2,3,6 Each subunit com-
prises an amino-terminal domain (ATD), a ligand-binding 
domain (LBD), a transmembrane domain (TMD), and 
a carboxy-terminal domain. The TMDs consist of four α-
helical segments; M1, M3, and M4 span the cell membrane, 
whereas the M2 segment forms a re-entrant loop. The M3 
lines the wall of the ion channel pore, and the M2 segment 
forms the ion selectivity filter (Figure 1B).7

Genetic variants that encode NMDA receptor subunits 
give rise to diverse neurodevelopmental disorders such as 
autism spectrum disorder, epilepsy, developmental delay, 
and intellectual disability.8,9 More than 350 variants of 
the GluN1 subunit have been identified.10 The variants 
mostly occur within the ATDs, LBDs, and TMDs8,11,12 and 
can result in either gain- or loss-of-function molecular 
phenotypes.10–12 Here, we report three newly identified 
variants of the GluN1 subunit, which we expressed on 
the GluN1-3b splice isoform for functional analysis. The 
missense p. Ile148Val variant is absent from any databases 
and occurs within the LBD of the receptor. The other two 
missense, de novo variants, p.Tyr668His and p.Ala666Ser, 
are located at the boundary between the M3 transmem-
brane domain and a highly conserved stretch of residues 
(ASYTANLAAF) that is a key signal transduction element 
in receptor gating (Figure 1C).13,14 Missense variants to the 
A666 and Y668 positions have been reported previously 
in other individuals,12,15 suggesting that this region of the 
GluN1 subunit is prone to disease-causing mutations.

Our functional analysis shows that the GluN1(I481V) 
variant has minimal effects on receptor function, whereas 
the two pore variants exhibit gain-of-function molecular 
phenotypes. The GluN1(A666S)/2A receptors show an in-
creased sensitivity to glycine, and impaired channel block by 
memantine and ketamine, but enhanced block by MK-801. 
The GluN1(Y668H)/2A receptors show a decrease in surface 
expression, an increase in sensitivity to glutamate and gly-
cine, and impaired block by memantine, ketamine, MK-801, 
and extracellular Mg2+ ions. Remarkably, this variant can be 
activated by either glycine or glutamate alone. Additionally, 
this variant exhibited frequent but briefer single-channel ac-
tivations, which would predict longer synaptic decay times. 
Our data show that the GluN1(Y668) position is a structural 
hub that couples receptor gating to ionic flux and regulates 
open channel block by Mg2+ and clinically relevant drugs.

2   |   MATERIALS AND METHODS

2.1  |  HEK293 cell culture and 
transfection

Human GluN1 (isoform GluN1-3b) and GluN2A wild-
type (WT) cDNAs (pRK5 expression vector) were used for 

Significance: Our study reveals a critical functional locus of the receptor 
(GluN1[Y668]) that couples receptor gating to ion channel conductance, which 
when mutated may be associated with neurological disorder.

K E Y W O R D S

developmental delay, epilepsy, NMDA receptors

Key Points

•	 Variants that give rise to epilepsy and neurode-
velopmental delay were identified in the GRIN1 
gene that encodes the GluN1 subunit of the 
NMDA receptor

•	 All three variants showed altered block by keta-
mine, memantine, and MK-801

•	 The variants p.Ala666Ser and p.Tyr668His in-
creased the sensitivity to the neurotransmitter 
glycine

•	 The p.Tyr668His variant reduced surface ex-
pression, was also more sensitive to glutamate, 
and could be activated by either glutamate or 
glycine alone
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electrophysiological analysis. The plasmid encoding supere-
cliptic pHluorin (SEP)-GluN1-3b was generated by subcloning 
rat GluN1-3b cDNA into the pRK5 vector and subsequently 
inserting SEP cDNA after the signal peptide. HEK293AD cells 
were transfected using calcium phosphate coprecipitation or 
Lipofectamine 2000 with cDNAs encoding the GluN1-3b, or 
GluN1-3b variants along with the GluN2A subunit at a ratio of 
1:1. Standard whole-cell and single-channel patch-clamp re-
cordings were carried out in Mg2+-free extracellular solution.

2.2  |  Electrophysiology

Conventional patch-clamp experiments were carried out 
at a clamped potential of −70 mV (unless otherwise indi-
cated) in standard whole-cell and outside-out patch con-
figurations, whereas automated electrophysiology was 
done in the whole-cell configuration at −100 mV.

The Mg2+-free extracellular solution comprised (in 
mmol·L−1): 140 NaCl, 5 KCl, 2 CaCl2, .02 Na2EDTA, 10 hy-
droxyethylpiperazine ethane sulfonic acid (HEPES), and 10 
d-glucose. The Mg2+-containing extracellular solution com-
prised of (in mmol·L−1): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 
HEPES, and 10 d-glucose. NaOH was used to adjust the ex-
tracellular solutions to a pH of 7.4. The intracellular solution 
for conventional patch-clamp experiments was composed of 
(in mmol·L−1): 145 CsCl, 2 CaCl2, 2 MgCl2, 10 HEPES, and 
10 ethyleneglycoltetraacetic acid (EGTA), adjusted to pH 7.4 

with CsOH. The intracellular solution for automated patch 
clamp experiments consisted of (in mmol·L−1) 140 CsF, 
1 EGTA, 5 CsOH, 10 HEPES, and 10 NaCl, pH to 7.3 with 
CsOH (adjusted to 320 mOsm/L with sucrose).

Single-receptor and conventional whole-cell experi-
ments were recorded using an EPC 10 USB HEKA Patch 
Clamp Amplifier (HEKA, Elekronik), filtered (−3 dB, 4-
pole Bessel) at 5 kHz and sampled at 50 kHz. Recording 
electrodes were made from borosilicate glass capillaries 
and heat-polished to a final resistance of 3–6 MΩ (whole-
cell) or 6–12 MΩ (excised patch) when filled with intra-
cellular solution. The electrodes used for single-receptor 
recordings were also coated with a silicone elastomer. 
Automated whole-cell patch-clamp recordings were per-
formed with a QPatch-16 automated electrophysiology 
platform (Sophion Bioscience) using single-hole (QPlate 
16 with a standard resistance of 2 ± .4 MΩ).

QUB software was used to analyze single-channel cur-
rents, which were idealized using a resolution dead-time 
of 70 μs; the critical shut period that separated one discrete 
activation from the next was 1000 ms.

Peak current responses to the addition of agonists and 
antagonists (pore blockers; I) were normalized to buffer 
control (I0). Half-maximal effective concentration (EC50) 
and half-maximal inhibitory concentration (IC50) values 
were determined by plotting difference in peak current 
(I/I0) against the logarithm of agonist or antagonist con-
centrations, respectively. Concentration–response data 

F I G U R E  1   GluN1 missense variants. (A) Schematic representation of the GluN1/2A N-methyl-d-aspartate receptor in the agonist-
bound state showing the overall subunit arrangement and the position of the three GluN1 variants. (B) Expanded views of the boxed areas in 
A showing the amino acid substitutions as red spheres. The schematics were made in Visual Molecular Dynamics software using the 7EOS 
PDB file.1 (C) Segments of amino acid sequences that encompass the three variants showing the sequence identity between the GluN1 and 
GluN2 subunits. The substituted positions in the GluN1-3b subunit are shown in red. The M3 transmembrane domain is highlighted in blue, 
and the contiguous segment that is a key signal transduction element is highlighted in green.
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were plotted and fitted to four-parameter Hill equations 
using GraphPad Prism software. The reversal potential 
values that were used to calculate single-channel conduc-
tance were corrected for liquid junction potentials.

Electrospray ionization mass spectrometry was 
performed on an API 2000 LC/MS/MS system (AB 
SCIEX) running .1% (vol/vol) formic acid/80% (vol/vol) 
acetonitrile/H2O.

2.3  |  Neuronal culture, transfection,  
and surface staining

Primary hippocampal neurons were prepared from Sprague 
Dawley rat embryos at Embryonic Day 18 according to an 
established protocol.16 Every procedure involving animal 
use adhered to the Australian Code of Practice for the 
Care and Use of Animals for Scientific Purposes and was 
approved by the University of Queensland Animal Ethics 
Committee (2021/AE000511). Cells were dissociated by 
incubating hippocampi with 30 U of papain suspension at 
37°C for 20 min, followed by mechanical trituration with 
fire-polished glass Pasteur pipettes. Single-cell suspensions 
were plated at a density of 8 × 104 cells on a poly-l-lysine-
coated coverslip in Neurobasal growth medium containing 
2 mmol·L−1 Glutamax, 1% penicillin/streptomycin, and 2% 
B-27 supplement. Neurons were maintained in Neurobasal 
medium inside a humidified 5% CO2 tissue culture incuba-
tor at 37°C and fed twice per week. Neurons were trans-
fected at 14 days in vitro (DIV) with Lipofectamine 2000 
(Invitrogen) and processed at 17 DIV.

To measure the steady-state expression of NMDA recep-
tors on the plasma membrane, live neurons expressing SEP-
GluN1 were incubated with rabbit anti-green fluorescent 
protein (GFP) antibodies (JH4030, 1:250) at 4°C for 30 min.17 
After washing, neurons were fixed with ice-cold Parafix (4% 
paraformaldehyde, 4% sucrose in phosphate-buffered saline) 
for 10 min. They were then permeabilized with .25% Triton 
X-100, blocked with 10% normal goat serum, and incubated 
with chicken anti-GFP antibodies to label total SEP-GluN1 
expression. The surface and total SEP-GluN1 were visu-
alized by Alexa-568-conjugated antirabbit and Alexa-488-
conjugated antichicken secondary antibodies, respectively. 
Images were collected with a 63× oil-immersion objective on 
a Zeiss LSM510 confocal microscope using ImageJ software.

3   |   RESULTS

3.1  |  Clinical presentation of patients

Clinical features and medical histories of the three pa-
tients are available in the supporting text, and example 

electroencephalograms are shown in Figure S1. The vari-
ants were identified through gene panel sequencing.

3.2  |  Cell surface expression levels for 
WT and GluN1 variants

Cell surface expression of GluN1 subunits was examined 
in primary rat hippocampal neurons transfected with 
cDNAs encoding superecliptic pH-sensitive GFP (SEP)-
tagged rat GluN1 subunit, either WT, I481V, A666, or 
Y668H variants. Surface receptors were labeled with anti-
GFP antibodies under nonpermeabilized conditions.16 The 
surface expression of SEP-GluN1 in neuronal dendrites 
that expressed GluN1(I481V) and GluN1(A666S) variants 
was unaffected relative to WT. The surface-to-total ratio of 
WT SEP-GluN1 was 1.0 ± .08 compared to  .90 ± .07 for the 
GluN1(I481V) (n = 20, p = .76) and .78 ± .08 (n = 20, p = .14) 
for the GluN1(A666S) (Figure 2A,B). By contrast, a signifi-
cant decrease in receptor surface expression was observed 
for the GluN1(Y668H) variant (.58 ± .06, n = 20, one-way 
analysis of variance [ANOVA], p < .001; Figure 2A,B).

To assess whether the reduction in surface expression 
corresponded to a decrease in peak current in the GluN1(Y-
668H)/2A receptors, we transfected human WT GluN1 
or variant GluN1(Y668H) with WT GluN2A subunits in 
HEK293AD cells and performed whole-cell patch-clamp 
electrophysiology. Whole-cell currents were elicited by ap-
plying a maximal (saturating) concentration of glycine or 
glutamate along with an ~EC50 concentration of the coag-
onists. The mean peak glycine-gated current for GluN1/2A 
WT receptors was 1143 ± 558 pA (n = 16 cells) and for 
GluN1(Y668H)/2A variant receptors was 383 ± 163 pA 
(n = 12 cells, unpaired t-test, p < .001; Figure 2C). A simi-
lar analysis for glutamate-gated currents produced a mean 
peak for WT receptors of 1105 ± 600 pA (n = 13 cells) and 
for GluN1(Y668H)/2A receptor of 323 ± 268 pA (n = 16 
cells, unpaired t-test, p < .001; Figure 2D). These data show 
a clear correlation between the reduced surface expres-
sion level and reduced maximal currents mediated by the 
GluN1(Y668H)/2A receptors compared to WT receptors.

3.3  |  Glycine sensitivity at WT and 
GluN1 variants

The sensitivity of the receptors to glycine was tested in trans-
fected HEK293AD cells expressing WT or variant-containing 
receptors. Whole-cell currents were elicited by direct appli-
cation of a range of glycine concentrations and a constant 
glutamate concentration of 20 μmol·L−1 (WT) or 5 μmol·L−1 
(GluN1 variants), over each recorded cell, as exempli-
fied for WT GluN1/2A and GluN1(Y668H)/2A receptors 
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(Figure 3A,B). Normalized peak currents were then plotted 
and fitted to a Hill equation for each cell expressing either 
WT GluN1/2A, GluN1(I481V)/2A, GluN1(A666S)/2A, or 
GluN1(Y668H)/2A receptors to obtain the concentration 
that elicits the half-maximal current (EC50) and the Hill 
coefficient (nH; slope at EC50; Figure  3C). The WT recep-
tors exhibited a glycine pEC50 (negative logarithm of EC50) 
of −.42 ± .26 μmol·L−1 (EC50 of 3.2 ± 2.2 μmol·L−1, n = 14) 
and an nH of 1.7 ± .5. Similar parameters were obtained 
for the GluN1(I481V)/2A receptors, with a glycine pEC50 
of −.44 ± .25 μmol·L−1 (EC50 of 3.2 ± 1.9 μmol·L−1, n = 9, 
ANOVA, p = .797) and an nH of 1.7 ± .5. The GluN1(A666S)/2A 
receptors produced a pEC50 of −.08 ± .13 μmol·L−1 (EC50 
of 1.2 ± .4 μmol·L−1, n = 5, ANOVA, p = .018) and an nH of 
1.5 ± .3, whereas the GluN1(Y668H)/2A variant produced a 

pEC50 of .92 ± .15 μmol·L−1 (EC50 of .13 ± .04 μmol·L−1, n = 9, 
ANOVA, p < .001).

We made the notable observation that as glycine con-
centrations diminished to zero, the response remained at 
~23% of the maximum for the GluN1(Y668H)/2A variant 
receptors, whereas for the other receptors the response di-
minished to zero (Figure 3C).

3.4  |  Glutamate sensitivity at WT and 
GluN1 variants

Similar experiments and analyses were conducted to deter-
mine the glutamate concentration–response relationship at 
WT and variant receptors. Whole-cell currents were recorded 

F I G U R E  2   GluN1 variant surface expression. (A) Rat hippocampal neurons transfected with plasmids encoding superecliptic 
pHluorin (SEP)-GluN1 (wild-type [WT]) and the three variant subunits SEP-GluN1(I481V), SEP-GluN1(A666S), and SEP-GluN1(Y668H). 
Representative images are shown of the surface and total SEP-GluN1 in a neuron from each group, together with expanded views of the 
boxed regions, shown below. (B) Quantification of surface expression of the surface/total GluN1 ratio normalized to the value of control 
neurons expressing SEP-GluN1 WT. Data are presented as mean ± SEM (WT, n = 20 neurons; I481V, n = 20; A666S, n = 20; Y668H, n = 20; 
from three independent cultures). (C) Quantification of peak whole-cell currents mediated by the indicated receptors in response to 
saturating concentrations of glycine (and half-maximal effective concentration [EC50] of glutamate). (D) Quantification of peak whole-cell 
currents in response to saturating concentrations of glutamate (and an EC50 concentration of glycine). ***p < .001.
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over a range of glutamate concentrations, and a constant gly-
cine concentration of 4 μmol·L−1 (WT) or 10 μmol·L−1 (GluN1 
variants), over each recorded cell, as shown for WT GluN1/2A 
and GluN1(Y668H)/2A receptors (Figure  3D,E). The 
GluN1/2A receptors produced a glutamate pEC50 of −1.2 ± .2 
(EC50 of 19.6 ± 10.1 μmol·L−1, n = 13) and an nH of 1.4 ± .5. 
The pEC50 and nH values for the GluN1(I481V)/2A variant 
were −1.2 ± .2 (EC50 of 20.2 ± 9.8, n = 9, ANOVA, p = .974) and 
1.8 ± .9, and those for the GluN1(A666S)/2A were −1.1 ± .1 
(EC50 of 13.9 ± 4.6, n = 5, ANOVA, p = .846) and 2.1 ± .5.

As was observed for glycine sensitivity, the GluN1(Y-
668H)/2A showed an enhanced sensitivity to glutamate, 
with a pEC50 of −.33 ± .42 (EC50 of 3.3 ± 3.2 μmol·L−1, 

n = 13, ANOVA, p < .001) and an nH of 1.2 ± .4. Here too, 
the current mediated by the GluN1(Y668H)/2A variant 
remained at ~39% of maximum, unlike that of the other 
receptors, which diminished to zero with decreasing glu-
tamate concentrations (Figure 3F).

3.5  |  GluN1(Y668H)/2A receptor 
responds to either glycine or glutamate, 
without added coagonist

We conducted whole-cell recordings to determine the ori-
gin of the residual current mediated by GluN1(Y668H)/2A 

F I G U R E  3   Concentration–response plots of glycine and glutamate. (A, B) Representative whole-cell currents in response to the 
indicated micromolar concentrations of glycine (and half-maximal effective concentration [EC50] of glutamate) from cells expressing 
the wild-type (WT) GluN1/2A (A) and GluN1(Y668H)/2A variant (B) receptors. (C) Normalized glycine concentration–response plots of 
group data for the indicated WT and variant receptors. (D, E) Representative whole-cell currents in response to the indicated micromolar 
concentrations of glutamate (and an EC50 concentration of glycine) from cells expressing the WT GluN1/2A (D) and GluN1(Y668H)/2A 
variant (E) receptors. (C) Normalized glutamate concentration–response plots of group data for the indicated WT and variant receptors. 
Currents were obtained at a holding potential of −70 mV.
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receptors at diminishing glycine or glutamate concentra-
tions. For these experiments, currents were recorded as 
pairs from the same cell. These consisted of a current elic-
ited by the agonist combinations that produced a maximal 
response, followed by a current elicited by the single ago-
nist that was held constant throughout the concentration–
response experiment. At WT receptors, 300 μmol·L−1 
glutamate plus 4 μmol·L−1 glycine produced a mean cur-
rent of 1243 ± 756 pA (n = 5), whereas 4 μmol·L−1 glycine 
alone elicited a mean current of 39 ± 37 pA, representing 
only ~3% of the maximum. Similarly, 100 μmol·L−1 gly-
cine plus 20 μmol·L−1 glutamate elicited a mean current 
of 1007 ± 639 pA (n = 5) and 20 μmol·L−1 glutamate alone 
elicited a mean current of 168 ± 154 pA, representing only 
~17% of the maximum (Figure  4A,B). These data are in 
line with the current mediated by WT receptors diminish-
ing toward zero with decreasing agonist concentrations.

Similar experiments were done on the GluN1(Y-
668H)/2A variant receptors. One hundred micromolars 
glutamate plus 10 μmol·L−1 glycine produced a mean 
maximal current of 247 ± 78 pA (n = 5), and 10 μmol·L−1 
glycine alone elicited a mean current of 71 ± 23 pA, 
which was ~29% of the maximum. Three micromolars 
glycine plus 5 μmol·L−1 glutamate produced a maximum 
current of 226 ± 74 pA (n = 5), and 5 μmol·L−1 glutamate 
alone produced a mean current of 151 ± 41 pA, which 
was ~67% of the maximum (Figure 4C,D). The current 
that was elicited by single agonists was substantially 
larger relative to that elicited by both agonists for this 
variant receptor when compared to the WT receptor. Our 
data suggest that the persistent currents observed in the 
concentration–response experiments either might be due 
to low-level contamination of coagonist in our stock solu-
tions of glycine and glutamate, as has been suggested for 
the glycine (but not glutamate) concentration–response 
relationship at GluN1-4a(N650K)/2A variant recep-
tors,18 or, more remarkably, indicate that the GluN1(Y-
668H)/2A variant receptors can be activated by either 
agonist alone.

To determine whether our stock solutions of glutamate 
and glycine were contaminated by the coagonist, we car-
ried out mass spectrometry on both stock solutions. The 
spectral plots for both solutions are shown in Figure 4. The 
glycine stock solution showed a clear peak at the molec-
ular mass of glycine (75.07 g mol−1; Figure 4E) but no ev-
idence for the presence of glutamate. Similarly, the mass 
spectrum of our glutamate stock showed a prominent 
peak at the molecular mass of glutamate (147.13 g mol−1; 
Figure  4F) and no peak for glycine. These data indicate 
that contamination by coagonist was not detected in our 
stock solutions, which supports the interpretation that a 
single agonist is capable of gating the GluN1(Y668H)/2A 
variant receptors.

3.6  |  Single-receptor current 
properties of WT, GluN1(A666S)/2A, and 
GluN1(Y668H)/2A receptors

Single-receptor currents were recorded from outside-out 
membrane patches excised from HEK293AD cells express-
ing WT, GluN1(A666S)/2A, or GluN1(Y668H)/2A variant 
receptors. Receptor activity was elicited by continuous 
application of a saturating concentration of agonists con-
sisting of 1 mmol·L−1 glutamate plus 100 μmol·L−1 glycine 
(Figure 5A–C). WT receptors activated in bursts of activ-
ity with a unitary current amplitude of 3.3 ± .2 pA (n = 7 
patches; Figure  5A). Similarly, the GluN1(A666S)/2A 
receptors opened to an amplitude of 3.4 ± .2 pA (n = 3 
patches; Figure  5B). By contrast, the GluN1(Y668H)/2A 
variant receptors opened in relatively shorter bursts and 
to multiple levels within each burst (Figure  5C). These 
intra-activation transitions in amplitude consisted of 
steps to small (.8 ± .1 pA), medium (2.5 ± .1 pA), and large 
(3.3 ± .1 pA) levels (n = 8 patches; Figure 5D). The small, 
medium, and large levels were significantly different 
from each other (ANOVA, p < .001 for each comparison), 
whereas the large level was not different from the main 
level in WT receptors (p = .628). At a reversal potential of 
0 mV (see Figure 6G,H) and a liquid junction potential of 
3.9 mV, we calculated the main conductance of the WT 
and GluN1(A666S)/2A receptors to be 45 pS and 46 pS, 
respectively, and for the GluN1(Y668H)/2A receptors to 
be 11 pS, 34 pS, and 45 pS.

We analyzed the durations of discrete receptor active 
periods and the proportion of time spent in conducting 
configurations during active periods (Open probability, 
PO) for the WT and the two pore variant receptors. WT re-
ceptors activated for a mean of 652 ± 845 ms (nine patches, 
450 separate activations; Figure 5E) and a PO of .67 ± .21 
(Figure  5F), which are similar to previously determined 
values.16 GluN1(A666S)/2A receptors showed no change 
in these parameters relative to WT receptors, with an 
estimated mean active duration of 800 ± 1078 ms (three 
patches, 48 separate activations) and a PO of .66 ± .23 
(Figure  5E,F). By contrast, both of these single-channel 
parameters were altered in the GluN1(Y668H) variant. 
The mean active duration of GluN1(Y668H)/2A recep-
tors was 60 ± 52 ms (six patches, 1245 separate activations, 
p < .0001; Figure 5E), and the PO was .49 ± .25 (p < .0001; 
Figure 5F).

3.7  |  Open channel block by memantine, 
ketamine, and MK-801

As additional functional probes and to determine 
whether target site therapeutic drugs might be effective at 
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correcting the functional deficits of the variants, we exam-
ined the potency of the clinically relevant pore blockers, 
memantine, ketamine, and MK-801. Receptor activation 
was achieved by applying 35 μmol·L−1 glutamate and 
10 μmol·L−1 glycine at each receptor.

Memantine blocked WT receptor current with a pIC50 
of .32 ± .25 (IC50 of .54 ± .29 μmol·L−1) and an nH of 
−1.3 ± .9 (n = 4; Figure  6A,B). At the GluN1(I481V)/2A 
variant, memantine blocked current with a reduced po-
tency compared to WT receptors with a pIC50 (negative 
logarithm of IC50) of −.53 ± .24 (IC50 of 3.9 ± 2.0 μmol·L−1) 
and an nH of −1.1 ± .3 (n = 10, ANOVA, p < .001). The two 
pore variants were also less sensitive to memantine block. 
The GluN1(A666S)/2A receptors had a pIC50 for meman-
tine of −.66 ± .12 (IC50 of 4.7 ± 1.3 μmol·L−1) and an nH 
of −1.1 ± .1 (n = 4, ANOVA, p < .001), and the GluN1(Y-
668H)/2A receptors had a pIC50 of −.64 ± .17 (IC50 of 
4.7 ± 2.0 μmol·L−1) and an nH of −.8 ± .2 (n = 6, ANOVA, 
p < .001).

Ketamine application at WT receptors blocked current 
with a pIC50 of .52 ± .50 (IC50 of .46 ± .42 μmol·L−1) and 
an nH of −1.3 ± .6 (n = 5; Figure 6C,D). The potency with 
which ketamine blocked all three variants was significantly 
reduced compared to WT receptors (ANOVA, p < .001 for 
all variants). The GluN1(I481V)/2A variant receptors 
had an pIC50 of −.31 ± .14 (IC50 of 2.1 ± .7 μmol·L−1) and 
an nH of −1.1 ± .4 (n = 5). The GluN1(A666S)/2A recep-
tors were blocked by ketamine with a pIC50 of −.49 ± .33 
(IC50 of 3.8 ± 2.7) and an nH of −.95 ± .63 (n = 5), and the 
GluN1(Y668H)/2A receptors were blocked with a pIC50 of 
−.42 ± .15 (IC50 of 2.8 ± 1.0 μmol·L−1) and a Hill slope of 
−1.1 ± .2 (n = 7).

At WT receptors, MK-801 had a pIC50 of −.20 ± .25 
(IC50 of 1.9 ± 1.5 μmol·L−1) and an nH of −1.2 ± .4 
(n = 6) and the GluN1(I481V)/2A variant had a pIC50 
and Hill slope of −.02 ± .25 (ANOVA, p = .946, IC50 of 
1.2 ± .5 μmol·L−1) and −1.4 ± .6 (n = 8). However, the 
pore variants did change the potency of MK-801. At 

F I G U R E  4   Activation of GluN1(Y668H)/2A by single neurotransmitter. (A) Representative whole-cell currents in response to the 
indicated micromolar concentrations of agonists (left) and single agonist (right) for wild-type (WT) GluN1/2A receptors. (B) Quantification 
of peak currents from group data showing peak currents from agonist combinations compared to single agonists for WT receptors. (C) 
Representative whole-cell currents in response to the indicated micromolar concentrations of agonists (left) and a single agonist (right) for 
GluN1(Y668H)/2A variant receptors. (D) Quantification of peak currents from group data showing peak currents from agonist combinations 
compared to single agonists for GluN1(Y668H)/2A variant receptors. (E, F). Mass spectra of the agonist stock solutions used in this study. 
The glycine stock (E) shows a clear peak at the glycine molecular mass of 75.07 g mol−1 (red peak), whereas the glutamate stock (F) shows a 
peak at the molecular mass of glutamate of 147.13 g mol−1 (red peak). Note that the plots in E and F show additional peaks that correspond 
to other masses in the extracellular solution.
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GluN1(A666S)/2A receptors, MK-801 had a pIC50 of 
.48 ± .17 (ANOVA, p = .002, IC50 of .35 ± .15 μmol·L−1) 
and an nH of −.89 ± .34 (n = 5), suggesting an increase 
in potency of this blocker compared to WT receptors. 
Conversely, MK-801 was less potent at the GluN1(Y-
668H)/2A receptors, with a pIC50 of −.72 ± .44 (ANOVA, 
p = .002, IC50 of 7.8 ± 7.4 μmol·L−1) and a Hill slope of 
−.95 ± .62 (n = 5). A summary of the group data for 
the concentration–response experiments and the IC50 
comparisons for MK-801 is shown in Figure  6E,F, 
respectively.

3.8  |  GluN1(Y668H)/2A reduces block by 
Mg2+ ions

The Y668H mutation is positioned near the apex of a 
conically shaped vestibule within the ion pore. The base 
of this vestibule is formed by the M2 domains, which 
contain critical determinants of block and permeation 
of Mg2+ and Ca2+ ions.5,19,20 We wished to investigate 
whether the substitution to histidine affected Mg2+ block 

at GluN1(Y668H)/2A receptors. Whole-cell recordings 
were carried out over a range of voltages for WT and 
GluN1(Y668H)/2A variant receptors in the presence and 
absence of 1 mmol·L−1 extracellular Mg2+ ions for each re-
corded cell. WT GluN1/2A receptors in the absence of ex-
tracellular Mg2+ produced a linear current–voltage (I–V) 
relationship (Figure 6G). Substituting the Mg2+-free extra-
cellular with one containing 1 mmol·L−1 Mg2+ produced 
the expected voltage-dependent current block at negative 
membrane voltages.

The I–Vs of the GluN1(Y668H)/2A variant receptors 
showed features that were distinct from those of the WT. 
The I–V in the presence of extracellular Mg2+ was out-
wardly rectifying. The outward currents were relatively 
larger by approximately 1.9-fold (Figure  6H) compared 
to the I–Vs of WT receptors and approximately fivefold 
greater relative to the I–Vs in the absence of Mg2+. The 
GluN1(Y668H)/2A variant also showed impaired Mg2+ 
block at negative membrane voltages in the presence of 
1 mmol·L−1 Mg2+. The enhanced outward currents and 
current-carrying capacity at negative voltages are gain-of-
function properties of this variant.

F I G U R E  5   Single-receptor currents. (A–C) Representative single-receptor currents recorded from excised outside-out membrane 
patches expressing the WT GluN1/2A (A), GluN1(A666S)/2A (B), and GluN1(Y668H)/2A (C). Expanded views of single-receptor activity are 
shown on the left. (D) Quantification of unitary current for the indicated receptors. Note that the GluN1(Y668H)/2A variant receptors have a 
wild-type-like amplitude (large [L]) and two smaller amplitudes (small [S] and medium [M]). (E) Plots of discrete activations (active periods) 
of single-receptor current for the indicated receptors. (F) Plots of the open state occupancy (PO) within active periods for the indicated 
receptors. ***p < .001, ****p < .0001.
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4   |   DISCUSSION

Clinical features of the three patients harboring the 
GRIN1 gene variants described in this study include se-
vere intellectual disability, developmental delay, and 
hypotonia. Notably, other patients expressing missense 
variants to the GluN1(A666) and GluN1(Y668) posi-
tions exhibit similar clinical features to those described 
here.10,12 The p.Ala666Ser and p.Tyr668Ser variants were 
recently studied in heterologous cells on the GluN1-4a 
background (numbered as p.Ala645Ser and p.Tyr647Ser). 
When expressed as GluN1-4a(A645S)/2A receptors, gly-
cine and glutamate sensitivity remained unaffected, as 
did surface expression.15 Our functional analysis shows 

a small (~3-fold) but significant increase in sensitivity to 
glycine when the same variant is expressed in the GluN1-
3b splice isoform along with the GluN2A subunit. The 
increase in glycine sensitivity is a gain-of-function pheno-
type and likely to enhance excitatory input, particularly 
from extrasynaptic receptors that mediate tonic excita-
tion. The GluN1-4a(Y647S)/2A receptors failed to reach 
the cell membrane15 and on that basis were classified as 
a loss-of-function phenotype.12 The GluN1-3b(Y668H)/2A 
receptors showed reduced levels of expression at the cell 
membrane, consistent with impaired receptor traffick-
ing, but as it was only partial, it did not preclude func-
tional analysis of receptors. The substitution to a histidine 
(rather that a serine) resulted in GluN1(Y668H)/2A 

F I G U R E  6   Effects of open channel 
blockers. (A, B) Concentration–response 
plots for peak current (A) and summary of 
the half-maximal inhibitory concentration 
(IC50) values (B) for the inhibition by 
memantine. (C, D) Concentration–
response plots for peak current (C) 
and summary of the IC50 values (D) 
for the inhibition by ketamine. (E, F) 
Concentration–response plots for peak 
current (E) and summary of the IC50 
values (F) for the inhibition by MK-801. 
Currents were obtained at a holding 
potential of −100 mV. (G) Normalized 
whole-cell current–voltage plots for 
wild-type (WT) GluN1/2A receptors in 
the absence (filled circles) and presence 
(open circles) of extracellular Mg2+ ions 
(1 mmol·L−1). Note the block of current 
at negative voltages in 1 mmol·L−1 Mg2+. 
(H) Normalized whole-cell current–
voltage plots for GluN1(Y668H)/2A 
variant receptors in the absence (filled 
circles) and presence (open circles) of 
extracellular Mg2+ ions (1 mmol·L−1). 
Note the impaired block at negative 
voltages in 1 mmol·L−1 Mg2+ and 
the greater relative outward current 
compared to WT receptors. Currents 
were normalized to +15 mV. ***p < .001, 
****p < .0001.
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receptors exhibiting an increase in glutamate and glycine 
sensitivities by an order of magnitude.

We observed that the concentration–response relation-
ship for glycine and glutamate for the GluN1(Y668H)/2A 
variant did not diminish to zero as was observed for the 
other receptors. Follow-up experiments showed that this 
variant was activated by application of either glutamate 
or glycine without added coagonist. We infer that either 
coagonists were present in our stocks but at levels that 
were below the detection threshold of our mass spectrom-
eter or, more remarkably, that the GluN1(Y668H)/2A re-
ceptor can be activated by either neurotransmitter alone. 
This would enhance both tonic (extrasynaptic) and phasic 
(synaptic) excitatory input during development.

Our single-receptor recordings revealed two altered 
functional properties of the GluN1(Y668H)/2A variant re-
ceptors that are compatible with GluN1(Y668) being a hub 
that couples receptor activation and ionic conductance. 
First, discrete active periods of individual receptors were 
relatively brief and occurred as frequent “chatter” through-
out the recordings, which is consistent with enhanced re-
ceptor gating and the observed increase in sensitivity to 
neurotransmitters. Second, single-receptor active periods 
were characterized by multiple transitions in amplitude, 
suggesting that the GluN1(Y668) position also functions 
as a site where single-channel conductance is regulated.

Open channel blockers of NMDA receptors, including 
memantine, ketamine, and MK-801, share an overlapping, 
conically shaped binding pocket. Ketamine forms hydro-
phobic interactions with GluN1-V665 and A666, whereas 
memantine interacts with GluN1-V665 and T66921 and 
MK-801 interacts principally with GluN1-V665.22 These 
differences in molecular interactions are subtle and reflect 
the similar decrease in potency for the M3 pore variants. 
A decrease in potency of memantine and ketamine was 
observed for the GluN1(I481V)/2A receptors, even though 
neither blocker interacts directly with the GluN1-481 posi-
tion. These data indicate a retrograde functional coupling 
between the ion channel gate and the extracellular domain 
around the GluN1-481 position, as has been observed for 
open channel block by picrotoxin at anion-selective γ-
aminobutyric acid type A (GABAA) receptors, which is 
accompanied by structural changes in the extracellular 
domain of the receptor.23

Our study provides new insights into molecular patho-
genic mechanisms of three GluN1 subunit variants as-
sociated with developmental delay and epilepsy and has 
implications for treatment options for the affected individ-
uals. All three individuals have been receiving therapies 
that either potentiate GABAA receptor-mediated inhibi-
tory input or reduce neuronal firing. All three individu-
als have shown limited benefit from current treatments. 
Our data show that clinically relevant NMDA receptor 

blockers might be more efficacious at alleviating symp-
toms even though the potency and efficacy of the blockers 
has been compromised by the variant receptors.
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