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Abstract 

 AMPA receptors are members of the glutamate receptor family and mediate a fast 

component of excitatory synaptic transmission at virtually all central synapses.  Thus, their 

functional characteristics are a critical determinant of brain function.  We evaluate intolerance of 

each GRIA gene to genetic variation using 3DMTR and report here the functional consequences of 

52 missense variants in GRIA1-4 identified in patients with various neurological disorders. These 

variants produce changes in agonist EC50, response time course, desensitization, and /or receptor 

surface expression.  We predict that these functional and localization changes will have important 

consequences for circuit function, and therefore likely contribute to the patients’ clinical phenotype. 

We evaluated the sensitivity of variant receptors to AMPAR-selective modulators including FDA-

approved drugs to explore potential targeted therapeutic options. 

 

Key words: glutamate receptors, channelopathy, GRIA, GluA, AMPA, translational study 
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Introduction 

 Glutamate receptors mediate excitatory synaptic transmission and can be divided into 

multiple classes based on pharmacology, structure, and genetic sequence [1].  AMPA receptors 

(AMPARs) mediate a fast component of the synaptic current and are encoded by GRIA1-4.  These 

receptors are in complex with many potential accessory subunits and are embedded into a 

postsynaptic network of scaffolding and signaling proteins [1].  The actions of AMPARs are 

essential for normal circuit function, as they are present at virtually all excitatory synapses and are a 

substrate for activity-dependent post-translational modifications, which are important for synaptic 

plasticity [1].  

 The GRIA gene family is relatively intolerant to change in comparison to other proteins 

encoded by the genome, with percentile intolerance scores 5.8, 13, 45, 7.8% for GRIA1-4, 

respectively [2]. Thus, it is not surprising that patients with neurological disease have been found to 

have missense variants in GRIA1 [3-7], GRIA2 [8-11], GRIA3 [12-21], and GRIA4 [22].  At present 

there are over 100 missense GRIA variants known [1], although very little information exists 

regarding the effects of these variants on AMPAR function.  Here we evaluate the functional 

consequences of over 50 AMPAR variants in heterologous expression systems.  We additionally 

report several previously unknown AMPAR variants, along with the associated clinical phenotype.  

We found a range of different effects on AMPAR properties, all of which we predict will impact 

circuit function. 

 

Materials and Methods 

Consent, study approval, patient phenotype and genetic analysis 

This study was approved by the Medical Ethics Committee and the Institutional Review 

Boards of University of Colorado School of Medicine and Children's Hospital Colorado (COMIRB 
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16-1520), Peking University First Hospital, John Hopkins University, Birmingham Women’s and 

Children’s Hospital, Emory University, and University of Leipzig Hospitals and Clinics. All in vitro 

studies were conducted according to the guidelines of Emory University. 

The patient data regarding neurological conditions (i.e., developmental milestones, seizure 

onset, seizure types, EEG and MRI findings, and response to clinical treatment attempts with 

conventional antiepileptic drugs) were analyzed retrospectively. Patient-4 (Ala653Ser) and Patient-

5 (Val658Ala) (Supplemental Table S1), registered and evaluated by Peking University First 

Hospital, were identified from a gene panel targeting 480 epilepsy-related genes that included 

GRIA1-4. All other variants were identified by John Hopkins University, Peking University First 

Hospital, EGL Genetics, Birmingham Women’s and Children’s Hospital, Manchester University, 

University of Rochester Medical Center, Boston Children’s Hospital, Children’s Hospital Colorado, 

and University of Leipzig Hospitals and Clinics using whole-exome sequencing via commercial 

clinical laboratories. All genomic DNA used in the experiments were extracted from peripheral 

leukocytes. All the variants were validated by Sanger sequencing. Assessment of pathogenicity of 

these variants was performed following ACMG guidelines [23] before functional studies were 

undertaken. We also collected variants in GRIA1-4 from patients with epilepsy and 

developmental/intellectual disability from Pubmed and ClinVar (Table 1).   

 

3DMTR analysis 

The 3DMTR (three-dimensional missense tolerance ratio) analysis was performed using a 

MATLAB (Mathworks, version R2019b) encapsulated application or other custom scripts, all of 

which are available on GitHub (https://github.com/riley-perszyk-PhD/3DMTR, current version 

v2.0); annotated pdb files that implement the results of 3DMTR are available in the supplemental 

information. Only the GluA2 subunits from the open conformation AMPAR structure (PDB:5WEO, 

https://github.com/riley-perszyk-PhD/3DMTR
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[24]) were used for all GRIA genes in the analysis. Variant datasets (“Non-Neuro”) for all genes 

were obtained from the gnomAD website (version 2.1.1). The translated coding gene sequences of 

GluA1/3/4 were aligned to GluA2 using methods in the Matlab Bioinformatic toolbox to infer 

which residues correspond to the ones present in the GluA2 structure. This was performed in the 

application by selecting the gene sequence for GluA2 for the “PDB gene file” and selecting the 

alternative GluA gene sequence file for the “gnomAD gene file”. When both missense and 

synonymous variant counts were equal to 0, a 3DMTR score of 0 was applied. The alternative 

structure (O-shaped GluA2/GluA3 receptor, PDB:5IDE, [25]) was used to examine the 3DMTR of 

GluA3. 

 

Molecular biology 

Mutagenesis was performed on complementary DNA (cDNA) encoding human GRIA genes 

[26] using the QuikChange protocol with Pfu DNA polymerase (Stratagene La Jolla, CA, USA) to 

replicate the parental DNA strand with the desired mismatch incorporated into the primer. 

Methylated parental DNA was digested with Dpn I for 3 hours at 37˚C and the nicked mutant DNA 

was transformed into TOP10 Competent Cells (Life Tech, Grand Islands, NY, USA). Bacteria were 

spun down and prepared using the QIAGEN QIAprep Spin Miniprep Kit (Hilden, Germany). 

Sequences were verified through the mutated region using dideoxy DNA sequencing (Eurofins 

MWG Operon, Huntsville, AL, USA). The plasmid vector for wild type (WT) human GluA1-4 

(GenBank accession codes: NP_001107655, NP_000817, NP_015564 and NP_015566) was pCI-

neo and for human Stargazin/CACNG2 (GenBank accession codes: NP_006069, generously 

provided by Janssen Research and Development) was pcDNA3.1.  

We utilized the following Leu-Tyr mutations at the agonist binding domain dimer interface 

to reduce desensitization [27] for some experiments: GRIA1 (NM_001114183, Leu497Tyr, GRIA3 
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(NM_007325, Leu513Tyr), GRIA4 (NM_000829, Leu505Tyr). We also modified the Arg encoded 

at the editing site in the M2 reentrant pore loop mRNA to Gln to match the genomic sequence for 

GRIA2 (NM_000826, Arg607Gln; [28,29,1]). All clones contained the flip splice variant [30].  

The cDNA was linearized using FastDigest (Thermo, Waltham, MA) restriction digestion at 

37°C for 1 hour. Complementary RNA (cRNA) was synthesized in vitro from linearized cDNA for 

WT and mutant AMPAR subunits using the mMessage mMachine T7 kit according to 

manuufacturer’s instructions (Ambion, Austin, TX, USA). Xenopus laevis stage VI oocytes were 

prepared from commercially available ovaries (Xenopus one Inc, Dexter, MI, USA). The ovary was 

digested with Collagenase Type 4 (Worthington-Biochem, Lakewood, NJ, USA) solution (850 

μg/mL, 15 ml for a half ovary) in Ca2+-free Barth's solution, which contained (in mM) 88 NaCl, 2.4 

NaHCO3, 1 KCl, 0.82 MgSO4, 10 HEPES (pH 7.4 with NaOH) supplemented with 100 μg/ml 

gentamycin, 1 U/ml penicillin, and 1 g/ml streptomycin. The ovary was incubated in enzyme with 

gentle mixing at room temperature (23°C) for 2 hours. The oocytes were rinsed 5 times with Ca2+-

free Barth's solution (35-40 mL of fresh solution each time) for 10 min each time, and further rinsed 

4 times with 35-40 mL of fresh normal Barth's solution, which included 0.33 mM Ca(NO3)2 and  

0.41 mM CaCl2, on the mixer for 10 min each time. The sorted oocytes were kept in 16°C incubator 

for further use. Xenopus laevis oocytes were injected with AMPAR cRNA that by weight was 5-10 

ng in 50 nL of RNase-free water per oocyte [26]. Injected oocytes were maintained in normal 

Barth’s solution at 15-19°C. 

 

Two-electrode voltage clamp current recordings 

Two-electrode voltage clamp (TEVC) current recordings were performed two to three days’ 

post-injection at 23˚C, as previously described [26,31]. The extracellular recording solution 

contained (in mM) 90 NaCl, 1 KCl, 10 HEPES, 1.0 BaCl2, and 0.01 EDTA (pH7.4 with NaOH). 
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Solution exchange was computer-controlled through an 8-valve positioner (Digital MVP Valve, 

Hamilton, CT, USA). Oocytes were placed in a dual track chamber that shared a single perfusion 

line, allowing simultaneous recording from two oocytes. All concentration-response solutions were 

made by adding agonists to the extracellular recording solution. Voltage control and data 

acquisition were achieved by a two-electrode voltage-clamp amplifier (OC725C, Warner 

Instruments, Hamden, CT, USA). The voltage electrode was filled with 0.3 M KCl and the current 

electrode with 3 M KCl. Oocytes were held under voltage clamp at holding potential -40 mV unless 

otherwise indicated. All chemicals were obtained from Sigma-Aldrich unless otherwise stated. 

 

Whole-cell voltage-clamp current recordings 

 Human embryonic kidney (HEK 293) cells (ATCC CRL-1573; Manassas, VA, USA) were 

plated on glass coverslips pre-treated with 0.1 mg/ml poly-D-lysine and cultured in 

DMEM/GlutaMax medium (GIBCO, 15140-122) supplemented with 10% fetal bovine serum and 

10 U/ml penicillin and 10 μg/ml streptomycin at 37°C and maintained in a humidified environment 

with 5% CO2. The HEK cells were transiently transfected with plasmid cDNAs encoding WT or 

mutant human AMPAR along with GFP at a cDNA ratio of 1:1 (0.2 – 0.4 g/L) by using the 

calcium phosphate precipitation method [32,33,26]. After 48 hours following the transfection, the 

cells on coverslips were moved to a submerged recording chamber with continuous perfusion with 

external recording solution that contained (in mM) 3 KCl, 150 NaCl, 0.01 EDTA, 1.0 CaCl2, 10 

HEPES, and 11 D-mannitol, with the pH adjusted to 7.4 by NaOH. External solution was filtered 

through 0.45 μm nylon filters under vacuum. The whole-cell voltage-clamp current recordings were 

performed with fire polished recording electrodes with a resistance of 3-4 M that were made of 

thin-walled filamented borosilicate glass (TW150F-4, World Precision Instruments, Sarasota, FL, 

USA) filled with the internal pipette solution that contained (in mM) 110 D-gluconic acid, 110 
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CsOH, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl2, 2 MgCl2, 5 BAPTA, 2 Na2ATP, 0.3 Na2GTP; pH 

was adjusted to 7.4 with CsOH and the osmolality was adjusted to 300-310 mOsmol/kg using CsCl 

or water. The whole cell current responses were evoked by the rapid application of maximally 

effective concentrations of agonists (10 mM glutamate for 5 ms, 100 ms, or 1 s) at a holding 

potential of -60 mV and recorded using a Axopatch 200B patch-clamp amplifier (Molecular 

Devices, CA, USA). For each cell, solution exchange time was measured using changes in the 

junction potential at the electrode tip when normal extracellular solution and diluted solution were 

flowing through each side of a theta tube, and adjusted to be less than 1 ms before experiments.  

The current responses were anti-alias filtered with -3 dB, 8 pole Bessel filter at 8 kHz (Frequency 

Devices, IL, USA) and digitized at 20 kHz using Digidata 1440A acquisition system (Molecular 

Devices, CA, USA) controlled by Clampex 10.3 (Molecular Devices, CA, USA).  

 

Beta-lactamase assay 

HEK293 cells were plated in 96-well plates (50,000 cells per well) and transiently 

transfected with cDNA encoding WT or mutant β-lac-GluA1, β-lac-GluA2 and β-lac-GluA4 

(homomeric receptors), or β-lac-GluA3 with WT GluA2 and human stargazin (-2) at a cDNA ratio 

of 1:1:1 using Fugene6 (Promega, Madison, WI), as previously described [34]. Cells treated with 

Fugene6 alone were used to define background signal. Briefly, six wells were transfected for each 

condition; surface and total protein levels were measured in three wells each. After 24 hours, cells 

were rinsed with Hank’s Balanced Salt Solution (HBSS, in mM, 140 NaCl, 5 KCl, 0.3 Na2HPO4, 

0.4 KH2PO4, 6 glucose, 4 NaHCO3) supplemented with 10 mM HEPES, and then 100 μL of a 100 

μM nitrocefin (Millipore, Burlington, MA, USA) solution in HBSS with HEPES added to each well 

for measuring the level of extracellular enzymatic activity, which reflected AMPAR surface 

expression. To determine the level of total enzymatic activity, the cells were lysed by a 30-min 
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incubation in 50 μL H2O prior to the addition of 50 μL of 200 μM nitrocefin. The absorbance at 486 

nm was assessed using a microplate reader every min for 30 min at 30℃. The rate of increase in 

absorbance was generated from the slope of a linear fit to the data. 

 

Evaluation of AMPAR positive or negative modulators 

The concentration-response relationships for AMPAR positive allosteric modulators (CX-

614, Aniracetam, cyclothiazide) or negative allosteric modulators (CP-465,022, perampanel, 

GYKI52466, GYKI53655) and competitive antagonists (NBQX) were evaluated using TEVC 

recordings from Xenopus oocytes expressing WT or mutant GluA1-4 at a holding potential of -40 

mV. The averaged current response amplitudes were fitted with Equation 1 to determine the EC50 

values and Equation 2 to determine the IC50 values (see below). 

 

Data and statistics analysis 

The data supporting the findings of this study are available within the article and its 

supplementary material. Raw data and derived data supporting the findings of this study are 

available from the corresponding author upon request. 

Statistical analyses were performed in GraphPad Prism 5 (La Jolla, CA, USA) and 

OriginPro 9.0 (Northampton, MA, USA). Statistical significance was assessed using one-way 

ANOVA with Post hoc Dunnett’s Multiple Comparison Test, with p < 0.05 considered significant. 

Power was determined using Gpower (3.1.9.2). Data are presented as mean ± SEM. Error bars 

represent SEM unless otherwise stated. The concentration-response relationship for agonists were 

fitted by 

 Response = 100% / (1 + ( EC50 / [ agonist ] )N) Eq. 1 

and the concentration-response relationship for inhibition was fitted by 
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 Response = (100% − minimum) / (1 + ( [ concentration ] / IC50 )
N) + minimum. Eq. 2 

N is the Hill slope, EC50 is the concentration of the agonist that produces a half-maximal effect, IC50 

is the concentration of the inhibitor that produces a half-maximal effect, and minimum is the degree 

of residual current observed at a saturating concentration of the inhibitor.  

The deactivation time course following rapid removal of glutamate after prolonged 

application was fitted by a non-linear least squares algorithm (ChanneLab, Synaptosoft, Decatur, 

USA) with a two-component exponential function,  

 Response=AmplitudeFAST (exp(-time/τFAST)) + AmplitudeSLOW (exp(-time/τSLOW)).     Eq. 3 

For desensitization time courses fitted by a single exponential function, Equation 3 was used with 

AmplitudeSLOW set to be 0.  For dual exponential fits, the weighted average tau was calculated as   

   weighted = (AmplitudeFAST  τFAST  + AmplitudeSLOW  τSLOW) / ( AmplitudeFAST  + AmplitudeSLOW  ).     Eq. 4 

For some experiments in which the whole cell current response to brief application of glutamate 

was measured, we fitted the deactivation time course to two exponential functions with the tau for 

one component (τSLOW) fixed to the time constant determined from analysis of the desensitization 

time course, which was obtained from responses to prolonged glutamate application on the same 

cell. We then reported τFAST as the deactivation time constant. 

 

Results 

GRIA variants identified in patients with neurological conditions 

 We report here 14 novel GRIA missense variants that were identified in patients with 

neurological conditions (Table 1).  These variants included 2 GRIA1, 4 GRIA2, 6 GRIA3, and 2 

GRIA4 missense variants. We also studied an additional 38 variants identified in the literature and 

ClinVar.  The clinical phenotypes of these patients include epilepsy, intellectual disability, 

microcephaly, sleep disorders, autistic features, language problems, movement disorders, and/or 

behavioral abnormalities (Table 1, Fig. 1, Supplemental Table S1).  The ACMG classification is 
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provided in Supplemental Table S1. Five of these 52 variants were present in the general population 

(gnomAD database, checked on March 2023), including GRIA3_p.Ile36Val, GRIA3_p.Met261Ile, 

GRIA3_p.Ala337Gly, GRIA3_p.Arg450Gln, and GRIA4_p.Arg697Gln.  The GRIA3 gene is located 

on Chromosome X, and it is possible that some variants can be carried by healthy females in the 

population. The GRIA2 and GRIA4 variants found in gnomAD alter receptor function (see below), 

however it is unclear what the consequences are for this.  Most of the variants in this study are 

candidates for potential contribution to the clinical phenotype, but functional data for these variants 

are limited. We therefore introduced each variant into cDNA for the relevant human GRIA1-4 genes 

and studied the functional and biochemical properties of the AMPARs in heterologous expression 

experiments. 

 

Tolerance analysis to genetic variation for genes encoding AMPA receptor subunits  

 Using the near full length open conformation structure (PDB:5WEO [24]) we can calculate 

the 3DMTR [35] for portions of the receptor represented in the structure for each gene (Fig. 2, 

Supplemental Fig. S1, Supplemental 3DMTR structural file). In general, each gene has a 3DMTR 

pattern that is distinct from the others but with some shared general trends. Each GRIA gene 

typically has intolerant hotspots in portions of the ABD (agonist binding domain), TMD 

(transmembrane domain), and at the apex of the NTD (amino-terminal domain) (Fig. 3). As these 

genes encode ion channels, this result is not unexpected, given that these portions of the receptor 

have important functions such as agonist binding and channel gating, which are evident in the 

3DMTR profile. It is noteworthy that M1 and M4 transmembrane helices interact with auxiliary 

subunits (e.g. TARPs, GSG1L, cornichons, Supplemental Fig. S2, [36,1]). The M1 transmembrane 

helix of GluA1,2,4 and the M4 transmembrane helix of GluA1 are intolerant to variation, which for 

some variants might reflect the importance of AMPAR-auxiliary subunit interactions for normal 
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brain function.  Interestingly, there is an intolerant region in the NTD for GluA1-3 that suggests 

critical residues for NTD dimerization or a potential interaction with a trans-synaptic binding 

partner (Fig. 3). This intolerant NTD site seems the clearest in GluA1 and GluA2, whereas GluA3 

has a different pattern. GluA3 may form protein complexes in a heterotetramer with GluA2, which 

has been suggested to have an alternative conformation [25]. The alternative structures associated 

with these different conformations provide a similar overall 3DMTR, but reorient this intolerant 

site, suggesting that the intolerance involves NTD dimer interactions as well as inter-NTD dimer 

interactions (Supplemental Fig. S3).  

There are some distinctions in each GRIA/GluA protein that may illuminate differential 

functions. GluA1 has intolerant M4 and NTD regions (Fig. 3). GluA2 has intolerant ABD, TMD 

(especially M1, M2, M3), and NTD regions (Fig. 3). GluA3 has an intolerant ABD, ABD-TMD 

linkers, and a wider NTD region (Fig. 3). GluA4 has an intolerant ABD (especially the dimer 

interface) and M3 (Fig. 3).  

The de novo variants discussed in this work generally are found in regions that lack 

missense variants in the general population, which corresponds to regions with lower, more 

intolerant 3DMTR scores (Fig. 2B, Supplemental Fig. S4). GluA1 has an average 3DMTR of 0.65 ± 

0.01 (n = 793), whereas the de novo variant sites have an average 3DMTR of 0.41 ± 0.09 (n = 4).  

GluA2 has a average 3DMTR of 0.57 ± 0.01 (n = 793) that is similar to the average 3DMTR for 

variants of 0.48 ± 0.12 (n = 6).  GluA3 has an average 3DMTR of 0.56 ± 0.01 (n = 793), whereas 

the de novo variant sites have an average 3DMTR of 0.42 ± 0.06 (n = 29).  GluA4 has an average 

3DMTR of 0.75 ± 0.01 (n = 793), whereas the de novo variant sites have an average 3DMTR of 

0.39 ± 0.10 (n = 6).   Thus, in each case the 3DMTR score of the de novo missense variants are on 

average lower than that of the entire protein, although this difference appears modest for GluA2. 

The locations of these de novo variants therefore appear to have the potential to be functionally 
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consequential when altered. 

 

Effects of GRIA missense variants on agonist potency  

 We first evaluated the potency for agonist activation of variant-containing GluA1-4 

receptors.  We observed current responses in 46 of 52 variants expressed in Xenopus oocytes during 

the application of glutamate; the remaining 6 variants did not produce measurable current 

responses. We subsequently recorded concentration-response curves for steady-state responses to 

glutamate and kainate on these variants.  Figure 4 shows representative glutamate concentration-

effect curves for several GRIA1, GRIA2, GRIA3, and GRIA4 variants determined in Xenopus 

oocytes expressing homomeric AMPARs, and illustrates a range of effects of the variants on agonist 

potency.  We find both variant-induced increases and decreases in glutamate potency for GluA1, 

GluA3, and GluA4. By contrast, we found only two variants that significantly increased glutamate 

potency at GluA2.  Table 2 summarizes the EC50 values determined for these variants.  We 

observed a significant increase in glutamate potency (decreased EC50) for GluA1-A636T, for 

GluA2-E508V, -V647A, -V647L, for GluA3-S527R, -V560A, -S647F, -A653S, -V658A, -R660S, -

G803E, -A818T, and for GluA4-T639S, -N641D, -A643G, -A644V.  By contrast, we observed a 

decrease in glutamate potency (increased EC50) for GluA1-T663M, for GluA3-M617T, -A653T, -

F655S, -M706T, -L774S, -G806S, -T816I, and for GluA4-R697P, -R697Q.  We also measured the 

concentration-response relationship for the partial agonist kainate at all variant receptors 

(Supplemental Fig. S5).  Whereas we were unable to record measurable responses to kainate at 

human GluA1, the effects of variants in other GRIA genes on the EC50 value for kainate activation 

were similar, but not identical to that observed for glutamate. Table 2 compares the EC50 values for 

both kainate and glutamate at all variant receptors. Several variants showed differential effect on 

glutamate and kainate potency (e.g. GluA3-T816I and GluA3-M706L), which may suggest actions 



15 
 

on the process of desensitization (Table 2). 

 Variants that altered potency of agonist were identified in the ABD, as expected since this 

region controls the association and dissociation rates for glutamate (Table 2).  In addition, some 

variants in ABD-transmembrane domain linkers also altered agonist potency, which would be 

consistent with effects on agonist EC50 secondary to changes in efficacy [37].  The linkers are 

known to influence efficacy given they directly connect the agonist binding site to the channel gate.  

In addition, a number of variants in the pore-forming regions also influence agonist potency, again 

most likely secondary to actions on gating (Table 2). 

 

Effects of GRIA missense variants on AMPA receptor response time course 

 We subsequently chose three GRIA4 variants (GluA4-T639S, GluA4-A643G, and GluA4-

A644V) and eleven GRIA3 variants (GluA3-M617T, GluA3-S647F, GluA3-A653S, GluA3-A653T, 

GluA3-T655S, GluA3-V658A, GluA3-R660S, GluA3-M706T, GluA3-G803E, GluA3-G806S, 

GluA3-T816I) to study at higher temporal resolution in HEK293 cells in response to rapid 

application of maximally effective concentrations of glutamate (10 mM).  Figure 5A and 

Supplemental Table S2 shows three GRIA4 variants that all reduce either the extent or rate of 

desensitization in response to prolonged application of glutamate.  Homomeric WT GluA4 

exhibited a FAST of 5.8  0.5 ms and a steady-state/peak current ratio (SS/Peak) of 0.02  0.01 (n = 

14). The time course of desensitization for the WT GluA4 could be fit with a single exponential 

function and showed a typical time constant for AMPAR desensitization. However, the GluA4-

T639S variant possessed a weighted for desensitization of 27  1.3 ms and SS/Peak ratio of 0.78  

0.044 (n = 3). GluA4-A643G and GluA4-A644V variants showed SS/Peak of 0.92  0.004 (n = 6) 

and 0.98  0.006 (n = 5), respectively, with weighted for desensitization undetermined. GluA4-

A643G and GluA4-A644V variants showed prolonged deactivation time course upon removal of 
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glutamate (weighted for deactivation was 41 msec and 94 msec, respectively) compared to that of WT 

receptors (5.1 msec). Given the slower time course of desensitization and/or deactivation, each of 

these variants is predicted to have a prolonged response to glutamate at central synapses, provided 

glutamate endures in the synaptic cleft long enough to produce a certain degree of desensitization 

(e.g., [38]).   

The GRIA3 variants tested showed more modest differences in response time course 

compared to WT GRIA3 (Supplemental Fig. S6, Supplemental Table S3). We recorded the response 

to brief and prolonged application of 10 mM glutamate onto cells expressing WT or variant 

receptor. We used whole cell recordings from HEK cells co-transfected with GluA3 cDNA and the 

auxiliary subunit TARP 2 due to low expression of GluA3 in transfected HEK cells without 

TARPs.  We fitted the desensitization time course with a single exponential function for responses 

to prolonged glutamate application. For the brief glutamate application experiments, the exchange 

time around a whole cell is slow, on the order of several milliseconds.  Thus, our measured 

deactivation time constants may systematically overestimate the true deactivation time course since 

they will contain a slow component corresponding to slow removal of glutamate from around the 

cell.  To circumvent the convolution of the desensitization and deactivation rates, we fitted the 

decay of these current responses with dual exponential function where one tau was fixed to that 

found for desensitization in the same cell measured in response to prolonged application of 

glutamate.  We interpreted the other time constant as reflective of the deactivation time course. 

From these experiments we identified 5 variants that altered the response time course. GluA3-

T655S showed an accelerated desensitization time course compared to WT. GluA3-S647F showed 

an accelerated deactivation rate compared with WT. GluA3-M617T and GluA3-M706T enhanced 

the extent of desensitization (i.e. smaller SS/Peak ratio) compared to WT. Further investigation of 

variants in AMPAR in which desensitization has been removed by site directed mutagenesis of key 
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residues may provide additional information on how variants impact deactivation. 

 

Effects of GRIA missense variants on AMPA receptor surface expression 

 We also tested whether these variants could alter the total expression of AMPAR receptors 

or the number of receptors that reached the cell surface.  We created a fusion protein between -

lactamase (-lac) and each AMPAR cDNA, with -lac placed in-frame at the N-terminus [34]. We 

subsequently introduced each variant into the parent -lac-construct, and transfected HEK cells with 

either WT or variant cDNA. We then incubated intact cells with a colorimetric substrate and 

monitored the conversion of substrate to product (see Methods).  Figure 5B-E shows the conversion 

of substrate to product as a function of time for WT and representative variants for each AMPAR 

subunit (left panels) and the degree of -lac activity in variant and WT receptors (right panels).  

The levels of total AMPAR protein expression and AMPAR surface expression are summarized for 

all variants in Table 2.  Virtually all variants showed some degree of surface expression, even those 

without measurable responses in oocytes. However, the majority of these variants reduced the levels 

of receptors that reached the surface of HEK cells as detected with this assay. We interpret these 

data to suggest that many of these variants may also compromise surface expression in neurons. 

 

Response of GRIA variants to allosteric modulators and competitive antagonists 

 GRIA variants that reduce receptor function could be amenable to enhancement by a class of 

positive allosteric modulators often referred to as AMPAkines (Supplemental Table S4).  We 

selected a subset of GRIA2-4 variants (GluA3-F655S, GluA3-M706T, and GluA4-R697P) that 

either reduced agonist potency or surface expression, or both.  We subsequently compared the effect 

of a single concentration of three modulators (CX-614, aniracetam, cyclothiazide, see [1]) that 

enhance AMPAR charge transfer by either diminishing desensitization, prolonging deactivation, or 
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both.  Figure 6A-C summarizes the actions of these agents and shows that CX-614 and 

cyclothiazide both retain their ability to enhance the steady-state responses to glutamate in WT and 

variant AMPARs expressed in Xenopus oocytes. The concentration-response relationship for CX-

614 is unchanged for the GRIA4 variant R697P. None of the variants tested responded to a 

subthreshold concentration of aniracetam, consistent with the idea that variants did not show 

enhanced sensitivity to this positive allosteric modulator (Fig. 6B). 

 We subsequently selected a subset of variants that appear to enhance AMPAR responses 

either by increasing agonist potency or reducing the degree of desensitization (GluA3-G803E, 

GluA4-T639S, GluA4-N641D, GluA4-A643G).  We evaluated the effects of a single concentration 

of the negative allosteric modulators perampanel, GYKI-52466, GYKI-53655, and CP-465,022 on 

the steady-state response to glutamate at variant AMPARs (Fig. 6D-G, Supplemental Table S5). We 

also assessed the effects of the AMPA/kainate receptor competitive antagonist NBQX on these 

variants (Fig. 6H).  The variant GluA3-G803E showed a similar degree of block by all inhibitors, 

and identical concentration-response relationships for these inhibitors (Fig. 6I,K).  The response for 

GluA4 variants was more complex, with some showing a similar sensitivity to inhibitors, whereas 

others were less sensitive (Fig. 6D-H). This was reflected in the concentration-dependence of these 

inhibitors assessed at GluA4 variants (Fig. 6J,L, Supplemental Table S6).   

 

Discussion 

Identification of GRIA variants as potentially disease-associated is an important new 

development in pediatric neurology and presents an opportunity to better understand a subset of 

previously undiagnosed neurodevelopmental disorders. The most important result of this study is 

the demonstration that many of the AMPAR variants produce measurable changes in functional 

properties for AMPARs expressed in heterologous systems, suggesting these changes could 
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contribute to clinical characteristics through alterations in AMPAR properties that influence circuit 

and brain function.  It will be important to evaluate functional effects of AMPAR variants in 

neurons to determine whether the functional consequences of missense variants determined in 

expression systems are present in a neuronal context. 

At present there is no way to predict a priori whether a variant will produce a functional 

change, or what direction that will be, making work that connects changes in receptor function to 

clinical characteristics necessary. We observed that most de novo variants occur at residues that 

have more intolerant 3DMTR scores and that variants that alter glutamate EC50 are clustered in the 

ABD and the TMD (Supplemental Fig. S7). Clinically, assessment of location and 3DMTR scores 

could be useful in absence of functional characterization when assessing pathogenicity of missense 

variants.  With further identification and functional characterization of novel de novo variants in 

GRIA genes, spatial patterns of functional alterations from receptor variants may become apparent.       

The large effects some variants have on AMPAR properties seem likely to impact clinical 

phenotype. However, we do not know what degree of change in various receptor properties is 

tolerated in the healthy population. This gap in our understanding makes it difficult to assess, for 

example, whether a 2-fold change in glutamate potency is meaningful. Moreover, for some 

AMPAR variants, modest changes in potency that might increase overall charge transfer could be 

offset by reductions in surface expression. Furthermore, we see that variants can have complex 

array of effects on AMPA receptor activation, deactivation, and desensitization that may not be 

comparable between GluA subunits.  A systematic evaluation of a comprehensive set of functional 

properties is needed to begin to categorize the effects at least on synaptic function.  While a 

comprehensive evaluation of how a missense variant might impact overall net function has been 

proposed for NMDA receptor variants [39], this has not been done yet for AMPARs.  Indeed, 

systematic evaluation of the overall net consequences of multiple changes in AMPAR functional 
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properties will be more complex than NMDARs, given that incorporation of GluA2 into the 

tetrameric complex and association of different classes of accessory subunits to markedly change 

AMPAR properties. 

An additional complication with interpretation of these results is the nature of contribution 

that variant AMPAR subunits make on tetrameric receptors.  For X-linked GRIA3 variation, one 

will expect all GluA3 subunits to carry the variant in males, and thus there could be receptors with 

any number of GluA3 variant subunits, potentially including homomeric GluA3 receptors similar to 

those studied here.  However, for GRIA1, GRIA2, and GRIA4 variants, there will be fewer variant 

subunits in a typical AMPAR complex due to heterozygosity than for the recombinant receptors 

expressed here.  Thus, the functional changes observed in patient AMPARs will almost certainly be 

more modest than what we observe, unless a variant has a dominant effect on receptor function.  

However, AMPARs seem capable of allowing individual subunit contributions to gating (e.g. 

[40,41]), which means WT subunits should be able to exert an influence on receptor properties 

when only a single variant subunit is present. 

We also observed that the M1 transmembrane helix in GluA1, GluA2 and GluA4 showed 

intolerance to variation, which indicates some variants in this region could potentially alter the 

interaction of AMPARs with auxiliary subunits such as TARPs, cornichons, and GSG1L in a 

manner that impairs circuit function [36].  The GluA1 M4 region also showed intolerance, which is 

also consistent with potential interaction with auxiliary subunits.  This possibility can be assessed 

by evaluating the effects of variants in M1 and M4 on a wide range of AMPAR functional 

properties that are influenced by accessory subunits [1]. Exploration of variants in the various 

accessory subunits may yield additional information. 

The functional assessment described here is necessary for the categorization of effects as 

potentially gain- or loss-of-function, a simplistic but useful classification that can be instructive in 
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determining potential treatment strategies.  For example, variants that clearly alter AMPAR 

activation raise the possibility of testing various AMPAR-selective modulators, and determining the 

net effect of the variant can help identify the best potential strategy.   Multiple examples of 

compounds that inhibit or enhance AMPAR function exist [1], some of which have been shown to 

be safe in children [42-44]. We report the actions of a number of pharmacological agents on the 

function of variant AMPARs.   At least one of these agents (perampanel) has been clinically 

approved for use as antiseizure medication, and it seems possible that some benefit might be 

derived in patients with strong gain-of-function AMPAR variants, provided AMPARs containing 

those variant subunits retain sensitivity to perampanel [45].  Other agents such as CX-614 are in 

classes of compounds often referred to as AMPAkines that have been studied in the clinic, raising 

the possibility that select AMPAkines might find utility in treating conditions arising from variant 

AMPARs with diminished function.  These drugs may allow an attenuation of AMPAR over-

activation or enhancement of AMPAR hypofunction, either of which may partially rectify circuit 

imbalances that result from AMPAR dysfunction. This is important given the recent connection of 

GRIA3 variants to schizophrenia [46]. Our data support the idea that a subset of AMPAR variants 

will retain sensitivity to these agents, and thus it is a potential path forward for treatment.  While 

these studies raise this idea as a possibility, considerably more work at the pre-clinical stage both in 

vitro and in vivo is necessary to evaluate the full potential of these candidate precision therapies.  

Clearly more data is needed to understand the implications of these functional changes, and 

how they contribute to disease phenotype. We expect that further study on GRIA variants will be 

instrumental in allowing clinical diagnostic criteria to be developed, which will facilitate better 

identification and treatment of patients with these variants. 
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Supplemental information 

Supplemental Table S1: Clinical features and genetic characteristic of patients with GRIA variants 

Supplemental Table S2: Summary of rapid activation, desensitization, and deactivation of GluA4 

variant receptors  

Supplemental Table S3: Quantified summary of rapid activation and deactivation of GluA3 variant 

receptors 

Supplemental Table S4: Summary of rescue pharmacology for loss-of-function variants 

Supplemental Table S5: Summary of rescue pharmacology for gain-of-function variants (single 

concentration assay) 

Supplemental Table S6: Rescue pharmacology for gain-of-function variants (concentration 

response assay) 

Supplemental Figure S1: 3DMTR scores of the GluA1-4 receptors 

Supplemental Figure S2. Stargazin interacts primarily with the M1 and M4 helices 

Supplemental Figure S3: Alternative GluA3 3DMTR score based on the O-shaped AMPA 

structure 

Supplemental Figure S4: Location of de novo, missense, and synonymous variants on each GluA 

subunit 

Supplemental Figure S5: The variant GluA2-4 receptors change kainate potency 

Supplemental Figure S6: Rapid activation and deactivation of GluA3 variant receptors expressed 

in HEK293 cells 

Supplemental Figure S7. Location of tested GRIA variants that have altered and unaltered 

glutamate EC50 

3DMTR Pymol file showing color-coded intolerant/tolerant regions for AMPARs: A pymol 

session file containing all four GRIA genes 3DMTR colored for intolerant (blue) and tolerant 

(red) regions mapped onto the GluA2 model (pbd:5WEO) as described in the text is included 

for users to make figures. The alternative GluA2/GluA3 structure is also included (pdb:5IDE). 

The structures, for each GluAX, contained in this file are named as 

“GluAX_3DMTR_intraReceptor_closest31residues_nonNeuro”. Please cite this paper if you 

make and use images from this file. 
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Table 1. Summary of variant and patient information 
# Gene Genotype Protein Location #gnomAD Inheritance Phenotypes Source 

1 GRIA1 c.1568G>A p.Gly523Glu ABD (S1) 0 de novo Epi, ID this study 
2 GRIA1 c.1906G>A p.AlaA636Thr M3 0 de novo ID, ASD, hypotonias a, b, c, d, this study  
3 GRIA1 c.1988C>T p.Thr663Met ABD (S2) 0  not specified a 
4 GRIA1 c.2234G>A p.Gly745Asp ABD (S2) 0  ASD, ID a, e  
5 GRIA1 c.2645G>C p.Ser882Thr CTD 0 de novo Epi, ID this study 

6 GRIA2 c.1523A>T p.Glu508Val ABD (S1) 0  Epi this study  
7 GRIA2 c.1760A>C p.Glu587Ala M1-M2 Link 0  not specified this Study  

8 GRIA2 c.1831G>A p.Asp611Asn M2 0 
 ASD, ID, Tourette’s, aggression, language 

impairment 
a, f, this study 

9 GRIA2 c.1859G>A p.Arg620His M2-M3 link 0 de novo Epi, ID this study 
10 GRIA2 c.1940T>C p.Val647Ala M2-M3 link 0 de novo Epi, ID this study 

11 GRIA2 c.1939G>C p.Val647Leu M2-M3 link 0 
de novo Epi, ID, language impairment, behavioral 

abnormalities 
a, f, this study 

12 GRIA2 c.2341G>C p.Asp781His Pre-M4 0  ID g  

13 GRIA3 c.106A>G p.Ile36Val SP 5/204240  Epi, ID a, this study 
14 GRIA3 c.159T>G p.Phe53Leu NTD 0  Inborn genetic disease a 
15 GRIA3 c.783G>A p.Met261Ile NTD 3/183409  Epi, ID this study 
16 GRIA3 c.1010C>G p.Ala337Gly NTD 1/182814  Epi, ID a, this study 
17 GRIA3 c.1349G>A p.Arg450Gln ABD (S1) 6/204972  Epi, ID a, h, this study 
18 GRIA3 c.1502G>C p.Arg501Thr ABD (S1) 0  Epi, ID, dysphagia a 
19 GRIA3 c.1531A>G p.Ile511Val ABD (S1) 0  not specified this study  
20 GRIA3 c.1581C>A p.Ser527Arg ABD (S1) 0  Epi, ID, macrocephaly this study  
21 GRIA3 c.1679T>C p.Val560Ala M1 0  Epi, ID this study 
22 GRIA3 c.1701C>A p.Ser567Arg M1 0  not specified a 
23 GRIA3 c.1755CAA p.Asn587del M1-M2 Link 0  not specified a 
24 GRIA3 c.1850T>C p.Met617Thr M2 0  History of neurodevelopmental disorder a 

25 GRIA3 
c.1888G>C, 

G>A 
p.Gly630Arg M2-M3 link 0 

 Epi, ID, autistic features, short stature, 
behavioral problems 

a, i 

26 GRIA3 c.1891C>A p.Arg631Ser M2-M3 link 0  Epi, ID a, h 
27 GRIA3 c.1940C>T p.Ser647Phe M3 0  Inborn genetic disease a 
28 GRIA3 c.1957G>T p.Ala653Ser M3 0 de novo Epi, ID this study 
29 GRIA3 c.1957G>A p.Ala653Thr M3 0  ID, sleep disorder a, j 
30 GRIA3 c.1964T>C p.Phe655Ser M3 0  ID, hypotonia a, k 
31 GRIA3 c.1973T>C p.Val658Ala M3-S2 link 0 de novo Epi, ID this study 
32 GRIA3 c.1980G>C p.Arg660Ser M3-S2 link 0  Inborn genetic disease a 
33 GRIA3 c.1991C>T p.Pro664Leu M3-S2 link 0  not specified a 

34 GRIA3 c.2116A>C p.Met706Leu ABD (S2) 0 
 Epi, ID, hypotonia, dysmorphisms, 

structural brain abnormalities, myopia 
a, l 

35 GRIA3 c.2117T>C p.Met706Thr ABD (S2) 0 
 ID, asthenic body habitus, poor muscle 

bulk, distal muscle weakness, hyporeflexia 
a 

36 GRIA3 c.2219T>C p.Met740Thr ABD (S2) 0  History of neurodevelopmental disorder a 
37 GRIA3 c.2321T>C p.Leu774Ser ABD (S2) 0  Inborn genetic disease a 
38 GRIA3 c.2327C>T p.Thr776Met ABD (S2) 0  Epi, epileptic encephalopathy, ID a, this study 

39 GRIA3 c.2408G>A p.Gly803Glu ABD (S2) 0 
 ID, tremors, spasticity, hyperekplexia, 

failure to thrive, microcephaly/dysmorphic 
ears 

a 

40 GRIA3 c.2416G>A p.Gly806Ser ABD (S2) 0  not specified a 
41 GRIA3 c.2447C>T p.Thr816Ile Pre-M4 0  Epi, ID, aggressive behavior a 
42 GRIA3 c.2452G>A p.Ala818Thr Pre-M4 0  not specified a 
43 GRIA3 c.2470G>A p.Val824Met M4 0  not specified a 
44 GRIA3 c.2477G>A p.Gly826Asp M4 0  ID, dysarthria, movement disorders m 

45 GRIA3 c.2497G>A p.Gly833Arg M4 0 
 ASD, Epi, ID, macrocephaly, myoclonic 

jerks  
a, h 

46 GRIA4 c.1162G>C p.Gly388Arg NTD 0 ND* Epi, ID this study 
47 GRIA4 c.1915A>T p.Thr639Ser M3 0 de novo Epi, ID, gait abnormality a, n 
48 GRIA4 c.1921A>G p.Asn641Asp M3 0 de novo Epi, ID a, n 
49 GRIA4 c.1928C>G p.Ala643Gly M3 0 de novo Epi, ID a, n 
50 GRIA4 c.1931C>T p.Ala644Val M3 0 de novo Epi, ID a, n 
51 GRIA4 c.2090G>C p.Arg697Pro ABD (S2) 0 de novo ID a, n 
52 GRIA4 c.2090G>A p.Arg697Gln ABD (S2) 4/248092  not specified this study 

ASD: autistic spectrum disorder, Epi: epilepsy, ID: intellectual disability; ND*: not determined, not maternally inherited (paternal sample unavailable) 

a: ClinVar; b: de Ligt et al., 2012; c: De Rubeis et al., 2014; d: Geisheker et al., 2017; e: Guo et al., 2019; f: Salpietro et al., 2019; g: Hamdan et al., 2011; h: Wu et al., 2007; i: Philips et 

al., 2014; j: Davie et al., 2017; k: Chéro et al., 2018; l: Yang et al., 2014; m: Piard et al., 2020; n: Martin et al., 2017 
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Table 2. Summary of agonist potency and surface expression 
Variant Location  Glu EC50, M KA EC50, M Surface/total% Total% 

WT A1 --  7.2 ± 0.8 (14) no responseb (32) 100 (5) 100 (5) 
A1-G523E ABD (S1)  7.0 ± 1.2 (11) no responseb (32) 18 ± 6.6 (4)* 85 ± 6.3 (4) 
A1-A636T M3  1.1 ± 0.1 (17)* no responseb (22) 70 ± 6.4 (4) 110 ± 23 (4) 
A1-T663M ABD (S2)  38 ± 3.4 (16)* no responseb (28) 71 ± 6.9 (4) 85 ± 11 (4) 
A1-G745D ABD (S2)  no responsea (18) no responseb (22) 38 ± 10 (5)* 84 ± 7.3 (5) 
A1-S882T CTD  9.4 ± 1.8 (17) no responseb (20) 108 ± 13 (4) 95 ± 19 (4) 

WT A2 --  9.9 ± 0.9 (17) 92 ± 11 (13) 100 (6) 100 (6) 
A2-E508V ABD (S1)  6.6 ± 1.0 (15)* 180 ± 23 (12)* 22 ± 6.7 (5)* 60 ± 13 (5)* 
A2-E587A M1-M2 Link  8.3 ± 1.0 (14) 128 ± 8.1 (14) 128 ± 4.0 (4) 111 ± 4.7 (4) 
A2-D611N M2  9.4 ± 1.4 (13) 135 ± 14 (12) 99 ± 7.8 (4) 111 ± 8.0 (4) 
A2-R620H M2-M3 link  no responsea (10) no responseb (12) 99 ± 4.0 (5) 94 ± 8.1 (5) 
A2-V647A M2-M3 link  4.4 ± 0.5 (11)* 57 ± 10 (12) 52 ± 6.7 (4)* 84 ± 8.2 (4) 
A2-V647L M2-M3 link  4.7 ± 0.5 (12)* 104 ± 12 (14) 45 ± 5.2 (4)* 52 ± 9.3 (4)* 

A2-D781H c Pre-M4  14 ± 2.0 (14) 97 ± 15 (11) 70 ± 16 (6) 57 ± 14 (6)* 

WT A3 --  47 ± 0.3 (78) 164 ± 14 (36) 100 (19) 100 (19) 
A3-I36V SP  37 ± 1.8 (16) 126 ± 3.5 (12) 48 ± 9.7 (4)* 67 ± 5.7 (4) 
A3-F53L NTD  58 ± 2.2 (12) 179 ± 10 (15) NA NA 

A3-M261I NTD  36 ± 3.6 (19) 134 ± 4.6 (12) 38 ± 5.6 (4)* 44 ± 4.4 (4)* 
A3-A337G NTD  50 ± 3.4 (22) 140 ± 3.0 (12) 49 ± 3.3 (4)* 61 ± 11 (4) 
A3-R450Q ABD (S1)  36 ± 1.4 (19) 116 ± 2.2 (12)* 4.5 ± 6.0 (7)* 19 ± 7.4 (7)* 
A3-R501T ABD (S1)  30 ± 1.0 (12) 158 ± 7.9 (13) 17 ± 5.1 (4)* 43 ± 11 (4)* 
A3-I511V ABD (S1)  no responsea (22) 120 ± 6.9 (11) 8.3 ± 2.6 (4)* 33 ± 10 (4)* 
A3-S527R ABD (S1)  21 ± 1.4 (18)* no responseb (10) 31 ± 8.1 (4)* 35 ± 6.6 (4)* 
A3-V560A M1  28 ± 2.5 (15)* 131 ± 4.7 (13) 58 ± 6.8 (4)* 22 ± 11 (4)* 
A3-S567R M1  no responsea (18) no responseb (12) 21 ± 7.3 (4)* 19 ± 5.3 (4)* 

A3-N587del M1-M2 Link  52 ± 2.2 (12) 173 ± 6.2 (14) 27 ± 13 (4)* 43 ± 16 (4)* 
A3-M617T M2  119 ± 9.4 (12)* no responseb (10) 53 ± 9.8 (4)* 47 ± 7.6 (4)* 
A3-G630R M2-M3 link  no responsea (12) no responseb (10) 59 ± 7.6 (5)* 105 ± 24 (5) 
A3-R631S M2-M3 link  no responsea (12) no responseb (12) 42 ± 14 (5)* 70 ± 18 (5) 
A3-S647F M3  29 ± 1.8 (14)* 129 ± 9.2 (14) 43 ± 12 (5)* 51 ± 10 (5)* 
A3-A653S M3  18 ± 1.8 (18)* 58 ± 4.8 (13)* 48 ± 9.0 (4)* 47 ± 4.6 (4)* 
A3-A653T M3  70 ± 6.6 (18)* no responseb (10) 94 ± 6.3 (4) 62 ± 5.9 (4) 
A3-F655S M3  185 ± 15 (13)* no responseb (10) 56 ± 7.5 (4)* 78 ± 15 (4) 
A3-V658A M3-S2 link  21 ± 3.1 (12)* 56 ± 5.0 (12)* 41 ± 5.5 (4)* 83 ± 8.6 (4) 
A3-R660S M3-S2 link  15 ± 1.4 (30)* 78 ± 5.1 (15)* 29 ± 8.5 (5)* 42 ± 15 (5)* 
A3-P664L M3-S2 link  58 ± 7.7 (14) 201 ± 14 (18)* 5.7 ± 2.5 (4)* 3.6 ± 1.1 (4)* 
A3-M706L ABD (S2)  31 ± 1.2 (13) 272 ± 10 (16)* 40 ± 11 (5)* 45 ± 15 (5)* 
A3-M706T ABD (S2)  344 ± 32 (18)* no responseb (10) 41 ± 7.4 (4)* 61 ± 9.4 (4) 
A3-M740T ABD (S2)  46 ± 4.5 (17) 361 ± 7.7 (17)* 52 ± 12 (5)* 20 ± 5.5 (5)* 
A3-L774S c ABD (S2)  68 ± 2.5 (12)* 226 ± 13 (14)* 16 ± 10 (5)* 24 ± 8.1 (5)* 

A3-T776M d ABD (S2)  52 ± 2.4 (14) 193 ± 3.5 (16)* 44 ± 6.1 (4)* 68 ± 9.3 (4) 
A3-G803E c ABD (S2)  1.3 ± 0.2 (11)* 13 ± 1.0 (14)* 50 ± 10 (4)* 83 ± 8.6 (4) 
A3-G806S c ABD (S2)  103 ± 5.8 (16)* 314 ± 11 (13)* 50 ± 13 (5)* 32 ± 5.0 (5)* 
A3-T816I c Pre-M4  118 ± 6.4 (12)* 96 ± 7.0 (15)* 59 ± 9.6 (4)* 51 ± 14 (4)* 
A3-A818T c Pre-M4  9.9 ± 1.2 (11)* 111 ± 6.2 (8)* 23 ± 9.4 (5)* 28 ± 16 (5)* 
A3-V824M M4  56 ± 3.2 (16) no responseb (12) 55 ± 16 (5)* 43 ± 17 (5)* 
A3-G826D M4  36 ± 3.8 (17) no responseb (12) 18 ± 4.4 (4)* 42 ± 6.4 (4)* 
A3-G833R M4  no responsea (12) no responseb (12) 25 ± 1.2 (4)* 53 ± 13 (4)* 

WT A4 --  55 ± 3.6 (62) 113 ± 5.5 (24) 100 (7) 100 (7) 
A4-G388R NTD  no responsea (8) no responseb (14) 6.9 ± 5.4 (4)* 89 ± 3.5 (4) 
A4-T639S M3  5.3 ± 0.7 (27)* 29 ± 2.4 (19)* 72 ± 6.4 (6)* 95 ± 9.2 (6) 
A4-N641D M3  4.8 ± 0.3 (13)* 13 ± 0.9 (12)* 1.6 ± 3.7 (5)* 3.3 ± 1.7 (5)* 
A4-A643G M3  1.8 ± 0.3 (12)* 12 ± 1.4 (12)* 57 ± 3.3 (4)* 91 ± 4.5 (4) 
A4-A644V M3  9.1 ± 1.9 (19)* 8.5 ± 0.6 (15)* 101 ± 8.0 (4) 83 ± 7.6 (4) 
A4-R697P ABD (S2)  241 ± 13 (19)* 82 ± 4.7 (11)* 9.8 ± 2.5 (4)* 36 ± 13 (4)* 
A4-R697Q ABD (S2)  89 ± 5.2 (17)* 139 ± 5.7 (13) 87 ± 11 (4) 68 ± 13 (4)* 

Data are mean SEM (n). *p<0.05, one-way ANOVA; NA: not available. a no current at 3 mM glutamate. b no current at 3 mM 

kainate. c Located in conserved region shared by both flip and flop splice variants; d only present in the flip alternative splice cassette. 
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FIGURE LEGENDS 

Fig. 1. EEG features and brain MRI for patients with GRIA variants. (A) EEG of Patient-4 

(GRIA3-p.Ala653Ser) (Table 1; Supplemental Table S1) shows multiple spikes, spike-wave and 

waves predominately in right lobe (asterisks; 2-year-old). (B) The EEG of the Patient-5 (GRIA3-

p.Val658Ala) (Table 1; Supplemental Table S1) indicates multiple spike and spike-wave complex in 

the left parieto-temporo-occipital region region predominately during sleep (5-year-old). (C) The 

EEG of the Patient-10 (GRIA4-p.Gly388Arg) (Table 1; Supplemental Table S1) at age 9 reveals 

multiple spike-waves that are activated by sleep and are present on the right (temporal, parietal and 

central regions) extending to the left central region.  (D) T2-weighted MRI of the patient with 

GRIA4-p.Asn641Asp variant (Table 1) at age 15 demonstrates severe microcephaly with 

significantly decreased volume of bilateral frontal lobes with enlarged lateral ventricles and 

subarachnoid spaces, including bilateral sylvian fissures. The posterior fossa (not shown) and basal 

ganglia appeared normal; there was no change in myelination.  

 

Fig. 2. Location of GRIA1-4 variants in / GluA1-4 in comparison to their 3DMTR. (A) Ribbon 

structure of the open GluA2 receptor (PDB:5WEO, [24]).  (B) A view of the isolated chain A 

showing the semi-autonomous domains; NTD in blue, ABD-S1 in pink, ABD-S2 in purple, and 

TMD in green).  (C) Linear raster plots of the GRIA1-4 residues (present in the structure used) 

depicting the 3DMTR (blue depicts more intolerant residues, red depicts more tolerant residues, 

with the scale shown in the bottom left of panel B), the de novo variants (purple), gnomAD 

missense variants (orange), and gnomAD synonymous variants (green). See Supplemental Fig. S1 

for a plot of the 3DMTR data.  The subunit domains are depicted on the same linear x-scale at the 

bottom of the panel. Note that GluA3 3DMTR score is slightly more volatile due to being X-linked.  
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Fig. 3. Structural representation of GluA1-4 receptor 3DMTR scores. (A) The 3DMTR scores 

of GluA1-4 are shown, chain A using the same view as depicted in Figure 2 (see Supplemental 

Information for annotated pdb files). The scale bar is shown in the top left, with more intolerant 

residues shown in blue and more tolerant residues shown in red. Salient differences in the 3DMTR 

scores of each GRIA gene are marked.  M1 and M4 are sites for interaction with auxiliary subunits 

such as TARPs, GSG1L, and cornichon proteins [1]. (B) Intolerant regions of the GluA1-4 receptor 

NTD. Surface representation of the NTD of the GluA2 receptor model, highlighting one NTD dimer 

(Chain A and Chain B colored as in Figure 2). The same scale bar is used as in A. See Supplemental 

Fig. S3 for an alternative 3DMTR score for GluA3 using the GluA2/GluA3 heteromeric receptor 

structure. A 3DMTR structural file with intolerance color-coded is available for all GRIA genes as 

Supplemental Material. 

 

Fig. 4.  Variant GluA1-4 receptors show altered pharmacological properties. (A-D) Composite 

concentration-response curves for glutamate recorded at a VHOLD of -40 mV for GluA1 (A), GluA2 

(B), GluA3 (C), GluA4 (D) homomeric AMPARs. GluA3 was co-expressed with human stargazin 

to increase response amplitude.  Smooth curves are Equation 1 fitted to the data. Data in all 

composite concentration-response curves are mean ± SEM. 

 

Fig. 5. Variant GluA1-4 receptors change response time course and cell surface expression. 

(A) Representative whole cell voltage clamp current recordings are shown in response to application 

of 10 mM glutamate for a duration of 100 ms (represented by open bar on the top of traces) from 

HEK293 cells transfected with cDNA encoding WT GluA4, GluA4-T639S, GluA4-A643G and 
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GluA4-A644V.  (B-E) Representative plots of nitrocefin absorbance (O.D.) versus time (Left 

panels) are shown for HEK293 cells expressing WT or mutant GluAs. WT GluA2 and the TARP 

gamma-2 were present with WT or mutant β-lac-GluA3 in all conditions. (Right panels) The slopes 

of O.D. versus time were averaged (n = 4 - 19 independent experiments) and plotted as percentages 

of WT for the ratio of surface/total. Data in all bar graphs (Right panels) are mean ± SEM. Data 

were analyzed by one-way ANOVA with Dunnett’s Multiple Comparison Test compared to WT 

(surface/total ratio, *p < 0.05, **p < 0.01, ***p < 0.001). 

 

Fig. 6. Effects of AMPAR positive or negative modulators on WT and variant AMPARs.  (A-

H) Summary of the degree of potentiation, normalized to the agonist-evoked current amplitude 

from two electrode voltage clamp recordings from Xenopus oocytes in the presence of 1000 M 

kainic acid at holding potential of -40 to -60 mV. Human stargazin (-2) was co-injected with WT 

and mutant GluA3. (A) CX-614, (B) anirecetam, (C) cyclothiazide, (D) CP-465022, (E) 

perampanel, (F) GYKI52466, (G) GYKI53655, and (H) NBQX. (I-L) Composite concentration-

response curves of AMPAR positive or negative modulators were evaluated by two electrode 

voltage clamp recordings from Xenopus oocytes in the presence of 1000 M kainic acid at a holding 

potential of -40 to -60 mV. (I-J) CP465022, and (K-L) perampanel. (M-N) Concentration-response 

curves of kainic acid on WT GluA4 and GluA4-R697P were recorded in the absence and presence 

of CX-614. Data in all bar graphs (A-H) are mean ± 95% CI (confidence interval). Data in all 

composite concentration-response curves (I-N) are mean ± SEM. Smooth curves are Equation 2 

fitted to the data. See Supplemental Tables S3, S4, S5 for a summary of fitted parameters and 

quantitative analysis. 
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Figure-1 
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Figure-2 
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Figure-3 
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Figure-4 
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Figure-5 
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Figure-6 

 


