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Abstract

Background. Glutamatergic signaling abnormalities are increasingly linked to attention-
deficit/hyperactivity disorder (ADHD); however, the extent to which glutamate-related genes shape
disorder susceptibility is still unclear. Methods. Summary statistics from the most recent genome-
wide association study of ADHD (38,691 cases, 186,843 controls) were re-examined with an
annotation x2 framework. Twenty-three “glutamatergic regimen targets” were collated and divided
into functional clusters: N-methyl-D-aspartate (NMDA) receptors, AMPA/kainate receptors,
glutamate transporters, metabolic enzymes, and plasticity-related signaling molecules. Single-
nucleotide polymorphisms (SNPs) within each gene +10 kb were contrasted with all other SNPs for
mean x?2 values. Enrichment was evaluated with Welch’s t tests, Mann-Whitney U tests, and block
jack-knife standard errors. Results. SNPs mapping to NMDA receptor genes carried a 1.25-fold excess
of ADHD association signal (Mann-Whitney P = 1.3 x 10%). Plasticity-signaling genes showed even
stronger enrichment (1.41-fold; P = 4.4 x 107°). When all 23 targets were pooled, a modest but
significant elevation remained (1.09-fold; Welch’s t = 4.19 x 10-%). Enrichment was not detected for
AMPA /kainate receptors, transporters, or metabolic genes. Conclusions. Genetic risk for ADHD is
disproportionately concentrated in NMDA receptor loci and downstream plasticity genes, lending
weight to models that position glutamatergic dysfunction—particularly via NMDA-dependent
pathways—at the core of the disorder. These results reinforce ongoing efforts to develop glutamate-
modulating therapies, including NMDA-focused agents, for individuals whose symptoms persist
despite conventional treatment.
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Introduction

Attention-deficit/hyperactivity =~ disorder (ADHD) is one of the most common
neurodevelopmental conditions on the planet. About 5-7 % of kids carry the diagnosis, and roughly
two-thirds of them still meet the criteria as adults; in the general adult population the rate sits around
2.54 % [1,2]. The hallmark problems—chronic inattention, hyperactivity and impulsivity —can
snowball into poor grades, shaky relationships and a higher chance of developing other psychiatric
illnesses [3]. Stimulant drugs are still the go-to treatment and often work well, but plenty of patients
either don't get full relief or can't tolerate the side-effects, so clinicians are eager for new options [4].

Family and twin studies tell us ADHD is largely genetic, with heritability hovering around 70—
80 % [5]. Big genome-wide association studies paint the same picture. The newest meta-analysis,
which included more than 38 000 cases, flagged 27 risk loci and showed that thousands of common
variants—each nudging risk only a little—add up to make a difference [6]. Those common SNPs
explain only about a quarter of the total genetic risk, underscoring how tangled the mix of genes and
environment really is [6].
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For many years, ADHD research focused on dopamine and norepinephrine. Now, however, the
glutamate system is getting more and more attention [7]. In animal studies, knocking the NMDA
receptors in the prefrontal cortex off balance derails those plasticity pathways and guts executive
functions [8-10]. Early clinical work hints that tweaking this same glutamatergic gear train—with
drugs like the NMDA antagonist memantine or AMPA-receptor modulators—can ease symptoms in
people who don't get enough help from standard stimulants [11,12].

Still, we don't have a clear genetic map of glutamate's role in ADHD. Broad heritability studies
show ADHD risk variants tend to pile up in genes expressed across neurons, but detailed pathway
analyses are rare [6]. That gap is what we tackle here. We built a hand-picked list of "glutamatergic
regimen targets": genes for NMDA and AMPA /kainate receptor subunits, plasticity-related signaling
players like brain-derived neurotrophic factor and mTOR, plus the transporters and enzymes that
shuttle or break down glutamate. These candidates could influence both who gets ADHD and who
might respond to upcoming glutamate-focused treatments.

Using the summary statistics from the 2023 ADHD GWAS mega-study [6], we ran an annotation
X2 test to ask a simple question: do SNPs sitting near those glutamatergic genes carry more ADHD
association signal than random chance would predict? The approach is narrower than standard
heritability partitioning but gives a sharper, hypothesis-driven look at which slices of the glutamate
pathway matter most. Pinpointing those slices could guide precision-medicine efforts and speed up
the hunt for targeted ADHD therapies.

Methods

We set out to ask whether common variants that lie in or near genes targeted by glutamatergic
drugs carry more attention-deficit/hyperactivity disorder (ADHD) signal than variants elsewhere in
the genome. To that end we used an annotation x? approach, which simply compares the average
association statistic (Z2) for single-nucleotide polymorphisms (SNPs) inside a predefined gene list
with the average for all remaining SNPs. Because it treats each SNP independently, the method does
not need pre-computed linkage disequilibrium scores and can be run quickly on very large files.

Publicly available summary statistics from the most recent European-ancestry ADHD meta-
analysis (38,691 cases, 186,843 controls) formed the analytic base [6]. After standardising column
names we derived Z-scores from p values (two-tailed) and signed them according to the reported
odds ratio. Per-SNP effective sample size was calculated as 4 / (1/N_cases + 1/N_controls), yielding
an average effective N of ~128,000. Variants with INFO < 0.90 or minor-allele frequency <1 % were
removed, leaving 6,699,009 SNPs (= 99 % of the original file). The mean x? for this QC-filtered set was
1.405 (A_GC =1.325).

Twenty-three candidate genes were chosen because they participate in glutamatergic
neurotransmission or in downstream plasticity cascades that can be reached by drugs such as
ketamine or dextromethorphan/quinidine. They were grouped into five functional classes—NMDA-
receptor subunits (GRIN1, GRIN2A-D), AMPA/kainate subunits (GRIA1-4, GRIK2), metabolic
modifiers (CYP2D6, SIGMAR1, CYP3A4), plasticity signalling components (BDNF, NTRK2, MTOR,
AKT1, PTEN, CREB1, ARC) and glutamate transporters (SLC1A1, SLC1A2, DLGAP3). Genomic
coordinates (GRCh37/hg19) were padded by 10 kb on either side to capture nearby regulatory
elements and converted into BED files. Overlap with the 1000 Genomes European reference panel
(22.7 M variants) produced binary annotations (1 = inside the extended region, 0 = outside).

For every annotation we merged the tag with the ADHD summary statistics, computed x2 = Z?
for each SNP and then averaged x? separately inside and outside the annotation. Enrichment was
expressed as the ratio of these two means. We assessed significance three ways: Welch's t test for
unequal variances, a one-sided Mann-Whitney U test, and a 200-block delete-one jack-knife to derive
a standard error for the ratio itself. SNP-based heritability captured by each set was approximated as
(mean x?— 1) x number of SNPs / effective N. All analyses were run for each functional class and for
the combined 23-gene list.
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Results

After merging the annotations with the cleaned GWAS file, 6,648,566 SNPs remained in every
comparison. Annotated variants were rare, accounting for 0.02 - 0.15 % of the total, depending on the
gene class.

Clear enrichment emerged in two of the five classes (Table 1). SNPs within the five NMDA-
receptor genes showed a 1.25-fold higher mean 2 than the background (annotated = 1.751,
unannotated = 1.405; Mann-Whitney p = 1.3 x 10-4). The seven plasticity-signalling genes performed
even better, with a 1.41-fold inflation (1.977 vs. 1.405; p=4.4 x 10-19). When all 23 genes were collapsed
into a single list the enrichment was modest (1.09) but still significant by parametric testing (Welch p
= 4.2 x 10-8); the non-parametric test was neutral.

Table 1. Annotation Chi-square Enrichment results for target glutamatergic gene sets in ADHD.

Mean Chi-sq Mean Chi-sq Enrichment
Gene Set No. Genes No. SNPs (Annotated) (Global) Ratio $PS$-value
NMDA Receptors 5 3,246 1.751 1.405 1.25 131 x 104
Plasticity Signaling 7 1,713 1.977 1.405 1.41 4.38 x 10710
AMPA/Kainate Receptors 5 3,897 1.340 1.405 0.95 1.00
Glutamate Transport 3 1,159 0.946 1.405 0.67 1.00
Metabolic Targets 3 141 0.892 1.405 0.64 0.95
All CGR Genes 23 10,156 1.528 1.405 1.09 1.00
Note: Enrichment Ratio is calculated as the mean chi-sq of annotated SNPs divided by the global mean $\chi®2$. $P$-values are derived from the Mann-Whitney U test comparing the
distribution of $\chi’2$ statistics between annotated and non-annotated SNPs. Rows in bold indicate statistically significant enrichment after correction.

No signal surfaced for AMPA/kainate subunits (enrichment 0.95), for glutamate transporters
(0.67) or for the three metabolic genes (0.64). In fact, the latter two categories trended toward
depletion, suggesting that ADHD risk is not evenly distributed across the broader glutamatergic
pathway.

Together these findings point to NMDA-receptor components and their immediate plasticity
partners as disproportionate carriers of ADHD common-variant risk, highlighting them as plausible
biological substrates for the disorder.

Discussion

The present chi-square annotation analysis suggests that genetic variation within a narrow slice
of the glutamatergic system —chiefly NMDA-receptor genes and their plasticity-related partners—
accounts for more ADHD heritability than would be expected by chance. Summary statistics drawn
from a recent GWAS meta-analysis [6] revealed a 1.25-fold enrichment for loci that encode NMDA
receptor subunits and a 1.41-fold enrichment for genes tied to downstream plasticity cascades such
as BDNF, NTRK2, and mTOR. When all 23 genes chosen a priori as "glutamatergic-regimen targets"
were considered together, the enrichment signal remained but was driven almost entirely by the
NMDA and plasticity subsets. Notably, genes related to AMPA/kainate receptors, glutamate
transporters, or glutamate metabolism did not show enrichment, implying that glutamatergic risk is
confined to specific pathways rather than spread uniformly across the system.

The genetic pattern dovetails with functional data. PFC networks depend on a tight interplay
between NMDA- and AMPA-mediated currents to maintain sustained firing and suppress impulsive
responses [8,9]. Disturbing this balance— particularly by weakening NMDA-driven calcium entry —
undercuts the plasticity needed for working memory and executive control [13,14]. Variants that
blunt NMDA receptor efficiency have been reported in people with ADHD [10], and SHR rats—an
accepted ADHD model —show reduced NMDA-stimulated calcium uptake alongside exaggerated

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2470.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2025 d0i:10.20944/preprints202512.2470.v1

4 of 7

AMPA-evoked catecholamine release [15,16]. The current enrichment results echo those mechanistic
links.

By contrast, the non-significant signal for AMPA/kainate genes may reflect compensatory
circuitry rather than a lack of involvement. In some models, excessive AMPA drive appears
secondary to diminished NMDA tone, and dopaminergic state can bias AMPA trafficking in opposite
directions via D1 and D2 pathways [17,18]. Thus, AMPA-related risk alleles might not cluster
consistently in population data even when AMPA function is altered in experimental settings.

These results make the case for going beyond pure catecholaminergic strategies stronger from a
therapeutic point of view. Classic stimulants such as methylphenidate don't just ramp up dopamine;
they also put AMPA receptors back where they belong, rescuing long-term potentiation and behavior
in the process [9,19]. Compounds that hit the glutamate system more directly are starting to shine as
well. Memantine may reduce ADHD symptoms in kids and adults without causing major side effects
[11,12,20]. And although the first trials of AMPA positive allosteric modulators (ampakines) have
been a mixed bag, the overall signal is promising [21,22].

A more recent proposal is to pair a stimulant-induced glutamate pulse with a gentle AMPA
"pull." Small trials suggest that adding piracetam to methylphenidate can lift residual executive and
motivational problems [23,24]. For amphetamine formulations, combining low-dose
dextromethorphan as an NMDA brake with piracetam may limit excitotoxic risk while preserving
plasticity gains [25]. Such regimens echo the AMPA-dominant state thought to underlie ketamine's
rapid antidepressant effects.

Several caveats need emphasis. First, our annotations were targeted and did not capture all
glutamatergic genes or distant regulatory elements, so some risk may have been missed. Second, the
chi-square framework is a coarse approximation of partitioned heritability; methods such as LD-score
regression would offer finer resolution but were beyond the scope of this exercise. Third, the GWAS
meta-analysis is still heavily weighted toward European ancestry, limiting immediate generalization.
Finally, sample overlap between discovery and replication sets could inflate enrichment estimates.

Even with these problems, the data point to a model of ADHD as a disorder of dopamine and
glutamate not talking to each other at the right time in prefrontal circuits [7]. Genes that control the
assembly of NMDA receptors and plasticity signaling are important factors that increase risk. This
genetic signal fits with what we know from animals and people, and it gives us a solid reason to test
glutamate-modulating treatments, to see if they can help with symptoms that don't go away after
standard stimulant therapy.
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Figure 1. Novelty and Impactfulness of the Study. This diagram illustrates how the study moves away from
broad, generalized theories to a specific, hypothesis-driven genetic analysis that differentiates between sub-

components of the glutamate system.
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