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SUMMARY
A genetically valid animal model could transform our understanding of schizophrenia (SCZ) disease mecha-
nisms. Rare heterozygous loss-of-function (LoF) mutations inGRIN2A, encoding a subunit of the NMDA recep-
tor, greatly increase the risk of SCZ. By transcriptomic, proteomic, and behavioral analyses, we report that het-
erozygousGrin2amutantmice show (1) large-scale gene expression changes acrossmultiple brain regions and
in neuronal (excitatory and inhibitory) and non-neuronal cells (astrocytes and oligodendrocytes), (2) evidence of
hypoactivity in the prefrontal cortex (PFC) and hyperactivity in the hippocampus and striatum, (3) an elevated
dopamine signaling in the striatum and hypersensitivity to amphetamine-induced hyperlocomotion (AIH), (4)
altered cholesterol biosynthesis in astrocytes, (5) a reduction in glutamatergic receptor signaling proteins in
the synapse, and (6) an aberrant locomotor pattern opposite of that inducedby antipsychotic drugs. These find-
ings revealpotential pathophysiologicmechanisms,providesupport forboth the ‘‘hypo-glutamate’’ and ‘‘hyper-
dopamine’’ hypotheses of SCZ, and underscore the utility ofGrin2a-deficient mice as a genetic model of SCZ.
INTRODUCTION

Schizophrenia (SCZ) is a disabling mental illness with poorly un-

derstood pathophysiology. Existing treatments for SCZ arose

from serendipity, have limited efficacy and major side effects,

underscoring the need for deeper knowledge of SCZ disease

mechanisms. Understanding of SCZ mechanisms has been

severely hampered by a lack of animal models that are sup-

ported by human genetics.

SCZ has genetic and environmental risk factors, with an esti-

mated heritability of 60%–80%.1,2 Many common variants

have been identified by genome-wide association study

(GWAS) of SCZ, most of which have small effects on disease

risk (odds ratio [OR] < 1.1).3 Recent exome sequencing studies

have uncovered rare genetic variants associated with SCZ,

including protein truncating variants (PTVs)4–6 that have large

effects on disease risk (OR = 2–60).4 The most recent SCZ
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exome sequencing meta-analysis (SCHEMA) has identified ten

high-confidence genes (hereafter referred to as SCHEMA genes)

associated with SCZ at exome-wide significance,4 including

genes encoding synaptic signaling proteins (TRIO) and postsyn-

aptic glutamate receptors (GRIN2A andGRIA3). These SCHEMA

variants appear to be predominantly loss-of-function (LoF)muta-

tions, suggesting that heterozygous loss of these genes is suffi-

cient to confer substantial risk of SCZ.4,7

SCHEMA gene LoF mutations can be introduced in mice to

create disease models with bona fide human-genetic validity,

unlike many previous mouse genetic models of SCZ in which

the mutated candidate genes have questionable links to human

SCZ. Characterization of SCHEMA mouse mutants by compre-

hensive approaches can uncover potential disease mechanisms

underlying SCZ and also reveal phenotypes at the molecular,

cellular, and network levels that can be compared with human

data to discover SCZ disease biomarkers.
vember 1, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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GRIN2A, encoding the GluN2A subunit of the NMDA (N-

methyl-d-aspartate) receptor (NMDAR), is one of the exome-

wide-significant SCHEMA genes4; additionally, there is strong

support for GRIN2A as an SCZ risk gene from GWAS fine-map-

ping.3 Besides SCZ,GRIN2A has been associated with neurode-

velopmental disorders (NDDs) as well as epilepsy and speech

disorders.8–11 However, the GRIN2A association with SCZ is

largely driven by PTVs,4 which are almost certainly LoF vari-

ants,7,12 while associations with NDD and epilepsy are predom-

inantly through missense mutations that are clustered in the

transmembrane and linker domains of GRIN2A, suggesting an

alternate or gain-of-function mechanism.11–14

NMDAR hypofunction has long been hypothesized as amech-

anism underlying SCZ pathophysiology, partly because NMDAR

antagonists such as phencyclidine or ketamine can induce SCZ-

like symptoms in healthy individuals.15 The discovery ofGRIN2A

as a LoF SCZ risk gene provides indirect human genetics sup-

port for the hypo-NMDAR function hypothesis of SCZ. It is

notable that Grin2a expression peaks postnatally in juvenile ro-

dents,16 reminiscent of SCZ onset that occurs typically in

adolescence and young adulthood. Finally, NMDARs play crucial

roles in excitatory synaptic transmission and plasticity,17 and

synaptic dysfunction is implicated in SCZ by human ge-

netics3,18–20 and by postmortem gene expression studies.21,22

To gainmechanistic insights into the role ofGRIN2A in the path-

ophysiology of SCZ, we performed genome-wide mRNA expres-

sion profiling of multiple brain regions in Grin2a heterozygous

and homozygous knockout mice at several ages as well as prote-

omic analysis of purified synapses. We studied an existingGrin2a

knockout mouse line23 that is representative of multiple SCHEMA

PTVs and damaging missense mutations in the GRIN2A gene,

which are predicted to be null or LoF mutations.4,7 For additional

insights, we compared the brain transcriptomic profile of Grin2a

heterozygous mutants with that of Grin2b heterozygous knockin

mice carrying a null mutation (C456Y) that is associated with

autism spectrum disorder (ASD).24 GRIN2B encodes the GluN2B

subunit of theNMDAR,which is expressed fromembryonic stages

of brain development,16 and has so far not been linked to SCZ.

These comprehensive multi-omics investigations of Grin2a

mutant mice—combined with our electroencephalogram (EEG)

studies showing abnormalities in brain oscillations and auto-

mated behavioral analysis (motion sequencing [MoSeq]) showing

locomotor perturbations—reveal both unexpected molecular

pathway changes (e.g., cholesterol biosynthesis in astrocytes)

as well as systems disturbances that support existing theories

of SCZ pathobiology (e.g., hyper-dopaminergic state in the stria-

tum). Together, our data builds a molecular-to-systems-level pic-

ture ofGrin2a heterozygousmutant mice as a compelling genetic

animal model of SCZ and as a resource for deeper understanding

of SCZ disease mechanisms and therapeutics discovery.

RESULTS

Differential effects ofGrin2a andGrin2b LoF onmultiple
brain regions across development
To capture a comprehensive picture of the brain transcriptome in

Grin2a andGrin2bmutantmice across different ages, we first per-

formed bulk RNA sequencing (RNA-seq) analysis on Grin2a+/�,
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Grin2a�/�, and Grin2b+/C456Y mice (Grin2bC456Y/C456Y is lethal)

and their wild-type (WT) littermates at 2, 4, 12, and 20 weeks of

age and acrossmultiple brain regions, including the prefrontal cor-

tex (PFC), hippocampus, somatosensory cortex (SSC), striatum,

and thalamus (Figure 1A). The same brain regions from different

animals clustered together in the principal-component analysis

(PCA), indicating consistency of tissue dissection (Figure S1A).

By bulk RNA-seq, a number of differentially expressed genes

(DEGs, see STAR Methods) were identified in both Grin2a and

Grin2bmutants in all five brain regions and at all four ages inves-

tigated (Figure 1B; Table S1). We validated several DEGs using

quantitative real-time PCR, confirming the robustness of the

RNA-seq results (Figure S1B). Grin2b+/C456Y showed the most

DEGs at 4 weeks (total of 3,591 DEGs across all tested brain re-

gions) as compared with the other tested ages (Figure 1B). In

Grin2a mutants, however, the greatest number of DEGs was

found at 12 weeks (1,250 in Grin2a+/� and 2,132 in Grin2a�/�

across tested brain regions) (Figure 1B). Comparing the tran-

scriptomic changes of all individual genes in the same brain re-

gion at 12 weeks versus 4 weeks, Grin2a+/� mutants showed

larger log2FC (fold change) at 12 weeks than at 4 weeks in most

brain regions (Figures S1C–S1G), whereas Grin2b+/C456Y mu-

tants showed greater changes at 4 weeks of age (Figures S1H–

S1L). There were relatively few DEGs for Grin2a or Grin2b mu-

tants at 2 weeks. We therefore concentrated our subsequent

analyses on 12weeks forGrin2a and 4weeks forGrin2bmutants.

Focusing on differential brain-region effects, we compared the

heterozygous mutants Grin2b+/C456Y (4 weeks) versus Grin2a+/�

(12 weeks). The hippocampus and striatum showed large tran-

scriptomic changes in both genotypes. The PFC, which is asso-

ciated with cognitive impairment in SCZ,25 showed more DEGs

in Grin2a+/� than in Grin2b+/C456Y (Figure 1B), whereas the thal-

amus showed a larger number of DEGs in Grin2b+/C456Y. These

results suggest that brain regions and circuitries might be differ-

entially affected by Grin2a and Grin2b LoF.

It was notable that Grin2a+/� mice showed comparable

numbers of DEGs to Grin2a�/� in most brain regions (see for

example, PFC and hippocampus) at all four ages (Figure 1B). A

transcriptome-wide comparison showed that log2FC values of

individual genes were moderately well correlated between

Grin2a+/� and Grin2a�/� mutants in all brain regions studied

(Pearson’s r = 0.43–0.77; Figures 1C–1G). These data demon-

strate that the transcriptome profiles of the same brain regions

are considerably overlapping in Grin2a+/� and Grin2a�/� mu-

tants and that the heterozygousGrin2a LoF has a comparable ef-

fect on the overall transcriptome as homozygousGrin2a LoF. By

contrast, the transcriptome profile of Grin2a+/� was poorly or

even anti-correlated with that of Grin2b+/C456Y in the same brain

regions (Pearson’s r < 0.1; Figures 1H and 1J–1L), except for the

hippocampus (Pearson’s r = 0.4; Figure 1I). Thus, loss of one

copy of Grin2a or Grin2b causes markedly different global tran-

scriptomic changes at the same age, despite both genes encod-

ing subunits of the NMDARs.

Differential alteration of diverse molecular pathways in
brain regions of Grin2a and Grin2b mutants
To gain insight into the biological processes that were altered in

Grin2a and Grin2b mutant mice, we performed gene set
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Figure 1. Widespread transcriptomic changes in different brain regions of Grin2a and Grin2b mutant mice

(A) Schematic diagram of bulk and snRNA-seq characterization of multiple brain regions in Grin2a and Grin2bmutant mice at four ages. Numbers on the mouse

brain indicate (1) prefrontal cortex, (2) somatosensory cortex, (3) hippocampus, (4) striatum, and (5) thalamus.

(B) Number of DEGs in the indicated brain region and age in Grin2a and Grin2b mutants.

(C–L) Gene expression correlation in the indicated brain regions and genotypes. Pearson’s r correlation values are indicated on the plots.

See also Figure S1.
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enrichment analysis (GSEA)26,27 on bulk RNA-seq data in all

brain regions, ages, and genotypes (Table S1). In the GSEA anal-

ysis of 4-week-old Grin2b+/C456Y and 12-week-old Grin2a mu-

tants, a number of pathways (annotated by gene ontology [GO]

terms) were found to be significantly (false discovery rate

[FDR] < 0.05) enriched among upregulated and downregulated

genes (hereafter referred to as upregulated or downregulated

pathways/GO terms, respectively) across multiple brain regions.

Notably, these ‘‘convergent pathways’’ were related to synap-

ses, ribosomes, oxidative phosphorylation (OXPHOS), neuron

development, and RNA processing/splicing (Figure 2A). Similar

pathways have been shown to be dysregulated in synaptic pro-

teomics and gene expression studies of postmortem SCZ brain

tissue.21,22,28 In Grin2a+/� and Grin2a�/� mice, neuron develop-
ment and synaptic GO terms including glutamatergic and

gamma-aminobutyric acid (GABA)ergic synapses were downre-

gulated in the PFC and hippocampus, but the same GO terms

were upregulated in the striatum (Figure 2A). Consistent with

the anti-correlated pathway change, many individual genes

within the synapse GO term showed negative correlation in the

PFC versus the striatum in Grin2a+/� mice (Pearson’s

r = �0.23; Figure S1M). This opposite directionality of change

in the PFC and hippocampus versus the striatum was also

observed in Grin2a mutant mice for OXPHOS and ribosomal

GO terms (up in PFC and hippocampus, down in striatum)

(Figures 2A, S1N, and S1O). By contrast, in Grin2b+/C456Y

mice, OXPHOS and ribosomal GO terms were significantly upre-

gulated in all tested brain regions (Figure 2A).
Neuron 111, 1–19, November 1, 2023 3
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Figure 2. Transcriptomic changes in multiple molecular pathways in Grin2a and Grin2b mutant mice

(A and B) GSEA results for a selection of GO terms from MSigDB (A) and SynGO (B).

(C–E) Volcano plots of transcriptomic changes identified by bulk RNA-seq analysis in the indicated brain regions (blue and red dots represent downregulated and

upregulated DEGs, respectively).

(F) GSEA results for risk genes associated with psychiatric and neurological diseases.

In (A), (B), and (F), circles with black outlines indicate statistical significance (FDR < 0.05). In (D), black arrow indicates that Grin2a is out of range of the plot.

PTSD, post-traumatic stress disorder; ADHD, attention deficit hyperactivity disorder; MSA, multiple system atrophy; ALS, amyotrophic lateral sclerosis; NES,

normalized enrichment score.

See also Figure S1.
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Direct comparison of Grin2a+/� at 12 weeks (Figure S1P) and

4 weeks (Figure S1Q) versus Grin2b+/C456Y at 4 weeks confirmed

significant enrichment of aforementioned GO terms (such as syn-

apses, OXPHOS, ribosomes) among differentially regulatedgenes.
4 Neuron 111, 1–19, November 1, 2023
GSEA using the refined SynGO terms29 uncovered changes in

both presynaptic and postsynaptic processes in Grin2a and

Grin2b mutants (Figure 2B). Strikingly, ‘‘translation at presy-

napse’’ and ‘‘translation at postsynapse’’ GO terms were
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upregulated, whereasGO terms related to pre- and postsynaptic

organization were downregulated in the cortex and hippocam-

pus of Grin2a mutants. Downregulation of GO terms related to

endocannabinoid signaling, including Dagla (a SCHEMA risk

gene with FDR < 0.054), was also observed in the PFC of Grin2a

mutants (Figure 2B). Consistent with GSEA analysis, multiple

synaptic genes were represented among the downregulated

DEGs in the Grin2a+/� mice, such as Homer1 and Cacnb4 in

the PFC and Pclo, Bsn, and Shank2 in the hippocampus

(Figures 2C and 2D). Like in Grin2a mutants, pre- and postsyn-

aptic translation GO terms were significantly upregulated in the

Grin2b+/C456Y cortex and hippocampus (Figure 2B), and many

ribosomal genes were among the significantly upregulated

DEGs in the hippocampus (Figure 2E; Table S1).

We also tested whether genes associated with psychiatric and

neurological disorders (Table S2)30–33 were enriched among

differentially regulated genes inGrin2a andGrin2b heterozygous

mutants (Figure 2F). InGrin2a+/�, genes associated with multiple

brain disorders, notably SCZ (both GWAS and SCHEMA) and

ASD were significantly enriched among downregulated genes

in the PFC, hippocampus, and SSC and among upregulated

genes in the striatum (Figure 2F). Consistent with the association

of GRIN2A with NDD,8 NDD-associated genes were also signif-

icantly enriched among downregulated genes in the PFC and

hippocampus of Grin2a+/� mutants (Figure 2F). In Grin2b mu-

tants, however, genes associated with the same disorders

were significantly enriched among upregulated genes in the

SSC, further indicating that brain regions are differentially

affected by Grin2a and Grin2b LoF. Finally, in line with the over-

lapping genetic basis of SCZ and bipolar disorder,34,35 we found

a significant enrichment of bipolar GWAS loci among cortical and

hippocampal downregulated genes in Grin2a mutants.

Transcriptomic changes in neuronal and non-neuronal
cells in Grin2a mutant mice
We performed single-nucleus RNA-seq (snRNA-seq) in Grin2a

heterozygous and homozygousmutants and their WT littermates

at 12 weeks, when bulk RNA-seq showed the greatest number of

DEGs, and at 4weeks on the PFC and hippocampus. No obvious

differences in cell-type clustering were observed between

Grin2a mutants and WT mice in any of the tested brain regions

(Figures S2A and S2N–S2R). Observed clusters were annotated

to different cell types (Figures 3A and S2B–S2E), based on the

expression of marker genes (Figures S2F–S2M) and external

datasets.

We performed differential expression (DE) analysis using two

different algorithms: pseudocell, a mixed model approach that

we have recently developed36 (see STAR Methods), and pseu-

dobulk aggregation followed by EdgeR.37 The log2FC values of

individual genes as well as the p values were highly correlated

between the two approaches (Pearson’s r R 0.8 for log2FC

values and Spearman’s r R 0.6 for p values for most cell types)

(data not shown). Here, we discuss the results of the pseudocell

analysis and provide the DE and GSEA results of pseudobulk

analysis for all snRNA-seq datasets in Tables S3 and S4.

In both Grin2a+/� and Grin2a�/�, excitatory neurons such as

cortical (PFC, SSC) pyramidal neurons of layer 2/3 (L2/3IT),

and layer 5/6 (L5IT and L6CT; Figures 3B and 3C) as well as
CA1 pyramidal cells and dentate gyrus excitatory neurons of

the hippocampus (Figure 3D) showed large transcriptomic

changes at 12 weeks, as measured by the number of DEGs.

The inhibitory spiny projection neurons (SPNs) of the striatum

(Figure 3E), and DEGLU1 excitatory neurons of thalamus (Fig-

ure 3F) also exhibited large numbers of DEGs at 12 weeks. There

were fewer DEGs at 4 weeks than at 12 weeks in different cell

types in the PFC and hippocampus (Figures 3G and 3H).

Non-neuronal cell types also showed transcriptomic changes

by snRNA-seq analysis. Astrocytes and oligodendrocytes

(ODCs), in particular, showed a sizable number of DEGs in

Grin2a+/� and Grin2a�/� brains, especially in the SSC, hippo-

campus, and thalamus (Figures 3B–3H). Since glial cells express

little or no Grin2a mRNA (Figure S3A), the large transcriptomic

changes in astrocytes and ODCs likely reflect the indirect (non-

cell-autonomous) effects of Grin2a LoF.

It should be noted that a low count of DEGs in certain cell types

might be due to low statistical power of detection in those cell

types rather than lack of transcriptomic changes. For instance,

inhibitory interneurons constituted less than 10% of isolated

nuclei from the cortex (PFC and SSC) and less than 5% of hippo-

campal nuclei (Figures S2N–S2P). The low abundance and high

heterogeneity of inhibitory cell types could lead to underestima-

tion of the number of DEGs identified in these cell types by

snRNA-seq. In bulk RNA-seq data, we did observe that neuro-

peptides cortistatin (Cort) and neuropepetide Y (Npy) and/or so-

matostatin (Sst), which are primarily expressed and released by

inhibitory interneurons,38,39were among the significantly upregu-

lated DEGs (FDR < 0.05) in the hippocampus of Grin2a+/� (Fig-

ure 2D) and Grin2a�/� (Figure S3B) and in the PFC and SSC of

Grin2a�/� (Figures S3C and S3D), implying that inhibitory inter-

neurons are affected by Grin2a LoF. Supporting this conclusion,

snRNA-seq showed increased expression of a number of neuro-

peptides including Npy and Cort in the parvalbumin (PV) and

somatostatin (SST) interneurons of the PFC, SSC, and hippo-

campus in Grin2a+/� and Grin2a�/� (Figures S3E–S3P), though

these changes did not reach significance at FDR < 0.05.

Overall, our snRNA-seq data revealed that diverse cell types,

including excitatory and inhibitory neurons as well as non-

neuronal cells, were affected inGrin2a+/� andGrin2a�/�mutants

across the brain regions and at 4 and 12 weeks of age

(Figures 3B–3H).

Transcriptomic evidence for altered metabolism and
PFC hypofunction in Grin2a mutant mice
Which biological processes are altered in specific cell types in

12-week-old Grin2a mutant mice? Mitochondria/OXPHOS-

and translation/ribosome-related GO terms showed up

commonly as being significantly altered in multiple cell types

and brain regions—interestingly not always in the same direc-

tion. OXPHOS and ribosomal GO terms were strikingly downre-

gulated in excitatory and inhibitory neurons in the PFC of

12-week-oldGrin2a+/� (Figures 4A and S4C) andGrin2a�/� (Fig-

ure S4A) mice. In contrast, these GO terms were upregulated in

neurons of the hippocampus, striatum, and SSC in Grin2a mu-

tants (Figures 4A and S4A).

Similar region-dependent changes were also observed in

4-week-old Grin2a+/� mice: OXPHOS and ribosomal GO terms
Neuron 111, 1–19, November 1, 2023 5
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Figure 3. Transcriptomic changes in diverse cell types across brain regions in Grin2a mutant mice

(A) Uniformmanifold approximation and projection (UMAP) representation of the major cell types identified by snRNA-seq in the indicated brain regions ofGrin2a

mutant mice.

(B–H) Number of DEGs across different cell types in the indicated brain regions.

ODC, oligodendrocyte; PV, parvalbumin interneurons; SST, somatostatin interneurons; VIP, vasoactive intestinal peptide interneurons; L2–L6, layers 2–6; IT,

intratelencephalic; NP, near-projecting; ET, extratelencephalic; CT, corticothalamic neuron; dSPN, direct-pathway spiny projection neuron; iSPN, indirect-

pathway SPN; eSPN, eccentric SPN.

See also Figures S2 and S3.
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were significantly downregulated in diverse subtypes of excit-

atory and inhibitory neurons in the PFC but upregulated in excit-

atory and inhibitory neuronal subtypes in the hippocampus (Fig-

ure 4B). In Grin2a�/� mice at 4 weeks, however, OXPHOS and

ribosomal GO terms were upregulated in excitatory and inhibi-

tory neurons of the PFC, which is opposite of what we observed

in Grin2a+/� mutants (Figures S4B and S4D). These opposite

transcriptomic changes in Grin2a+/� versus Grin2a�/� mutants

cannot be simply explained by a gene dosage effect acting via

a cell autonomous mechanism.

The changes in OXPHOS and ribosomal GO terms suggest

altered adenosine triphosphate (ATP) production and protein

translation in Grin2a mutants, which are detectable already at

4 weeks, and that differentially affect the PFC, hippocampus,

and striatum. We hypothesized that the altered expression of

OXPHOS- and ribosome-related gene sets might reflect the

metabolic load or metabolic stress on neurons, which should

be influenced by the level of activity in those neurons. As a sur-

rogate measure of neuronal activity, we performed GSEA using a

curated set of activity-regulated genes40 (Table S2) in various

brain regions. Consistent with our hypothesis, the direction of

changes in activity-regulated gene set agreed well with changes

in OXPHOS and ribosomal GO terms in neurons. PFC showed a

significant downregulation of the activity-regulated gene set in

Grin2a+/� at 4 and 12 weeks (Figures 4C and S4E), whereas

these genes were significantly enriched among upregulated

genes in the SSC, hippocampus, and especially the striatum

(e.g., Fos, Egr4, and Chrbp; Figure S4F) (Figure 4C). Overall,

our RNA-seq data support the idea that the widespread, but

regionally distinct, changes in neuronal OXPHOS and ribosomal

GO terms may be functionally linked to alterations in neuronal

activity. Moreover, they spotlight the PFC as a brain region that

potentially has reduced activity and decreased ATP production

and protein translation in the heterozygous Grin2a LoF state, in

contrast to the SSC, hippocampus, and striatum that show an

increase.

Overall, the changes in OXPHOS/ribosome-related GO terms

in glial cells were largely correlated with the changes in these GO

terms in neurons of the same brain region (Figure 4A). Downregu-

lation of OXPHOS GO terms in microglia, as well as upregulation

of ‘‘homeostatic’’ microglial genes P2ry12, Cx3cr1, and Olfml341

in the PFC (see Figure 2C), suggest that microglia might be in a

more homeostatic state in the PFC of Grin2a+/� mice.
Dysregulation of cholesterol biosynthesis in astrocytes
and changes in cytoskeletal organization in ODCs of
Grin2a mutant mice
Unexpectedly, GO terms related to cholesterol/steroid biosyn-

thesis (including genes Hmgcr, Hmgcs1, Elovl6, Srebf2) were
Figure 4. Brain-region-specific effects on activity-, metabolism-, and

Grin2a+/– mice

(A and B) GSEA results for five major cell types (A) and across neuronal subtype

(C) Enrichment of the activity-regulated gene set in different brain regions (bulk R

(D and E) GSEA results for the indicated GO terms in the indicated brain regions

(F) Volcano plots of transcriptomic changes in astrocytes in the indicated brain r

(G) GSEA results for the indicated GO terms in thalamic oligodendrocytes of Grin

See also Figure S4.
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significantly upregulated in astrocytes of the PFC, SSC, hippo-

campus, and striatum in Grin2a+/� (Figures 4D and 4F) and

Grin2a�/� mutants (Figures S4H and S4J). The upregulation of

cholesterol-related GO terms was also significant in some sub-

types of excitatory neurons in the SSC, hippocampus, and

PFC (Figures 4D and S4H). In the thalamus, the cholesterol

pathway changes were most prominent in DEGLU3 excitatory

neurons (Figures 4D and S4H).

Dysregulation of the cholesterol biosynthesis pathway in astro-

cytes was significant at 12 weeks but not at 4 weeks (Figures 4E

and S4I), and most cholesterol-related genes showed larger

changes at 12weeks than at 4weeks (Figure S4K). Thus, the alter-

ation in cholesterol biosynthesis pathway occurs relatively late

during postnatal brain maturation in Grin2a mutant mice.

In ODCs of the thalamus, besides OXPHOS and ribosomal GO

terms, pathways related to the cytoskeleton and neuron en-

sheathment (including myelination-related genes such as

Gal3st1, Ilk, Klk642) were significantly upregulated, suggesting

potential myelin abnormalities in the thalamus of Grin2a+/�

mice (Figure 4G). Moreover, GO terms related to biosynthesis

of chondroitin sulfate (which is enriched in the perineural net

[PNN]) were significantly upregulated in thalamic ODCs in

Grin2a+/� mice (Figure 4G).
Dysregulation of dopamine signaling in the striatum of
Grin2a mutant mice
Of particular interest, various GO terms related to dopaminergic

and cholinergic signaling were significantly upregulated in the

inhibitory neurons of the striatum (�95% of which are SPNs; Fig-

ure S2D) in 12-week-old Grin2a+/� mice (Figure 5A) but not in

Grin2a�/� mice (Figure S5A).

Multiple genes within the ‘‘response-to-dopamine’’ and ‘‘syn-

aptic-transmission-cholinergic’’ GO terms (e.g., Chrm3, Slc5a7,

Chrm2, Drd2, and Lrrk2) were elevated in the striatal inhibitory

neurons of 12-week Grin2a+/� mice (Figures 5B and 5C). It did

not escape our attention that Drd2 (D2 dopamine receptor, the

target of most antipsychotic drugs) was among the most highly

upregulated genes in the striatal inhibitory neurons (Figure 5B).

Activation of transcription factor cyclic adenosine

30,50-monophosphate (cAMP) response element-binding protein

(CREB) via mitogen-activated protein kinase (MAPK) pathways

plays a vital role in dopamine receptor signaling.43 GO terms

related to positive regulation of CREB activity and MAPK path-

ways were significantly upregulated in the striatal neurons of

Grin2a+/� mice (Figure 5A), along with elevated expression of

several cAMP-induced CREB target genes in direct-pathway

SPNs (dSPNs) and indirect-pathwaySPNs (iSPNs)44 (FigureS5B;

Table S2). Extending these results, we found a significant enrich-

ment of a set of dopamine-induced genes (Table S2; including
cholesterol-related pathways in neuronal and non-neuronal cells in

s (B) in the indicated brain regions of Grin2a+/�.
NA-seq) of Grin2a+/�.
of Grin2a+/�.
egions of Grin2a+/� highlighting genes from the indicated GO term.

2a+/�.
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activity-regulated genes Homer1, Fos, and Junb that are

induced by dopamine45) among the upregulated genes of the

Grin2a+/� striatum (Figure 5D). Notably, the upregulation of the

dopamine-induced gene set was particularly strong in iSPNs

which express mainly D2 dopamine receptors, and in eccentric

SPNs (eSPNs) which express both D2 and D1 receptors

(Figures 5D and 5E).

We also found evidence for altered dopamine and serotonin

signaling in the PFC of 12-week-old Grin2a+/� mice, where

dopamine and/or serotonin signaling GO terms were signifi-

cantly upregulated in L2/3IT and L5IT pyramidal cells

(Figure 5F). These same cell types also showed significant upre-

gulation of GO terms related to semaphorin-plexin signaling (Fig-

ure 5F), which is known to be involved in the remodeling of syn-

aptic connections46–48 and has been implicated in SCZ.49,50

Plexins Plxnb1 and Plxnb2 and semaphorin Sema3g were

among the significantly upregulated DEGs in the PFC of

12-week-oldGrin2a+/�mice (Figure 2C). Most of theseGO terms

related to dopamine, serotonin, or semaphorin signaling did not

change significantly in the SSC of Grin2a+/� (Figure 5F) mice, or

in the PFC and SSC of Grin2a�/� mice (Figure S5C).

In the context of heightened dopamine signaling, it is note-

worthy that Comt (encoding catechol-O-methyltransferase, an

enzyme involved in dopamine degradation) was among the

most significantly downregulated genes in the bulk RNA-seq anal-

ysis of striatum in 12-week-oldGrin2a+/� mice (Figure 5G). In fact,

ComtmRNAwas consistently reduced in a gene-dose-dependent

fashion in all tested brain regions ofGrin2amutants (Figure 5H). In

contrast,Grin2b+/C456Ymutants showed no significant changes in

ComtmRNA in any brain region (Figure 5H). We confirmed reduc-

tion of COMT protein by western blotting; COMT levels fell by

�50% in the PFC and �40% in the striatum in 12-week-old

Grin2a�/� mice, withGrin2a+/� mice showing intermediate reduc-

tion (Figures 5I–5K). Decreased expression of Comtmight lead to

elevated dopamine levels and contribute to the enhanced expres-

sion of dopamine-induced genes in the striatum ofGrin2a+/�mice
Figure 5. Dysregulation of dopamine signaling in the striatum of Grin2

(A) GSEA results for five major cell types in the indicated brain regions of Grin2a

(B and C) Volcano plots of transcriptomic changes in striatal inhibitory neurons in

(D) Enrichment of the dopamine-induced gene set in striatal inhibitory neuron su

(E) Transcriptomic changes in eSPNs versus iSPNs in the striatum of Grin2a+/�,
(F) Changes in the indicated GO terms in layer 2/3IT and layer 5IT excitatory neu

(G) Volcano plot of transcriptomic changes identified by bulk RNA-seq analysis in t

volcano plot.

(H) Heatmap showing the log2FC values of Comt in the bulk RNA-seq data from

indicate statistical significance (FDR < 0.05).

(I) Western blots probing for COMT and B-actin in total striatal lysate obtained fr

(J and K) Quantification of COMT protein expression measured by western blot in

(L and M) Enrichment of the dopamine-induced gene set in the striatum (bulk

Grin2b+/C456Y comparison (M) animals.

(N) Basal locomotion in wild-type and Grin2a+/� mice before administration of sa

(O) Total distance traveled after administration of saline or amphetamine in wild ty

amphetamine dose).

(P) Dose-response curves for wild-type andGrin2a+/�mice. The lines indicate a no

dose at which Grin2a+/� is significantly different from wild types.

In (J), (K), and (N)–(P), p values are computed using two-tailed Student’s t test. D

standard error of mean in (P). CREB, cyclic adenosine 30,50-monophosphate (cAM

WT, wild type.

See also Figure S5.
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(Figure 5D). Consistent with such a notion, we observed a signif-

icant enrichment of the dopamine-induced gene set among upre-

gulated genes of the striatum in Grin2a+/� mutants at 4 and

12 weeks, but not at 2 weeks, suggesting that striatal dopamine

dysregulation emerges during the juvenile period in Grin2a+/�

mice (Figure 5L). In the striatum ofGrin2b+/C456Y mutants, howev-

er, therewas no significant changeof the dopamine-inducedgene

set at any of the tested ages (Figure 5L). Direct comparison of

Grin2a+/� versus Grin2b+/C456Y mutants also showed significant

upregulation of dopamine-induced gene set in theGrin2a+/� stria-

tum (Figure 5M). Together, the transcriptomics data point to dys-

regulated dopamine signaling, suggestive of a hyperdopaminer-

gic state in the striatum and PFC of specifically Grin2a+/� mice.

To test this idea functionally, wemeasured amphetamine-induced

hyperlocomotion (AIH) in Grin2a+/� mice across various doses of

amphetamine (Figure S5D). Compared with their WT littermates,

Grin2a+/� mice showed significantly greater baseline locomotor

activity (Figure 5N) and enhanced responses to submaximal

doses of amphetamine (1 and 2 mg/kg), reaching significance at

2 mg/kg of amphetamine (Figure 5O). The leftward shift of the

dose-response curve demonstrates the greater sensitivity of

Grin2a+/� mutants to AIH (Figure 5P), supporting our hypothesis

of elevated dopamine sensitivity in the striatum ofGrin2a+/� mice.

In the thalamus, serotonin and cholinergic signaling GO terms

were significantly upregulated in the excitatory neurons of

Grin2a+/� mice (Figure 5A). A significant upregulation of some

dopaminergic/serotoninergic signaling pathways was also

observed in the inhibitory neurons of the thalamus in both

Grin2a+/� (Figure 5A) and Grin2a�/� (Figure S5A) mice, including

genes Htr2a and Htr2c (serotonin receptors 2A and 2C)

(Figure S5E).

Changes in glutamatergic signaling and ribosomal
proteins in the synaptic proteomeofGrin2amutantmice
To investigate the effects of Grin2a LoF on synapses at the pro-

tein level, we conducted quantitative mass spectrometry (MS)
a+/– mutant mice
+/�.
Grin2a+/� highlighting genes from the indicated GO terms.

btypes in Grin2a+/�.
highlighting the dopamine-induced gene set.

rons in the PFC and SSC of Grin2a+/�.
he striatum of 12-week-oldGrin2a+/�mice. Genes of interest are labeled on the

the indicated brain regions in Grin2a and Grin2b mutant mice. Black outlines

om 12-week-old Grin2a animals.

the striatum (J) and PFC (K) of Grin2a animals (n = 3–5 animals per genotype).

RNA-seq) in Grin2a+/� and Grin2b+/C456Y (L) mice and in Grin2a+/� versus

line/amphetamine (n = 32 wild type; n = 40 Grin2a+/�).
pe orGrin2a+/� (n = 7–9 wild types per amphetamine dose; n = 10Grin2a+/� per

nlinear regression four-parameter fit to each dataset. The asterisk indicates the

ata are shown as mean ± standard error in (J), (K), (N), and (O) and as mean ±

P) response element-binding protein; MAPK,mitogen-activated protein kinase;
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Figure 6. Synapse proteome changes in Grin2a mutant mice

(A and B) Volcano plots of proteomic changes in the hippocampal synapses of 4-week-old Grin2a+/� (A) and Grin2a�/� (B) mice.

(C) Heatmap showing log2FC values in Grin2a+/� and Grin2a�/� for significant DEPs identified in the hippocampal synapses of Grin2a+/�.
(D) Correlation of protein changes in the hippocampal synapses of Grin2a+/� versus Grin2a�/� (Pearson’s r = 0.75).

(E) GSEA results in the hippocampal synapse proteome of 4-week-old Grin2a+/� and Grin2a�/�.
(F, H, and K) Heatmap depicting proteins in the indicated gene set in the synaptic proteome of 4-week-old Grin2a+/� and Grin2a�/� mice.

(G, I, and L) Volcano plots of proteomic changes in Grin2a+/� synapses highlighting proteins in the indicated gene sets.

(J) Heatmap depicting proteins in the indicated gene set in the synaptic proteome and their mRNA changes in bulk RNA-seq data in the hippocampus of 4-week-

old Grin2a+/ mice.

In (C), (F), (H), (J), and (K), rows are sorted in ascending order based on the log2FC values from Grin2a+/.

See also Figure S6.
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proteomics of synaptic fractions purified from the hippocampus

of 4-week-old Grin2a+/� and Grin2a�/� mice and their WT litter-

mates. The synapse fractions showed strong enrichment of ca-
nonical synaptic markers (GluN1, PSD95, HOMER1) (Fig-

ure S6A). We observed a similar number of differentially

expressed proteins (DEPs, see STAR Methods) in Grin2a+/�
Neuron 111, 1–19, November 1, 2023 11
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(Figure 6A; 291DEPs) andGrin2a�/�mice (Figure 6B; 282DEPs),

and validated several of them by western blotting (Figures S6B

and S6C). The vast majority (97%) of the DEPs in Grin2a+/�

mice were also altered in the same direction in Grin2a�/� (Fig-

ure 6C), such as GRIN3A, RPL37, and XPO7 (Figures 6A and

6B). Evaluation of the log2FC values of all individual proteins re-

vealed a strong correlation and a similar magnitude of change of

the synaptic proteomes in Grin2a+/� and Grin2a�/� mice (Pear-

son’s r = 0.75; Figure 6D). Overall, these data signify that hetero-

zygous Grin2a LoF has a similar-size effect on global synapse

composition as homozygous LoF, which is in line with our

conclusion from bulk RNA-seq data thatGrin2a+/� has compara-

ble effect as Grin2a�/� on the transcriptome (Figure 1B)

GSEA of the proteomics data showed that GO terms related to

synapses, particularly glutamatergic synapses, were signifi-

cantly downregulated in synapses ofGrin2amutants (Figure 6E).

There was a positive though weak correlation between synaptic

proteomic changes and bulk RNA-seq changes in the glutama-

tergic signaling pathway in the 4-week-old hippocampus

(Figures S6D and S6E). Perhaps not surprising because

GRIN2A is itself a glutamate receptor, the magnitude of reduc-

tion of many downregulated proteins of glutamatergic signaling

was greater in Grin2a�/� than in Grin2a+/� (Figure 6F). Many

glutamate receptor subunits (e.g., GRIN1, GRIN3A, GRM5,

GRIA1, and GRIA2) and the scaffolding proteins SHANK1,

SHANK3, and HOMER3 were among the downregulated pro-

teins in both Grin2a+/� (Figure 6G) and Grin2a�/� (Figure S6F).

GO terms related to ribosomes and RNA processing/splicing

were significantly upregulated inGrin2amutant synapses (inter-

estingly, to a greater degree in Grin2a+/� than in Grin2a�/�)
(Figures 6E, 6H, and 6K). Ribosomal proteins showed striking

elevation as a group in the synapses ofGrin2a+/�mice (Figure 6I)

and, to a lesser extent, in Grin2a�/� mutant mice (Figure S6G),

potentially pointing to increased protein synthesis at synapses

ofGrin2amutants. The increase in ribosomal proteins is consis-

tent with the elevated ribosomal gene expression in bulk RNA-

seq data from the 4-week-old hippocampus (Figures S6H and

S6I) and in snRNA-seq data from excitatory neurons and inhib-

itory interneurons in the hippocampus of 4-week-old Grin2a

mutants (Figures 4B and S4B). More than 90% of ribosomal

proteins that were upregulated in the synaptic proteome of

Grin2a+/� and Grin2a�/� were also upregulated at the mRNA

level in bulk RNA-seq analysis of the hippocampus in 4-week-

old Grin2a mutant brains (Figures 6J and S6J). However, the

correlation of the log2FC values of mRNA and synaptic protein

level of the ribosomal genes was only modest (r = 0.3–0.4)

(Figures S6K and S6L), suggesting that post-transcriptional

changes, such as protein turnover and trafficking, likely

contribute to ribosomal protein changes at synapses in Grin2a

mutant mice.

Surprisingly, more than 60% of identified RNA splicing pro-

teins were elevated in Grin2a+/� (Figures 6K and 6L) and

Grin2a�/� synapses (Figure S6M), including proteins of the para-

speckle complex (SFPQ, NONO, and PSPC1). Paraspeckles are

subnuclear bodies involved in transcription initiation, transcrip-

tional termination, and mRNA splicing.51 The presence and

increased abundance of the paraspeckle complex and other

RNA processing/splicing proteins in synaptic fractions of Grin2a
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mutantsmight indicatemislocalization of these RNAbinding pro-

teins from the nucleus to the cytoplasm, a pathomechanism that

has been implicated in amyotrophic lateral sclerosis (ALS) and

frontotemporal dementia.52,53

Abnormal EEG and locomotor behavior of Grin2a

mutant mice
To investigate effects on brain network activity, we monitored

EEG in Grin2a mutant mice, analyzing signals from an electrode

over the parietal cortex (Figures 7A–7E). Full details of EEG re-

cordings in Grin2a mutant mice, including stimulus-evoked

EEG measurements, are described elsewhere.54 At 3 months

of age,Grin2a+/� andGrin2a�/�mutants showed a significant in-

crease in gamma (30–50 Hz) oscillation power during non-rapid

eye movement (NREM) sleep (Figure 7A), which is reminiscent of

the increase in gamma oscillations during sleep and quiet wake

in SCZ patients.55,56 Grin2a�/� also displayed elevated slow,

delta, sigma, and beta oscillations relative to WTs (Figures 7B–

7E). Theta and alpha oscillations were similar across all geno-

types (Figures S7A and S7B).

To perform an unbiased measurement of behavioral changes,

we used MoSeq, an unsupervised machine learning framework

that characterizes mouse behavior by identifying sub-second

behavioral motifs called syllables.57 Both kinematic parameters

(see STAR Methods) and MoSeq behavioral summaries were

computed in the pipeline for each animal (Figures S7C and

S7D). No significant differences were observed between

Grin2a+/� mutants and their WT littermates in the tested kine-

matic parameters (Figures S7E–S7H). Grin2a�/� mutants

showed highermean velocity thanWTs (Figure S7F), but no other

kinematic values were significantly different.

By sorting the behavioral syllables by their velocity and

comparing usage in Grin2a mutants versus WTs, however, we

noted that the highest-velocity syllables were used more by

the Grin2a mutant mice as compared with WT mice (Figures 7F

and 7G). These same syllables also were associated with signif-

icantly greatermean distances traveled than the remainder of the

syllables (Figure 7H). Collectively, these data suggest thatGrin2a

mutant mice perform a subset of high velocity movements with

high locomotor activity more often than their WT littermates.

These behavioral patterns identified with MoSeq extend the

increased baseline locomotor activity measured in AIH experi-

ment (Figure 5N), as well as the previously reported locomotor

hyperactivity of Grin2a mutant mice.54,58,59

To further contextualize our MoSeq findings, we analyzed pre-

viously published MoSeq datasets collected from WT mice

treated with antipsychotic drugs haloperidol (0.25 mg/kg) or clo-

zapine (10 mg/kg).57 Interestingly, the syllables with highest ve-

locity were downregulated in mice treated with haloperidol or

clozapine (Figures 7I–7K, S7I, and S7J). Thus, treatment of

mice with haloperidol or clozapine results in less usage of sylla-

bles associated with high velocity movements, a behavioral

pattern opposite to that observed in Grin2a mutant mice.

DISCUSSION

An animal model that has human genetics validity and that ex-

hibits key neurobiological features of the human disease would
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Figure 7. Abnormal EEG and locomotor behavior of Grin2a mutant mice

(A–E) Power spectral density changes in Grin2amutants relative to wild types at�3 months of age during NREM sleep for the indicated frequency bands (n = 12

mice/group). p values were computed using one-way ANOVAs with post hoc Tukey-Kramer tests for multiple comparisons.

(F) Relative average syllable usage inGrin2a+/� andGrin2a�/� normalized to wild types, after sorting the syllables bymean velocity from high to low and averaging

them with a sliding window of 10 syllables. Red box indicates top quartile syllables with highest velocity.

(G andH)Mean velocity within syllables (G) andmean distance traveled during syllables (H) for top quartile syllables (red box in F) versus rest of identified syllables.

(I) Relative average syllable usage inwild-typemice treatedwith either clozapine (10mg/kg) or haloperidol (0.25mg/kg), normalized to saline-treatedmice after sorting

the syllables bymean velocity fromhigh to low and averaging themwith a slidingwindowof 10 syllables. Red box indicates topquartile syllableswith highest velocity.

(J and K) Mean distance traveled during downregulated syllables in haloperidol- (J) and clozapine- (K) treated mice (red box in I) versus rest of identified syllables.

For (I)–(K), data are taken fromWiltschko et al.57 In (A–E), (G), (H), (J), and (K) data are shown asmean ± standard error. Asterisks (*) indicate statistical significance

assessed using non-parametric ± permutation tests (see STAR Methods); ***p < 0.001.

See also Figure S7.
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have a transformative impact on the mechanistic understanding

of SCZ. Heterozygous LoF mutations that strongly elevate the

SCZ risk in humans, such as those in GRIN2A,4 offer the oppor-

tunity to create such models through heterozygous disruption of

the gene in mice and other animals. Here, studying the heterozy-
gous Grin2a mutant mouse at multiple levels, and with multi-

omics approaches, we made a series of discoveries that open

new windows into SCZ mechanisms.

First, even though both Grin2a and Grin2b encode subunits of

NMDARs, the transcriptomic changes in Grin2a+/� brain were
Neuron 111, 1–19, November 1, 2023 13
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poorly or even anti-correlated with the same brain region in

Grin2b+/C456Y mice (Figures 1H–1L). The distinct global transcrip-

tomic changes are consistent withGrin2a andGrin2b having non-

identical spatiotemporal expression patterns in the brain17 and

different disease associations:GRIN2A but notGRIN2B is associ-

ated with SCZ.4,60 We also noted that in contrast toGrin2b+/C456Y

mutants, Grin2a+/� mutants show bigger transcriptomic changes

at 12 weeks than at 4 weeks of age (Figure 1B), especially in the

striatum, a period of brain maturation that might be relevant to

the typical adolescence/young adult onset of SCZ.

Second, Grin2a+/� mice show surprisingly large changes in

transcriptomic and proteomic phenotype, comparable to, and

sometimes even greater than, Grin2a�/� mutants. Moreover,

loss of just one copy of Grin2a is sufficient to cause behavioral

change (hyperactivity in MoSeq and increased sensitivity to

amphetamine) and neurophysiological abnormality (elevated

gamma oscillation power on EEG), which are features of human

SCZ and/or pharmacological models of SCZ.54–56,61

Third, Grin2a LoF has markedly different effects on different

brain regions, exemplified by opposite-direction changes in syn-

apse-relatedGO terms in the striatum versus the PFC and hippo-

campus (Figure 2A). It is also remarkable that transcriptomic

measures of neuronal activity (activity-regulated gene set) and

neuronal metabolism (OXPHOS/mitochondrial respiration, ribo-

somes), which were correlated with each other within brain re-

gions, moved in opposite directions in different brain regions.

Activity-, OXPHOS-, and ribosome-related gene sets were

consistently and robustly downregulated specifically in the

PFC in Grin2a+/� mice, whereas these same GO terms were up-

regulated in the striatum and hippocampus (Figures 4A and 4C).

A brain region involved in higher cognitive functions, the PFC has

been much studied in relation to cognitive impairment in

SCZ.25,62 In this context, it is interesting that Grin2a+/� impacts

thePFCmuchmore than heterozygous LoFofGrin2b (Figure 1H),

which is consistent with a recent human brain transcriptomic

study showing that ASD has relatively little effect on PFC

compared with other neocortical areas.63 Our finding, based

on transcriptomics, that Grin2a+/� mutants exhibit PFC hypo-

function is intriguing because there is clinical evidence for

reduced activity and brain volume in parts of PFC in SCZ.64,65

Further correlating with our RNA-seq observations, SCZ patients

show hyperactivity in the hippocampus,66–71 which correlates

with symptoms of psychosis.72 An important caveat is that we

are inferring neuronal activity changes from transcriptomic alter-

ations, so more functional measurements of neuronal activity

(and energymetabolism and protein translation) in different brain

regions will be critical to understand the pathophysiology of

Grin2a mutant mice.

Fourth, among many pathway changes observed, perhaps

most impactful is thatGrin2a+/�mice show evidence of hyperdo-

paminergic signaling in the striatum and PFC. GO terms related

to dopamine response and signaling were upregulated in pyra-

midal neurons of the PFC and SPNs of the striatum, while levels

of ComtmRNA and protein fell. Increased dopamine release has

been observed in the PFC and striatum following treatment with

NMDAR antagonists.73,74 A hyperdopaminergic state of the

striatum has been reported in SCZ patients,75–77 possibly driven

by increased activity in hippocampal efferents.78 Hyperdopami-
14 Neuron 111, 1–19, November 1, 2023
nergic signaling has been a long-standing hypothesis for the

pathophysiology of SCZ, not least because antipsychotic drugs

(which show efficacy against the positive symptoms of SCZ)

have antagonist activity against the D2 dopamine receptor.79,80

In this light, it is striking that in Grin2a+/� mice, one of the most

highly induced genes in striatal SPNs was Drd2, which encodes

the D2 dopamine receptor (Figure 5B). Of relevance, a recent

study invoked elevated striatal dopamine as the driver of ‘‘hallu-

cination-like percepts’’ in mice.81

Striatal dopamine abnormalities have been postulated to be

secondary to circuit dysfunction caused by altered glutamate

signaling in inhibitory neurons during early postnatal brain devel-

opment.82 Consistent with the hyperdopaminergic state being a

later secondary response, the changes in dopamine-induced

gene set emerged at 4 weeks of age in the striatum of Grin2a+/�

mutants (Figure 5L), whereas changes inGO terms related to syn-

apses and OXPHOS and ribosomes were already apparent at

2 weeks of age (see Table S1). Moreover, our transcriptomic

data provide strong evidence that the functional state (though

not the number) of inhibitory interneurons is affected by Grin2a

heterozygous LoF, including alteration of OXPHOS and ribo-

somal GO terms in inhibitory interneurons (Figures 4A and 4B).

Together, our data suggest that dopamine dysregulation in

Grin2a+/�mutantsmay be a downstream event of NMDAR hypo-

function in the brain, perhaps involving both excitatory and inhib-

itory neuron dysfunction. Although the mechanistic link between

Grin2a LoF and hyperdopaminergic drive in the striatum is not

clear, it is impressive that heterozygous mutation in Grin2a, a

gene that surfaced fromhumangenetics of SCZ,marries twopre-

vailing hypotheses of SCZ pathophysiology—the ‘‘NMDAR hy-

pofunction’’ hypothesis, and the ‘‘striatal hyperdopaminergic’’

hypothesis. It will be important to confirm by physiology experi-

ments whether striatal dopamine signaling is enhanced in

Grin2a+/� mutant mice and whether any abnormal phenotypes

(molecular or functional) can be rescued by D2 antipsychotic

drugs. Also, given that Drd2, a bona fide drug target for SCZ,

emerged as a highly changed gene from our snRNA-seq analysis

of Grin2a+/� mice, we are hopeful that further study of transcrip-

tomic changes in Grin2a mutants will uncover additional novel

targets for SCZ treatment.

Besides support for these existing neurotransmitter theories of

SCZ, our multi-omics data also reveal unanticipated mechanisms

that might contribute to SCZ pathophysiology, such as perturba-

tions in energy metabolism and protein translation, myelination,

steroid/cholesterol biosynthesis, and RNA processing, as well

as the involvement of non-neuronal cells. Follow-up studies

delving into these mentioned mechanisms could yield further in-

sights into the intricate molecular underpinnings of SCZ and

potentially pave the way for innovative treatments that go beyond

the traditional neurotransmitter-focused approaches.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zohreh

Farsi (zfarsi@broadinstitute.org).

Materials availability
This study did not generate any new unique reagents.

Data and code availability
d All Bulk and single-nucleus RNA-seq data have been deposited at GEO and at the Broad Single Cell Portal (scPortal) and are

publicly available as of the date of publication. The original mass spectra and the protein sequence databases used for

searches have been deposited in the public proteomics repository MassIVE. The post-MoSeq behavioral database have

been deposited at Zenodo. Main figures, supplemental figures, supplemental tables, and full DE tables for bulk RNA-seq anal-

ysis and pseudocell analysis of snRNA-seq data are available viaMendeley Data. Accession numbers and DOIs are listed in the

key resources table.
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d All original code has been deposited on GitHub and Terra Workspace and is publicly available as of the date of publication.

DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Grin2a and Grin2b mutant mice
Grin2a-/- mice, originally generated as described,23 were obtained from RIKEN BioResource Research Center (RBRC02256) and

were crossed against wild-type C57/BL6J mice (Jackson Laboratory, #000664) to generate Grin2a+/- mice. The Grin2a+/- mice

were then crossed with each other to produce Grin2a+/-, Grin2a-/- and wild-type littermates used in all the experiments. All

animals were housed at AAALAC-approved facilities on a 12-hour light/dark cycle, with food and water available ad libitum. All pro-

cedures involving Grin2a mutant mice were approved by the Broad Institute IACUC (Institutional Animal Care and Use Committee)

and conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Male Grin2a mutant mice and their

wild-type littermates at 2, 4, 12 and 20 weeks of age were used for research in this study.

Frozen whole brain tissues of Grin2b+/C456Y and their wild-type littermates, all under the genetic background of C57BL/6J, were

kindly provided by Dr. Eunjoon Kim (Department of Biological Sciences, Korea Advanced Institute of Science and Technology, South

Korea).

METHOD DETAILS

Brain perfusion and dissection
Brain tissues for bulk and snRNA-seq were prepared as described at protocols.io (https://www.protocols.io/view/fresh-frozen-

mouse-brain-preparation-for-single-nu-bcbrism6). To minimize one source of variability, only male mice were used in this study.

Briefly, at 2, 4, 12 and 20weeks of age, maleGrin2a+/-,Grin2a-/- andwild-typemice were anesthetized by administration of isoflurane

in a gas chamber. While anesthesia was prolonged via a nose cone throughwhich 3% isoflurane flowed, transcardial perfusions were

performed with ice-cold Hank’s Balanced Salt Solution (HBSS) to remove blood from the brain. The brains were immediately frozen

for three minutes in liquid nitrogen vapor and stored at –80 �C until dissection.

Brain dissection was performed in a cryostat (Leica CM3050S), and all the tools required for dissection were precooled to –20 �C.
The cerebellumwas first removed with a cut in the coronal plane using a razor blade precooled to –20 �C. The brains were then cut at

the midsagittal plane to use the right and left hemispheres of each brain for bulk and snRNA-seq experiments, respectively. To

dissect the prefrontal cortex, each brain hemisphere was securely mounted from lateral surface onto a cryostat chuck with

O.C.T. (optimal cutting temperature) freezing medium (Tissue-Tek) such that the midsagittal surface was left exposed and thermally

unperturbed. The medial prefrontal cortex was then dissected by hand in the cryostat using an ophthalmic microscalpel (Feather

safety Razor no. P-715) precooled to –20 �C. To dissect the other brain regions, the remaining brain hemisphere was removed

from the chuck and mounted from the olfactory bulb onto a new cryostat chuck with O.C.T. freezing medium. Coronal sections

were cut by advancing the cryostat 30 mm at a time in trimming mode until the dorsal hippocampus was visible. This stepwise

approach reduced disruption of the brain tissue surface that could occur with larger steps. The dorsal hippocampus was then

dissected by hand using the ophthalmic microscalpel, and the thalamus was collected using a precooled biopsy punch (Thermo

Fisher Scientific) with 0.15 cm diameter. 30 mm-coronal sections were further cut by advancing the cryostat until the lateral ventricles

became triangle-shaped. The somatosensory cortex was then dissected by hand using the ophthalmic microscalpel and the dorsal

striatum was collected using a precooled biopsy punch with 0.15 cm diameter. All the brain regions were identified according to the

Allen Brain Atlas. Each excised tissue was placed into a precooled 1.5-ml PCR tube and stored at –80�C.

RNA extraction and bulk RNA-seq library preparation
RNA was prepared from micro-dissected tissues using RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. Briefly,

tissue samples were lysed and homogenized, placed into columns, and bound to the RNeasy silica membrane. Next, contaminants

were washed away, columns were treated with DNase (Qiagen) to digest residual DNA, and concentrated RNA was eluted in water.

RNA concentration wasmeasured using a NanoDrop Spectrophotometer and RNA integrity (RIN) wasmeasuredwith RNA pico chips

(Agilent) using a 2100 Bioanalyzer Instrument (Agilent). Purified RNA was then stored at -80�C until library preparation for bulk RNA-

seq analysis.

Bulk sequencing libraries were prepared using a TruSeq Stranded mRNA Kit (Illumina) following the manufacturer’s instructions.

200 ng of isolated total RNA from each sample was used and the concentration of resulting cDNA library was measured with High

Sensitivity DNA chips (Agilent) using a 2100 Bioanalyzer Instrument (Agilent). A 10 nM normalized library was pooled, and sequencing

was performed on a NovaSeq S2 (Illumina) with 50 bases each for reads 1 and 2 and 8 bases each for index reads 1 and 2.
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Quantitative real-time PCR
RNAwas extracted with the RNeasy Mini Kit (Qiagen) as stated above. Quantitative real-time PCR was performed using the TaqMan

RNA-to-Ct 1-Step Kit and TaqMan gene expression assays (Thermo Fisher Scientific). PCR amplifications were performed in tripli-

cate or quadruplicates (n = 4-5 animals per genotype) and gene expression was determined by the comparative cycle threshold

(DDCt) method using Gapdh as an internal housekeeping gene control.

Nuclei extraction and snRNA-seq library preparation
Brain tissue dissection and nuclei extraction were performed on the same day to avoid freeze-thaw cycles. A gentle, detergent-based

dissociation was used to extract the nuclei, according to a previously published protocol,97 also available at protocols.io (https://

www.protocols.io/view/frozen-tissue-nuclei-extraction-bbseinbe). Extracted nuclei were then loaded into the 10x Chromium V3.1

system (10x Genomics) and library preparation was performed according to the manufacturer’s protocol. A 10 nM normalized library

was pooled, and sequencing was performed on aNovaSeq S2 (Illumina) with 28 and 75 bases for reads 1 and 2 and 10 bases each for

index reads 1 and 2.

Purification of synaptic fraction for MS
P28-32 Grin2a mutant mice were sacrificed using CO2 anesthesia, after which hippocampi were dissected rapidly, flash-frozen on

dry ice, and stored at -80�C. Synapse fractions were purified as described previously.98,99 Briefly, hippocampi were thawed and

dounce-homogenized (10 strokes) in ice-cold homogenization buffer (5 mM HEPES pH 7.4, 1 mM MgCl2, 0.5 mM CaCl2, supple-

mented with phosphatase (Sigma 4906837001) and protease inhibitors (Sigma 4693159001)). The homogenate was centrifuged

for 10 min at 1,400 g (4�C) and the resulting supernatant (S1) was re-centrifuged at 13,800 g for 10 min (4�C). The resulting pellet

(P2) was resuspended in 0.32 M Sucrose, 6 mM Tris-HCl (pH 7.5) and layered gently on a 0.85 M, 1 M, 1.2 M discontinuous sucrose

gradient (all layers in 6 mM Tris-HCl pH 7.5) and ultracentrifuged at 82,500 g for 2 hours (4�C). The synaptosome fraction which sed-

iments at the 1 M and 1.2 M sucrose interface, was collected, an equal volume of ice-cold 1% Triton X-100 (in 6 mM Tris-HCl pH 7.5)

was added, mixed thoroughly, and incubated on ice for 15min. Themixture was ultracentrifuged at 32,800 g for 20min (4�C), and the

pellet (the synapse fraction) was collected by resuspension in 1% SDS. A small aliquot was taken to measure the protein concen-

tration, and the remaining protein was stored at -80�C until being processed for mass spectrometry (MS) or Western blotting.

Sixteen synaptic fractions extracted from the hippocampus of wild type, Grin2a+/- and Grin2a-/- mouse brains were used for the

proteomics study using tandem mass tag (TMT) isobaric labeling strategy for quantitation (n = 5 wild type; n = 6 Grin2a+/-; n = 5

Grin2a-/-). All samples contained 35 ug protein pre-digestion and were processed using the following workflow.

Samples were prepared in a one-percent SDS buffer to ensure proper dissolution ofmembrane proteins and digested using single-

pot, solid-phase-enhanced sample-preparation (SP3) technology. Reduction of proteins using 5 mM dithiothreitol and alkylation of

them using 10 mM iodoacetamide was performed at 60�C and room temperature, respectively. All samples were diluted to a total

volume of 140 mL with a working solution consisting of 50 mM HEPES, 5mM EDTA, 50 mM NaCl, 2 ug/mL aprotinin, 10 mg/mL leu-

peptin, 1 mM PMSF, 10 mMNaF, 1:100 PIC2 and PIC3 and 1% SDS. The proteins were then bound to SP3 paramagnetic beads in a

1:10 protein to bead ratio using 100% ethanol to induce binding. Samples were then incubated at 24 �C for 5 min mixing at 1000 rpm

and then placed on amagnetic rack to pull down the beads. Beads were kept immobilized and washed three times with 1 mL of 80%

ethanol, then resuspended in 100mMammoniumbicarbonate tomaintain a 1 mg/mL bead concentration. Each sample was sonicated

in a water bath for 1 min and gently vortexed to homogenize. Then sequential digestion steps were performed using 1:25 enzyme to

substrate ratio of Lys-C for 2 hours and Trypsin overnight at 37 �C. Following digestion, samples were centrifuged at 12,000 rpm for

5 min then placed on a magnetic rack where the supernatant was collected and acidified to a 1% final concentration of formic acid.

Post-digest peptide measurements were performed by Nanodrop Spectrophotometer (Thermo Fisher Scientific) and 30 mg ali-

quots per sample were made for labeling. A TMT16 plex was constructed by randomly assigning the samples from each group to

channels within the plex. Samples were reconstituted in 50 mM HEPES buffer for labeling and 20 mL of 25 mg/mL TMT16 reagent

was added for the labeling reaction. After confirming successful labeling (> 95% label incorporation), the reactions were quenched

with 5% hydroxylamine and combined. The mixed sample was then desalted on a 50 mg tC18 SepPak cartridge and fractionated on

a 2.1 mm x 250mm Zorbax 300 extend-c18 reverse-phased column. One-minute fractions were collected during the entire elution

and then concatenated into 12 fractions.

Onemicrogram of each proteome fractionwas analyzed on aQEmass spectrometer (Thermo Fisher Scientific) coupled to an easy-

nLC 1200 LC system (Thermo Fisher Scientific). Samples were separated using 0.1% Formic acid/3% Acetonitrile as buffer A and

0.1% Formic acid /90% Acetonitrile as buffer B on a 27cm 75um ID picofrit column packed in-house with Reprosil C18-AQ

1.9 mm beads (Dr Maisch GmbH) with a 90 min gradient consisting of 6-20% B in 62 min, 20-30% B for 22 min, 30-60% B in

9 min, 60-90% B for 1 min followed by a hold at 90% B for 5 min. The MS method consisted of a full MS scan at 70,000 resolution

and an AGC target of 3e6 from 300-1800 m/z followed by MS2 scans collected at 35,000 resolution with an AGC target of 5e4 with a

maximum injection time of 120 ms and a dynamic exclusion of 15 seconds. The isolation window used for MS2 acquisition was 0.7

m/z and 12 most abundant precursor ions were fragmented with a normalized collision energy (NCE) of 27 optimized for TMT16 data

collection.
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Western blotting
The protein concentrations of synaptic fractions or total brain lysate were determined using Bicinchoninic acid assay (BCA; Pierce

23227). To equalize protein concentrations, samples were diluted with 6X SDS-Sample buffer (Boston Bioproducts BP-111R; to a

final concentration of 1X) and water. The diluted samples were then heated at 95�C for 5-7 min after which they were stored at

-20�C until SDS-PAGE. Before running on a gel, samples were thawed, heated at 95�C for 1 min and centrifuged briefly. Equal

amounts of protein in an equal volume were loaded for each sample on 4-20% Tris-glycine polyacrylamide gels; the gels were

run using Tris-glycine SDS running buffer at constant voltage. Proteins were transferred to 0.2 mm Nitrocellulose membranes using

semi-dry transfer (Bio-Rad Transblot Turbo; 25V 30 min). Membranes were blocked using 5% milk in Tris-buffered saline supple-

mented with 0.1% Tween-20 (TBST) for 1.5 hours at room-temperature (RT). Membranes were then probed overnight (4 �C) with pri-

mary antibodies (1:1000 for all antibodies) in 5% milk TBST with gentle rotation. After four 5-min washes in TBST, membranes were

incubated with either 1:5,000-10,000 HRP- or Biotin-conjugated (Jackson Immunoresearch) anti-IgG antibody raised against the

appropriate species in 5% TBST for 90 min (RT). The latter membranes were washed four times (5 min each, RT) vigorously in

TBST and labeled further with 1:10,000 Streptavidin Poly-HRP (Pierce 21140; in 5% milk TBST at RT, 1 hour). All membranes

were then washed four times in TBST and imaged on the FluorChem-E (Protein Simple) or the ChemiDoc MP (Bio-Rad) platforms.

Enhanced chemiluminescence and exposures were optimized to obtain signals in the linear range. Membranes were then stripped,

re-blocked with 5% milk TBST, re-probed with a different primary antibody and imaged again as described.

For validating the MS results, 1 mg protein of synaptic fraction samples were loaded in gels probing for HOMER1 and HOMER3,

while 3.5 mg protein was loaded in those probing for GluN2A, GluN1, and Psd95.

For COMT, 20 mg protein total prefrontal or striatal lysates were loaded in gels.

HOMER1, HOMER3, Psd95 and COMT were probed using HRP-conjugated anti-IgG antibodies, while GluN2A and GluN1 were

probed using the Biotin-Streptavidin-poly HRP approach. HOMER1, HOMER3, and GluN1 were probed on fresh membranes while

Psd95, GluN2A were probed on a membrane previously probed for GluN1. b-ACTIN was probed using an HRP-conjugated primary

antibody subsequent to imaging of other proteins.

The details of the primary antibodies used, and species they were raised in, are provided in the key resources table.

EEG implantation surgery and recording
6- to 9-week-old mice (n = 12 mice/group) were deeply anesthetized with isoflurane. A prefabricated EEG/EMG headmount (#8201-

SS, Pinnacle Technology, Lawrence, KS) was secured to the skull with three 0.10’’ intracranial electrode screws (#8403, Pinnacle

Technology) at the following stereotactic coordinates: parietal recording electrode (-2 AP, 1.5 ML to Bregma), ground and reference

electrodes (bilaterally -1 AP, 2 ML to Lambda). The electromyogram (EMG) electrodes were placed bilaterally in the nuchal muscles.

Electrodes were soldered to the EEG/EMG head-mount and dental acrylic was used to secure the connections. Animals were given

at least oneweek of post-operative recovery before EEG recording. Following recovery fromEEG implantation, micewere tethered to

the Pinnacle recording system, with at least 24 hours of habituation before recording. For sleep/wake recordings, EEG/EMG signals

were recorded for 24 hours from the onset of the dark phase, ZT12 (6 pm EDT or 7 pm EST). Animals remained tethered to the

Pinnacle system throughout the testing period with ad libitum access to food and water. All signals were digitized at a sampling

rate of 1000 Hz, filtered (1–100 Hz bandpass for EEG; 10–1 kHz bandpass for EMG), and acquired using the Sirenia Acquisition

program (Pinnacle Technology). EEG recordings took place at a timepoint roughly corresponding to 3-months of age (age range:

8-10 weeks).

Motion Sequencing (MoSeq)
MoSeq open field assay (OFA) behavioral analysis was done on mouse 3D pose data recorded in the MoSeq recording apparatus.

The apparatus included a black matte plastic bucket as the arena where the mouse ran and a rigid cage that enclosed the arena. A

Kinect forWindows v.2 (Microsoft) depth sensing camera was stably mounted on the cage to record themouse’s behavior in 3D from

a top-down view. Animals were habituated to the behavioral room in their home cage for 10 min before recording, and all MoSeq

sessions were conducted during the mouse’s dark cycle in a red light-lit room. Each session was recorded for 20 min at a sampling

rate of 30 frames per second. Before and between each recording session, the arena was wiped down with water, then 70% ethanol,

then water, and then wiped dry. 16 wild-type, 9 Grin2a+/- and 13 Grin2a-/- mice were used for MoSeq OFA recordings.

Amphetamine-induced hyperlocomotion
Dextroamphetamine sulfate was ordered from Millipore Sigma (1180004). On the day of testing, naı̈ve 11-13 week old male Grin2a

heterozygous or littermate control mice were habituated to the testing room (white lights on) in their homecages for 30 min before

being weighed and randomly assigned to one of the testing groups of vehicle (0.9% sterile saline, 1.0, 2.0, or 3mg/kg Dextroamphet-

amine sulfate). Dextroamphetamine sulfate was reconstituted in sterile ultra-pure water and pH’d to approximately 7.3. The doses

displayed on Figure 5P are salt-corrected. After 30 min habituation to the room, animals were placed into a cleaned Omnitech Elec-

tronics Inc SuperFlex Open Field apparatus (cleaned with 70%ethanol) and allowed to freely explore the lit (white light) open field box

(16inch x 16inch dimensions) for 90 min. At precisely 90 min after being placed in the open field box, the animal was briefly removed

and injected subcutaneously with either vehicle or one of the three doses of Dextroamphetamine sulfate at 5 mL per gram body

weight. The animal was then placed immediately back into the open field box and allowed to freely explore the box for another
e5 Neuron 111, 1–19.e1–e9, November 1, 2023
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90 min. At the end of the task the animal was removed, and the box was cleaned with 70% ethanol. Distance traveled in cm was

measured by infrared beam brakes and was binned every 5 min. Basal locomotion was calculated from T0 min to T85 min after

the mice were placed into the open field apparatus. Dextroamphetamine sulfate induced hyperlocomotion distance traveled was

calculated from immediately after dosing (T90min) to the end of the task (T180 min). The experimenter and subsequent data analysis

were blinded to both the mouse genotype and to the treatment group of the animals.

QUANTIFICATION AND STATISCTICAL ANALYSIS

Bulk RNA-seq DE analysis
RSEMv1.3.084 was used to estimate gene and isoform level expression values for our bulk RNA-seq samples. TheM25 (GRCm38.p6)

GENCODE reference was generated using RSEM-prepare-reference with default parameters. Expression values were calculated us-

ing RSEM-calculate-expression with the following flags: –bowtie2, –paired-end, –estimate-rspd, –append-names, and –sort-bam-

by-coordinate. The DESeq2 v1.20.085 package was used to run DE analysis of each of the brain regions and ages. All replicates

for a given age and brain region were read into a single DESeq object to ensure that normalization was consistent across all geno-

types of a given comparison. Log2Fold Change (Log2FC) values were adjusted using DESeq2’s lfcShrink function with the ‘normal’

shrinkage estimator. Differentially expressed genes (DEGs) were defined as genes with FDR < 0.05 and absolute value of

Log2FC > 0.2. All DEGs from bulk RNA-seq for all brain regions, ages and genotypes can be found in Table S1.

DESeq2 was also used to run DE analysis betweenGrin2a+/- (4-week and 12-week) versusGrin2b+/C456Y 4-week samples for each

brain region. For this analysis, all heterozygous and wild-type replicates for each region were read into a DESeq object. DESeq con-

trasts were then used to test for differences between the Grin2a+/- and Grin2b+/C456Y, taking into account the differences between

batches.More formally, we considered the contrast defined by (Grin2a+/- -Grin2a+/+) - (Grin2b+/C456Y -Grin2b+/+). DEGswere defined

as genes with FDR < 0.05 and absolute value of Log2FC > 0.2.

For comparing the transcriptomic changes in Grin2a+/- versus Grin2a-/-, the Pearson’s correlation r values were calculated be-

tween Log2FC values of the same brain regions in Grin2a+/- versus Grin2a-/-. It should be noted that the use of the same set of

wild types for Grin2a+/- and Grin2a-/- DE analysis may lead to over inflated correlation estimates.

A list of number of reads for each brain region, genotype and age has been provided in Table S1. We did not notice a strong rela-

tionship between number of DEGs and average coverage, suggesting depth of sequencing is not the main driver of variation in num-

ber of DEGs between regions.

Single-nucleus RNA-seq analysis
The Cell Ranger v3.0.2 pipeline (10x Genomics)100 was used to align reads from snRNA-seq to a mm10 mouse reference genome,

which was built to include introns (https://cf.10xgenomics.com/supp/cell-exp/refdata-gex-mm10-2020-A.tar.gz). The –chemis-

try=SC3Pv3 and –expect-cells=10000 flags were used in addition to default parameters for Cell Ranger count. Replicates for

each brain region and age were down-sampled to the same number of reads per cell using Cell Ranger aggr with default parameters.

Ambient RNA removal was performed on the 12-week Hippocampus CellRanger aggr output, split by replicate, using CellBender

v0.1.0, with the arguments –expected-cells 10000 and –total-droplets-included 25000.83 Quality control metrics for each sample

used in this study may be found in Table S5.

Unique Molecular Identifier (UMI) counts were analyzed using the Seurat v3.2.386 package. Nuclei expressing less than 500 genes

were removed and the remaining nuclei were normalized by total expression, multiplied by ten thousand, and log transformed. Seur-

at’s ScaleData function was then used to scale the data. Linear dimension reduction by PCA was performed using Seurat’s RunPCA

function on the scaled data on variable genes, and significant PCs were identified. The nuclei were clustered in the PCA space using

Seurat’s FindNeighbors and FindClusters functions then visualized using Uniform Manifold Approximation and Projection (UMAP)

using significant PCs. Doublet identification was performed using the Scrublet v0.2.387 Python package with default parameters.

Clusters and nuclei with a scrublet score above the region-specific thresholds were determined to be doublets and were removed

from the data. The table below shows the used scrublet score thresholds for all snRNA-seq datasets:
Dataset Scrublet Score Threshold

12w-HP 0.18

12w-PFC 0.43

12w-SSC 0.40

12w-ST 0.40

12w-TH 0.40

4w-HP 0.20

4w-PFC 0.40
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Cluster cell type identification was performed using the Azimuth R package.88 The references used for each brain region are sum-

marized in the table below:
Brain region Azimuth Reference(s) Used

Hippocampus Allen Brain Atlas ‘‘WHOLE CORTEX & HIPPOCAMPUS – 10X GENOMICS’’ 94, DropViz

‘‘annotation.BrainCellAtlas_Saunders_version_2018.04.01.rds’’ 95

PFC Azimuth Mouse Motor Cortex,96 Allen Brain Atlas ‘‘WHOLE CORTEX & HIPPOCAMPUS – 10X GENOMICS’’

SSC Azimuth Mouse Motor Cortex

Striatum

DropViz ‘‘annotation.BrainCellAtlas_Saunders_version_2018.04.01.rds’’, mousebrain.org ‘‘Atlas of the Adolescent Mouse Brain’’

Thalamus

DropViz ‘‘annotation.BrainCellAtlas_Saunders_version_2018.04.01.rds’’. mousebrain.org ‘‘Atlas of the Adolescent Mouse Brain’’
These cell type assignments were then confirmed using the region-specific cell type marker genes. Neuronal subtypes were simi-

larly identified by re-clustering nuclei of the given major cell type and confirming the Azimuth subtype identity labels through marker

gene expression. Marker genes for the more widely classified major cell types and subtypes were identified in the literature.101 Seur-

at’s FindMarkers function was used to identify marker genes for rarer cell types and subtypes. These markers were then queried on

mouseBrain.org102 and or dropviz.org95 to evaluate the cell type identity. A full list of the marker genes used in this study may be

found in Figures S2F–S2M.

The propeller function from the speckle R v0.0.3 package89 was used with arcsin normalization to test if there were statistical dif-

ferences in major cell type and subtype composition across genotypes within each dataset.

Pseudocell DE analysis
For differential expression analysis, we employed a pseudocell approach36 for each age and brain region that aggregates expression

of every 40 nuclei with similar transcriptomes within each replicate, cell type, and subtype. The pseudocell method resolves known

technical variation issues of snRNA-seq transcriptome data including dropout expressions and pseudoreplication through averaging

expression of similar nuclei.103,104 To construct pseudocells, single nuclei were first grouped based on replicate and cell type. Within

each group, pseudocell centers were identified by applying k-means clustering on the top 30 principal components (PCs) with k set

so that each cluster contains 20 nuclei at minimum and 40 nuclei on average. We also weighted PCs by their variance explained to

ensure the stability of the results across different group sizes (i.e., cell types per replicate). Randomwalk methods are shown to have

superior performance in identifying nuclei with similar transcriptome profiles compared with the spherical, distance-based

methods.86,105 Therefore, we assigned nuclei to the pseudocell centers (i.e., k-means centroids) using a random walk approach

on the cell-cell distances in the PCA space.105 Lastly, we constructed pseudocell samples by aggregating the raw UMI counts of

nuclei assigned to each pseudocell. This resulted in representation of each cell type or subtype from each replicate by multiple pseu-

docells. Cell types and subtypes that were identified but did not have enough nuclei present to create at least two pseudocells per

replicate were removed. Differential expression analysis was performed using limma’s duplicateCorrelation mixed model analysis

function with robust empirical Bayes moderated t-statistics and mouse ID as random effect.106 Genotype and the percentage of

mitochondrial reads were used as covariates for all analyses. Experiment batch number was added as a covariate for Grin2a

12-week hippocampus (12w-HP) andGrin2a 12-week PFC, where samples were sourced from two separate sequencing runs. Sam-

ples of each batch are indicated in Table S5.

Genes with Benjamini-Hochberg adjusted p-value of less than 0.05 and absolute Log2FC > 0.2 were deemed as DEGs. To

further ensure the robustness of the identified DE genes, we calculated the log fold-change pattern (summarized as up or

down regulated) of every pairwise combination of experiment (either Het or KO samples) versus WT samples. For example,

a total of 3 WT samples x 3 KO samples = 9 comparisons for KO and 3 WT samples x 4 Het samples = 12 comparisons for

Het DE genes. As a measure of robustness, we next calculated the fraction of comparisons in which the log fold-change

had a similar direction to that of the mixed linear model. We observed this measure of robustness is above 0.8 for the majority

(� 60%) of the DEGs, indicating that the fold-change pattern of DEGs is shared across samples rather than being driven by a

subset. We retained DEGs with robustness score above 0.8 as DEGs. A list of all DEGs for all cell types, brain regions and ages

from pseudocell analysis can be found in Table S5.

The clusters that were identified in the initial clustering for each brain region but removed for the pseudocell analysis due to low

nuclei counts are as follows:Hippocampus (4- and 12-week): Cajal Retzius, Endothelial, Ependyma, SST Chodl inhibitory subtype;

PFC (4- and 12-week) and SSC (12-week): Endothelial, Vascular, SST Chodl inhibitory subtype, L6b excitatory subtype (addition-

ally, L5/6 NP excitatory subtype was removed from 12-week SSC); Striatum (12-week): Choroid Plexus, Endothelial, Vascular, the

cholinergic Interneuron_Chat subtype; Thalamus (12-week): Endothelial, Ependyma, Vascular.
e7 Neuron 111, 1–19.e1–e9, November 1, 2023
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Pseudobulk DE analysis
Wealso utilized a pseudobulk approach107 for differential expression analysis. For this analysis, countswere grouped by cell type and

replicate. All gene counts were summed across each replicate within each cell type, resulting in one count value per replicate per cell

type. Differential expression analysis was then run using the EdgeR v3.22.3 R package.37 Experiment batch number was added as a

covariate for Grin2a 12w-HP and Grin2a 12w-PFC, where samples were sourced from two separate sequencing runs. Genes with

Benjamini-Hochberg adjusted p-value of less than 0.05 were deemed as DEGs. A list of all DEGs for all cell types, brain regions

and ages from EdgeR analysis can be found in Table S3.

Gene set enrichment analysis
The DESeq2 t-stat values from bulk RNA-seq analysis or the Log2FC values from pseudocell or EdgeR analysis were extracted to run

Gene Set Enrichment Analysis (GSEA)26 using the fGSEA v1.16.0 package27 and either the C5 v7.2 gene set collection (including

14,765 Gene Ontology (GO) terms) fromMolecular Signature Database (http://www.gsea-msigdb.org/gsea/msigdb), SynGO collec-

tion29 or gene sets generated from the literature (Table S2). For proteomics data, proteins were pre-ranked using their moderated

t-statistic within each comparison (Grin2a+/- vs wild type or Grin2a-/- vs wild type). For proteins with multiple isoforms, the isoform

with the largest number of spectra was used for pre-ranking. For each of these gene sets, mouse gene symbols from transcriptomics

and proteomics results were mapped to matching Homo sapiens homolog-associated gene symbols through annotations extracted

from Ensembl’s BioMart data service; the human symbols were then used to perform GSEA. A list of all significant GO terms

(FDR < 0.05) for all datasets are provided in the following tables: Bulk RNA-seq (Table S1); snRNA-seq EdgeR analysis (Table S4);

snRNA-seq pseudocell analysis (Table S6); proteomics (Table S7).

For the ‘activity regulated’ gene-set, the neuronal activity-induced rapid, delayed and slow primary response genes defined by Tys-

sowski et al.40 were compiled. For the ‘Dopamine-induced’ gene-set, genes with FDR < 0.1 that were upregulated in striatal neuronal

culture following one hour dopamine treatment45 were used. The ‘‘cAMP-induced CREB target’ gene-set was identified by Zhang

et al.44 For a list of curated gene-sets please see Table S2.

Quantitative MS analysis
The data was searched on Spectrum Mill MS Proteomics Software (Broad Institute) using mouse database that contained 47,069

entrees downloaded fromUniprot.org on 12/28/2017. The SpectrumMill generated proteome level export which was filtered for pro-

teins identified by two or more peptides for further analysis. Protein quantification was achieved by taking the ratio of TMT reporter

ions for each sample themedian of all channels. TMT16 reporter ion intensities were corrected for isotopic impurities in the Spectrum

Mill protein/peptide summary module using the afRICA correction method which implements determinant calculations according to

Cramer’s Rule and correction factors obtained from the reagent manufacturer’s certificate of analysis (https://www.thermofisher.

com/order/catalog/product/90406) for lot number VA299611.

After performing median-MAD normalization, a moderated two-sample t-test was applied to the datasets to compare wild-type,

Grin2a+/- and Grin2a-/- sample groups. Significant differentially expressed proteins (DEPs) were defined as proteins with nominal

p-value < 0.05 and absolute value of Log2FC > 0.2. A list of all DEPs for Grin2a+/- and Grin2a-/- hippocampal samples are provided

in Table S7.

EEG analysis
Sleep state classification (NREM, REM or Wake) was performed on 10 second epochs of EEG/EMG data using a machine learning

model as described previously.54 LUNA software for EEG analysis (http://zzz.bwh.harvard.edu/luna) was used to compute absolute

power for each oscillatory band (slow: 0.5-1 Hz, delta: 1-4 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, sigma: 12-15Hz, beta: 15-30Hz, gamma:

30-50 Hz) for NREM sleep during the light cycle, where mice are predominantly asleep. Statistical differences between wild type,

Grin2a+/- and Grin2a-/- animals were computed using one-way ANOVAs with post hoc Tukey-Kramer tests for multiple comparisons

using MATLAB (MathWorks, Natick, MA, RRID: SCR_001622).

MoSeq analysis
The depth videos were processed in the extraction pipeline as described previously.57,108,109 The kinematic values such as velocity,

angle, the position of the mouse’s centroid, position to center, length, height, and width were extracted from the videos. The depth

images were cropped to 80 pixels by 80 pixels and processed such that the mouse center was at the frame center and the nose was

always pointing right. The extracted frames went through principal component analysis to reduce the dimensionality and the top 10

principal components (PCs) were input into a MoSeq autoregressive hierarchical Dirichlet process hidden Markov model (AR-HMM)

to segment the depth videos into modulated sub-second behavioral motifs, called syllables. The model was trained in robust mode,

such that the noise of the syllables in AR-HMM follows a t-distribution. The model self-transition bias parameter that controlled the

average syllable durations, kappa, was selected after scanning through a range of kappa values. The syllable duration distributions in

the models trained with different kappa values were compared with the block duration distributions from a model-free changepoint

detectionmodel. The kappa value that yielded a syllable durationmedian that bestmatched that of themodel-free block durationwas

selected for training the final models. The final models with the kappa found in kappa scan (kappa = 1149215) trained with 1,000

iterations of Gibbs sampling and the model that had the median log likelihood was selected for further data analysis. The final single
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model included all 16 wild-type, 9Grin2a+/- and 13Grin2a-/-mice in the MoSeq open field assay recordings. The model fitting yielded

49 syllables that explains 99% of the total frames.

Two sessions were filtered out in the behavioral analysis due to abnormal mouse sizes. The behavioral summaries of an example

wild-type mouse were computed from a 5 min segment in the middle of the example session. The speed was calculated as the ab-

solute 2D distance traveled between two frames divided by 1/30 second (depth video sampling frame rate 30 fps). The length was

computed as the length of the mouse body contour in each frame. The distance to center was computed as the magnitude of the

centroid of the animal to the center of the detected region of interest (ROI) that represented the arena, normalized by the radius

of the ROI.

Syllable usages are computed from syllable orders within each session and normalized within each group. Differences be-

tween the mean velocity and distance traveled between two groups are done with Welch’s t-test from scipy.stats.ttest_ind

with equal_var=False, and permutation test. In the permutation test, the number of permutations is 99999 and 1 pseudo count

is added in computing p value.

For the clozapine (10 mg/kg) or haloperidol (0.25 mg/kg) analysis, we used publicly available MoSeqmodel syllable label results at

https://github.com/dattalab/moseq-drugs. The modeling procedures were described in detail in Wiltschko et al.57 and the data was

recorded using Kinect for Windows v.1 instead of Kinect for Windows v.2 in this experiment.
e9 Neuron 111, 1–19.e1–e9, November 1, 2023
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Figure S1. Age- and brain region-specific transcriptomic changes in Grin2a and Grin2b 

mutant mice, Related to Figure 1 and 2. 

(A) PCA plot showing the clustering of brain regions from 4-week Grin2a mutant animals and their 

wild-type littermates. Each circle represents one animal (n = 5 per genotype). PC, principal 

component.  

(B) Comparison of relative mRNA level measured by qRT-PCR (normalized to Gapdh mRNA) for 

several DEGs identified in the hippocampus of 12-week Grin2a+/- animals. Data are shown as 

mean +/- standard error (n = 4-5 biological replicates). WT, wild type; p values are computed 

using two-tailed Student’s t test. 

(C-L) Gene expression correlation at 12 weeks versus 4 weeks in five tested brain regions in 

Grin2a+/- (C-G), and in Grin2b+/C456Y (H-L). Pearson’s r correlation values are indicated on the 

plots. 

(M-O) Transcriptomic changes in the PFC (M) and hippocampus (N-O) versus the striatum in 12-

week Grin2a+/- highlighting genes in the ‘Synapse’ (M), ‘Ribosome’ (N) and ‘Oxidative 

phosphorylation’ (OXPHOS) (O) GO terms.  

(P-Q) GSEA results for the studied brain regions using DE results from Grin2a+/- (12-week) versus 

Grin2b+/C456Y (4-week) comparison (P) and from Grin2a+/- (4-week) versus Grin2b+/C456Y (4-week) 

comparison (Q), showing enrichment pattern for a selection of GO terms from MSigDB. Circles 

with black outlines indicate statistical significance (FDR < 0.05). 
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Figure S2. Diverse cell types were identified by snRNA-seq analysis in different brain 

regions of Grin2a mutant mice, Related to Figure 3. 

(A) UMAP representation of major cell types identified in five brain regions in 12-week Grin2a 

animals. Nuclei are colored based on their genotype.  

(B-E) UMAP representation of excitatory and inhibitory neuron subtypes identified in the PFC 

(similar neuronal subtypes were identified in the SSC) (B), hippocampus (C), striatum (D) and 

thalamus (E) in 12-week Grin2a animals. Similar subtypes were identified in the PFC and 

hippocampus in 4-week Grin2a animals.  

(F-M) Dot plots showing the scaled expression (measured in transcripts per 10K over all nuclei) 

and percent of cells expressing marker genes of each cell type identified in the PFC (F-G), 

hippocampus (H-I), striatum (J-K) and thalamus (L-M) in 12-week Grin2a animals. Similar marker 

genes as in F-I were used to identify different cell types in 12-week SSC and 4-week PFC and in 

4-week hippocampus datasets. 

(N-R) Fraction of each identified cell type in the PFC (N), SSC (O), hippocampus (P), striatum (Q) 

and thalamus (R) in 12-week Grin2a animals. Each column represents the average values for 

one genotype (n = 4-6 animals per genotype). No significant difference was observed in the 

proportion of identified cell types between Grin2a mutant mice and their wild-type littermates (see 

Methods). 
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Figure S3. Changes in expression of neuropeptide genes in inhibitory neurons of cortex 

and hippocampus in 12-week Grin2a mutant mice, Related to Figure 3. 

(A) UMAP representation of the major cell types identified in five brain regions in 12-week Grin2a 

animals. Nuclei are colored based on Grin2a expression.  

(B-D) Volcano plots of transcriptomic changes in bulk RNA-seq data from hippocampus (B), PFC 

(C), and SSC (D) in 12-week Grin2a-/- highlighting genes from the ‘neuropeptides and their 

receptors’ gene-set (Table S2).  

(E-P) Volcano plots of transcriptomic changes in PV (E-F) and SST (G-H) interneuron of PFC, PV 

(I-J) and SST (K-L) interneuron of SSC, and PV (M-N) and SST (O-P) interneuron of 

hippocampus in 12-week Grin2a+/- and Grin2a-/- highlighting genes from the ‘neuropeptides and 

their receptors’ gene-set (Table S2).  
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Figure S4. Changes in activity-, metabolism-, and cholesterol-related pathways in neuronal 

and non-neuronal cells in different brain regions of Grin2a-/- mice, Related to Figure 4.  

(A-B) GSEA results from the 5 major cell types across brain regions in 12-week (A) and neuronal 

subtypes in 4-week (B) Grin2a-/- mutant mice.  

(C) Volcano plot of transcriptomic changes in excitatory neurons of PFC in 12-week Grin2a+/- 

highlighting genes from the ‘Oxidative phosphorylation’ (OXPHOS) GO term. 

(D) Transcriptomic changes in layer 2/3IT excitatory neurons of PFC in 4-week Grin2a+/- versus 

Grin2a-/- highlighting genes in the ‘Ribosome’ GO terms. 

(E-F) Volcano plots of transcriptomic changes in bulk RNA-seq data from the PFC (E) and striatum 

(F) in 12-week Grin2a+/- highlighting genes from the ‘activity regulated’ gene-set (Table S2). 

(G) Enrichment of activity-regulated gene-set in the studied brain regions (bulk RNA-seq)  in 

Grin2a-/- at 4 and 12 weeks.   

(H-I) GSEA results using GO terms related to cholesterol biosynthesis in excitatory subtypes, 

inhibitory neurons, astrocytes, and oligodendrocytes (ODCs) of the studied brain regions in 12-

week (H) and 4-week (I) Grin2a-/- mutant mice.  

(J) Volcano plots of transcriptomic changes in astrocytes of PFC, SSC, hippocampus, and 

striatum in 12-week Grin2a-/- highlighting genes from the ‘Regulation of cholesterol biosynthetic 

process’ GO term. 

(K) Transcriptomic changes in hippocampal astrocytes in Grin2a+/- at 12 weeks versus Grin2a+/- 

at 4 weeks highlighting genes from the ‘Regulation of cholesterol biosynthetic process’ GO term.  

In all the bubble plots circles with black outlines indicate statistical significance (FDR < 0.05).  
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Figure S5. Hypersensitivity to amphetamine and increased serotonergic signaling in the 

thalamus of Grin2a+/- mice, Related to Figure 5. 

(A) GSEA results from the 5 major cell types across brain regions in 12-week Grin2a-/- mutant 

mice.  

(B) Transcriptomic changes in dSPNs versus iSPNs in the striatum of 12-week Grin2a+/- 

highlighting the cAMP-induced CREB target genes (Table S2).  

(C) Changes in serotonin, dopamine and semaphorin signaling GO terms in layer 2/3IT and layer 

5IT in PFC and SSC at 12 weeks in Grin2a-/-. 

(D) Locomotion traces of wild-type and Grin2a+/- mice before and after saline/amphetamine 

administration. Wild-type/Grin2a+/- mice were placed in the locomotion box and allowed to freely 

explore for 90 min. At 90 min (indicated by the black arrow), the animals were quickly removed 

from the box and dosed with either 0.9% saline or 1, 2, or 3 mg/kg of amphetamine 

subcutaneously and immediately placed back in the box to freely explore for another 90 min. 

Distance traveled is binned into 5 min bins. Data are shown as mean +/- standard error of mean 

(n = 7-9 wild types per amphetamine dose; n = 10 Grin2a+/- per amphetamine dose).  

(E) Volcano plot of transcriptomic changes in inhibitory neurons of thalamus in 12-week Grin2a+/- 

highlighting genes from the ‘Serotonin receptor signaling pathway’ GO term. 
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Figure S6. Alteration of glutamate receptor signaling and ribosomal proteins in synapse 

proteome of Grin2a-/- mice, Related to Figure 6. 

(A) Western blots probing for GluN1, HOMER1 and PSD95 in S1, P2 and synapse fractions (see 

Methods) from wild type (WT), Grin2a+/- (Het) and Grin2a-/- (KO), showing enrichment of synaptic 

proteins in the synapse fraction. 

(B) Western blots probing for GluN1, GluN2A, PSD95, HOMER3 and HOMER1 in synaptic 

fractions from an independent cohort of Grin2a mutant mice. 

(C) Quantification of (B) against fold-changes obtained from proteomics data.  

(D-E) Transcriptomic changes in the hippocampal bulk RNA-seq data versus the hippocampal 

synaptic proteome changes in Grin2a+/- (D) and Grin2a-/- (E) at 4 weeks highlighting genes in the 

‘glutamate receptor signaling pathway’ gene-set. 

(F) Volcano plot of proteomic changes in Grin2a-/- synapses highlighting proteins in the ‘glutamate 

receptor signaling pathway’ gene-set.  

(G) Volcano plot of proteomic changes in Grin2a-/- synapses highlighting proteins in the ‘cytosolic 

ribosome’ gene-set.  

(H-I) Volcano plots of the transcriptomic changes identified by bulk RNA-seq analysis in the 

hippocampus of Grin2a+/- (H) and Grin2a-/- (I) at 4 weeks highlighting genes in the ‘cytosolic 

ribosome’ gene-set.  

(J) Heatmap depicting all detected proteins in the ‘cytosolic ribosome’ gene-set in the 

hippocampal synaptic proteome and their mRNA changes in hippocampal bulk RNA-seq data in 

4-week Grin2a-/-.  

(K-L) Transcriptomic changes in the hippocampal bulk RNA-seq data versus the hippocampal 

synaptic proteome changes in Grin2a+/- (K) and Grin2a-/- (L) at 4 weeks highlighting genes in the 

‘Ribosome’ GO term. 

(M) Volcano plot of proteomic changes in Grin2a-/- synapses highlighting proteins in the ‘RNA 

splicing’ gene-set.  

In F arrows indicate the proteins that are out of the range of the plots. 
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Figure S7. EEG and MoSeq characterization of Grin2a mutant mice, Related to Figure 7. 

(A-B) Power spectral density (PSD) changes in Grin2a mutant mice relative to wild-type animals 

at ~3 months of age, measured during NREM sleep during the light cycle for each of the frequency 

bands: (A) theta, 4-8 Hz; (B) alpha, 8-12 Hz gamma. Error bars show mean +/- standard error; n 

= 12 mice/group.  

(C) Temporal distribution of speed (mm/s), mouse length (mm), and distance-to-center ratio (with 

0 representing the center and 1 representing the absolute margin of arena) for a representative 

wild-type mouse. 

(D) The top 10 principal component (PC) traces of the processed 3D depth images for an example 

wild-type mouse. The MoSeq Autoregressive Hidden Markov Model (AR-HMM) (see Methods) 

takes in the top 10 PC values as inputs and segments the depth videos into modulated behavioral 

motifs, referred to as syllables. For each mouse, a MoSeq-based behavioral summary was 

generated using 20 min of data (bottom).  

(E-H) Length (E), velocity (F), total distance traveled within a 20 min session (G), and distance to 

center ratio (H) are plotted per genotype. Error bars show mean +/- standard error; n = 17 wild 

type (WT), n = 9 Grin2a+/-, n = 13 Grin2a-/-. P values are computed using Welch's t test. 

(I-J) Mean velocity for downregulated syllables in haloperidol- (I) and clozapine- (J) treated mice 

(red box in Fig. 7I) versus rest of identified syllables.  Error bars show mean +/- standard error. 

Asterisks (*) indicate statistical significance assessed using non-parametric permutation tests 

(see Methods); (***) indicates p < 0.001. 
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