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ABSTRACT
BACKGROUND: The presence of treatment resistance in neuropsychiatric disease suggests that novel mechanism-
based discoveries and therapies could benefit the field, with a viable candidate being transfer RNA (tRNA)
epitranscriptomics. Nsun2 tRNA methyltransferase depletion in mature neurons elicits changes in complex
behaviors relevant for fear, anxiety, and other neuropsychiatric phenotypes. However, it remains unclear whether
this is due to dysregulated tRNAs or metabolic shifts that impact the neuronal translatome by activation of stress
messengers together with alterations in amino acid supply.
METHODS: To link specific molecular alterations resulting from neuronal Nsun2 ablation to neuropsychiatric phe-
notypes, we used drug-induced phosphoactivation of stress response translation initiation factors together with
disruption of NSUN2-regulated glycine tRNAs and cell type–specific ablation of the glycine cleavage system
modeling the excessive upregulation of this amino acid in the Nsun2-deficient brain. Changes in extracellular
glycine levels were monitored by an optical glycine Förster resonance energy transfer (FRET) sensor in the
hippocampus, and behavioral phenotyping included cognition, anxiety-like behavior, and behavioral despair.
RESULTS: Increased motivated escape behaviors were specifically observed in mice with neuron-specific ablation of
Gldc, resulting in an excess in cortical glycine levels comparable to a similar phenotype in mice after deletion of
neuronal Nsun2. None of these phenotypes were observed in mice treated with tunicamycin for chemoactivation
of integrative stress response pathways or in mice genetically engineered for decreased glycine tRNA gene
dosage. In the Nsun2-deficient brain, dynamic glycine profiles in the hippocampal extracellular space were fully
maintained at baseline and in the context of neuronal activity.
CONCLUSIONS: Alterations in neuronal glycine metabolism, resulting from targeted ablation of the glycine cleavage
system or disruption of the tRNA regulome, elicit changes in complex behaviors in mice relevant for neuropsychiatric
phenotypes.

https://doi.org/10.1016/j.bpsgos.2024.100432
Most current neuropsychiatric pharmacological treatments for
mood and anxiety disorders target monoamine neurotransmit-
ters, glutamate, or GABA (gamma-aminobutyric acid) receptors,
but with 20% to 60% of patients still experiencing treatment
resistance, novel interventions are required in the field of psy-
chiatry (1,2). Cellular metabolism is known to affect neurological
phenotypes, but direct interventions targeting specific elements
of cellular metabolism in the brain are rarely utilized in treating
neuropsychiatric disease. One of the few notable examples in-
cludes the ketogenic diet (3), which reduces the body and brain’s
reliance on glucose, thereby altering neuronal excitability, and in
a recent study, ketogenic diet significantly improved psychiatric
symptoms in a clinical population (3).

Leveraging neuronal metabolism as a therapeutic option for
psychiatric disease is a missed opportunity given some of the
emerging and surprisingly extremely effective metabolic
2024 THE AUTHORS. Published by Elsevier Inc on behalf of the Societ
CC BY-N

N: 2667-1743 Biological Psychia
treatments in other areas of medicine. For example, glycine
and serine starvation are potential therapeutics for certain
forms of cancer (4,5). Glycine metabolism is also an interesting
avenue for novel brain-related therapies given that glycine
levels in the brain can be modestly altered following oral
administration (6,7). However, glycine absorption in the gut
after oral administration is variable, and it crosses the blood-
brain barrier poorly (7), but imaging studies in humans and
molecular studies in rodents have confirmed that there are
significant increases in glycine detected in the brain after
dosing orally (6,7). Oral glycine supplementation causes a
modest but statistically tractable improvement in sleep quality
(8,9), schizophrenia symptoms (10,11), and depression (12).
The mechanism of action remains unclear, but the glycine
binding site on the NMDA receptor (13,14) has been implicated
most frequently.
y of Biological Psychiatry. This is an open access article under the
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Cellular metabolism and amino acid levels can be altered
following changes in transcriptional machinery, namely transfer
RNAs (tRNAs) and their modifications, with evidence of
downstream effects on brain function in mice (15–17). For
example, loss of tRNAArg was associated with activation of the
integrated stress response (ISR), a highly conserved pathway
in eukaryotes that programs the translatome in times of cellular
stress to restore homeostasis (18). This model also showed an
increase in glycine and serine amino acids in brain tissues,
affecting synaptic transmission and thereby reducing seizure
threshold (15). Furthermore, global loss of NSUN2 tRNA
methyltransferase, which results in loss of tRNA cytosine
methylation, is associated with altered amino acid levels and a
shift in cellular metabolism (17). To this end, our previous work
linked the tRNA epitranscriptome to the regulation of complex
behaviors, including behavioral despair, anxiety-like behavior,
and cognition (19). Specifically, neuronal loss of the tRNA
methyltransferase Nsun2 depleted tRNA cytosine methylation
in the brain and selectively decreased tRNAGly, which harbors
the most NSUN2-mediated methylation sites compared with
other tRNAs (19). This was associated with approximately
150% increase in glycine amino acid in the mutant brain after
neuronal Nsun2 ablation, accompanied by increases in protein
levels of glycine-serine biosynthesis enzymes (19).

The goal of the current study was to mechanistically test
how and by which modality neuronal glycine metabolism alters
behavioral phenotypes in multiple novel rodent models,
including genetically induced upregulation of glycine via
glycine decarboxylase (Gldc) deletion, tRNA gene-specific
deletion of tRNAGly

TCC, and experimental induction of the
ISR, which is tightly regulated by amino acid and tRNA levels.

METHODS AND MATERIALS

Animals

All animal work was approved by the Institutional Animal Care
and Use Committee of the Icahn School of Medicine at Mount
Sinai. Mice were group housed 2 to 5/cage with ad libitum
access to food and water and a 12-hour light/dark cycle under
constant conditions (21 6 1� C; 60% humidity). Mice bred in-
house were weaned on postnatal day 28, ear-tagged/
genotyped, and housed with same-sex littermates until
further testing. Mice for all experiments were 8 to 16 weeks old
at testing and were age matched for each experiment.

Nsun2 Conditional Knockout Mice

CamK-Cre1,Nsun22lox/2lox mice (Nsun2 knockout [KO]) were
generated as described previously (19–21), and loss of Nsun2
messenger RNA (mRNA) and protein were validated in Blaze
et al. (19). Age-matched Camk2a-Cre-, Nsun22lox/2lox, or
Nsun22lox/- were used as wild-type (WT) control mice.

GLDC Conditional KO Mice

B6N(129S4)-Gldctm1c(EUCOMM)Wtsi/LutzyJ mice were pur-
chased from the Jackson Laboratory (strain 034928). In these
mice, exon 3 of Gldc is flanked by loxP sites, creating a
conditional-ready mutant allele. We crossed these mice with
the same Camk2a-Cre1 line referenced above for postnatal
forebrain neuronal deletion of Gldc.
2 Biological Psychiatry: Global Open Science March 2025; 5:100432 w
tRNAGlyTCC-1 KO Mice

Mice with a deletion of tRNAGlyTCC-1 were generated at the
Jackson Laboratory (JAX Mice, Clinical, and Research Services)
using CRISPR (clustered regularly interspaced short palindromic
repeats)-Cas9 through electroporation of C57BL/6J-fertilized
oocytes with Cas9 mRNA and single-guide RNAs targeting
the tRNAGlyTCC-1 family of tRNAs. Electroporated embryos
were then transferred into pseudopregnant female mice to
obtain live pups. The offspring were screened for deletions
within the tRNAGlyTCC-1 family of tRNAs. Three founders were
selected and crossed to WT C57BL/6J mice to produce the N1
offspring: 1) a founder with a 25–base pair deletion within
tRNAGlyTCC-1-7 and an 11–base pair deletion within
tRNAGlyTCC1-5, 2) a founder with an 11–base pair deletion at
tRNAGlyTCC-1-1, and 3) a founder with a 25–base pair deletion
at tRNAGlyTCC-1-7. All 3 lines of N1 animals were further bred
to obtain offspring homozygous for each tRNAGlyTCC-1 dele-
tion. For tRNAGlyTCC-1-1and tRNAGlyTCC-1-7 singleKOmice,
we usedWT littermates as control animals. For tRNAGlyTCC-1-7/
tRNAGlyTCC-1-5 double KOs, we used littermates heterozygous
or WT at one or both tRNAGlyTCC-1 genes as control animals.

Tunicamycin Injections

Two cohorts of adult WT C57BL/6J mice were injected intra-
peritoneally with 3 mg/kg tunicamycin (SML1287; Sigma-
Aldrich) or vehicle. Mice were left undisturbed for 18 hours
until sacrifice (ATF4 Western blot) or behavioral testing (forced
swim test [FST]).

Western Blotting

Western blotting was performed as previously described (19) using
the following antibodies: GLDC (1:250 or 1:100; Sigma-Aldrich),
GCSH (1:2000; Proteintech), AMT (T-protein; 1:2000; Proteintech),
DLD (L-protein; 1:1000; Novus Biologicals), ACTB (1:5000; Cell
Signaling Technology), H3 (1:10,000; Novus Biologicals), ATF4
(1:1000; Cell Signaling Technology), EIF2A (1:1000; Cell Signaling
Technology), and phospho-EIF2A (Ser 51; 1:1000; Cell Signaling
Technology). Secondary antibodies were either a peroxidase-
labeled secondary antibody (Rabbit: 1:10,000; Amersham ECL
horseradish peroxidase–conjugated antibodies, Cytiva) or a fluo-
rescent secondary antibody (Alexa Fluor 647-conjugated anti-
rabbit IgG #711-605-152; Jackson Immuno Research Labora-
tories Inc.). For ATF4 Western blots, we used subcellular fraction-
ation as described previously (19) to obtain nuclei for input. For all
other Western blots, we used whole-cell lysate.

Y-Shaped Adapter Mature tRNA/Unique Molecular
Identifier Sequencing

Y-shaped adapter mature tRNA sequencing was performed as
previously described in Blaze et al. (19,20) and adapted from
Shigematsu et al. (22). Y-shaped adapter mature tRNA
sequencing data analysis was performed as previously
described (19,20). Significant differences between experi-
mental groups or genotypes were denoted at a raw p , .05.

Real-Time Quantitative Reverse Transcription
Polymerase Chain Reaction

For real-time quantitative polymerase chain reaction (qPCR) to
identify GldcmRNA expression levels, total RNA was extracted
ww.sobp.org/GOS
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from mouse forebrain using Trizol reagent and reverse tran-
scribed with the Superscript III Reverse Transcriptase before
being subjected to TaqMan qPCR using TaqMan Universal
Master Mix (Applied Biosystems) and TaqMan probes for Gldc
with Gapdh as a housekeeping gene (Applied Biosystems).
qPCR reactions were run in triplicates, and data were analyzed
using the comparative cycle threshold method and normalized
to the housekeeping gene and WT control animals. An un-
paired t test was used to compare genotypes, and significance
was denoted at p , .05.

Fluorometric Glycine Assay

Cortical tissue was used for the fluorometric glycine assay
(Abcam; Sigma-Aldrich) following manufacturer’s instructions.
Briefly, 10 to 20 mg of fresh-frozen tissue was weighed and
homogenized with a vibrating pestle in glycine assay buffer
and then centrifuged to remove insoluble material. Lysate was
added to 50 mL of master reaction mix, including glycine
enzyme mix, developer, and probe, and reactions were per-
formed in duplicates. A standard curve was generated using
glycine standard from 0 to 0.5 nmol/well. Glycine concentra-
tion in each sample was determined using the standard curve.
An unpaired t test was used to compare conditions or geno-
types, and significance was denoted at p , .05.

Mass Spectrometry (Liquid Chromatography-
Tandem Mass Spectometry)

Fresh-frozen mouse cortical tissue was homogenized with a
vibrating pestle in buffer containing sodium dodecyl sulfate,
HEPES, sucrose, and protease inhibitors and quantified using
a BCA assay (Thermo Fisher). Liquid chromatography-tandem
mass spectometry was performed at the Rockefeller Prote-
omics Resource Center as previously described (19).

Metabolomic Profiling of Amino Acids

Unbiased metabolomic profiling of amino acids was performed
as described previously (19). Briefly, fresh-frozen mouse brain
tissue was homogenized with a vibrating pestle on ice in 80%
methanol with heavy amino acid mix standards (Cambridge
Isotope Laboratories MSK-A2-1.2 mix). After centrifugation,
supernatant was placed into a new tube and dried using a
SpeedVac. Amino acid metabolomics and data analysis were
performed at the Rockefeller Proteomics Resource Center as
previously described (19).

Behavior

Behavioral testing was performed as previously described by
Blaze et al. (19) including the open field test, elevated plus
maze, tail suspension test (TST), FST, and contextual fear
conditioning.

Glycine Förster Resonance Energy Transfer Sensor

The glycine Förster resonance energy transfer (FRET) sensor
GlyFS was used in acute hippocampal slices from Nsun2 KO
and WT mice as described previously (23). GlyFS was
anchored in extracellular space to biotinylated cell membranes
using a biotin-streptavidin linker and pressure injected in
stratum radiatum of hippocampal CA1 region via micropipette,
which was also used for recording of local field potentials. The
Biological Psychiatry: G
stimulation electrode was positioned 100 to 200 mm away from
the region of interest that was selected in the area labeled by
GlyFS excluding the recording pipette. To assess the resting
levels of glycine, we calculated fluorescence intensity ratios
(R0 and RMAX) before and after saturating the sensor by bath
application of 5-mM glycine. R0/RMAX was used as an estimate
of extracellular glycine resting levels. To assess glycine levels
after neuronal activity, we used high-frequency stimulation
(HFS) of Schaffer collateral–CA1 synapses simultaneously with
GlyFS imaging.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism
8.4.3 software. For Western blot, reverse transcriptase-qPCR,
and fluorometric glycine assay results, unpaired t tests were
used to compare genotypes or treatment groups. For behav-
ioral tests, 2-way analyses of variance (ANOVAs) (genotype 3

sex) and 2-tailed t tests with Bonferroni correction as post hoc
tests were used when appropriate. For fear conditioning, we
used 2-way repeated-measures ANOVAs (genotype 3 condi-
tioned stimulus presentation or context) and 2-tailed t tests
with Bonferroni correction as post hoc tests when appropriate.
Simple linear regression was performed to generate a standard
curve on fluorometric glycine assay. Statistical significance
was denoted by p , .05. All bar graphs are presented as the
mean, with error bars representing the standard error of the
mean, and include all individual data points.

RESULTS

GLDC Is Decreased in the Nsun2 KO Brain

Neuronal ablation of Nsun2 in the mouse forebrain is associ-
ated with a 2-fold increase in intracellular glycine (19). In-
creases in glycine levels in Nsun2 KO mice were accompanied
by increased levels of various proteins involved in glycine-
serine biosynthesis (Figure 1A), but no changes to serine
were detected, which is the direct precursor to glycine (19). We
confirmed this glycine specificity further by calculating a
glycine-to-serine ratio from previous metabolomics data (19),
showing a significant increase in the Nsun2 KO cortex
compared with WT control mice (t6 = 13.57, p , .0001)
(Figure 1A). This suggests that there may be a deficit in the
breakdown of glycine, producing an overabundance in Nsun2
KO brains, which we have replicated here in a new set of mice
(n = 9 WT/7 KO; t test: t14 = 2.140, p = .025, 1-tailed due to
replication of 2 previous independent experiments) (19)
(Figure 1A). Glycine degradation is performed by the glycine
cleavage system (GCS), which is localized to the mitochondria
and includes 4 proteins (GLDC or P-protein, GCSH or H-
protein, DLD or L-protein, and AMT or T-protein) that facilitate
the breakdown of glycine into smaller chemical products (24)
(Figure 1A). While all 4 proteins operate in a complex, GLDC is
the rate-limiting enzyme in the system. GLDC has been
associated with various mutations producing neuro-
developmental phenotypes due to excess glycine (25,26). Gldc
is most highly expressed in astrocytes but is also expressed at
lower levels in multiple subtypes of neurons. This includes the
cluster of glutamatergic neurons also expressing Camk2a,
which is the cell type targeted by Cre recombinase in our
lobal Open Science March 2025; 5:100432 www.sobp.org/GOS 3
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Figure 1. Dysregulation of the GCS in Nsun2 KO mice. (A) Schematic of glycine-serine biosynthesis pathways that are significantly altered in Nsun2 KO
cortex as previously reported (19). Red arrows represent significant false discovery rate–adjusted p values , .1 in unbiased proteomic screen between Nsun2
KO and WT cortex. Green arrow represents significantly changed amino acid concentration in KO vs. WT cortex. Using these data from (19), we also calculated
glycine:serine ratios in the Nsun2 KO cortex and found an increase for the KO vs. WT (n = 4/group; t6 = 13.57, p , .0001). In a new cohort of mice, we also
replicated the increase in glycine amino acid in Nsun2 KO cortex using a fluorometric glycine assay (n = 8–9/group, t test, *p , .05). Glycine is broken down by
the GCS, which is depicted at the bottom of the schematic and consists of 4 proteins, including GLDC. (B)Western blot for GLDC in Nsun2 KO and WT mouse
cortex (n = 3/group, *p , .05). (C–E) Western blots for 3 other GCS proteins, including (C) GCSH, (D) T-protein, and (E) L-protein, showing no difference in
expression between Nsun2 KO and WT brain (n = 3/group, t test, ps ..05). GCS, glycine cleavage system; GLDC, glycine decarboxylase; KO, knockout; OD,
optical density; WT, wild-type.
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Nsun2 KO mouse line (27–30) (Figure S1A–D). However, the
role of GLDC in mature brain remains unresolved. Therefore,
we examined whether these changes to glycine levels may be
a mediator of the antidepressant-like phenotypes in the Nsun2
mutant mice, as measured in behavioral despair paradigms.

First, we measured GLDC protein levels in the Nsun2 KO
brain using Western blotting. GLDC protein was almost un-
detectable in Nsun2 KO frontal cortex compared with WT
control mice (n = 3 WT/3 KO; t test: t4 = 4.396, p = .012,
4 Biological Psychiatry: Global Open Science March 2025; 5:100432 w
2-tailed) (Figure 1B), suggesting that loss of neuronal GLDC
could be a potent driver of the glycine abundance in Nsun2 KO
brains. Then we measured the other 3 proteins involved in the
GCS to identify whether these proteins were also decreased in
the Nsun2 KO brain (n = 3 WT/3 KO) (Figure 1B–E). In contrast
to the large decrease in GLDC, we did not identify any signif-
icant changes in abundance of GCSH (t test: t4 = 0.3204, p =
.765, 2-tailed) (Figure 1C), T-protein (t test: t4 = 0.021, p = .984,
2-tailed) (Figure 1D), or L-protein (t test: t4 = 0.524, p = .628,
ww.sobp.org/GOS
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2-tailed) (Figure 1E) in the Nsun2 KO brain, demonstrating the
specificity of Nsun2 deletion in depleting an individual
component of the GCS to affect glycine levels.

Neuronal Depletion of Gldc Increases Glycine
Abundance in Mouse Forebrain and Decreases
Behavioral Despair

To identify whether loss of Gldc in forebrain neurons produces
glycine overabundance and affects behavioral phenotypes in a
manner that is similar to the Nsun2 KO model, we developed a
Figure 2. Molecular and behavioral effects of neuronal Gldc deletion in adult m
When crossed with Camk2a-Cre driver line, exon 3 is excised, leading to postnata
using TaqMan probe for Gldc in KO vs. WT mice (n = 3/group, ***p , .001). (C) W
An unbiased proteomic screen of Gldc KO vs. WT cortex showed minimal change
4–5/group). (E) Fluorometric glycine assay showing increased glycine amino acid
16/20 amino acids showed a significant increase in glycine in Gldc KO cortex (n =
for motivated escape behavior in the (G) TST and (H) FST (53). Gldc KO mice sho
group, 2-way ANOVA, p , .05) and FST (n = 8–11/group, 2-way ANOVA, p ,

decarboxylase; KO, knockout; LC-MS/MS, liquid chromatography-tandem mas
fluorescence unit; TST, tail suspension test; WT, wild-type.
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forebrain neuron-specific postnatal Gldc KO mouse. In these
mice, exon 3 of Gldc is flanked by loxP sites (Figure 2A), and
they were crossed with Camk2a-Cre1 mice for postnatal
forebrain neuronal deletion of Gldc. Whole-cell lysate from
adult Gldc KO mice showed a significant decrease in Gldc
mRNA (n = 9 WT/5 KO; t test: t12 = 5.817, p , .001; 2-tailed)
(Figure 2B) and protein, which was confirmed with both
Western blot (n = 3 WT/3 KO; t test: t4 = 3.726, p = .020, 2-
tailed) (Figure 2C) and liquid chromatography-tandem mass
spectometry (n = 8 WT/6 KO; glycine: fold change = 1.32, p =
.017) (Figure 2D). We also measured protein expression of
ice. (A) Gene structure of mouse Gldc with loxP sites surrounding exon 3.
l deletion of Gldc in most forebrain neurons. (B) Quantitative in mouse cortex
estern blot for GLDC in KO and WT mouse cortex (n = 3/group, *p , .05). (D)
s but confirmed a significant downregulation of GLDC protein in KO mice (n =
levels in Gldc KO mice (n = 4–5/group, **p , .01). (F) An unbiased screen of
6–8/group). (G, H) Adult male and female Gldc KO and WT mice were tested
wed a significant decrease in amount of time immobile in the TST (n = 8–11/
.01). ANOVA, analysis of variance; FST, forced swim test; GLDC, glycine

s spectometry; mRNA, messenger RNA; OD, optical density; RFU, relative
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GCSH, another GCS protein, and found no significant differ-
ence between Gldc KO and WT mice, confirming the specificity
of GLDC loss within the GCS (n = 3 WT/3 KO; t test: t4 = 1.656,
p = .173, 2-tailed) (Figure S2A). Then we confirmed this using
both a targeted approach (n = 3 WT/4 KO; t test: t5 = 5.121, p =
.004, 2-tailed) (Figure 2E) and an unbiased metabolomic
method (Figure 2F) in which glycine was selectively increased
in Gldc KO brains compared with WT brains.

After confirming that neuronal Gldc deletion produced an
excess of glycine in mouse forebrain, we wondered whether
this was linked to altered behavioral phenotypes. Gldc KO
mice had no gross neuroanatomical abnormalities or alter-
ations in body weight compared with WT mice (n =13 male [M]
WT, 10 female [F] WT/10 M KO, 6 F KO; 2-way ANOVA, ge-
notype: F1,35 = 2.043, p = .162; sex: F1,35 = 13.54, p , .001;
genotype-by-sex interaction: F1,35 = 0.113, p = .739)
(Figure S2B). We performed behavioral tests for memory,
anxiety-like behavior, and behavioral despair in adult Gldc KO
and WT mice. We found no effect of genotype on acquisition of
contextual fear (n = 7 WT/8 KO, 2-way ANOVA, p = .152) or
retrieval of contextual fear after 24 hours (n = 7 WT/8 KO, 2-
way ANOVA, p = .462) (Figure S2C). We likewise found no
effect of Gldc KO on anxiety-like behavior in the open field test
(n = 12 M WT, 11 F WT/8 M KO, 8 F KO; 2-way ANOVA, ps .

.05) (Figure S2D) or elevated plus maze (n = 12 MWT, 11 F WT/
8 M KO, 8 F KO; 2-way ANOVA, ps . .05) (Figure S2E).
However, as predicted, Gldc KO mice showed a decrease in
behavioral despair in 2 independent tests.

In the TST (Figure 2G), Gldc KO mice spent less time
immobile (n = 11 M WT, 11 F WT/8 M KO, 6 F KO; 2-way
ANOVA, genotype: F1,33 = 6.650, p = .015; sex: F1,33 =
6.430, p = .016; genotype-by-sex interaction: F1,33 = 0.226, p =
.637), with no change in latency to immobility (genotype:
F1,33 = 1.854, p = .182; sex: F1,33 = 0.893, p = .351; genotype-
by-sex interaction: F1,33 = 0.644, p = .428). The decrease in
behavioral despair was further confirmed in the FST
(Figure 2H), in which Gldc KO mice likewise showed a
decrease in the time spent immobile (n = 12 M WT, 11 F WT/8
M KO, 8 F KO; 2-way ANOVA, genotype: F1,35 = 8.093, p =
.007; sex: F1,35 = 0.564, p = .458; interaction: F1,35 = 0.010, p =
.920) and a trend-level increase in latency to immobility (ge-
notype: F1,35 = 3.765, p = .060; sex: F1,35 = 19.03, p = .001;
interaction: F1,35 = 0.236, p = .630). These results demonstrate
a potent effect of glycine abundance mediated by neuronal
Gldc expression on behavioral despair, recapitulating the ef-
fects seen in Nsun2 KO mice (19), while other behavioral
changes, including anxiety-like behaviors and cognition, were
spared following Gldc deletion in neurons, in contrast to the
Nsun2 KO mice.
Loss of Nsun2 Produces a Robust ISR in the Brain

Dysregulation of tRNA levels and amino acid content cause
activation of the ISR in various cell lines and tissues (18),
including brain (15,31), and has been linked to behavioral
changes (15) (Figure 3A). Briefly, the ISR is activated when a
stress signal, including amino acid and tRNA changes, activate
enzymes that phosphorylate EIF2A, leading to global inhibition
of protein synthesis while certain transcription factors with
upstream open reading frames (i.e., ATF4) are activated to
6 Biological Psychiatry: Global Open Science March 2025; 5:100432 w
promote cell survival (18,32). Therefore, we investigated
whether loss of Nsun2 produces activation of the ISR in mouse
cortex. First, we quantified ATF4 protein levels in nuclei from
Nsun2 KO forebrain. ATF4 is a transcription factor that is
expressed only via an alternative transcription start site when
the ISR is activated and EIF2A is phosphorylated, making it a
very distinct hallmark of the ISR (18). We found that ATF4 was
expressed robustly only in Nsun2 KO nuclei and negligibly
expressed in WT brains (n = 5 WT/5 KO, Mann-Whitney U = 0,
p = .008, 2-tailed) (Figure 3B). To further confirm that the ISR
was present, we measured phosphorylated EIF2A levels in
whole-cell lysate and detected a significant increase in P-
EIF2A in Nsun2 KO forebrain compared with WT forebrain (n =
5 WT, 5 KO, t test: t8 = 3.401, p = .009, 2-tailed) (Figure 3C).
Taken together, these 2 molecular signatures confirm a robust
ISR following ablation of Nsun2 in forebrain neurons, which
may be related to the neuropsychiatric-related phenotypes
observed previously (19) in Nsun2 KO mice.

We then wanted to further test whether an ISR activation
could drive behavioral despair in the mouse model. To this
end, we experimentally induced the ISR in WT adult male mice
by systemic injection of tunicamycin, a well-established agent
known to penetrate the blood-brain barrier, to induce phos-
phorylation of EIF2A and increase ATF4 in brain (33)
(Figure 3D). We measured behavioral despair using the FST
(Figure 3D) in mice injected intraperitoneally with single-dose 3
mg/kg tunicamycin and left undisturbed for 18 hours (a time
point previously shown to be associated with a robust ISR in
brain) (33). We confirmed for this time point that ATF4 was
expressed at higher levels in tunicamycin-injected mice than in
vehicle-injected control mice (n = 3 tunicamycin/2 vehicle)
(Figure 3E). However, in contrast to the decrease in immobility
observed in Nsun2 KO mice (19), we observed that
tunicamycin-injected mice showed a significantly increased
time immobile (n = 10/condition; t test: t18 = 2.561, p = .0197,
2-tailed) and a marginally shorter latency to the first bout of
immobility (n = 10/condition; t test: t18 = 1.541, p = .1408, 2-
tailed) (Figure 3F). Additionally, we used amino acid metab-
olomics to assess whether ISR induction alters glycine levels in
brain and found that there was no significant change to glycine
levels, but 5 other amino acids (histidine, alanine, tyrosine,
isoleucine, and tryptophan) were significantly altered following
tunicamycin injection versus vehicle controls (Figure 3G).
These results suggest that while Nsun2 KO mice show a
robust ISR, the ISR itself is not causally linked to the changes
in glycine metabolism and alterations in the behavioral despair
paradigm in Nsun2 KO mice. However, we cannot rule out a
possible role of chronic activation of the ISR caused by loss of
Nsun2 because our acute tunicamycin experiment mimics a
short-term pharmacological treatment.

Depletion of tRNAGlyTCC-1 Decreases Forebrain
Glycine Levels but Does Not Decrease Behavioral
Despair

Next, we asked whether a decrease in tRNAGly supply may be
an additional driver of the molecular and behavioral changes
observed in Nsun2-deficient mice. However, tRNAGly genes
have a large amount of redundancy in the genome, with a total
of 26 genes coding for the 4 isoacceptor families, and are
ww.sobp.org/GOS
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Figure 3. ISR as a potential mechanism for
behavioral abnormalities in Nsun2 KO mice. (A)
Schematic of the ISR. The enzymes GCN2 or PERK
are activated in response to dysregulation of tRNA or
amino acid levels, leading to phosphorylation of
EIF2A, which impairs global translation but induces
translational processes for genes with upstream
open reading frames, such as ATF4, which induces
transcription of stress-responsive genes. (B) ATF4
protein in cortical nuclei isolated from adult Nsun2
KO and WT mice and (C) phosphorylated EIF2A
expression in whole-cell lysate. Note the robust
activation of ISR in Nsun2 KO (n = 5/group; t test; **p
, .01). (D) Schematic of experimental design for
systemic tunicamycin administration for ISR induc-
tion in WT adult male mice. (E) ATF4 protein in
cortical nuclei isolated from mice injected with tuni-
camycin or vehicle. (F) Behavioral despair was
measured with the FST (53) 18 hours after tunica-
mycin injection. Tunicamycin-injected mice showed
increased immobility in the FST (n = 10/group; t test;
*p , .05). (G) Unbiased metabolomics screen of
amino acids in tunicamycin-treated vs. vehicle brains.
FC, fold change; FST, forced swim test; ISR, inte-
grated stress response; KO, knockout; OD, optical
density; Tn, tunicamycin; tRNA, transfer RNA; Veh,
vehicle; WT, wild-type.
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localized to 9 different chromosomes (with 10/26 genes on
chromosome 1), making the functionality and viability of one
tRNAGly gene deletion difficult. For example, for the tRNAGly

GCC

isoaccepter family, there are 4 different isodecoders with up to 8
genes in different genomic locations for each isodecoder (34).
Therefore, we chose to focus on tRNAGly

TCC because this iso-
acceptor was decreased in Nsun2 KO, was also associated with
altered codon-specific translation (19), and provided the most
feasibility for deletion by having only one isodecoder expressed
in mouse (tRNAGlyTCC-1) (34). Mice were generated using
CRISPR/Cas9 with single-guide RNA targeted to the
tRNAGlyTCC-1 sequence (ACCCGGGTCAACTGCTTGGA).
There are 7 copies of tRNAGlyTCC-1 in the genome, and we
generated 2 mouse lines with a single deletion in tRNAGlyTCC-
1-1 (Figure S3A, B) and tRNAGlyTCC-1-7 (Figure S3C, D),
respectively. tRNA sequencing on mouse cortex from both lines
revealed no change in tRNAGlyTCC-1 expression, suggesting
that a single deletion within this tRNA gene is not sufficient to
deplete mature tRNA expression.

Because a single deletion at tRNAGlyTCC-1 did not deplete
expression, we then generated a line that contained deletions
at 2 different tRNAGlyTCC-1 genes, including an 11–base pair
deletion at tRNAGlyTCC-1-5 and a 25–base pair deletion at
tRNAGlyTCC-1-7, reasoning that perhaps deletions at 2 tRNA
genes for tRNAGlyTCC-1 would produce a considerable
depletion in tRNAGlyTCC-1 expression (Figure 4A). tRNA
Biological Psychiatry: G
sequencing revealed a decrease in tRNAGlyTCC-1 for 3 of 3
samples (log2 fold change = 20.21, unadjusted p = .053) with
the double KO compared with WT and heterozygous control
mice (n = 3 WT, 3 KO) (Figure 4B). While none of the tRNA
isodecoder comparisons reached significance after false dis-
covery rate correction, there were also 7 tRNAVal isodecoders
marginally decreased in the tRNAGlyTCC-1 double KO mice.
We speculate that there may be a chromosomal loop or
interaction between the genes coding for tRNAGlyTCC-1 and
the various tRNAVal isodecoder genes because while they are
not located near our targeted deletions, other studies have
shown long-range contacts of tRNA genes in non-neuronal cell
types (35).

Alterations in the tRNA gene dosage have been shown to
influence amino acid levels in brain of our Nsun2 mutant line
(19) and others (15,17). For example, deletion of tRNA-Arg-
TCT-4-1 in mice produced an increase in both serine and
glycine amino acids in the hippocampus (15). Global hypo-
methylation across the tRNAome via Nsun2 deletion also
produced an increase in various amino acids including glycine
and serine in mouse skin cells (17), and we previously showed
approximately 150% increase in only glycine amino acid in
brains of mice with depletion of m5C and specifically tRNAGly

expression (19). For that reason, we wondered whether
depletion of tRNAGlyTCC-1 was associated with alterations in
glycine amino acid. We used a fluorometric glycine assay to
lobal Open Science March 2025; 5:100432 www.sobp.org/GOS 7
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Figure 4. Molecular and behavioral effects of tRNA-GlyTCC-1 deletion. (A) Chromosomal location of 2 tRNA-Gly-TCC-1 genes harboring CRISPR/Cas9
deletions. The guide RNA is shown in gray below electropherograms targeting the tRNA-Gly-TCC-1 family, and we detected a 1-bp deletion at tRNA-Gly-TCC-
1-5 (chr. 1) and a 10-bp deletion at tRNA-Gly-TCC-1-7 (chr. 11). (B) YAMATseq was used as an unbiased screen of tRNA expression across the whole
tRNAome and showed a decrease in tRNA-Gly-TCC-1 expression in forebrain in tRNA-GlyTCC-1 dKO mice but also significant decreases in multiple tRNAVal

isodecoders (n = 3/group). (C) Glycine amino acid in mouse forebrain was measured with a fluorometric glycine assay in WT vs. dKO mice (n = 4–6/sex/
genotype, 2-way ANOVA). One WT female outlier was excluded (Grubb’s [alpha = 0.05], G = 2.036) (D, E) Adult male and female tRNA-GlyTCC-1 KO and WT
mice were tested for motivated escape behavior in the (D) TST and (E) FST (53). tRNA-GlyTCC-1 dKO mice showed a significant decrease in latency to
immobility in the FST (n = 11–16/group, 2-way ANOVA, p , .05), with tRNA-GlyTCC-1 dKO females showing the most pronounced decrease (t test, **p , .01).
ANOVA, analysis of variance; dKO, double knockout; FST, forced swim test; tRNA, transfer RNA; TST, tail suspension test; WT, wild-type; YAMATseq, Y-
shaped adapter mature tRNA sequencing.
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measure glycine concentrations in forebrain of control and
tRNAGlyTCC-1 double KO mice and surprisingly found a
trend-level decrease in glycine levels in the double KO mice
8 Biological Psychiatry: Global Open Science March 2025; 5:100432 w
compared with WT control mice (n = 5 M WT, 5 F WT/5 M KO,
4 F KO; 2-way ANOVA, genotype: F1,15 = 4.129, p = .060; sex:
F1,15 = 14.34, p = .002; interaction: F1,15 = 2.140, p = .164; 1
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WT female outlier excluded), particularly in female mice
(Figure 4C), and no change in GLDC expression (n = 3 WT, 5
KO; t test: t6 = 0.4426, p = .674, 2-tailed) (Figure S4A).
These findings are in contrast to the Nsun2 KO mice, which
showed decreased tRNAGly levels but increased glycine
(19), suggesting that a decrease in tRNAGly alone can alter
glycine amino acid levels; however, the directionality of the
change is model dependent, and the previously detected
increase in glycine (19) is not a direct effect of the depletion
of tRNAGly.

Next, we sought to determine whether decreases in
tRNAGlyTCC-1 and the accompanying decrease in glycine
amino acid were associated with behavioral phenotypes,
including behavioral despair. There were no gross anatomical
abnormalities and no differences in body weight between WT
and KO mice (Figure S4B) (n = 12 M WT, 7 F WT/11 M KO, 9 F
KO; 2-way ANOVA, genotype: F1,35 = 0.9896, p = .327; sex:
F1,35 = 57.39, p , .001; interaction: F1,35 = 0.006, p = .939).
Behavioral phenotyping for anxiety-like behavior using the
open field test (n = 12 M WT, 4 F WT/14 M KO, 9 F KO)
(Figure S4C) and elevated plus maze (n =12 M WT, 6 F WT/13
M KO, 11 F KO) (Figure S4D) revealed no significant changes
between tRNAGlyTCC-1 double KO mice and control mice
(2-way ANOVAs, all ps . .05). To measure behavioral despair,
we used the TST (Figure 4D) and found no significant differ-
ences in KO versus WT mice in the time spent immobile
(n = 14 M WT, 11 F WT/16 M KO, 12 F KO; 2-way ANOVA,
genotype: F1,49 = 0.686, p = .411; sex: F1,49 = 0.414, p = .523;
interaction: F1,49 = 0.614, p = .437) or latency to immobility
(genotype: F1,49 = 2.544, p = .117; sex: F1,49 = 0.001, p = .977;
interaction: F1,49 = 0.602, p = .441). However, in another test
of behavioral despair (and motivated escape behavior), the
FST (Figure 4E), we detected a prodepressant phenotype.
tRNAGlyTCC-1 dKO mice showed a trend-level increase in
the time spent immobile compared with WT control mice
(n = 14 M WT, 13 F WT/16 M KO, 13 F KO; 2-way ANOVA,
genotype: F1,52 = 3.170, p = .081; sex: F1,52 = 1.235, p = .271;
interaction: F1,52 = 0.967, p = .330). They also displayed
a significantly shorter latency to immobility (genotype: F1,52 =
5.537, p = .022; sex: F1,52 = 4.593, p = .037; interaction:
F1,52 = 3.899, p = .054), with post hoc tests showing a sig-
nificant decrease in latency to immobility for females specif-
ically (t52 = 2.959, p = .009). These data suggest that neither
male nor female double KO mice show the same
antidepressant-like phenotype as Nsun2 KO mice. Rather,
depletion of tRNAGlyTCC-1 produces an increase in behav-
ioral despair coupled with a decrease in glycine, which are
both inconsistent with our previous Nsun2 KO model, that
showed a depletion of tRNAGly associated with an increase in
glycine and a decrease in behavioral despair. We reason that this
opposing pattern suggests that tRNAGly may not be mediating
the behavioral phenotypes observed; instead, glycine amino acid
may be a target of interest that is altering behavioral phenotypes
in both models. Furthermore, we noted that the other glycine
tRNA isoacceptor families (mainly tRNAGly

CCC and tRNAGly
GCC)

are unaffected in the tRNA-Gly-TCC-1 KO mice while they are
dramatically depleted in the Nsun2 KO mice (19), which pro-
duces a much milder effect on tRNAGly levels overall, so we
cannot eliminate the possibility that the severity of tRNAGly

depletion impacts the behavioral phenotype.
Biological Psychiatry: G
Changes in Nsun2 KO Glycine Levels Do Not Reflect
Extracellular Glycine

Thus far, both lines of investigation (ISR and tRNAGly) have
suggested that these mechanisms alone are not causally
related to behavioral phenotypes observed in the Nsun2 KO
mice, but alterations in glycine levels are a plausible alterna-
tive. We previously detected an approximately 150% increase
in glycine levels in the cortex of Nsun2 KO mice using amino
acid metabolomics from whole-cell lysates (19), but due to the
actions of glycine both intracellularly during protein synthesis
and extracellularly as crucial components of excitatory syn-
aptic transmission in NMDA receptor binding as well as bind-
ing to the glycine receptor, we were unable to detect whether
changes in glycine were taking place inside or outside of
neurons. To answer this question, we used a FRET-based
optical indicator for glycine (GlyFS) (23), which was anchored
to the extracellular surface of biotinylated cell membranes in
acute slices using a biotin-streptavidin linker. For experiments,
GlyFS was pressure injected in the stratum radiatum of the
hippocampal CA1 region with a micropipette, which was also
used for recording of local field potentials. A stimulation
electrode was positioned 100 to 200 mm away from the region
labeled with GlyFS (Figure 5A, B). We then performed simul-
taneous local field potential recordings and extracellular
glycine measurements in acute hippocampal slices of adult
Nsun2 KO and WT mice.

To assess the resting levels of glycine, we calculated the
GlyFS fluorescence intensity ratios R0 and RMAX before and
after saturating GlyFS with 5 mM of exogenous glycine and
used the ratio R0/RMAX as an estimate of extracellular glycine
resting levels (33) (Figure 5C). Resting extracellular glycine
levels in CA1 were not significantly different in WT and Nsun2
KO mice (n = 18 WT/24 KO; t test: t40 = 0.93, p = .36, 2-tailed)
(Figure 5D). HFS of Schaffer collateral–CA1 synapses was then
performed simultaneously with GlyFS imaging to test whether
activity-dependent extracellular glycine increases (33) are
affected in Nsun2 KO mice. Significant increases in extracel-
lular glycine levels were observed in CA1 from WT mice (n = 13
independent experiments; paired t test: t12 = 22.34, p = .038,
2-tailed) (Figure 5E, left) and Nsun2 KO mice (n = 23 inde-
pendent experiments; paired t test: t22 = 22.66, p = .014, 2-
tailed) (Figure 5F, left). No change was observed when HFS
was omitted in CA1 of both WT mice (n = 13 independent
experiments; t test: t12 = 0.53, p = .61, 2-tailed) (Figure 5E,
right) and Nsun2 KO mice (n = 23 independent experiments; t
test: t22 = 0.49, p = .63, 2-tailed) (Figure 5F, right). Taken
together, these results demonstrate that there are no detect-
able changes in extracellular glycine at baseline or in response
to HFS in the Nsun2 KO hippocampus, suggesting that the
changes of total brain glycine content observed previously (19)
are likely intracellular. Additionally, although we measured
hippocampal glycine levels in the current experiment due to
well-established synaptic transmission for optimal use of the
GlyFS, it is likely that these findings are similar in other fore-
brain regions harboring Nsun2 deletion, including the cortex,
which will be a future area of study. To further investigate
whether extracellular mediators of glycine activity, such as
genes coding for glycine receptors and glutamate NMDA re-
ceptors, were differentially expressed in the Nsun2 KO cortex,
we leveraged previous RNA sequencing data from our group
lobal Open Science March 2025; 5:100432 www.sobp.org/GOS 9
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Figure 5. Neuronal Nsun2 deletion does not alter
extracellular glycine levels in the hippocampal CA1
region. (A) Schematic diagram of the experimental
design. Glycine levels were measured using the
Förster resonance energy transfer–based (FRET)
sensor GlyFS in parallel to local field potentials in
acute hippocampal slices. GlyFS was anchored in
extracellular space to biotinylated cell membranes
using a biotin-streptavidin linker. (B) GlyFS was
pressure injected in stratum radiatum of hippocam-
pal CA1 region via micropipette (ep). The same
pipette was used for recording of local field poten-
tials. Stimulation electrode (stim) was positioned 100
to 200 mm away from the region of interest (red
dashed box) that was selected in the area labeled by
GlyFS excluding the recording pipette. (C) To assess
resting levels of glycine, we calculated fluorescence
intensity ratios (R0 and RMAX) before and after satu-
rating the sensor by bath application of 5-mM
glycine. Then R0/RMAX was used as an estimate of
extracellular glycine resting levels. (D) Resting
extracellular glycine levels in CA1 were not signifi-
cantly different in WT and Nsun2 KO mice (n = 18
WT/24 KO; Student’s t test, t40 = 0.93, p = .36, 2-
tailed). (E, F) HFS of Schaffer collateral-CA1 synap-
ses was performed simultaneously with GlyFS im-
aging. The pretest baseline, test response, and
posttest levels (R/RMAX) were determined. A signifi-
cant increase in extracellular glycine levels was
observed in CA1 from WT mice (n = 13 independent
experiments; paired Student’s t test: t12 = 22.34, p =
.038, 2-tailed) (E) (left panel) and Nsun2 KO mice (n =
23 independent experiments; paired Student t test:
t23 = 22.66, p = .014, 2-tailed) (F) (left panel). No
change was observed when HFS was omitted in CA1
of both WT mice (n = 13 independent experiments;
paired Student’s t test: t12 = 0.53, p = .61, 2-tailed)
(E) (right panel) and Nsun2 KO mice (n = 23 inde-
pendent experiments; paired Student’s t test: t22 =
0.49, p = .63, 2-tailed) (F) (right panel). Each data
point represents an independent experiment. Error
bars represent the SEM. *p , .05. HFS, high-
frequency stimulation; KO, knockout; WT, wild-type.
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(19). We found no changes to expression of glycine receptor
genes (Glra1, Glra2, Glra3, Glra4, Glrb) and no changes in
expression for most of the NMDA receptor subunit genes (Grin1,
Grin2a, Grin2b, Grin2c, Grin2d, Grin3a) (Table S1). However, we
did find a significant increase in expression of Grin3b (log fold
change = 1.504, adjusted p = .049), which encodes a subunit of
the NMDA receptor involved in glycine binding. Because only
one of the 12 genes coding for components of extracellular
glycine binding shows an alteration in the Nsun2 KO cortex, it is
likely that the cortex, like the hippocampus, shows mainly
intracellular changes in glycine.

DISCUSSION

Neuronal Glycine Metabolism as a Novel Target for
Neuropsychiatric Phenotypes

Here, we identify glycine metabolism in mature forebrain
neurons as a potential therapeutic target to elicit changes in
behavioral despair in a mouse model. Specifically, conditional
10 Biological Psychiatry: Global Open Science March 2025; 5:100432 w
ablation of Gldc in mature forebrain neurons increased moti-
vational escape behaviors in the FST and TST. It is important
to note that these tests inform about antidepressant-like
phenotypes, and their predictive validity in this regard both in
pharmacological (36,37) and genetic (38) contexts could point
to neuronal glycine regulation as a novel therapeutic avenue
for the treatment of depression. We do acknowledge that the
use of behavioral despair tests has drawbacks, such as ar-
guments about an animal’s adaptive energy conservation
mechanism that could explain immobility or the view of these
tests as measuring an animal’s coping during an acute
stressor, but capturing aspects of depression is a particularly
challenging area of animal research (39). Other tests for
depressive-like behavior including anhedonia or social avoid-
ance after chronic defeat also have drawbacks and measure
various other aspects of the full human depression phenotype.
Remarkably, however, a case of familial bipolar depression has
been linked to a rare supernumerary marker chromosome
carrying copies of GLDC and the surrounding genes (40), and
ww.sobp.org/GOS
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furthermore, multiple lines of mutant mice with varying excess
copies and overexpression of the Gldc gene show cognitive
alterations and anxiety- and depression-related behaviors (41).
Among other behavioral alterations, this includes a significant
decrease in motivational escape behaviors (41) and therefore a
phenotype opposite of the one that we report here for mice
with neuron-specific Gldc ablation. The fact that a general
oversupply of Gldc is associated with a depression-relevant
behavioral phenotype in humans and mice while neuronal
Gldc deficiency is associated with opposite changes in the
same set of behavioral despair tests strongly speaks to the
GCS, a multienzyme complex with GLDC as its rate-limiting
molecule (42), as a potential target for the treatment of
depression and psychosis. To further solidify GLDC as a po-
tential target for neuropsychiatric investigation, future studies
will investigate other animal models of depression, including
chronic stress, and test of behavioral measures including ef-
ficacy of an antidepressant compared with the behavioral
changes we observed.

Currently, however, the precise mechanisms linking the
disruption of the neuronal GCS to changes in behavioral despair
remain unclear. According to the current study, the dynamic
fluctuations of glycine in the hippocampal extracellular space are
fully maintained at baseline and in the context of synaptic
plasticity–inducing electrical stimulation. However, this finding
does not rule out glycinergic modulation of synaptic or extra-
synaptic NMDA receptors as a frequently discussed mechanism
in the context of antidepressant-like actions of glycine reuptake
inhibitors (43–45). The question also remains: How does loss of
Nsun2 deplete GLDC? We expect that loss of Nsun2 may cause
GLDC reduction due to high glycine content of GLDC or po-
tential posttranslational regulation of GLDC. Glycine amino acid
content for GLDC is approximately 9.1%, while the average
glycine content across the proteome is approximately 6.6%, and
our previous work showed that Nsun2-related depletion of
tRNAGly causes impaired translation of glycine-rich proteins.
Future studies should mechanistically explore the translational
dynamics of GLDC in relation to loss of tRNAGly (19). Further-
more, Nsun2 has also been shown to catalyze methylation on a
subset of mRNAs, but to our knowledge, other groups have not
shown cytosine methylation on Gldc mRNA in rodent brain (46).
We also emphasize that behavioral profiles of the Nsun2 KO
mouse defined previously (19) are not completely consistent with
theGldc KOmouse presented in this study. While we observed a
similar behavioral despair-like phenotype, the Nsun2 KO mouse
also exhibits changes in anxiety-like behavior and cognition (19),
which are behavioral realms unaffected in the Gldc KO mouse.
These changes are likely related to the additional molecular
phenotypes present in Nsun2 KO mice (which are also absent in
the Gldc KO mice), including a dramatically altered proteome,
depletion of tRNAGly, and a robust ISR induction.
Neuronal Glycine Metabolism Is Linked to Nsun2-
Dependent Regulation of tRNAGly

Our goal in this study was to more mechanistically link NSUN2
epitranscriptomic tRNA regulation to complex behavioral
phenotypes related to neuropsychiatric outcomes observed in
neuronal Nsun2 KO mice (19). Nsun2 KO mice had a dramatic
w150% increase in glycine levels, which we have now shown
Biological Psychiatry: Glo
is associated with severe impairment of the GCS, namely loss
of the rate-limiting enzyme GLDC. In a new mouse model, we
have now shown that conditional ablation of Gldc in neurons
likewise produced an increase in glycine levels and a similar
change in behavioral despair as the Nsun2 KO mouse, sug-
gesting that glycine levels and GCS are major contributors to
complex behavioral outcomes following disruption of the
NSUN2-mediated epitranscriptome.

Additional molecular alterations were present in Nsun2 KO
mice, including a selective decrease in tRNAGly that was
likely due to hypomethylation of the 4 NSUN2-mediated
cytosine methylation sites at this tRNA isoacceptor family
(19). Therefore, we tried to model this finding in isolation of
other molecular changes by generating a novel mouse line
with CRISPR/Cas9 deletion of tRNAGly

TCC. While a single
gene deletion was not sufficient to decrease expression of
the mature tRNAGly

TCC isodecoder, deletion of 2 (of 7 total)
genes coding for tRNAGly

TCC caused a subtle decrease in
tRNAGly

TCC expression levels. Previous studies have shown
that deletion of a single tRNA gene (tRNAArg

TCT) can have
potent effects on tRNA expression and neurological pheno-
types (15), but the difference in effect sizes between these
studies and our model may depend on the specific tRNA
being targeted and the number of isodecoders and genes
available for that tRNA. Nevertheless, we showed here that
subtle defects in tRNA gene dosage produce changes in
behavioral despair.

It is widely established that dysregulation of amino acids and
tRNAs can produce the ancient, evolutionarily conserved ISR, in
which phosphoactivation of EIF2A triggers transcription of ATF4
and other transcription factors with upstream open reading
frames to guide translation toward ensuring cell survival
(15,18,31,47). We identified activation of the ISR in the Nsun2 KO
brain. Through our mechanistic experiments inducing ISR sys-
temically in WT mice, we concluded that ISR activation alone is
not sufficient to alter glycine levels or decrease behavioral
despair, suggesting that alternate mechanisms are at play in the
Nsun2 KO mouse. While there is a thorough body of work on the
ISR in brain in the context of cognition and neurodegeneration
(32,33,48–51), we have now also provided a potential new
downstream phenotypic consequence of ISR induction that
warrants further study. It will also be of interest in the future to
investigate our genetic manipulations, such as loss of Gldc or
tRNAGly, in the context of the ISR.
Conclusions

Historically, there has been evidence for the importance of
tRNA regulation in brain metabolism through phenotypic
exploration of monogenic neurodevelopmental and neurode-
generative diseases associated with rare mutations in tRNA
modification genes (52). More recently, evidence has demon-
strated previously unrecognized potential for the tRNA reg-
ulome to be implicated in complex behaviors related to
neuropsychiatric disease (52). Using 3 different molecular in-
terventions (tRNAGly expression, ISR induction, GCS impair-
ment), we showed here that dysregulation of the tRNA
regulome can have profound effects on cognition and complex
behavior (see Table 1 for a summary). However, only a single
factor was linked to decreased behavioral despair:
bal Open Science March 2025; 5:100432 www.sobp.org/GOS 11
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Table 1. Summary of Mouse Models With Molecular and
Behavioral Findings

Mouse Model
vs. Control tRNAGly

Glycine
Amino Acid

Motivated Escape
Behavior

Nsun2 KO

Gldc KO n/a

tRNA-Gly-TCC dKO

Wild-type systemic
tunicamycin injection

n/a No change

Arrow thickness denotes significance. Thin arrows denote p , .1, and thick
arrows denote p , .05.

dKO, double knockout; Gly, glycine; n/a, not applicable; tRNA, transfer RNA.
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upregulation of neuronal glycine elicited by disruption of the
GCS’s rate-limiting enzyme, GLDC.

Further studies are warranted to identify how intracellular
glycine and GCS impairment impacts behavior because this
may provide a new therapeutic avenue outside of the already
established roles of extracellular glycine function via pharma-
cological agents such as sarcosine treatment, which inhibits
GlyT1 (14,43,44). In conclusion, we have demonstrated
through rigorous methodologies that while multiple molecular
signatures are at play following dysregulation of the tRNA
epitranscriptome, including the ISR and changes in tRNAGly

levels, neuronal glycine metabolism is the most likely mecha-
nism governing changes to complex behaviors relating to
neuropsychiatric disease.
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