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Dear Editor,

The developing cerebral cortex requires precise metabolic
regulation to support neurogenesis and circuit formation
(Belangeretal.,, 2011; Namba et al., 2021). Glutamine syn-
thetase (GS), which catalyzes glutamate-to-glutamine
conversion, sustains neurotransmitter recycling and nitro-
gen homeostasis (Tani et al., 2014). Human GLUL muta-
tions cause lethal neurodevelopmental disorders (H&aberle
et al., 2005), and GS deletion in mice leads to postnatal
death (He et al., 2010), underscoring its essential role.
While adult cortical GS deficiency triggers neurodegener-
ation (Zhou et al., 2019), its function in early cortical devel-
opment remains elusive, despite evidence linking
astrocytic metabolism to circuit maturation (Chungetal.,
2015; Pekny et al., 2016).

Spatiotemporal analysis revealed high GS expression in
embryonic neural stem cells (NSCs) within the ventricular/
subventricular zone, transitioning to S1008* astrocytes
postnatally (Figs. 1A-D and S1A-C). GS enzymatic activity
followed a biphasic pattern, peaking during early postnatal
stages coincident with astrocyte maturation (Fig. S1D),
suggesting stage-specific roles in cortical development.

To dissect the in vivo function of GS, we generated cor-
tex-specific GS knockout (GS-cKO) mice by crossing
Glulfex mice with Emx1-Cre mice (Fig. 1E). This strategy
induces gene ablation in radial glial progenitors from
embryonic day 10.5 onward while preserving postnatal

viability, thereby enabling examination of GS function
across developmental stages (Gorski et al., 2002). Efficient
GS deletion was confirmed in both embryonic and post-
natal forebrains (Figs. 1F and S1E-G). By postnatal day 14
(P14), GS-cKO mice exhibited reduced brain size and
cortical thickness (Fig. SIH-K), accompanied by notable
astrocytic morphological abnormalities, as revealed by
AAV2/9-GFAP-mCherry labeling (Fig. 1G-I). In contrast,
embryonic neurogenesis and neuronal migration remained
largely intact (Figs. 1, 1K, and S2A-I). Although early GS
loss mainly impaired astrocyte maturation, by P28, the
cortex of GS-cKO mice displayed pronounced astrocyte
activation, characterized by robust GFAP upregulation,
cellular hypertrophy, and thickened astrocytic processes,
indicative of reactive gliosis (Fig. S3A-C). Notably, dietary
glutamine supplementation partially restored astrocyte
maturation, as evidenced by improved morphological
complexity and enhanced process elaboration (Fig. S4A-C),
highlighting the essential role of GS-derived glutamine in
supporting astrocytic structural development.

GS deficiency severely impaired dendritic growth, spine
density, and synaptogenesis, as shown by EGFP electropo-
ration, Golgi staining, and synaptic marker analysis (Figs.
1M, 1N, 1Y, 1Z and S4D). Electrophysiological recordings
confirmed reduced miniature excitatory and inhibitory
synaptic activity (Fig. 10-T). Remarkably, glutamine
supplementation restored synaptic density, indicating
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Figure 1. Glutamine synthetase regulates cortical astrocyte maturation and synaptic development. (A) Representative images of
cortical sections stained for glutamine synthetase (GS) at E12.5, E14.5, E16.5, E18.5, and postnatal days P1 and P7. Scale bars: 200 um.
(B-D) Representative images of GS co-stained with antibodies against Nestin (B), Sox2 (C), or Pax6 (D) in the cortex at E12.5. Yellow dashed
outlines indicate regions enlarged on the right. Scale bars: 50um (left); 20 um (right). (E) Breeding strategy for generating GS conditional
knockout (cKO) mice. (F) Immunofluorescent staining of GS in wild-type (WT) and GS-cKO mice at E12.5. Scale bars: 50 um. (G) Schematic
and timeline for selective astrocyte labeling in the postnatal cortex. (H) Representative mCherry* astrocytes in P14 WT and GS-cKO



metabolite dependence of GS-mediated circuit maturation
(Fig. S4E-H). Consistently, GS-cKO mice displayed behav-
loral abnormalities in motor coordination (Figs. SSA-E,
S5G, and S5H) and social interaction (Figs. 1TU-X and S5F),
paralleling behavioral deficits in autism and epilepsy mod-
els (Varghese et al., 2017; Sharma et al., 2018).

Astrocyte development was prominently disrupted in
GS-cKO mice. GS deficiency reduced S100p*, Aldh1L1",
Sox2*, and Sox9* cell numbers (Fig. 2A-H) without increas-
ing apoptosis (Fig. S6A and S6B). Single-nucleus RNA
sequencing (snRNA-seq) of P7 cortex identified major cell
types but showed no change in excitatory neuron or astro-
cyte proportions between genotypes (Fig. 2I-K). However,
analysis of astrocyte-specific gene expression revealed
distinct alterations, with a downregulation of Blbp (a key
regulator of astrocyte maturation) and an upregulation of
ApoE (a lipid transporter implicated in neuroinjury
response), respectively; in contrast, the glutamate trans-
porter Slcla3 (GLAST) remained unchanged in GS-cKO
astrocytes (Figs. 2L, S6H, S€J, and S6M). These changes
emerged by P1 (Fig. S6C-F) and were confirmed by reduced
Blbp protein and increased ApoE mRNA via immunostain-
ing and in situ hybridization (Fig. S6H-O).

Metabolically, GS loss reduced glutamine, glutamate,
aspartate, and asparagine, while elevating glycine and
alanine (Fig. 2M and 2N). snRNA-seq revealed selective
suppression of the mTOR pathway in astrocytes (Fig. 20
and 2P). Western blotting confirmed decreased phosphor-
ylation of S6 (mTORC1) and AKT (mTORC?2), with key
mTOR pathway genes (Atp6vlcl, Atp6ulg?2, Eif4b) down-
regulated (Fig. 2P-X). Thus, GS deficiency disrupts cortical
amino acid homeostasis and suppresses astrocytic mTOR
signaling, likely underlying the observed astrocyte dys-
function and neuronal deficits.

Our findings establish GS as a key regulator of cortical
circuit maturation through astrocyte metabolic program-
ming. GS expression shifts from NSCs to astrocytes during
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cortical expansion, indicating stage-specific roles. Neuro-
genesis remains unaffected, likely due to maternal or pla-
cental glutamine supply (Wu et al., 2015), but postnatal GS
deficiency profoundly impairs astrocyte maturation and
suppresses mTOR signaling, suggesting that mTOR inacti-
vation is central to the observed developmental deficits.

As a metabolic sensor, mTOR critically depends on
intracellular amino acid availability. Glutamine and its
metabolites (e.g., a-ketoglutarate and arginine) not only
directly activate mTORC1 but also fuel mTOR-dependent
anabolic processes (Jewell et al,, 2015). Thus, GS loss
removes both signaling input and metabolic support for
mTOR, leading to selective pathway impairment. In con-
trast, the Hippo/YAP pathway, although sensitive to energy
stress (Sheng et al., 2024), lacks a glutamine-sensing
mechanism and is therefore less affected. This specificity
explains why mTOR signaling is preferentially disrupted
in GS-deficient astrocytes.

mTOR suppression likely compromises astrocytic meta-
bolic support, reducing protein synthesis and precursor
provision for nucleotide and neurotransmitter production.
Such deficits during critical developmental windows disrupt
synaptogenesis and circuit refinement, offering a mecha-
nistic link between GS-mTOR dysregulation and neurode-
velopmental disorders, such as specific autism spectrum
disorder subtypes. Meanwhile, upregulation of ApoE may
initially serve as a compensatory response to metabolic
stress but, when prolonged, can lead to lipid dysregulation,
toxic protein accumulation, and increased susceptibility to
neurodegenerative conditions, consistent with APOE e4-as-
sociated Alzheimer’s disease (Zheng and Wang, 2025).

Our observations align with the previously reported Glul
conditional knockout model (Zhou et al., 2019), which also
exhibited seizures, motor deficits, and reactive astrogliosis.
Although our study documents cortical thinning earlier
and more quantitatively, careful review of their data
suggests similar trends. Differences in phenotypic

cortices. Enlarged insets show reconstructed astrocytes (H1, H2) (Scale bars: 50 um; 25 um for H1-H2) (>20 astrocytes from 3-4 mice per
genotype, n>3 mice). (I) Quantification of astrocyte morphology, including surface area, branch level, total process length, and Sholl
analysis (>20 astrocytes from 3 to 4 mice per genotype, n>3 mice). (J) Schematic of the experimental approach. Embryos were electro-
porated at E14.5, and brain sections were collected at P14. (K) Representative images of P14 brain sections following in utero electropo-
ration (IUE) with a pCAG-EGFP plasmid at E14.5. White rectangles indicate regions enlarged on the right. Arrowheads highlight complex
dendritic branching in the wild-type cortex, while asterisks denote sparse dendritic branching in GS-cKO mice. Scale bars: 200um.
(L) Representative images of EGFP* pyramidal neurons reconstructed using Imaris software. (M) Representative images of dendritic
spines in WT and GS-cKO mice at P28. Scale bars: 10 pm. (N) Quantification of spine density per 10 pm on secondary dendrites (10 neu-
rons per animal, 3 animals per genotype). (O and P) Representative traces of whole-cell mEPSC (O) and mIPSC (P) recordings from layer
II/11I pyramidal neurons in acute M1 slices of P28 WT and GS-cKO mice. (Q and R) Cumulative distributions of the amplitude of mEPSC
(Q) and mIPSC (R) in P28 WT and GS-cKO pyramidal neurons. (S and T) Cumulative distributions of the inter-event interval of mEPSC
(S) and mIPSC(T) in P28 WT and GS-cKO pyramidal neurons. (U) Schematic of the three-chamber sociability test apparatus. (V) Repre-
sentative heatmaps of movement traces from WT and GS-cKO mice during the three-chamber sociability and novel sociability tests.
(W and X) Quantification of sniffing time during the sociability test (W) and novel sociability test (X) (WT: n=18 mice; GS-cKO: n=15
mice). (Y) Immunofluorescent images of excitatory (VGLUT1) and inhibitory (VGAT) synapses in layer 1I/III neurons of P28 WT and
GS-cKO mice. Scale bars: 25pm. (Z) Quantification of VGLUT1 and VGAT intensity indices in P28 WT and GS-cKO mice (n=3 mice). Sta-
tistical significance was determined using an unpaired two-tailed Student’s t-test (N, P, Q, S, T, W, X, Z) or an unpaired two-tailed Mann—
Whitney test (I). P<0.05, P<0.01, *P<0.001, *P<0.0001; ns, not significant. Nuclei were counterstained with Hoechst 33342 (Ho; blue).

—
()
O
oJ
(@
or=i
(O]
s
(@]
Tt
(oW



https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf112#supplementary-data

—
()}
O
oJ
(@
or=i
()
=
(@)
-
(s W

576 | Gongetal

Figure 2. GS deficiency suppresses mTOR signaling and disrupts amino acid homeostasis in cortical astrocytes. (A) Immunoflu-
orescent staining of S100p and Aldh1L1 in P14 WT and GS-cKO mice. Arrowheads indicate unbranched astrocytes in the GS-cKO
cortex (Scale bars: 50 pm). (B-E) Quantification of S100p* or Aldh1L1* astrocytes (>20 cells per mouse) and astrocyte complexity (based
on total processes) from 3 to 4 mice per genotype (n>3 mice). (F) Representative images of P14 WT and GS-cKO brain sections stained
for Sox2 (orange) or Sox9 (red) (Scale bars: 25um). (G and H) Quantification of Sox2* or Sox9* cells in the cortex at P14 (n>3 mice).
(I) Schematic of snRNA-seq using cortex samples from WT and GS-cKO mice at P7. (J) t-SNE plot showing broad cell-type clustering



presentation likely reflect variations in timing and target-
ing strategies; nevertheless, both models converge on
severe astrogliosis by the fourth postnatal week, highlight-
ing GS loss as a potent driver of neuroinflammatory
pathology.

In conclusion, this study uncovers an essential role
for GS in postnatal brain development and reveals how
a metabolic enzyme can regulate cell-specific gene
expression, protein translation, and morphology. These
insights offer new therapeutic perspectives for treating
neurological disorders involving astrocytic dysfunction
and impaired cortical connectivity, such as epilepsy and
autism.
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based on transcriptomic profiles. (K) Histogram of the percentage of different cell types. AST, astrocytes; ExN, excitatory neurons;
IPC, intermediate precursor cells; InN, inhibitory neurons; MG, microglia; NSC, neural stem cells; OL_related, oligodendrocytes and
OPCs; RGC, radial glial cells; VAC, vascular endothelial cells. (L) Differentially expressed genes in the astrocyte cluster, highlighting
astrocyte markers and mTOR pathway-related genes. (M and N) Relative amino acid levels in cortical tissues from WT and GS-cKO
mice at P14 (M) or P28 (N) (n>3 mice). (O) Dot plot of differentially expressed genes in astrocytes from GS-cKO mice compared to WT,
highlighting KEGG pathway enrichment. (P) gRT-PCR analysis of candidate genes based on RNA-seq data from WT and GS-cKO mice
at P14 (n=3 mice). (Q and R) Western blot analysis of S6 and phosphorylated S6 (p-S6) in the cortex of WT and GS-cKO mice at
P7 (Q) and P14 (R) (n=3 mice). (S and T) Quantification of S6 (S) and p-S6 (T) protein levels normalized to p-actin (n=3 mice).
(U and V) Western blot analysis of AKT and phosphorylated AKT (p-AKT) in the cortex of WT and GS-cKO mice at P7 (U) and P14
(V) (n=3 mice). (W and X) Quantification of AKT (W) and p-AKT (X) protein levels normalized to p-actin (n=3 mice). Statistical signif-
icance was determined using an unpaired two-tailed Student’s t-test. *P<0.05, *P<0.01, **P<0.001, ***P<0.0001; ns, not significant.
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