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Abstract Prenatal herbicide exposure is increasingly linked to neurodevelopmental disorders, yet

effective pharmacological interventions remain lacking due to unclear pathogenic mechanisms. Here,

we demonstrate that prenatal exposure to glufosinate ammonium (GLA), a widely used herbicide, triggers

autism-like behaviors, including social deficits and repetitive grooming, in offspring mice. Whole-brain

c-Fos mapping, in vivo calcium imaging, and patch-clamp recordings identified hypoactive pyramidal
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neurons in the anterior cingulate cortex (ACC) as the neural substrate of these behavioral deficits in pre-

natally GLA-exposed offspring mice. Mechanistically, transcriptomic and multi-omics analyses revealed

that astrocyte activation in the ACC drove Kir4.1 potassium channel upregulation, which suppressed

CaMKIIα+ neuronal excitability via impaired astrocyte—neuron communication. Pharmacological inhi-

bition of astroglial Kir4.1 not only restored neuronal activity but also rescued social deficits in GLA-

exposed offspring, underscoring Kir4.1’s pivotal role in ACC dysfunction. Our study uncovers a novel

astrocyte—neuron axis underlying herbicide-induced neurodevelopmental impairments and identifies

Kir4.1 as a therapeutic target for environmental factor-associated autism.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Environmental toxins are increasingly recognized as key con-

tributors to neurodevelopmental disorders, with growing epide-

miological evidence linking prenatal pesticide exposure to autism

spectrum disorder (ASD)1-5. ASD, characterized by social deficits

and repetitive behaviors, arises from complex gene—environment

interactions6-8. Notably, gestational exposure to heavy metals and

herbicides significantly elevates ASD risk in offspring, yet the

precise neural mechanisms remain elusive9,10.

Among environmental triggers, the broad-spectrum herbicide

glufosinate ammonium (GLA) poses a pressing public health

concern due to its widespread contamination of food and water

supplies11,12. Preclinical studies demonstrate that even low-dose

GLA exposure induces autism-like behaviors in offspring,

concomitant with disrupted neurogenesis and neuronal migra-

tion5,13. However, critical knowledge gaps persist: the specific

brain circuits impaired by GLA are undefined, the role of non-

neuronal cells (e.g., astrocytes) in GLA-induced synaptic

dysfunction is unexplored, and no targeted therapies exist for

herbicide-associated neurodevelopmental deficits.

ASD represents a complex neurodevelopmental condition

characterized by multifaceted cellular pathophysiology14,15.

Emerging evidence has underscored the critical roles of neurons,

astrocytes, microglia, and oligodendrocytes in the pathogenesis

of ASD16-19. Notably, single-cell transcriptomic studies have

revealed cell-type-specific molecular signatures in ASD

brain20,21. Astrocytes orchestrate critical neurodevelopmental

processes including synaptic pruning, neurotransmitter recy-

cling, and maintenance of ionic homeostasis, all of which are

perturbed in ASD22,23. However, the precise mechanisms gov-

erning neuron—astrocyte communication in ASD remain poorly

understood, particularly in the context of environmental risk

factors.

Here, we identify anterior cingulate cortex (ACC), a hub for

social behavior regulation, as a vulnerable target of prenatal GLA

exposure. Using a pharmacological strategy combined with fiber

photometry recordings and electrophysiologic approaches, we

uncover a novel astrocyte-dependent mechanism: GLA-triggered

Kir4.1 potassium channel overexpression in reactive astrocytes

suppresses CaMKIIα+ neuronal excitability, driving social defi-

cits. Importantly, pharmacological inhibition of Kir4.1 rescues

both neuronal activity and behavior, nominating this channel as a

druggable target for ASD intervention.

2. Materials and methods

2.1. Animals and GLA administration

Five-week-old C57BL/6 mice were procured from Shanghai

Laboratory Animal Co., Ltd. (Shanghai, China) and subjected to

at least one week of acclimatization prior to the commencement of

experimental procedures. Then, the mice were housed in an

environment maintained at a temperature of 22—23 ◦C, a relative

humidity of 40%—60% and a 12-h light/dark cycle. Access to

water and sustenance was unrestricted throughout the study. As

shown in Fig. 1A, female mice were randomly assigned to two

groups (n � 10 per group): one receiving 12 μg/mL GLA (CAS

No. 77182-82-2, Sigma—Aldrich, Switzerland) via drinking water,

and the other receiving normal drinking water as a control. The

GLA solution was replenished every three days to ensure

consistent dosing, in accordance with previous methodologies5,24.

Following an 8-week treatment, each group was paired with

normal male counterparts in a 1:2 ratio to promote mating. GLA

administration continued until delivery. The vehicle group is

C57BL/6 mice of the same age, born to dams fed with normal

drinking water. Offspring were weaned on postnatal Day 21,

separated according to their genders and rehoused in cages (5

mice per cage). The offspring in each group were split into the

control group and the prenatal GLA exposure group (PGEO)5,24.

We then measured the body weight, brain weight, and brain water

content of the offspring mice. For Kir4.1 inhibition, Desipramine

(DES, HY-B1272, MedChemExpress, USA) was diluted in PBS.

All experiments were performed with 1 mmol/L desipramine

based on previous studies25,26. All animal procedures were

approved by the Institutional Animal Care and Use Committee of

Nanjing Medical University (IACUC-2206004) and were per-

formed following the Chinese National Institutes of Health Guide

for the Care and Use of Laboratory Animals.

2.2. Behavioral tests

Mice aged 6 - 10 weeks were transported to the behavioral test room,

and after one week of adaptation, tested for autism-like

behaviors. Mice were divided into GLA-treated and vehicle-treated

control groups, and their behaviors were videoed and analyzed by

SMART v3.0.05 (Panlab, Harvard Apparatus). All work surfaces

were disinfected with 75% ethanol prior to the experiment.
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2.2.1. Three-chamber social test (TCST)

TCST was conducted in a three-chamber apparatus measuring

60 cm × 40 cm × 40 cm, with middle and side chambers spanning

20 cm in width, to analyze the social behaviors of mice27. During

phase 1 (Habituation), the mice were introduced into the central

chamber for a stay of 10 min, allowing them to freely explore the

environment. In phase 2, a stranger mouse (S1) was placed inside

one cage, while the other cage remained empty. A tested mouse

was led into the central chamber, with its gates open to adjacent

chambers. Subsequently, the mouse was permitted to freely

navigate the three chambers for 10 min. In the evaluation of social

novelty preference (phase 3), another stranger mouse (S2) was

placed into the empty cage. A tested mouse was then freed to

explore the chambers again for 10 min. The stranger mice were

randomly selected for these experiments and had the same sex as

the tested mice. The time for the test mouse in sniffing the un-

familiar mouse and the empty object was recorded.

2.2.2. Self-grooming behavior test

This test was conducted to analyze the stereotyped behaviors of

mice that were placed in an open field box, with freedom to roam

and explore for a period of 10 min27. The time each mouse spent

grooming during this 10-min period was measured using a ran-

domized double-blind method.

2.2.3. Y-maze test

This test was conducted to assess the spatial working memory of

mice. Following the protocol described in a previous study28, we

considered three consecutive entries into each arm as an alterna-

tion. The discrimination index was calculated as Eq. (1):

The discrimination index�(Actual alternations/Maximum

alternations) × 100 (1)

2.2.4. Novel object recognition test (NORT)

NORT was performed to check the abilities of mice to memorize

and recognize28. During the training phase, two identical cylinder

objects were placed inside a 50 cm × 50 cm × 45 cm box. Then,

one mouse was permitted to explore for 5 min. After a 4-h

interval, any one of the cuboid objects was replaced with a

novel cuboid object, followed by a 5-min test. We recorded the

time spent by the mouse in sniffing the familiar and novel objects

to determine whether it exhibited an innate preference for novelty.

The recognition ratio was defined as Eq. (2):

The recognition ratio�(Sniffing time on the novel object)/

(Sniffing time on the familiar object + Sniffing time on the

novel object) × 100 (2)

2.2.5. Openfield test (OFT)

OFT was performed to evaluate anxiety-like behavior in a plastic

cube box (40 cm × 40 cm)28,29. The mouse was first habituated to

the test room, then placed in the center of a chamber measuring

40 cm × 40 cm, with the central zone positioned 10 cm away from

the edge. A video camera recorded the movements of the mouse

during a period of 10 min. The time spent in the center was uti-

lized as an indicator of anxiety.

2.2.6. Elevated plus maze test (EPM)

Anxiety-like behaviors were also evaluated by EPM28,29. An

apparatus with two open arms (30 cm × 5 cm) and two closed

arms (30 cm × 5 cm × 14 cm) was set up approximately 60 cm

above the ground. The mouse was situated in the central zone of

the apparatus, with its head facing the opened arm, and was

granted with 8 min for free exploration. Anxiety-like behaviors

were assessed according to the time spent in the open arms.

2.2.7. Immunohistochemistry

Brain tissues were sliced into 40-μm-thick using a freezing

microtome (Leica CM 1950), and then preserved in a cryopro-

tectant solution containing PBS (50%), glycol (30%), and glycerol

(20%) as previously described28. Each slice was then rinsed three

times with PBS (10 min per wash), permeabilized with 0.1%

Triton X-100 for 15 min, and finally blocked with TSA for 1 h at

room temperature, and exposed to primary antibodies, including c-

Fos (1:300, CST#2250) for 48 h, and then with fluorescent sec-

ondary antibodies for 4 h. Following three washes with PBS, the

slice was visualized using a confocal microscope (Zeiss LSM

800), and data were processed by ImageJ software (NIH, USA).

2.3. In vivo fiber photometry recordings

2.3.1. Surgeries and viral injects

Mice were anesthetized with isoflurane gas/oxygen mixture (2%).

The rAAV2/9-CaMKIIα-GCaMP6(s) (BrainVTA, Co., Ltd.

Wuhan, China, #PT-0110, 5.31E+12 vg/mL) were microinfused

with a glass pipette at 200 nL per side and 50 nL/min through

a stereotaxic device (RWD Life Science) at the following ste-

reotaxic coordinates: ACC (AP: +0.86 mm, ML: ±0.5 mm;

DV: — 2.25 mm). Relative to bregma, AP, ML and DV denoted

anteroposterior, mediolateral and dorsoventral, respectively.

2.3.2. Fiber photometry

Following rAAV2/9-CaMKIIα-GCaMP6(s) virus injection, an opti-

cal fiber (125 μm O.D., 0.37 numerical aperture (NA); Inper,

Hangzhou, China) was placed in a ceramic ferrule and implanted into

the ACC (AP:+0.86 mm, ML:±0.5 mm; DV: − 2.25 mm). The mice

were allowed to recover for at least one week before fiber-photometry

recording. The calcium ion signals in pyramidal neurons within the

ACC of the mouse brain were monitored during social interaction.

Fluorescence emitted by GCaMP6(s) was captured using an Inper

fiber photometry system under the illumination of a blue LED at

470 nm. The LED output intensity was maintained at 30 μW/mm2.

The signals ranging between 503 and 538 nm were recorded with an

acquisition rate of 10 Hz. The fluorescence change (ΔF/F ) was

determined using the mean signal value as baseline, which was ac-

quired 1 s prior to the interaction30.

2.4. Two-photon laser scanning microscopy (TPLSM) imaging

in vivo

Under anesthesia via isoflurane, mice were prepared for in vivo

transcranial TPLSM. For the examination of microvascular

morphology and hemodynamics, a cranial window (2 mm in

diameter) was implanted at coordinates 2 mm posterior and 1.5 mm

lateral to bregma. Following this, each mouse’s head was immo-

bilized using a custom-made metal frame with a 1-cm inner diam-

eter. Parameters, like cerebral blood vessel diameter, velocity, and

flow, were imaged in vivo through craniotomy. After dura mater

removal, a metal frame 1-cm in diameter with an attachable 4-mm
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Figure 1 Prenatal GLA exposure induces autism-like symptoms in offspring mice. (A) Flow diagram of the study design. (B) Changes in body

weight. Body weight of offspring mice was not influenced by GLA from 4 to 16 weeks (n � 20 Control mice, n � 20 PGEO mice). (C)

Quantification of the brain weight (n � 8 Control mice, n � 8 PGEO mice). (D) Quantification of the cerebral water content (n � 8 Control

mice, n � 8 PGEO mice). (E) Y-maze test (n � 8 Control mice, n � 8 PGEO mice). Discrimination index was not influenced by GLA. (F) Novel

object recognition test (NORT) (n � 8 Control mice, n � 8 PGEO mice). The recognition ratio was not influenced by GLA. (G) Elevated plus

maze (EPM) test (n � 7 Control mice, n � 7 PGEO mice). Time spent in the open arms was not influenced by GLA. (H) Open field test (OFT)

(n � 8 Control mice, n � 8 PGEO mice). Time spent in the center was not influenced by GLA. (I) Schematic and heatmap of the three-chamber

social test. (J) The time of interacting with the S1 mouse and the empty object in the sociability phase (phase 2) (n � 10 Control mice, n � 10

PGEO mice); S1: Strange mouse 1, E: Empty object. (K) The time of interacting with the S1 mouse and the S2 in the social novelty phase (phase

2360 Zhengmao Li et al.



glass lid was fixed onto the skull. The gap between the brain surface

and the cover glass was filled with saline. Stacked or single focal

plane two-photon images were acquired using a two-photon laser

scanning microscope (Carl Zeiss, LSM880 NLO) outfitted with an

Airyscan Ultra High-Resolution System. Subsequently, a long-

working-distance water immersion objective (25 ×, NA 1.05) was

employed for the analysis of blood flow and microvascular

morphology in the mouse brain cortex. For in vivo blood flow test,

Texas Red Dextran solution (70 kDa, Sigma—Aldrich) was intra-

venously injected to label blood plasma. XYT and XYZ stacks

captured images of 1024 × 1024-pixel resolution, with the former

scanning at 2 μs/pixel speed and the latter at 4 μs/pixel speed across

300 μm depth. Velocity, diameter, flux, and line scan were assessed

at a 10 μs/pixel scanning rate over a total of 2000 frames. Automated

algorithms within MATLAB software processed all measurements

concerning vessel diameters, blood velocities, and flux.

2.5. Electrophysiologic recordings

Mouse offspring aged two months were anesthetized. Brain tissues

were immediately taken away and put into cold artificial cere-

brospinal fluid. Then, the tissues containing ACC region were

sectioned using a vibratome (Leica VT 1200S) and transferred

into the normal artificial cerebrospinal fluid solution for electro-

physiologic recording, as described previously28.

2.5.1. Pyramidal neurons cell-attached recordings

Cell-attached recordings were selected to measure the APs of

pyramidal neurons in the ACC. Whole-cell recordings were per-

formed on ACC pyramidal neurons with a MultiClamp 700B

amplifier, as described previously27. Glass micropipettes (4 to

6 MΩ) were used to establish tight seals at − 70 mV for pyramidal

neurons. APs, input resistance (Rin), membrane time constant

(Tau) were recorded under current-clamp patch. Membrane

capacitance (Cm) was obtained by dividing Tau by Rin.

2.5.2. Kir4.1 current isolation in astrocytes via whole-cell

patch-clamp recordings

Astrocytes were distinguished from neurons based on their

morphological features―small, oval somata (5—10 μm)―and

their distinct electrophysiological signature, including an RMP of

− 80 mV, lower Rin, a linear I—V relationship, and an inability to

generate action potentials with increasing depolarizing currents.

Astrocytes were recorded in the whole-cell patch-clamp configu-

ration under voltage-clamp mode, with a holding potential of

− 80 mV. Kir4.1 current was isolated by applying BaCl2
(100 μmol/L; Sigma) and digitally subtracting the Ba2+-sensitive

component from the composite current recorded over a voltage

range of − 160 mV to +40 mV. Data were analyzed using

MATLAB (MathWorks, Natick, MA, USA) and Clampfit 10

(Molecular Devices).

2.6. Transcriptional analysis

2.6.1. RNA isolation and library preparation

RNA was isolated from ACC tissues of both PGEO and control

mice with TRIzol reagent (Invitrogen) according to the manu-

facturer’s protocol. RNA concentration and purity were deter-

mined by a NanoDrop 2000 spectrophotometer (Thermo

Scientific), and integrity was verified using an Agilent 2100

Bioanalyzer (Agilent Technologies). Following quality control,

libraries were prepared from total RNA (RIN >7) using the

VAHTS Universal V6 RNA-seq Library Prep Kit (Supporting

Information Fig. S1A and S1B).

2.6.2. RNA sequencing and data analysis

The library was sequenced on Illumina Novaseq 6000, generating

150 bp paired-end reads. Reference transcriptome was sequenced

in the ACC brain samples of all six PGEO and five control mice,

resulting in 75.96 G CleanData after filtering sequences with a

base quality lower than 20. The effective data volume of each

sample ranged from 6.64 to 7.03 G, with a Q30 base distribution

between 94.35% and 94.95%, and an average GC content of

50.13%. The genome alignment rate between the reads and the

reference genome ranged from 98.27% to 98.5% for each sample.

The logarithmic gene expression matrix was utilized for data

analysis, with differential gene testing performed using Limma

(3.58.1). GO and GSEA analyses were carried out using

ClusterProfiler (3.18). The 3D scatter plot was visualized using

plotly (4.10.4), heatmap using ComplexHeatmap (2.15.4), and the

remaining plots using ggplot2 (3.5.0).

2.6.3. Single nucleus RNA sequencing data analysis

Single nucleus RNA sequencing data about the brain ACC of

autism and control humans were obtained from the Sequence

Read Archive (PRJNA434002). Cell ranger count was used to

obtain raw counts matrix, features, and barcodes. Seurat 5.0 was

used for quality control and identification of DEGs using

FindMarkers (test use MAST). The astrocyte—pyramidal neuron

crosstalk was visualized using ggsankey (0.0.9).

2.7. Real-time quantitative PCR

To validate RNA-seq-derived differentially expressed genes

(DEGs), ACC brain tissues were dissected. Total RNA was

extracted using RNAiso Plus (Takara) as previously described31.

Following RNA extraction, 500 ng of RNA was reverse-

transcribed into cDNA in a 20-μL reaction using the

PrimeScript RT reagent Kit (Takara) with gene-specific primers.

Subsequently, qRT-PCR was performed on a Mastercycler ep

realplex (Eppendorf) using SYBR Premix Ex Taq (Takara) to

quantify the mRNA levels of 23 DEGs. Reactions were run in 96-

well plates under the following cycling conditions: 95 ◦C for

2 min, followed by 40 cycles of 95 ◦C for 15 s, 55 ◦C for 15 s, and

68 ◦C for 25 s. All primer sequences are provided in next section.

Melting Curve Analysis: Conducted from 50 ◦C to 85 ◦C using

default instrument settings. Data Analysis: Ct values were auto-

matically calculated using commercial software. Relative

3) (n � 10 Control mice, n � 10 PGEO mice); S2: Strange mouse 2. (L) Quantification of the time in self-grooming during the 10-min free

movement (n � 10 Control mice, n � 10 PGEO mice). Data are presented as mean ± SEM. **P < 0.01, ****P < 0.0001 and ns � no

significant difference, as determined by two-way analysis of variance (ANOVA) (B, F, J and K) and unpaired two-tailed Student’s t test (C, D, E,

G, H and L).
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expression was normalized to ß-actin/GAPDH and calculated

using the 2—ΔΔCt ± s method.

Kir4.1:

Forward primer: GTCGGTCGCTAAGGTCTATTACA.

Reverse primer: GGCCGTCTTTCGTGAGGAC.

GAPDH:

Forward primer: AGGTCGGTGTGAACGGATTTG.

Reverse primer: GGGGTCGTTGATGGCAACA.

2.8. Plasmid constructs

The recombinant AAV (rAAV) plasmid, pAAV-GfaABC1D-

EGFP-5′miR-30a-shRNA(mKcnj10)-3′miR-30a (Brain Case, Co.,

Ltd. Shenzhen, China, ≥5.00E+12 μg/mL), was constructed for

astrocyte-specific knockdown of the Kcnj10 gene. First, a short

hairpin RNA (shRNA) targeting the mouse Kcnj10 (mKcnj10)

mRNA sequence was designed and embedded within a canonical

murine miR-30a scaffold. This synthetic miRNA-shRNA cassette

was then synthesized in vitro and cloned downstream of the

enhanced green fluorescent protein (EGFP) reporter gene, into a

pAAV backbone containing the human GfaABC1D promoter, a

681-bp fragment conferring specific expression in astrocytes. The

control plasmid, rAAV-GfaABC1D-EGFP, was generated simi-

larly but lacked the miRNA—shRNA insert. Both plasmids were

packaged into AAV5 serotype capsids via triple transfection of

HEK293T cells with the respective AAV cis-plasmid, the pAAV-

RC5 rep/cap plasmid, and the pHelper plasmid. Seventy-two

hours post-transfection, the viruses were harvested, purified via

iodixanol density gradient centrifugation, and titered using quan-

titative PCR. We designed three shRNA sequences using RNAi

designer online software (http://rnaidesigner.thermofisher.com/

rnaiexpress/; Invitrogen) as indicated below:

BC-3014 shRNA1: GCAATGGCGCTACAAGCTTCTTTCAA

GAGAAGAAGCTTGTAGCGCCATTGC.

BC-3015 shRNA2: GCTACAAGCTTCTGCTCTTCTTTCAA

GAGAAGAAGAGCAGAAGCTTGTAGC.

BC-3016 shRNA3: GCTCTTCTCTGCAACCTTTGCTTCAA

GAGAGCAAAGGTTGCAGAGAAGAGC.

The quantitative PCR detection results showed that the inter-

ference efficiencies were:

BC-3014: 92.48% (1—14.36/190.97).

BC-3015: 96.40% (1—6.87/190.97).

BC-3016: 94.47% (1—10.56/190.97).

Therefore, based on the detection results, shRNA from BC-

3015 was ultimately selected to construct pAAV-GfaABC1D-

EGFP-5′miR-30a-shRNA (mKcnj10) -3′miR-30a.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8. Data

are presented as mean ± standard error of mean (SEM). For com-

parisons between two groups, an unpaired Student’s t-test was used

after confirming equal variance with an F-test. For comparisons

involving multiple groups, one- or two-way ANOVA was applied,

followed by Dunnett’s, Sidak’s, or Tukey’s multiple comparisons

test as appropriate. A P value < 0.05 was considered statistically

significant (*P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001).

3. Results

3.1. Prenatal GLA exposure induces autism-like behaviors

To determine the neurodevelopmental impact of prenatal GLA

exposure, we first assessed brain maturation and angioarchitecture

in prenatal GLA-exposed offspring (PGEO) mice (Fig. 1A). Neither

brain weight nor brain water content exhibited differences between

the control and PGEO groups (Fig. 1B—D). We further utilized two-

photon laser scanning microscopy (TPLSM) to analyze the

angioarchitecture of capillaries32,33, observing no significant dif-

ferences in cerebral vessel diameter or blood flow velocity between

groups (Supporting Information Fig. S2A—S2D).

Given the absence of gross structural or vascular deficits

(Fig. S2E and S2F), we next evaluated behavioral phenotypes.

We initially assessed cognitive function using the Y-maze test

and the novel object recognition test (NORT). There were no

significant differences in the discrimination index during the

Y-maze test or in the recognition ratio during the NORT be-

tween two groups (Fig. 1E and F). Similarly, measures of

anxiety-like behavior were unaffected, as evidenced by com-

parable time spent in the open arms of the elevated plus maze

(EPM) and in the center zone of the open field test (OFT)

between groups (Fig. 1G and H). These results suggest that

prenatal GLA exposure does not impair general cognitive

function or induce anxiety-like behaviors in offspring. As so-

cial deficits represent a core feature of ASD5,27,34, we specif-

ically examined social behaviors using the three-chamber

sociability and social novelty tests. During the second phase

(Phase 2), PGEO mice spent a comparable amount of time in

sniffing the empty cage and unfamiliar mouse S1, unlike con-

trol mice which exhibited a significant preference for S1

(Fig. 1I and J). This lack of sociability preference indicates

impaired social interaction in PGEO mice. In contrast, during

the social novelty phase (Phase 3), PGEO mice, like controls,

spent significantly more time sniffing the unfamiliar mouse S2

than they did the now-familiar mouse (S1) (Fig. 1I and K),

demonstrating intact social novelty preference. Additionally,

PGEO mice exhibited significantly increased time spent in self-

grooming, indicative of elevated repetitive/stereotyped

behavior (Fig. 1L).

Collectively, these findings establish PGEO mice as a model of

herbicide-induced social dysfunction, mirroring ASD core symp-

toms, aligning with previous reports5.

3.2. Prenatal GLA exposure specifically suppresses pyramidal

neuronal activity in the ACC

Given accumulating evidence linking disrupted neuronal activity and

functional connectivity in autism pathogenesis6,35, we assessed

neuronal activation patterns following social behavior testing.

Following the sociability phase (Phase 2) of the three-chamber test,

brain tissues were collected after a 30-min interval and processed for

whole-brain c-Fos immunohistochemistry to map neuronal activity.

Subsequent quantification of c-Fos-positive cells across sociability-

related regions revealed a significant reduction in the ACC and

hippocampus of PGEO mice compared to controls (Fig. 2A—C). The

ACC and hippocampus, key limbic structures regulating instinctive
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Figure 2 Autism-like behavior induced by GLA is related to the hypoactivity of pyramidal neurons in the ACC. (A) Representative brain slice tile scan confocal

images and representativeconfocal images of thec-Fos (green) in the identified brain regions,which have been reported that associated with autism, ina coronal plane

from 2.80 mm to − 5.52 mm to the bregma after social interaction. Scale bar � 1000 and 500 μm, respectively. (B) Representative confocal images of the c-Fos

(green) in the ACC and hippocampus after social interaction. Scale bar � 500 μm. (C) Quantitative results of c-Fos positive cells in 10 regions associated with autism

(n � 4 Control mice, n � 4 PGEO mice). PrL: Prelimbic cortex; ACC: Anterior cingulate cortex; STR: Striatum; NAc: Nucleus accumbens; BLA: Basolateral

amygdala; Hip: Hippocampus; VTA: Ventral tegmental area; SUM: Somatosensory cortex. (D) Colocalization and quantitative results of c-Fos and CaMKIIα which

as markers in pyramidal neurons. (n � 12 slices from 4 Control mice, n � 12 slices from 4 PGEO mice, Scale bar � 50 μm). (E) Colocalization and quantitative

results of c-Fosand GAD67 as markers in GABAergic neurons. (n � 12 slices from 4 Control mice, n � 12 slices from 4 PGEO mice, Scale bar � 50 μm). Data are

presented as means± SEM. *P< 0.05, **P< 0.01 and ns � no significant difference, as determined by two-way analysis of variance (ANOVA) (C) and unpaired

two-tailed Student’s t test (D, E).
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and emotional behaviors, are functionally interconnected36,37.

Notably, the ACC, as a key region regulating social behaviors, pro-

jects excitatory inputs to the hippocampal CA1 region that responds

to feature-based contextual memory retrieval38-40. To determine the

specific neuronal populations affected by prenatal GLA exposure

within the ACC, we performed immunofluorescence co-localization

analysis. This revealed a significant reduction in the number of

neurons co-expressing CaMKIIα (a marker of excitatory pyramidal

neurons) and c-Fos in the PGEO group, compared to the control

group (Fig. 2D). However, no significant difference was observed in

the co-localization of c-Fos with GAD67 (a marker of inhibitory

GABAergic neurons) (Fig. 2E).

These results suggest that prenatal GLA exposure may spe-

cifically suppress the activity of pyramidal neurons in the ACC of

offspring mice.

3.3. Prenatal GLA exposure inhibits ACC pyramidal neuronal

firings

The observed reduction in c-Fos activation within CaMKIIα-posi-

tive neurons (Fig. 2D) prompted us to investigate whether this re-

flected neuronal loss in the ACC. Quantitative analysis using NEUN

immunofluorescence, however, revealed no significant difference in

total neuronal density between PGEO and control mice (Fig. S2G

and S2H), indicating that the reduced activation was not attribut-

able to cell loss. To directly test the link between ACC pyramidal

neuron hypoactivity and the observed social deficits in PGEO mice,

we employed in vivo fiber photometry in the ACC. An rAAV2/9-

CaMKIIα-GCaMP(s) virus was injected into the ACC to express

the calcium indicator GCaMP specifically in pyramidal neurons

(Fig. 3A—C). During social interactions, PGEO mice exhibited a

significant attenuation of calcium transient amplitudes in ACC

pyramidal neurons compared to controls (Fig. 3D—F).

To characterize the intrinsic and synaptic properties underlying

this hypoactivity, whole-cell patch-clamp recordings were con-

ducted on ACC pyramidal neurons (Fig. 3G). Prenatal GLA expo-

sure significantly reduced the frequency of action potentials (APs)

evoked by depolarizing current steps in PGEO neurons (Fig. 3H and

I). No significant differences were observed in action potential (AP)

amplitude, AP half-width, firing threshold (Fig. 3J—L), as well as

Rin, Cm, and Tau (Fig. 3M). Notably, the resting membrane po-

tential (RMP) was significantly hyperpolarized in PGEO neurons

(Fig. 3M). Next, we recorded the postsynaptic currents of pyramidal

neurons in the ACC. The frequency of spontaneous excitatory

postsynaptic currents (sEPSCs) was significantly decreased in

PGEO ACC pyramidal neurons, without change in amplitude

(Fig. 3N—P). Conversely, neither the frequency nor amplitude of

spontaneous inhibitory postsynaptic currents (sIPSCs) was altered

by prenatal GLA exposure (Fig. 3Q—S).

Collectively, these results demonstrate that prenatal GLA

exposure induces functional hypoactivity in ACC pyramidal

neurons in vivo and ex vivo, characterized by reduced AP firing,

and a specific decrease in excitatory synaptic drive.

3.4. Activation of astrocytes in the ACC of PGEO mice

To investigate the mechanism underlying the decreased activity of

pyramidal neurons in the ACC, RNA sequencing (RNA-seq) was

conducted on ACC samples from six PGEO mice and five control

mice (Fig. 4A). Following quality control and normalization, the

expression data of 27,117 genes were obtained, and analyzed through

dimensionality reduction by t-distributed stochastic neighbor

embedding (t-SNE). The resultant three t-SNE components of each

sample were projected into a 3D coordinate system, revealing a clear

segregation in the transcriptional profile between the PGEO and

control groups (Fig. 4B). Subsequent analysis revealed 3488 differ-

entially expressed genes (DEGs) (|log2FC| > 0.1, P value < 0.05)

between the PGEO and control groups (Fig. 4C), some of which are

autism-related and overexpressed notably. Gene ontology (GO)

analysis showed these DEGs were particularly enriched in biological

process (BP) terms related to wide-ranging glia cell functions, such

as glia cell activation (Fig. 4D).

To further validate the RNA-Seq results, we conducted an

immunofluorescence analysis on glial cells, including astrocytes

and microglia within the ACC (Fig. 4E and Fig. S2I), which

revealed significant increases in the densities of S100ß+ cells,

GFAP + S100ß+ cells, and their proportion relative to the total

S100ß+ cell population in the PGEO group (Fig. 4F—H). More-

over, correlation analysis showed a negative correlation between

GFAP+/S100ß+ cells and the number of CaMKIIα+/cFos+ cells

in the ACC (Fig. 4I). Microglia also showed an increase in

numbers and branches in the PGEO group (Fig. S2J—S2L). Based

on RNA sequencing and microglial signature profiles, these

microglial changes may represent an intermediate state between

activation and silencing41-44. Given these results, we focused our

subsequent investigations on exploring the connection between

Figure 3 The activity of ACC pyramidal neurons decreases during social interaction in offspring mice exposed to prenatal GLA. (A) Schematic

of rAAV2/9-CaMKIIα-GCaMP6(s) injection into the ACC and fiber photometry recording during social interaction in the home-cage test. (B)

Confirmation of fiber implantation sites and GCaMP6s (Green) virus infection in ACC pyramidal neurons (CaMKIIα, red). (C) Quantification of

colocalization ratios: the percentage of GCaMP6-positive cells that are also CaMKIIα-positive, and the percentage of CaMKIIα-positive cells that

are also GCaMP6-positive, in the ACC (n � 3 PGEO mice). (D) Heat map illustrating the calcium response (ΔF/F, %) of ACC pyramidal neurons

during social interaction. (E) The fiber photometry signal of ACC pyramidal neurons response to social interaction. Solid lines represent the mean

value. Gray shadows represent ± SEM. (F) Area under the calcium photometry curve during social interaction (0—3 s). Control mice: n � 25

trials from 5 mice, PGEO mice: n � 25 trials from 5 mice. (G) Schematic representation of electrophysiological recordings of pyramidal neurons

in the ACC. (H, I) Representative APs and quantification of the AP frequency by current injections from 0 to 300 pA (stepped by 20 pA) in ACC

pyramidal neurons of Control and PGEO mice. (J—L) Quantification of the AP amplitude, half width, and firing threshold in ACC pyramidal

neurons. (M) Quantification of RMP, Rin, Cm, and Tau of membrane properties in ACC pyramidal neurons under whole-cell recording.

n � 12 cells from 3 Control mice, n � 13 cells from 3 PGEO mice. (N) Traces showing sEPSC recorded in Control and PGEO mice. (O, P)

Cumulative probability plots summarizing the mean sEPSC inter-event intervals (O) and sEPSC amplitudes (P) in Control and PGEO mice. (Q)

Traces showing sIPSC recorded in Control and PGEO mice. (R, S) Cumulative probability plots summarizing the mean sIPSC inter-event intervals

(R) and sIPSC amplitudes (S) in Control and PGEO mice. The insets depict the average sEPSC and sIPSC amplitudes and frequencies. n � 3

Control mice, n � 3 PGEO mice. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ns � no significant

difference, as determined by unpaired two-tailed Student’s t test.
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astrocytic overactivity and neuronal hypoactivity, along with the

underlying molecular mechanisms.

3.5. Kir4.1 augmentation underlies pyramidal neuron

hypoactivity in the ACC

To investigate the molecular mechanism responsible for the hypoactivity

of pyramidal neurons in the ACC of PGEO mice, we conducted in-depth

analysis of RNA-seq data. Among previously identified DEGs between

PGEO and control mice, 102 genes were selected for further charac-

terization based on neuronal relevance. Of the 102 DEGs, 21 genes

(20.59%) represent established autism risk genes4 (Fig. 5A), potentially

explaining autism-related molecular features in PGEO mice. Given that

neuronal hypoactivity frequently involves ion channel function, we

analyzed the GO items related to ion channels. Notably, all significantly

enriched BP terms were specifically associated with potassium ion

channels, including regulation of potassium channel transport, potas-

sium channel complex components and voltage-gated potassium

channel activity (Fig. 5B). Furthermore, we observed significant dys-

regulation of potassium channel-related genes following prenatal GLA

exposure (Fig. 5C), providing a plausible molecular explanation for the

altered firing frequency observed in the ACC pyramidal neurons.

Figure 4 Astrocytes are activated in the ACC of offspring mice exposed to prenatal GLA. (A) The schematic diagram of RNA sequencing. (B)

The three t-distributed stochastic neighbor embedding (t-SNE) components of each sample are visualized in a 3D coordinate system. (C) The

volcano plot shows the differentially expressed genes (DEGs) between the control and PGEO groups. (D) Gene ontology (GO) enrichment

analysis is conducted on the DEGs between the PGEO and the control groups, exhibiting various processes related to glial cells. (E) Repre-

sentative confocal images of the S100ß and GFAP immunofluorescence in the ACC. Scale bar, 500 μm (left); 100 μm (zoomed in, right). (F) The

density of S100ß+ cells between the control and PGEO groups. (G) The density of GFAP + S100ß+ cells between the control and PGEO groups.

(H) The percentage of GFAP + S100ß+ cells in all S100ß+ cells in the ACC between the control and PGEO groups. (I) The correlation analysis

between GFAP + S100ß+ cells number and CaMKIIα+cFos + cells in the ACC. n � 12 slices from 4 Control mice, n � 12 slices from 4 PGEO

mice. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.001 and ****P < 0.0001, as determined by unpaired two-tailed Student’s t test

(F—H).
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To determine whether potassium channel alterations in PGEO

mice translate to human autism, we integrated a published

snRNA-seq dataset21 from the ACC of 9 autism patients and 9

non-autistic controls (total nuclei: 42,393). After uniform mani-

fold approximation and projection (UMAP) for dimensionality

reduction, cell types were annotated using accepted cell markers

(Fig. 5D), yielding populations including pyramidal neurons,

GABAergic neurons, astrocytes, microglia, endothelial cells,

oligodendrocyte precursor cells (OPCs) and oligodendrocytes

(Fig. 5E). Strikingly, analysis of potassium channel DEGs from

PGEO mice within this human dataset revealed significantly

elevated KCNJ10 expression specifically in astrocytes of autism

Figure 5 The augmentation of Kir4.1 is associated with the hypoactivity of pyramidal neurons in the ACC. (A) The gene expression heatmap

displays the expression patterns of autism risk genes in the control and PGEO groups. (B) Gene ontology (GO) enrichment analysis is conducted

on the DEGs from the PGEO group compared to the control group, exhibiting various terms related to potassium channel in the aspects of

biological process (BP), cell component (CC), and molecular function (MF). (C) The gene expression heatmap represents the expression patterns

of potassium channel-related genes in the control and PGEO groups. (D) The dot plot illustrates the average expression levels and expression

percentage of cell annotation markers. (E) The UMAP visualization demonstrates the clusters of single nuclei in the ACC, with one color

representing one cell type. (F) Violin plot of KCNJ10 expression levels in astrocytes (P � 0.0017).
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Figure 6 Pharmacological Kir4.1 inhibition ameliorates social deficits in PGEO mice. (A) The schematic diagram of whole-cell patch-clamp

recordings on ACC astrocytes. (B) Representative traces showing linear I-V curve from a typical astrocyte before (left) and after (middle) Ba2+

perfusion under voltage steps (− 130 to − 30 mV, step by 10 mV, 150 ms duration, holding at − 80 mV). Subtraction of the two led to Ba2+-

sensitive Kir current (right) in PGEO and Control mice. (C) Representative Ba2+ -sensitive Kir4.1 currents and related summary data for ACC

astrocytes from PGEO mice (n � 5 cells from 3 mice) and Control mice (n � 5 cells from 3 mice). (D) Quantification of the Ba2+ -sensitive

current density at − 130 mV. (E) Schematic and heatmap of the three-chamber social tests among Control + Saline group, PGEO + Saline group
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patients compared to controls (Fig. 5F). Given that KCNJ10 en-

codes the astrocytic Kir4.1 potassium channel, we propose that the

channel’s dysregulation may underlie the observed pyramidal

neuron hypoactivity.

3.6. Kir4.1 inhibition ameliorates social deficits in PGEO mice

To certify the hypothesis that abnormal Kir4.1 channel contributes

to the hypoactivity of pyramidal neurons, we performed whole-

cell patch-clamp recordings on ACC astrocytes in PGEO and

control mice. We applied Ba2+ (BaCl2, 100 μmol/L), a selective

inhibitor of inwardly rectifying potassium channels (Kir), to

isolate Kir4.1 current. Recordings revealed that there was a sig-

nificant increase in Ba2+ sensitive currents in ACC astrocytes of

PGEO mice compared to control mice (Fig. 6A—D). Consistent

with this functional change, Kir4.1 protein expression was also

significantly elevated in PGEO mice (Supporting Information

Fig. S3A and S3B). These results suggest that the enhanced

Kir4.1 currents are associated with hypoactivity of ACC pyrami-

dal neurons under prenatal GLA exposure.

To determine whether Kir4.1 loss-of-function in the ACC

could restore neuronal firing and ameliorate core autism-related

phenotypes, we employed two distinct strategies. First, we deliv-

ered an astrocyte-targeting short hairpin RNA (shRNA) against

Kcnj10 (Kir4.1) into the ACC of PGEO mice using an adeno-

associated virus (AAV2/5) under the control of the human

GFAP promoter (GfaABC1D)45 (Fig. S3C-Left). The specificity

of astrocyte-targeted viral infection was verified by western

blotting and immunostaining (Fig. S3C-Right). To characterize the

intrinsic and synaptic properties underlying this modulation, we

performed whole-cell patch-clamp recordings on pyramidal neu-

rons in the ACC (Fig. S3D). Astrocyte-specific Kir4.1 knockdown

significantly restored the frequency of action potentials (APs)

evoked by depolarizing current steps in ACC pyramidal neurons

of PGEO mice (Fig. S3E). Notably, a significant depolarizing shift

in RMPs was observed in neurons from AAV-sh(Kcnj10)-infected

slices versus controls (Fig. S3I), while other electrophysiological

parameters (AP amplitude, half-width, threshold, Rin, Cm, or Tau)

were unaltered (Fig. S3F—S3I). These results suggest that astro-

cytic Kir4.1 depletion specifically enhances excitability by

increasing AP frequency and depolarizing RMP in a targeted

manner. Consequently, AAV-mediated shRNA targeting Kcnj10

[AAV-sh(Kcnj10)] markedly attenuated core autism-related phe-

notypes in PGEO mice, including a significant improvement in

social ability during the social novelty phase of the three-chamber

test (Fig. S3J and S3K). To further establish Kir4.1 as a druggable

target, we employed the known Kir4.1 inhibitor desipramine and

assessed its efficacy in ameliorating social deficits and repetitive

stereotypies. In the three-chamber sociability test, PGEO mice

treated with Desipramine spent significantly more time interacting

with Stranger 1 (S1) during the sociability phase compared with

PGEO mice treated with saline (Fig. 6E and F). Similarly, during

the social novelty phase, Desipramine-treated PGEO mice showed

a significantly increased preference for interacting with the novel

Stranger 2 (S2) (Fig. 6G). In the self-grooming test, PGEO mice

treated with Desipramine exhibited significantly longer grooming

duration compared with control mice, and this phenotype was

reversed by Desipramine treatment (Fig. 6H). Collectively, these

results illustrate that astrocytic Kir4.1 loss-of-function or phar-

macological inhibition of Kir4.1 channels alleviates core autism-

related behavioral phenotypes in PGEO mice.

3.7. Astrocytic Kir4.1 modulates pyramidal neuron activity via

astrocyte—neuron crosstalk

Based on the preceding findings, we hypothesize that Kir4.1

augmentation mediates pyramidal neuron hypoactivity via dis-

rupted astrocyte—pyramidal neuron crosstalk. Here, we mapped

the DEGs and their BPs of PGEO mice to the snRNA-seq data

of human autism patients with ACC. Initially, we applied

UMAP dimensionality reduction to astrocytes from autistic

patients and controls, yielding distinct astrocyte subclusters

(Fig. 7A). Notably, one subcluster (subcluster 2) was signifi-

cantly enriched in autism samples and was therefore designated

as autism-associated astrocytes (AAAs). Subsequent DEG

analysis within these AAAs identified significant overlap with

PGEO mouse DEGs (Fig. 7B). Gene set enrichment analysis

(GSEA) of AAA DEGs indicated significant enrichment for

functions including regulation of cell communication, cellular

response to chemical stimuli, and monoatomic ion trans-

membrane transport (Fig. 7C). This profile aligns with previous

GO analysis of PGEO ACC DEGs, suggesting conserved

astrocytic transcriptional dysregulation between PGEO mice and

human autism.

We next conducted an intersection analysis of the BPs in

AAAs and PGEO mouse DEGs, identifying 221 shared BPs

(Supporting Information Table S1). These processes were cate-

gorized into ten classes relevant to astrocyte—pyramidal neuron

crosstalk, with synapse formation and function representing the

predominant category (Fig. 7D). A heatmap visualizing the

strength of crosstalk pathways highlighted significant dysregula-

tion and specific affected mechanisms in autism (Fig. 7E). In

PGEO, differentially expressed genes (DEGs) associated with

glial cell processes, including Kcnj10, which encodes the inward-

rectifying potassium channel Kir4.1, were also identified to

participate in astrocyte—pyramidal neuron crosstalk (Fig. 7F).

Given that administration of desipramine to PGEO mice potently

rescued social deficits and decreased grooming duration

(Fig. 6E—H), we further investigated whether this behavioral

improvement was associated with the recovery of neuronal ac-

tivity in the ACC. We performed patch-clamp electrophysiology

to re-evaluate action potential firing of ACC pyramidal neurons

following desipramine treatment. Patch-clamp recordings revealed

that Desipramine (50 μmol/L) effectively restored action potential

firing frequency in PGEO pyramidal neurons (Fig. 7G—I). Simi-

larly, Desipramine administration normalized the hyperpolarized

and PGEO + DES group. (F) The time of interacting with the S1 mouse and the empty object in the sociability phase (phase 2) (n � 7

Control + Saline group, n � 7 PGEO + Saline group and n � 8 PGEO + DES group); S1: Strange mouse 1, E: Empty object. (G) The time of

interacting with the S1 mouse and the S2 in the sociability novelty phase (phase 3) (n � 7 Control + Saline group, n � 7 PGEO + Saline group

and n � 8 PGEO + DES group); S2: Strange mouse 2. (H) Quantification of the time in self-grooming during the 10-min free movement (n � 8

Control + Saline group, n � 11 PGEO + Saline group and n � 11 PGEO + DES group). Data are presented as means ± SEM. *P < 0.05,

**P < 0.01, ***P < 0.001 and ns � no significant difference, as determined by unpaired two-tailed Student’s t test (D) and two-way analysis of

variance (ANOVA) (C and F—H).
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Figure 7 Astrocytic Kir4.1 modulates pyramidal neuron activity via astrocyte—neuron crosstalk. (A) The UMAP visualization demonstrates

the subclusters of astrocytes in the ACC. (B) Volcano plot of DEGs between astrocyte subcluster 2 and other subclusters, with genes related to
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RMPs in pyramidal neurons from PGEO groups, but had no sig-

nificant effect on basal membrane properties (e.g., Rin, Cm and

Tau) of pyramidal neurons in either group (Fig. 7J—M).

Together, these data support a model where astrocytic Kir4.1

dysregulation disrupts astrocyte—pyramidal neuron crosstalk,

particularly impacting synaptic processes, ultimately leading to

neuronal hypoactivity and core behavioral phenotypes.

4. Discussion

The present study provides compelling evidence that prenatal

exposure to GLA induces autism-like behaviors through a novel

astrocyte-mediated mechanism involving Kir4.1 potassium chan-

nel dysregulation in the ACC. Our findings significantly advance

the understanding of environmental risk factors in neuro-

developmental disorders and identify a potential therapeutic target

for ASD intervention.

Our study demonstrated astrocyte-mediated dysregulation of

neuronal excitability in the ACC of GLA-exposed offspring mice.

The ACC maintains anatomical and functional connections with a

wide range of regions that processing social information46.

Moreover, dysfunction of inhibitory synapses within the ACC can

trigger social deficits in animal models of neurodevelopmental

disorders47,48. Besides neurons, a growing body of studies un-

derscores the crucial role of astrocytes during pathological process

of ASD49-52. We found astrocyte activation and GFAP over-

expression in the ACC of PGEO mice. In alignment with our data,

the postmortem examinations and animal models have reported

alterations in the expression of key astrocytic markers, such as

S100ß, aquaporin 4 (AQP4), and Excitatory Amino Acid Trans-

porter 1 (EAAT1), as well as increased presence of reactive as-

trocytes in the ASD pathological process53-58.

How do activated astrocytes orchestrate these dynamic pro-

cesses in neuronal excitability in GLA-exposed offspring mice?

Our integrated multi-omics approach reveals broader patho-

physiological implications. Transcriptomic convergence between

PGEO mice and human ASD astrocytes suggests evolutionary

conservation of glial potassium channel dysregulation in social

impairment. Indeed, it is generally agreed that direct and indirect

defects in K+ channels are associated with the pathogenesis of

ASD, and may disrupt neuronal network processes in multiple

brain regions59-61. This alignment extends beyond Kir4.1 to

include coordinated disruption of autism-associated gene net-

works regulating synaptic connectivity and ion homeostasis.

ASD patients frequently carry KCNJ10 dominant activating

mutations, implicating that astrocytic-dependent K+ buffering

may be a common mechanism leading to the core phenotype of

ASD62,63. Such cross-species validation addresses a key limita-

tion in environmental neurotoxicology studies and provides a

mechanistic scaffold for understanding how transient gestational

insults generate persistent circuit dysfunction. The ACC emerges

as a vulnerability nexus where astrocyte—neuron metabolic

coupling is hijacked by herbicide exposure, creating self-

sustaining excitatory deficits via impaired potassium buffering.

AAV-mediated astrocytic Kir4.1 knockdown, together with the

pharmacological reversal of both behavioral and electrophysio-

logical deficits via Kir4.1 inhibition, demonstrates that this

channel is a therapeutically actionable target. Dysfunction in

astrocyte-dependent potassium buffering may alter neuronal

excitability and synaptic function, thereby contributing to autism

phenotypes64,65. Consistent with our observations, a previous

study demonstrated that elevated astrocytic Kir4.1 expression

accelerates the clearance of ions released by neurons into the

extracellular space66. This rapid clearance induces neuronal hy-

perpolarization, thereby promoting burst firing and depressive-like

behaviors. In contrast, astrocyte-specific Kir4.1 loss-of-function in

the LHb rescues depressive behaviors by reducing neuronal

bursting66. Aberrant synaptic transmission and dendritic spines in

neurons play a key role in ASD, while synaptic activity is

controlled by astrocytes67,68. Desipramine-mediated rescue of

social deficits and repetitive behaviors, alongside restoration of

pyramidal neuron firing, demonstrates that developmental synap-

tic impairments remain modifiable post-insult. This repurposing of

desipramine moves beyond correlation to directly establish a

causal role for astrocytic Kir4.1 in circuit dysfunction. Metabolic

coupling between neurons and astrocytes has been proven essen-

tial for supporting brain function69-71. Consistent with that astro-

cytic Kir4.1 plays a primary regulatory role in pathological

process of GLA-induced ASD, we observed that the frequency of

spontaneous excitatory postsynaptic currents decreased in the

same context. Moreover, the dissociation between rescued social

behaviors and unaffected anxiety/cognition highlights the circuit-

specificity of this intervention, a crucial consideration for targeted

ASD therapeutics.

Several critical questions remain unresolved. Neurons and glial

cells are interdependent across multiple aspects of biological

development and function72, yet the mechanism by which ab-

normalities in glial cell migration and differentiation affect the

neuronal system remains to be further elucidated. The temporal

dynamics of astrocytic Kir4.1 dysregulation whether it initiates

during prenatal exposure or amplifies postnatally require longi-

tudinal investigation. Second, the specific contribution of Kir4.1

relative to other potassium channels and broader astrocyte func-

tions remains to be clarified. Third, it is important to explore

whether GLA exposure affects brain regions beyond the anterior

cingulate cortex or influences behavioral domains not examined in

this study. Potential sex differences in astrocytic responses to GLA

must be evaluated given male-predominant ASD

glial cell activation labeled in the plot. (C) Gene set enrichment analysis (GSEA) displays BPs enriched in astrocyte subcluster 2. NES:

normalized enrichment score. An NES score greater than 0 indicates that this BP is enhanced, while a score less than 0 indicates the opposite. (D)

Ten types of astrocyte—neuron crosstalk. (E) Strength heatmaps of significant categories of astrocyte—pyramidal neuron crosstalk and specific

processes between neurons and astrocyte subcluster 2. (F) Sankey plot indicates KCNJ10 mediates crosstalk between astrocytes and pyramidal

neurons by participating in various BPs. (G) Schematic representation of electrophysiological recordings of pyramidal neurons in the ACC. (H, I)

Representative APs and quantification of the AP frequency by current injections from 0 to 300 pA (stepped by 20 pA) in ACC pyramidal neurons

of Control and PGEO mice treated with ACSF or 50 μmol/L desipramine. (J—L) Quantification of the AP amplitude, half width and threshold in

ACC pyramidal neurons. (M) Quantification of RMP, Rin, Tau, and Cm of membrane properties in ACC pyramidal neurons under patch-clamp

recording. n � 15 cells from 3 Control mice treated with ACSF, n � 11 cells from 3 PGEO mice treated with ACSF, n � 11 cells from 3 PGEO

mice treated with desipramine. Data are presented as the mean ± SEM. *P < 0.05 and ns � no significant difference, as determined by one-way

analysis of variance (ANOVA) (J—M) and two-way analysis of variance (ANOVA) (I).
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epidemiology73,74. Technical innovations combining astrocyte-

specific Kir4.1 manipulation with in vivo potassium imaging

will help dissect the spatial consequences of channel dysfunction

across the ACC.

5. Conclusions

This work redefines environmental neurotoxicity paradigms by

demonstrating that herbicides reprogram astrocytic function rather

than merely damaging neurons. We position Kir4.1 as a

mechanism-based therapeutic target with disease-modifying po-

tential. Future efforts should develop brain-penetrant Kir4.1 in-

hibitors and explore their synergy with neuromodulatory

approaches for environmentally triggered neurodevelopmental

disorders.
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