www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Aniracetam restores the
excitation-inhibition balance of
neurotransmitters in the prefrontal
cortex of mice with ADHD

Jie Cui'?, Xiao-Li Sun?, Shuo Shi%2, Hui Bai*, Wei Zhang®"* & Wan-Jun Bai2**

Attention-deficit/hyperactivity disorder (ADHD) is the most prevalent neurodevelopmental

disorder in childhood and a common chronic condition among school-aged children. However,

the pharmacological mechanisms and pathophysiology of ADHD remain incompletely elucidated.
Transmembrane a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor regulatory
protein y-8 (TARP y-8, also known as calcium voltage-gated channel auxiliary subunit y8) functions

as an auxiliary subunit of AMPA receptors. Previous studies suggest that mice lacking the TARP

y-8 protein may display hyperactivity, impulsivity, and memory deficits, which are hallmarks of

ADHD. The nootropic compound aniracetam effectively mitigates ADHD-like symptoms, including
hyperactivity, impulsivity, anxiety, cognitive deficits, and memory impairment, observed in adolescent
TARP y-8 knockout (KO) mice. This investigation explored the therapeutic potential of aniracetam

and its underlying molecular mechanisms using TARP y-8 KO mice as an ADHD model. Through
cerebral microdialysis coupled with liquid chromatography-tandem mass spectrometry (UPLC-MS/

MS) analysis, we identified perturbations in neurotransmitter metabolism in the ADHD model of

TARP y-8 KO mice. Real-time quantitative PCR (RT-qPCR) was employed to detect alterations in the
expression of key receptor and transporter genes. The results indicate that aniracetam can alleviate
ADHD-related behavioral deficits by modulating the excitatory-inhibitory neurotransmitter systems
through the modulation of glutamate receptor, y-Aminobutyric Acid receptor, and monoamine
neurotransmitter transporter expression. These findings in a TARP y-8-deficient ADHD model support
further investigation into aniracetam as a potential therapeutic intervention for ADHD, providing novel
molecular targets and a theoretical framework for the pharmacological management of ADHD.

Keywords Aniracetam, Attention deficit hyperactivity disorder, AMPA receptor, TARP y-8,
Neurotransmitters, Prefrontal cortex

According to the diagnostic and statistical manual of mental disorders, fifth edition (DSM-5), hyperactivity,
inattention, impulsive behavior, and difficulties with social and academic functioning are the hallmarks of
Attention-Deficit/Hyperactivity condition (ADHD), a neurodevelopmental condition. Between the ages
of 6 and 17, ADHD most often manifests itself in youngsters, with a prevalence ranging from 3.4 to 7.2%!.
Moreover, research indicates that 60 to 80% of cases persist into adulthood*. The disease can have a significant
impact on children’s social interactions, mental health, and academic performance, placing a heavy strain on
both individuals and society as a whole®~”.

Although the precise etiology and pathogenic mechanisms of ADHD are still not entirely understood, research
suggests that the disorder is brought on by intricate interplay between environmental circumstances and genetic
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predispositions®. Neurotransmitters like dopamine (DA) and norepinephrine (NE) work together through a
variety of receptors to collectively alter the activity of the prefrontal cortex (PFC), cerebellum, and caudate
nucleus-areas of the brain that control attention, thought, emotion, behavior, and motor skills>!0, Research
has indicated that the primary functional impairments seen in people with ADHD are specifically linked to
these brain regions’. It has been reported that polymorphisms in the genes encoding the dopamine D4 receptor
(DRD4), DA transporter 1 (DAT-1), and serotonin 1B receptor (5-HTR1B) can lead to neurotransmission
dysfunction!!"!*. Many studies have shown that several genes are closely linked to the pathogenesis of ADHD
in children, and the genes that have been identified thus far have all been strongly linked to neurotransmitter
transmission and neurodevelopment, which is important information for understanding the pathological
mechanisms and etiology of ADHD. These genes are mainly involved in the dopaminergic, serotonergic,
noradrenergic, cholinergic, glutamatergic, and GABAergic pathways, and they may interact with environmental
factors!*!1>. It is interesting to note that some of the genes found in human studies have been confirmed in animal
models, while others are still pending confirmation'®.

These interactions between the catecholaminergic and glutamatergic systems have led to an increasing
amount of research evidence in recent years that the glutamatergic system is also extensively involved in the
pathogenesis and development of ADHD'’. As the central excitatory neurotransmitter, glutamate’s dysfunctional
signaling contributes to numerous neurological pathologies'. One of the key receptor targets of glutamate (Glu)-
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type ionotropic Glu receptor family-
plays a critical role in neurobiological processes underlying learning and memory'®?’. Research indicates that
regulatory drugs targeting AMPA receptors (AMPARs) can positively modulate these neural processes, including
synaptic plasticity and long-term potentiation (LTP)?"?2. Building on these positive benefits, AMPARs and their
allosteric modulators have become important targets for treatment in a variety of cognitive diseases, such as
ADHD?*, Parkinson’s disease?>?%, Alzheimer’s disease*”-?8, and schizophrenia®*-*!. While the DA/NE system
and other mechanisms are also associated with ADHD, it is proposed that a dysregulation of the bidirectional
dopaminergic-glutamatergic interplay constitutes a core pathophysiological mechanism for ADHD-related
behavioral deficits®>~3*. An alternative theory suggests that the inhibition of context-inappropriate responses
is hampered by malfunction in the Glu-y-aminobutyric acid (GABA) circuit®. Specifically, increased calcium
ion permeability and decreased neuronal membrane resistance caused by elevated Glu levels can cause
cortical hyperexcitability. Conversely, weakened GABAergic inhibition makes the excitation-inhibition (E/I)
imbalance even worse®®. GABA and Glu, the major inhibitory and excitatory neurotransmitters in the central
nervous system (CNS), have attracted increasing attention in ADHD research. Studies have shown that the
balance between Glu and GABA in the prefrontal-striatal circuit is critical for normal brain development and
function®”-*. GABA primarily exerts its effects through medium spiny neurons in the striatum and interneurons
in the cortex>*0. Several lines of evidence suggest that GABA plays a role in the neurophysiological mechanisms
of ADHD!>#1-43, For example, studies using magnetic resonance spectroscopy (MRS) have shown that children
with ADHD have lower prefrontal GABA levels*, while another study found that similar prefrontal regions
had higher glutamatergic levels®®. Transmembrane AMPARs regulatory protein y-8 (TARP y-8), a key protein
regulating the basal expression, synaptic localization, and plasticity of AMPARs, has been closely linked to
the development of ADHD. Notably, TARP y-8 deficiency in adolescent mice leads to typical ADHD-like
phenotypes, including hyperactivity, impulsivity, anxiety, and cognitive impairment, thereby recapitulating
core symptoms and common comorbidities of the disorder*>®. Synaptosomal proteomic analysis revealed
dysregulated dopaminergic and glutamatergic transmission in the PFC of adolescent TARP y-8 knockout (KO)
mice, alongside impaired AMPARs complex function in the hippocampus*”*®. These findings indicate that
adolescent TARP y-8 KO mice may serve as a novel and etiologically relevant animal model for ADHD research®.
Population studies further support the genetic underpinnings of TARP y-8 in ADHD. Large-scale genome-
wide analyses have identified significant associations between common single-nucleotide polymorphisms (e.g.,
rs11084307) within the CACNG8 locus and an increased risk for ADHD, establishing it as a susceptibility gene™.
Subsequent functional genomic studies further suggest that these risk-associated genetic variants may lead to
downregulation of CACNGS gene expression or impairment of TARP y-8 protein function, potentially affecting
its fine-tuned regulation of excitatory synaptic signaling in key brain regions such as the hippocampus?4-3!,
This finding from human genetics strongly aligns with the core ADHD-like behavioral phenotypes-including
hyperactivity, impulsivity, and attention deficits-that are stably recapitulated in TARP y-8 KO mouse models
and are reversible with first-line treatments such as methylphenidate?*4743. Therefore, integrating evidence from
human genetic susceptibility and animal model phenotypes, CACNGS and its encoded TARP y-8 protein are
recognized as important genetic factors involved in the pathophysiology of ADHD>>%,

Aniracetam (1-[(4-methoxyphenyl)]-2-pyrrolidinone), a nootropic drug of the piracetam class, is
characterized by its mild side effects®®. Aniracetam exerts its effects through a dual allosteric modulation
mechanism targeting both AMPARs and metabotropic Glu receptors (mGluRs). It not only directly enhances
glutamatergic synaptic transmission but also activates neuronal nicotinic acetylcholine receptors (nAChRs),
thereby indirectly promoting dopaminergic neurotransmission via cholinergic activity®. Aniracetam is known
to postpone receptor desensitization and deactivation by maintaining the Glu-bound conformation of AMPARs,
which in turn affects ion flux*'>>%”. Aniracetam safely and successfully reduces emotional dysregulation, sleep
problems, and cognitive impairment in people with Alzheimer’s disease®®*® and cerebrovascular illnesses,
according to clinical research®-%2. Animal studies have demonstrated that piracetam improves memory
dysfunction following brain injury, reverses scopolamine-induced deficits in passive avoidance tasks, and provides
neuroprotection against scopolamine or CO, intoxication®*-®. It has been shown to improve cognitive function
and ameliorate ADHD-like behaviors in TARP y-8 KO mice***S. However, a comprehensive understanding of its
effects on the neurotransmitter networks underlying these behavioral improvements is lacking.
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Therefore, microdialysis sampling combined with Ultra Performance Liquid Chromatography-Tandem
Mass Spectrometry (UPLC-MS/MS) analysis was utilized to assess the regulatory effects of aniracetam-a
positive allosteric modulator of AMPARs-on the neurotransmitter network in the PFC of TARP y-8 KO mice.
By quantitatively monitoring dynamic changes in the homeostasis of multiple neurotransmitter systems,
including DA, serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA), Glu, Glycine (Gly), and GABA, and
integrating Real-time quantitative PCR (RT-qPCR) to analyze mRNA expression profiles of key receptor
subunits and transporters, this study provides deeper mechanistic insights into how aniracetam modulates the
PFC neurotransmitter system under TARP y-8 deficiency.

Materials and methods

Chemicals and reagents

Glutamate (Glu, Lot: B25300, purity>98%), Glycine (Gly, Lot: B21915, purity>99%), y-aminobutyric acid
(GABA, Lot: B21979, purity=299%), serotonin (5-HT, Lot: B21833, purity = 98%), 5-hydroxyindoleacetic acid
(5-HIAA, Lot: B27047, purity 298%), and dopamine (DA, Lot: B25300, purity>98%) were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. Isoprenaline (ISO, Lot: 18480, purity>98%) was obtained from
Solarbio. Aniracetam (Lot: T0333, purity >99.8%) and hydroxypropyl-B-cyclodextrin (HP-B-CD, Lot: T19609,
purity >98%) were supplied by TargetMol. TRIzol® Reagent (Lot: 99940401) was acquired from Invitrogen
(USA). The FastKing cDNA First Strand Synthesis Kit (Cat: KR118-01) and RealUniversal Color Fluorescence
Quantitative PreMix Kit (Cat: FP201-02) were procured from Tiangen Biotech (Beijing) Co., Ltd. Purified
water was provided by Hangzhou Wahaha Group Co., Ltd. Acetonitrile and methanol (both HPLC grade) were
sourced from Thermo Fisher Scientific, and formic acid (HPLC grade) was supplied by Shandong Xiya Chemical
Co., Ltd.

Apparatus and software

The ultra-performance liquid chromatography (UPLC) system (LC-30A), equipped with a binary high-pressure
gradient pump (LC-30AD), a column oven (CTO-30A), and an autosampler (SIL-30AC), was obtained from
Shimadzu Corporation (Japan). The AB Sciex 5500 triple quadrupole mass spectrometer, featuring a Turbo V™
electrospray ionization source and triple quadrupole mass analyzer, along with Analyst® 1.6.1 data acquisition
software, was acquired from AB Sciex (USA). Additional equipment included: a NewClassic analytical balance
(Mettler Toledo, Switzerland); pipettes (Eppendorf, Germany); a vortex mixer (Thermo Scientific); a KQ-5200E
ultrasonic cleaner (Kunshan Ultrasonic Instrument Co., Ltd., China); an S1010E centrifuge (SCILOGEX, USA);
a -80°C ultra-low temperature freezer (Thermo Fisher Scientific, USA); and an intracerebral microdialysis
system from BASi (USA), comprising MD-2211 probes (1 mm membrane length), MD-2255 guide cannulae,
an MD-406 animal activity system, MW-2310 sampling needles, and an MD-1201 refrigerated auto-sampler. A
Hamilton microsyringe, a stereotaxic instrument for mice, a handheld cranial drill, and a small animal anesthesia
machine were purchased from RWD Life Science Co., Ltd. (Shenzhen, China).

Animals and treatment
This study was approved by the Animal Ethics Committee of the General Hospital of Hebei (Approval No.:
2024-DW-038, Shijiazhuang, China). All experimental procedures were conducted in accordance with
the ethical guidelines and regulations for animal welfare established by the General Hospital of Hebei and
followed the recommendations of the ARRIVE guidelines for reporting in vivo experiments. The TARP y-8
KO mouse strain used in the experiments had been backcrossed for at least eight generations onto a C57BL/6 ]
background. Homozygous TARP y-8 KO mice and their wild-type (WT) littermate controls were obtained by
crossing heterozygous parents. Animals were group-housed by genotype (6 mice per cage) under controlled
environmental conditions: temperature was maintained at 22 +0.5 °C, humidity at 50% + 5%, and a 12 h light/
dark cycle (lights on from 19:00 to 7:00) was applied. Food and water were available ad libitum. Male C57BL/6 ]
mice aged 4-8 weeks (body weight 13.2-20.5 g) were used and assigned to three groups based on genotype
and treatment: WT (vehicle) group (WT, n=8): Received intraperitoneal injection of a 10% HP-B-CD aqueous
solution at a volume of 10 mL/kg for 7 consecutive days. TARP y-8 KO (vehicle) group (KO, n=8): Received
intraperitoneal injection of a 10% HP-B-CD aqueous solution at a volume of 10 mL/kg for 7 consecutive days.
TARP y-8 (aniracetam) group (Aniracetam, n=8): received intraperitoneal injection of a 10% HP-B-CD
inclusion complex solution containing aniracetam at a dose of 100 mg/kg for 7 consecutive days.

All drug solutions were freshly prepared immediately before administration. All mice were housed under
identical conditions, and the drug administration procedures were kept consistent across all groups.

Standard solution and quality control samples

Weighing six reference standards was done precisely. To create individual stock solutions at 1 mg-ml™, Glu was
dissolved in ultrapure water while the other neurotransmitter reference standards were dissolved in methanol.
These solutions were then kept at -20°C. A mixed standard solution was prepared in acetonitrile-water solution
(4:1, v/v) with the following concentrations: 0.5 pug-ml"! for Glu and DA, 0.3 pg:ml™! for GABA and 5-HT,
10 pg'ml™! for Gly, and 2 pg-ml™! for 5-HIAA. The corresponding standard/quality control (QC) samples were
prepared by serial dilution using artificial cerebrospinal fluid (aCSF) buffer. Additionally, 1 mg of the internal
standard, isoprenaline hydrochloride, was accurately weighed and dissolved in methanol to obtain a 1 mg-mL™!
stock solution, which was further diluted with acetonitrile-water (4:1, v/v) to a final concentration of 2 ng-mL‘1
and stored under refrigeration for subsequent use.
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aCSF

Weigh out the following: 101.65 mg of magnesium chloride hexahydrate (MgCl,-6H,0), 100.65 mg of potassium
chloride (KCl), 358.15 mg of disodium hydrogen phosphate dodecahydrate (Na,HPO,-12H,0), 66.6 mg of
calcium chloride (CaCl,), and 4,236.9 mg of sodium chloride (NaCl). To make a 500 mL solution (pH 7.4), add
ultrapure water.

Animal manipulation

The male mice used in the investigation weighed 13.2 to 20.5 g. After anesthesia, each mouse was secured in a
stereotaxic apparatus to expose the skull. After removing the top hair, cotton balls soaked in 75% ethanol were
used to disinfect the scalp. The skull surface was cleansed with cotton balls wet with saline until it was plainly
visible after the periosteum was gently removed. After exposing the skull, the bregma point was identified and
used as the coordinate origin. The target location in the PFC (coordinates: AP:+1.94 mm, ML:+0.3 mm, DV:
—2.5 mm) was determined. Precise cranial drilling was performed to create three holes: one for implanting the
microdialysis probe guide cannula, and two for anchor screws. The cannula was firmly fixed to the skull using
dental cement to ensure stability during normal animal activity. Following cannula implantation, the mice were
individually housed under room temperature for a recovery period of 3-5 days. Only those that resumed normal
behavior and feeding activity without showing signs of lethargy or other adverse postoperative effects were
included in subsequent studies.

Sample preparation

The mouse was given gas anesthesia on the day of the experiment, and the microdialysis probe was then
carefully placed into the guide cannula that had already been implanted. After that, the probe was attached
to a microinfusion pump and microdialysis tubing. Microdialysis sampling was started as soon as the mouse
regained voluntary mobility when the gas anesthetic was stopped. A microinfusion pump was utilized to perfuse
aCSF at a flow rate of 1.0 pl- min™". Six dialysate samples were obtained over the course of three hours, with one
sample tube being taken every thirty minutes, after a 1.5 h equilibration interval. Immediately after collection,
the samples were kept at —80°C for UPLC-MS/MS analysis. Upon completion of the experiment, the animal
was euthanized via overdose of isoflurane anesthesia combined with cervical dislocation. The brain was rapidly
removed, flash-frozen on dry ice, and stored at —20°C for subsequent histological verification of probe placement.

Biological sample preparation

Pipette 25.0 pL of brain microdialysate into a glass UPLC-MS/MS vial. Then, add 25 pl of a 2 ng-ml™! IS working
solution to the same vial. Vortex the mixture thoroughly for 10-15 s to ensure complete homogenization. The
sample is now ready for UPLC-MS/MS analysis.

UPLC-MS/MS analysis

An ACQUITY BEH Amide column (2.1 mm x 100 mm, 1.7 pm) was used for separation. The mobile phase
consisted of (A) 0.2% formic acid in water and (B) acetonitrile. The gradient elution program was set as follows:
0-1 min, 75% B; 1-1.8 min, 65% B; 1.8-2.3 min, 55% B; 2.3-3.2 min, 40% B; 3.2-5.0 min, 40% to 75% B. The
flow rate was maintained at 0.4 mL/min, and the injection volume was 2 ul. Analysis was performed using an
electrospray ionization (ESI) source in positive ion multiple reaction monitoring (MRM) mode. The ion source
temperature was set to 500 C. The curtain gas pressure was 20 psi, the collision gas pressure was 8 kPa, and
the ion spray voltage was 5500 V. Both Gas1 and Gas2 were set to 60 psi. Detailed instrument parameters and
monitored ion transitions are summarized in (Table 1).

RT-gPCR

The primer sequences are listed in (Table 2). Total mRNA was extracted from the PFC using the Trizol method,
and the concentration and purity of the RNA were measured at 260 nm and 280 nm using an ultra-micro
spectrophotometer. The RNA was reverse-transcribed into complementary DNA (cDNA) using a TTANGEN
reverse transcription kit under the following reaction conditions: 42°C for 15 min and 95°C for 3 min. qPCR was
performed using the Real Universal Color Fluorescence Quantitative PreMix (SYBR Green) kit. The RT-PCR
amplification conditions consisted of an initial denaturation at 95°C for 15 min, followed by 40 cycles of 95°C
for 10 s and 60°C for 25 5. An Illumina RT-PCR system was used for the experiment, and the 224 method

Precursor | Product | Retention

Compound name | ion(m/z) |ion(m/z) | Time(min) | DP(V) | CE(eV)
Glu 148.1 84.2 2.13 45 22

Gly 76.0 30.1 2.06 100 20
GABA 104.2 87.1 1.33 60 15
5-HT 177.2 160.2 1.19 40 17
5-HIAA 192.1 146.2 1.14 100 24

DA 154.2 137.3 1.20 56 14.5

IS 212.0 194.0 1.25 100 20

Table 1. Monitoring ion transitions for the seven neurotransmitters are summarized as follows.
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Gene | Forward primer Reverse primer

grial | GGACAACTCAAGCGTCCAGA | GTCGGTAGGAATAGCCCACG
gria2 | CAGGATTTGGTTTGGTTCCG | CCTTAGTCTGTGTGCGGTGT
gria3 | GCAATTCATACAGCGCTGGG | TGCCTCCTCAGGTATCGGAA
gria4 | GGCCAGGGAATTGACATGGA | CCTTTCGAGGTCCTGTGCTT
slc6a3 | TCACACCTGAGAAAGACCGC | GCAGCTGTCTCCTTCCACTT
slc6a4 | CGTCACCTGCTGAGGAGTTT | CCACCTTGCCAGACGTTTTG
slc6a9 | CTCTGCCCTGAGCTGTTTCA | GATTTTCCTGGGCAGAGGCT
gabral | CTTGCAACCTGCCTTTGTCC | TTCTTCCCGACAGTGTGCTC

Table 2. Primer sequences for quantitative real-time polymerase chain reaction.

was used to determine the relative mRNA expression levels of grial, gria2, gria3, gria4, slc6a3, slc6a4, slc6a9, and
gabral in the PFC.

Statistical data analysis

All statistical analyses were performed using GraphPad Prism 9.0 software. Data are presented as the
mean * standard error of the mean (SEM). The normality of data within each group was first assessed using the
Shapiro-Wilk test. For data conforming to a normal distribution, comparisons between two independent groups
were conducted following the pre-specified analytical sequence: (1) TARP y-8 KO group (vehicle treatment)
versus the WT group (vehicle treatment), followed by (2) TARP y-8 KO group (aniracetam treatment) versus
the TARP y-8 KO group (vehicle treatment). These comparisons were performed using independent-samples ¢-
tests. Specifically, the standard unpaired t-test was applied when group variances were equal, whereas Welch’s
corrected t-test was applied for comparisons involving unequal variances. For data that violated the normality
assumption, the non-parametric Mann-Whitney U test was employed for comparisons between two independent
groups. Significance levels were defined as follows: “""P<0.0001, “"P<0.001, "P<0.01, and "P<0.05.

Results

Method validation

Specificity

Following the standard solution preparation procedure, aCSFE, aCSF spiked with mixed standards, and mouse
brain microdialysate samples collected 90 min after post-dose perfusion equilibrium were analyzed. The
specificity results are shown in (Fig. 1). The results indicate that endogenous components in the processed aCSF
do not interfere with the detection of any of the seven analytes. All target compounds demonstrated excellent
separation with sharp and symmetrical peak shapes.

Linearity and LLOQ

A series of standard working solutions were prepared by diluting the mixed standard stock solution. Using the
peak area of the analytes as the y-axis and their concentrations as the x-axis, weighted least squares regression
(W=1/X?) was performed to establish the corresponding regression equations. The limit of detection (LOD)
and limit of quantitation (LOQ) were determined at signal-to-noise ratios (S/N) of>3 and > 10, respectively.
As shown in (Table 3), all calibration curves exhibited good linearity (correlation coefficient R?>0.99), where y
represents the corrected peak area ratio of the analyte to the internal standard, and x denotes the concentration
of the analyte. Within their respective linear ranges, the peak areas of all analytes showed satisfactory linear
relationships with their concentrations. The lower limits of quantitation (LLOQ) for each analyte in cerebrospinal
fluid were as follows: 5.0 ng-mL! for Glu and DA; 50 ng-mL! for Gly; 3 ng-mL"! for GABA; 1.5 ng-mL! for 5-HT;
and 10 ng-mL™! for 5-HIAA.

Precision and accuracy

The biological samples with low, medium, and high concentrations of each component were prepared using
aCSE, with five parallel preparations for each concentration, followed by injection and analysis. The samples
were continuously measured over three days, and the intra-day and inter-day precision and accuracy were
calculated by substituting the results into the standard curve equation of the day, as shown in (Table 4). The
results demonstrated that the intra-day precision relative standard deviation (RSD) for the three different
concentrations was < 8.89%, and the inter-day precision RSD was < 8.9%. The intra-day accuracy Relative Error
(RE) absolute value was<0.85%, and the inter-day accuracy RE absolute value was<10.7%. These findings
indicate that the intra-day and inter-day precision and accuracy for the low, medium, and high concentrations
of each neurotransmitter component in the biological samples were satisfactory, and the measurement results of
this method all met the acceptable criteria.

Stability

Biological samples containing low and high concentrations of each component were prepared using aCSE,
with five parallel replicates for each concentration. These samples were stored at 4C for 8 h and subsequently
analyzed, as shown in (Table 5). According to the results, the RSD of the samples ranged from 2.34 to 8.44% after
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Fig. 1. MRM chromatograms of the seven neurotransmitters in brain microdialysate. I. aCSF; II. aCSF spiked
with mixed standard solution; III. Brain microdialysate after 90 min perfusion; (A) Gly; (B) Glu; (C) GABA;
(D) 5-HT; (E) 5-HIAA; (F) DA; (G) Isoprenaline (IS).
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Neurotrans | Regression LOQ
mitters equation Linear range(ng/mL) | R? LOD(ng/ml) | (ng/ml)
Glu Y =0.000358X+0.00013 5-245 0.9992 | 0.5 5.0
Gly Y =0.0000105X +0.000057 | 50-4900 0.9994 | 10.0 50.0
GABA Y =0.00015X+0.0000191 3-147 0.9992 | 0.6 3.0
5-HT Y =0.000376X+9.33x 1077 | 1.5-147 0.9993 | 0.3 1.5
5-HIAA Y =0.0000624X +0.000609 | 10-980 0.9996 | 3.0 10.0
DA Y=0.000431X+3.82x107° | 5-245 0.9994 1.0 5.0

Table 3. Evaluation of the linearity of the six neurotransmitters.

Intra-day(n=6) Inter-day(n=3)
Mean + Mean +
Analyte | Added(ng/ml) | SD(ng-mL—1) | Precision RSD (%) | Accuracy RE (%) | SD(ng:mL—-1) | Precision RSD (%) | Accuracy RE (%)
12.5 13.10+1.16 8.89 0.05 12.51+1.11 8.90 0.11
Glu 100 106.00+£3.54 3.34 0.06 100.80+5.48 5.43 0.88
190 197.40+11.87 |6.01 0.04 194.60+7.79 4.00 2.46
150 164.80£8.76 5.31 0.10 159.13+9.49 5.97 6.09
Gly 2000 2248.00+33.47 | 1.49 0.12 2108.00+116.20 | 5.51 5.40
3800 4226.00+88.77 | 2.10 0.11 4142.67+97.36 | 2.35 9.02
7.5 8.26+0.30 3.65 0.10 8.25+0.24 2.95 9.97
GABA 60 66.42+1.33 2.00 0.11 62.97+2.98 4.73 4.96
114 127.00£2.92 2.30 0.11 126.20+2.51 1.99 10.70
4.5 4.77+0.26 5.47 0.06 4.87+0.23 4.71 8.25
5-HT 60 66.52+1.39 2.09 0.11 64.27+2.29 3.57 7.12
114 127.20+£3.11 2.45 0.12 125.47+3.23 2.57 10.06
30 31.84+2.19 6.87 0.06 30.02+2.18 7.25 0.07
5-HIAA | 400 413.60+11.19 |2.71 -0.46 411.53+8.78 2.13 2.88
760 738.80+18.14 |2.46 0.85 690.93+37.19 5.38 -9.09
125 13164099 | 7.50 0.05 1333081 6.11 6.61
DA 100 111.00£2.35 | 2.11 0.11 105.56+4.87 | 4.61 5.56
190 210.60+439 | 2.09 0.11 208.60+4.32 | 2.07 9.79
Table 4. Precision and accuracy of the six neurotransmitters in brain microdialysate.
8h,4C 3 freeze-thaw cycles
Added | Precision | Accuracy | Precision
Analyte | (ng/ml) | RSD (%) | RE (%) RSD (%) | Accuracy RE (%)
Glu 12.5 6.09 7.68 6.19 -6.08
190 3.15 8.53 4.77 0.42
Gl 150 4.11 1.47 4.79 9.07
Y 3800 | 236 7.11 3.50 3.58
7.5 4.84 12.13 4.07 12.29
GABA 114 2.34 11.05 2.99 9.65
4.5 5.73 12.58 5.90 9.91
5-HT 114 2.56 10.00 1.77 -0.88
30 6.52 7.07 4.70 5.47
5-HIAA 760 3.05 -6.29 6.15 -5.82
DA 12.5 8.44 3.52 10.18 2.24
190 4.61 7.58 5.91 4.11
Table 5. Stability of the six neurotransmitters in brain microdialysate.

8h of storage at4 “C, and from 1.77 to 10.18% following three freeze-thaw cycles. The stability test demonstrated
that the samples remained stable under the aforementioned conditions.

Dilution methodology
To validate the reliability of sample dilution at high concentrations, stock solutions of each analyte (Glu, Gly,
DA, 5-HT, 5-HIAA, and GABA) were diluted with aCSF at ratios of 1:10 and 1:100. Six replicate samples were
prepared for each dilution level. As shown in Table 6, all RSD values were below 15%, indicating that samples
exceeding the upper limit of quantitation can still be accurately quantified after tenfold or 100-fold dilution into
the linear range of the calibration curve.
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Analyte | Dilution factor | Added(ng/ml) | Precision RSD (%) | Accuracy RE (%)
Glu 1:100 20 3.31% -0.92
1:10 200 1.77% -0.83
Gl 1:100 400 3.25% 10.50
Y 1:10 4000 1.78% -3.25
1:100 12 1.89% -1.53
GABA 1:10 120 1.86% -4.31
1:100 12 3.28% -7.92
SHT 1o 120 132% 2,50
1:100 80 2.64% -5.21
SHIAA | 10 800 1.82% -6.06
DA 1:100 20 1.76% -1.08
1:10 200 0.71% -0.50

Table 6. Dilution integrity of the six neurotransmitters in brain microdialysate.

Probe recovery

The probe was immersed in a mixed standard solution containing Glu and DA at 200 ng-mL~!, GABA and 5-HT
at 120 ngmL!, 5-HIAA at 0.8 pg-mL~!, and Gly at 4 ug-mL~!. aCSF was perfused at a flow rate of 1 pL-min™!
to collect the in vitro dialysate. The probe recovery was calculated using the formula R=(C/C_ ) x 100%, where
C,, represents the concentration of the known mixed standard solution and C_ denotes the concentration in the
microdialysate sample. Based on eight parallel experiments using the in vitro dialysis calculation method, the
average recoveries of Glu, Gly, GABA, DA, 5-HT, and 5-HIAA in the PFC were determined to be 18.97, 19.69,
21.08, 12.81, 15.71, and 17.41%, respectively.

The influence of aniracetam on neurotransmitter levels in dialysate samples from the PFC of
TARP y-8 KO mice

The results revealed that, compared with the WT (vehicle) group, TARP y-8 KO mice exhibited a significant imbal-
ance in neurotransmitter levels (Fig. 2). specifically

Data were confirmed to follow a normal distribution and were analyzed using unpaired ¢-tests. The results showed
that Glu levels were significantly higher in TARP y-8 KO vehicle-treated mice compared to WT (vehicle) group
(P<0.0001, A). Furthermore, aniracetam treatment significantly reduced Glu levels in the PFC of TARP y-8
KO mice (P<0.0001 compared to KO vehicle group, A). Regarding Gly, levels were significantly lower in TARP
v-8 KO (vehicle) mice compared to WT (vehicle) group, while aniracetam treatment significantly increased Gly
levels in KO mice. The data were normally distributed, and between-group comparisons were performed using
unpaired ¢-tests. Specifically, the comparison between the KO (vehicle) and WT (vehicle) groups was conducted
with Welch’s correction (P<0.0001, B), and the comparison between the KO (aniracetam) and KO vehicle
groups was performed using a standard unpaired t-test (P<0.0001, B). As for GABA, levels were significantly
lower in TARP y-8 KO (vehicle) mice compared to the WT (vehicle) group, while aniracetam administration
significantly increased GABA levels. Statistical analysis revealed that the comparison between the KO vehicle
and WT vehicle groups was conducted using an unpaired t-test with Welch’s correction (P=0.0005, C), and the
comparison between the KO (aniracetam) and KO vehicle groups was performed using a standard unpaired
t-test (P<0.0001, C).

The extracellular levels of monoamine neurotransmitters and a key metabolite were also dysregulated in the KO
model and were significantly affected by aniracetam (Fig. 3)

To further investigate the neuromodulatory effects of TARP y-8 deletion and aniracetam intervention,
we measured the extracellular levels of 5-HT, its major metabolite 5-HIAA, and DA in the PFC via in vivo
microdialysis. All data met the assumption of normality as assessed by the Shapiro-Wilk test and were analyzed
using unpaired t-test (with Welch’s correction where applicable). Compared with WT (vehicle) group, TARP y-8
KO (vehicle) mice exhibited a pronounced reduction in PFC 5-HT levels (P<0.0001, D). Similarly, the level of
5-HIAA, the primary metabolite of 5-HT, was also significantly lower in KO mice (P<0.0001, E). Remarkably,
chronic administration of aniracetam effectively reversed these deficits. In TARP y-8 KO mice, aniracetam
treatment significantly elevated both 5-HT (P<0.0001, D) and 5-HIAA (P<0.0001, E) levels compared to
the TARP y-8 KO (vehicle) group, suggesting a potent modulatory effect of aniracetam on serotonergic
neurotransmission in the absence of TARP y-8. In addition to serotonergic alterations, dopaminergic signaling
was also disrupted in KO mice. PFC DA levels were significantly lower in TARP y-8 KO (vehicle) mice relative
to WT (vehicle) (P<0.0001, unpaired t-test with Welch’s correction, F). Importantly, aniracetam treatment
partially restored DA levels in KO animals, resulting in a significant increase compared to the TARP y-8 KO
(vehicle) group (P<0.0001, unpaired ¢-test with Welch’s correction).

Aniracetam alters mRNA expression of key receptors and transporters to explore the molecular mechanisms
underlying these neurochemical changes, we analyzed the mRNA expression of related genes in the PFC

As shown in Fig. 4, Compared with the WT (vehicle) group, TARP y-8 KO (vehicle) mice exhibited significant
downregulation in the expression of Glu receptor AMPA subunit genes grial (P<0.05), gria2 (P<0.01), and gria3
(P<0.05), while no significant change was observed in gria4 expression (P=0.0744). Notably, after aniracetam
treatment, the expression of grial (P<0.05), gria2 (P<0.001), and gria3 (P<0.05) was significantly upregulated
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Fig. 2. Effects of aniracetam on the levels of Glu, Gly, and GABA in PFC microdialysates of TARP y-8 KO
mice (Mean + SEM, n=8). Microdialysis was used to monitor extracellular neurotransmitter levels. Data are
expressed as mean + SEM. (A) Glu levels. TARP y-8 KO (vehicle) mice exhibited significantly higher Glu levels
compared to WT (vehicle) mice (P <0.0001, unpaired -test). Aniracetam treatment significantly lowered Glu
levels in KO mice (P<0.0001). (B) Gly levels. Gly levels were significantly lower in TARP y-8 KO (vehicle)
mice than in WT (vehicle) (P<0.0001, unpaired t-test with Welch’s correction). Aniracetam treatment restored
Gly levels in KO mice to a significantly higher level (P<0.0001, unpaired ¢-test). (C) GABA levels. GABA levels
were significantly reduced in TARP y-8 KO (vehicle) mice (P<0.001, unpaired ¢-test with Welch’s correction).
Aniracetam administration significantly increased GABA levels in TARP y-8 KO (vehicle) mice (P <0.0001,
unpaired t-test). All data met normality assumption (Shapiro-Wilk test). ***P<0.0001, **P<0.001, *#*P<0.01,
#P<0.05 (TARP y-8 KO (vehicle) vs. WT (vehicle)); “*"P<0.0001, “*P<0.001, “P<0.01, "P<0.05(TARP y-8
KO (aniracetam) vs. TARP y-8 KO (vehicle)).

in TARP y-8 KO mice, whereas gria4 expression remained unaffected (P=0.0536). In terms of neurotransmitter
transporter genes, the DA transporter slc6a3 (P<0.001), 5-HT transporter slc6a4 (P<0.01), and Gly transporter
slc6a9 (P<0.01) were all significantly upregulated in TARP y-8 KO (vehicle) mice compared to the WT (vehicle)
group. Strikingly, aniracetam treatment further reduced the expression levels of these transporter genes in KO
mice, with slc6a3 showing the most significant downregulation (P <0.0001), and slc6a4 and slc6a9 also exhibiting
significant decreases (P<0.01 and P<0.01, respectively). Regarding the GABAergic system, the expression of the
GABA_A receptor al subunit gene gabral was significantly reduced in TARP y-8 KO (vehicle) mice (P<0.01).
Whereas aniracetam treatment further upregulated its expression levels in KO mice. (P<0.01).

Discussion

In this study, the regulatory effects of aniracetam, a positive allosteric modulator of AMPARs, on the
neurotransmitter network in the PFC of TARP y-8 KO mice were thoroughly assessed using microdialysis
sampling in conjunction with very sensitive UPLC-MS/MS analysis. Our principal finding is that TARP
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Fig. 3. Effects of aniracetam on the Levels of 5-HT, 5-HIAA, and DA in PFC microdialysates of TARP y-8
KO mice (Mean + SEM, n=8). Microdialysis was used to monitor extracellular neurotransmitter levels. Data
are expressed as mean +SEM. (D) 5-HT levels. TARP y-8 KO (vehicle) mice showed significantly lower
5-HT levels compared to WT (vehicle) (P<0.0001). Aniracetam treatment significantly elevated 5-HT levels
in KO mice relative to the TARP y-8 KO(vehicle) group (P <0.0001). (E) 5-HIAA levels. 5-HIAA levels

were significantly reduced in TARP y-8 KO (vehicle) mice versus WT (vehicle) (P<0.0001). Aniracetam
administration significantly increased 5-HIAA levels in KO mice (P<0.0001). (F) DA levels. DA levels were
significantly decreased in TARP y-8 KO (vehicle) mice compared to WT (vehicle) (P<0.0001, unpaired ¢-
test with Welch’s correction). Aniracetam treatment significantly restored DA levels in KO mice (P<0.0001,
unpaired ¢-test with Welch’s correction). All data met normality assumption and were analyzed by unpaired
t-test (or Welch's correction where specified). *#*#P<0.0001, ##P<0.001, **P<0.01, *P<0.05(TARP y-8 KO
(vehicle) vs. WT (vehicle)); “"P<0.0001, ""P<0.001, "P<0.01, "P<0.05 (TARP y-8 KO (aniracetam) vs. TARP
v-8 KO (vehicle)).

Y-8 deficiency induces a widespread imbalance in PFC neurotransmission, characterized by glutamatergic
hyperexcitability coupled with impaired inhibitory (GABAergic, glycinergic) and monoaminergic (dopaminergic,
serotonergic) tone. Aniracetam effectively modulated these abnormalities, demonstrating its multi-target
neuromodulatory potential. The underlying mechanisms are examined below from the viewpoints of these two
main neurotransmitter systems.

Glu is the most prevalent and extensively used Excitatory Amino Acid (EAA) in the CNS. It is essential
for learning, memory, synaptic plasticity, and synaptogenesis. The release of Glu is calcium-dependent: when
an action potential reaches the presynaptic terminal, Glu is released into the synaptic cleft, where it binds to
corresponding Glu receptors to exert its physiological effects®”. Glu contributes to the preservation of cellular
homeostasis under typical physiological circumstances. Vesicular Glu transporters (VGLUT1 and VGLUT2)
in glutamatergic neurons load Glu into synaptic vesicles. When these vesicles depolarize, they fuse with the
presynaptic membrane, releasing Glu into the synaptic cleft, where it binds to receptors on the postsynaptic
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membrane to complete excitatory synaptic transmission and mediate various physiological processes®®-7°. Bauer
et al. found that Glu levels in the anterior cingulate cortex of adult ADHD patients were significantly increased
and positively correlated with core symptoms such as hyperactivity and impulsivity”". In children with ADHD,
methylphenidate treatment significantly reduced Glu levels in related brain regions’?. Miller et al. further
indicated that Glu release was significantly increased in the PFC and striatum of patients with combined-type
ADHD, while Glu uptake was abnormal in the PFC but showed no significant difference in the striatum. This
suggests the presence of "glutamatergic system hyperactivity" in the PFC of ADHD patients’>. Our study revealed
a significant increase in Glu levels in the microdialysate of the PFC in TARP y-8 KO mice, which may reflect
disrupted synaptic Glu dynamics due to AMPAR dysfunction, potentially involving altered release, reuptake, or
metabolic balance. Previous research has demonstrated that TARP y-8 KO mice exhibit ADHD-like behaviors,
including hyperactivity, impulsivity, and cognitive deficits, accompanied by abnormalities in glutamatergic
synaptic transmission®®. This is consistent with our observations, demonstrating that the absence of TARP
v-8 may affect Glu homeostasis by compromising the synaptic stability of AMPARs’%. Our RT-qPCR results
revealed that TARP y-8 KO mice had downregulated mRNA expression of grial-3, which is consistent with
electrophysiological studies showing that TARP y-8 loss attenuates AMPAR-mediated synaptic transmission and
may indicate impairment in AMPAR synthesis or stability’>. The AMPA receptor positive allosteric modulator
aniracetam decreases receptor desensitization and increases channel opening time®®’®. Our findings show that
in TARP y-8 KO mice, aniracetam administration decreased Glu levels and increased grial-3 mRNA expression.
These findings imply that aniracetam may work by increasing postsynaptic glutamatergic signaling by improving
the transcription or stability of AMPAR subunits. Previous studies have demonstrated that aniracetam slows the
desensitization process of AMPARs and prolongs synaptic responses, which is consistent with our observation
of up-regulated grial-3 mRNA expression®.

An essential inhibitory neurotransmitter in the CNS is GABA. It plays critical roles in neuronal development
and circuit maturation, as well as in maintaining neurotransmitter balance. It is also crucial for promoting
sleep, promoting sedation, and controlling anxiety”’. Studies have indicated that the GABAergic system is
particularly vulnerable during abnormal development, as GABAergic neurons originate from a different
region of the neural tube compared to glutamatergic neurons, yet they must later integrate functionally’®. The
pathophysiology of ADHD is tightly linked to GABAergic system disruption, according to a large body of
experimental and clinical research*"#*7>%%. Our study observed downregulation of gabral expression, which
encodes a key subunit mediating fast inhibitory synaptic transmission. Reduced expression of gabral may
lead to impaired cortical network inhibition, consistent with the behavioral inhibition deficits observed in
ADHD patients. Interestingly, there is a particular pattern of correlation between the GABAergic system and
the primary symptoms of ADHD. Prior studies have discovered a positive correlation between PFC GABA
levels and the ability of people with ADHD to control their impulses®82. The decreased GABA levels observed
in the PFC of TARP y-8 KO mice in our study may contribute to or exacerbate their ADHD-like behaviors,
such as hyperactivity and attention deficits. TARP y-8 serves as an auxiliary subunit of AMPARs and primarily
modulates glutamatergic synaptic transmission. However, recent studies have revealed that TARPs, including
v-8, are also expressed in GABAergic neurons and may regulate the synaptic targeting and function of GABA
receptors®®. Therefore, the absence of TARP y-8 may lead to dysfunction of GABAergic interneurons, thereby
reducing GABA synthesis or release. Our study is the first to demonstrate impaired GABAergic system function
in TARP y-8 KO mice, providing new evidence for the Glu-GABA imbalance hypothesis in ADHD. These
specific molecular alterations in the GABAergic and glutamatergic synaptic pathways are summarized in (Fig. 5).
It has long been believed that aniracetam improves glutamatergic synaptic transmission by altering AMPARSs.
A direct or indirect regulatory influence on the GABAergic system is suggested by our findings, which also
demonstrate a large rise in gabral mRNA expression and GABA levels in the PFC. This finding has significant
therapeutic implications. The function of aniracetam in regulating the E/I balance is very significant®3485, By
coordinately regulating the glutamatergic and GABAergic systems, aniracetam may potentially facilitate a more
comprehensive restoration of brain function. Compared to single-target agents, its multi-target mechanism of
action could offer broader therapeutic benefits. As summarized in (Fig. 6), glycinergic neurotransmission was
also disrupted in this model. As an essential inhibitory neurotransmitter and a co-agonist of NMDA receptors,
Gly regulates inhibitory neurotransmission via Gly receptors while also modulating excitatory signaling through
NMDA receptor potentiation. Therefore, maintaining constant Gly levels is critical for keeping normal CNS
function®-%. Growing evidence suggests that dysregulation of Gly metabolism may be closely linked to the
pathological mechanisms of ADHD®°. Glycine transporters (GlyTs) are neurotransmitter transporters that are
dependent on sodium and chloride and are in charge of bringing L-glycine into the CNS. As members of the
solute carrier family 6 (SLC6), Gly transporters comprise two subtypes: type 1 (slc6a9; GlyT1) and type 2 (slc6a5;
GlyT2). GlyT1 and GlyT2 are both expressed in neurons and astrocytes, but their distribution patterns in the
brain are mostly linked to neurotransmission processes. Since GlyT1 is primarily found in astrocytes and is
widely distributed throughout the neocortex, thalamus, and hippocampus, where it contributes to glutamatergic
neurotransmission, blocking the GlyT1 transporter may alter glutamatergic signaling through NMDA receptors,
indicating a possible new therapeutic approach®~%*. Research on people with ADHD and animal models suggests
that impaired inhibitory neurotransmitter function, including that of GABA and Gly, may result in decreased
cortical inhibition, which in turn may exacerbate hyperactivity, impulsivity, and attention problems®*. This
study is the first to demonstrate reduced Gly levels in the PFC of a TARP y-8 KO mouse model of ADHD. As an
essential inhibitory neurotransmitter and co-agonist of NMDA receptors in the CNS, functional impairment of
Gly may disrupt the E/I balance in the cerebral cortex”®. Notably, Gly modulates synaptic plasticity and cognitive
function in the PFC through regulation of NMDA receptor activity®’, which is closely linked to core ADHD
symptoms such as inattention and executive dysfunction. Aniracetam may partially restore NMDA receptor-
mediated neuronal plasticity by increasing Gly levels. The major Gly transporter, slc6a9 (GlyT1), is in charge
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of reabsorbing Gly from the synaptic cleft, and the degree of its expression directly affects how well glycinergic
neurotransmission works”®. This study revealed an upregulation of slc6a9 mRNA expression in TARP y-8 KO
mice, which may contribute to excessive synaptic Gly clearance and exacerbate impairments in inhibitory
neurotransmission. Consistent with this finding, clinical studies have reported associations between GlyT1 gene
polymorphisms and ADHD susceptibility, suggesting that dysregulated Gly transporter function may represent
a potential mechanistic pathway in ADHD#**1%°_ Aniracetam may potentially upregulate cerebral Gly levels by
suppressing slc6a9 expression and reducing synaptic Gly clearance. This mechanism parallels that of clinically
employed Gly reuptake inhibitors, such as SSR504734, which enhance glycinergic neurotransmission through
GlyT1 blockade and ameliorate cognitive deficits associated with psychiatric disorders®.

DA is one of the most critical neurotransmitters in the PFC and plays a key role in cognitive processes such
as attention, executive function, and impulse control. Substantial evidence indicates that dysfunction of the
dopaminergic system represents a core pathological mechanism in ADHD**1°!. One of the most thoroughly
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«Fig. 4. RT-qPCR analysis of mRNA expression of eight Genes in the PFC of TARP y-8 KO mice (Mean + SEM,
n=23). To validate the transcriptomic findings, qPCR was performed to measure the mRNA expression
levels of eight genes (grial, gria2, gria3, gria4, slc6a3, slc6a4, slc6a9, and gabral) in the PFC of mice from
the WT (vehicle), TARP y-8 KO (vehicle), and TARP y-8 (aniracetam) groups. grial expression: TARP
v-8 KO (vehicle) group vs. WT (vehicle) group, P<0.05; TARP y-8 (aniracetam) group vs. TARP y-8 KO
(vehicle) group, P<0.05; gria2 expression: TARP y-8 KO (vehicle) group vs. WT (vehicle) group, P<0.01;
TARP y-8 (aniracetam) group vs. TARP y-8 KO (vehicle) group, P<0.001; gria3 expression: TARP y-8 KO
(vehicle) group vs. WT (vehicle) group, P<0.05; TARP y-8 (aniracetam) group vs. TARP y-8 KO (vehicle)
group, P <0.05; gria4 expression: TARP y-8 KO (vehicle) group vs. WT (vehicle) group, P=0.0744; TARP y-8
(aniracetam) group vs. TARP y-8 KO (vehicle) group, P=0.0536; slc6a3 expression: TARP y-8 KO (vehicle)
group vs. WT (vehicle) group, P<0.001; TARP y-8 (aniracetam) group vs. TARP y-8 KO (vehicle) group,
P <0.0001; slc6a4 expression: TARP y-8 KO (vehicle) group vs. WT (vehicle) group, P<0.01; TARP y-8
(aniracetam) group vs. TARP y-8 KO (vehicle) group, P<0.01; slc6a9 expression: TARP y-8 KO (vehicle) group
vs. WT (vehicle) group, P<0.01; TARP y-8 (aniracetam) group vs. TARP y-8 KO (vehicle) group, P<0.01;
gabral expression: TARP y-8 KO (vehicle) group vs. WT (vehicle) group, P<0.01; TARP y-8 (aniracetam)
group vs. TARP y-8 KO (vehicle) group, P<0.01. ##*¥P<0.0001, **P<0.001, **P<0.01, *P <0.05 (TARP y-8 KO
(vehicle) vs. WT (vehicle)); “"P<0.0001, ""P<0.001, "P<0.01, "P<0.05 (TARP y-8 KO (aniracetam) vs. TARP
v-8 KO (vehicle)).
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Fig. 5. This schematic systematically illustrates the molecular and functional dysregulation mechanisms of
the glutamatergic (excitatory) and GABAergic (inhibitory) neurotransmitter systems in the PFC of TARP y-8
KO mice. Left: Glutamatergic Synaptic Pathway. Molecular Abnormality (red label): The absence of TARP
v-8 protein leads to downregulation (]) of AMPAR subunit genes (grial-3) mRNA expression. Functional
Manifestation (explosion-shaped cloud diagram): Glu levels in the synaptic cleft are significantly elevated.
Right: GABAergic Synaptic Pathway. Molecular Abnormality (red label): The GABA_A receptor al subunit
gene (gabral) mRNA expression is downregulated (|). Functional Manifestation (explosion-shaped cloud
diagram): Synaptic GABA levels are correspondingly reduced. Intervention Effect (green arrow): Aniracetam
treatment reverses the abnormalities in gene expression and neurotransmitter levels described above. Glu,
Glutamate; NMDA-R, N-Methyl-d-Aspartate receptor; AMPA-R, Alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid Receptor; GABA Transporter; GABA_A, Gamma-Aminobutyric Acid Type A
Receptor; gabral, Gamma-Aminobutyric Acid Type A Receptor Alpha 1 Subunit (gene).

studied targets in genetic studies of ADHD is the DAT1 gene, which codes for the synaptic cleft DA reuptake
transporter. This focus likely stems from the central role of dopaminergic neurotransmission dysfunction in the
pathophysiology of ADHD!?2. The DAT reuptakes DA from the synaptic cleft, hence stopping neurotransmission.
By altering the density of DAT at synaptic locations, the amount of active DA accessible for neurotransmission
can be directly changed!®. According to clinical research, people with ADHD have greater DAT density and
lower DA levels in the PFC, which causes DA to be cleared from the synaptic cleft too quickly!*. In this study,
TARP y-8 KO mice had significantly lower levels of DA in the microdialysate of the PFC, a phenomenon that
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Fig. 6. This schematic systematically illustrates the molecular and functional dysregulation mechanisms of the
dopaminergic, serotonergic (including its metabolite 5-HIAA), and glycinergic neurotransmitter systems in
the PFC of TARP y-8 KO mice. Dopaminergic System: Molecular Abnormality (red label 1): Upregulation of
DA transporter gene (slc6a3/DAT) expression. Functional manifestation (explosion-shaped cloud diagram):
Decreased synaptic DA levels. Serotonergic System: Molecular Abnormality (red label 1): Upregulation of
5-HT transporter gene (slc6a4/SERT) expression. Functional Manifestation (explosion-shaped cloud diagram):
Decreased synaptic 5-HT and its metabolite 5-HIAA levels. Glycinergic system: molecular abnormality (red
label 1): Upregulation of Gly transporter gene slc6a9 (GlyT1) mRNA expression. Functional manifestation
(explosion-shaped cloud diagram): Decreased synaptic Gly levels. Intervention Effect (green arrow):
Aniracetam treatment reverses the abnormalities in gene expression and neurotransmitter levels described
above. 5-HT, 5-Hydroxytryptamine, that is, Serotonin;5-HIAA, 5-Hydroxyindoleacetic Acid; 5-HTP,5-
Hydroxytryptophan; MAO, Monoamine Oxidase; sic6a4 (SERT), Serotonin Transporter;D1-D5, Subtypes

of dopamine receptors; slc6a3 (DAT), Dopamine Transporter; VIAAT, Vesicular Inhibitory Amino Acid
Transporter; slc6a9, Solute Carrier Family 6 Member 9 (GlyT1);

was significantly modulated by aniracetam treatment. In addition, RT-qPCR research showed that the PFC of
TARP y-8 KO mice had upregulated DA transporter (slc6a3/DAT) mRNA expression, which was markedly
downregulated after aniracetam treatment. Increased DAT expression may enhance DA reuptake, leading to
reduced extracellular DA levels and upregulation of dopaminergic receptors. These findings align with the
functional hypodopaminergic hypothesis of ADHD. Studies by Bai et al. demonstrated that TARP y-8 KO
mice exhibit classic ADHD-like behaviours, including hyperactivity, impulsivity, and cognitive deficits. These
behavioural abnormalities are associated with disrupted AMPAR complex function in the hippocampus and
impaired regulation of dopaminergic and glutamatergic synaptic transmission in the PFC*. Our microdialysis
results further confirm that dopaminergic system dysfunction induced by TARP y-8 deficiency may represent a key
neurochemical basis for ADHD-like behaviours. Aniracetam, a nootropic agent, has a mechanism for improving
cognitive function that remains incompletely elucidated. This study is the first to show that aniracetam increases
extracellular DA levels while downregulating slc6a3 mRNA expression in the PFC of TARP y-8 KO mice. This
dual effect suggests that aniracetam may modulate dopaminergic neurotransmission through multiple pathways.
Aniracetam may prolongs DA activity inside the synaptic cleft and could thereby ameliorate the dopaminergic
transmission impairments caused by TARP y-8 deficiency by decreasing presynaptic DA reuptake by decreasing
slc6a3 expression®. This mechanism distinguishes aniracetam from conventional ADHD pharmacotherapies-
such as atomoxetine (a selective norepinephrine transporter inhibitor) and methylphenidate (a non-selective
dopamine and norepinephrine transporter inhibitor)-underscoring its distinctive mode of action®®7¢-105,

5-HT plays a complex and multifaceted role in various physiological processes, including anxiety,
depression, addiction, aggressive behaviour, and impulse control. Given that the core symptoms of ADHD
manifest as deficits in inhibitory control and that the disorder is a well-established precursor to various impulse
control disorders in adults, researchers hypothesize that the 5-HT system may play a significant role in its
pathogenesis. Indeed, accumulating evidence from both human and animal studies indicates that serotonergic
neurotransmission is essential for regulating multiple behavioural features of ADHD!%1%7, The inactivation
of 5-HT is partially regulated by a reuptake mechanism-upon re-entry into the presynaptic neuron, 5-HT is
not metabolically degraded but instead recycled for reuse. This reuptake process is mediated by the serotonin
transporter (SERT)!%. The efficiency of serotonergic neurotransmission is closely linked to the concentration of
the neurotransmitter in the synaptic cleft. The primary regulator of synaptic 5-HT levels is the 5-HT transporter,
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encoded by the sic6a4 gene (also known as 5-HTT or SERT), which selectively clears serotonin from the
synaptic space. Clinical genetic studies have established associations between slc6a4 gene polymorphisms and
the severity of ADHD symptoms. Specifically, the 5-HTTLPR/rs25531 polymorphism has been linked to more
pronounced hyperactive and impulsive symptoms in individuals carrying the S or LG allele!®. The 5-HTTLPR
polymorphism has been extensively studied and is well-established in its association with depression and related
disorders, as well as with ADHD!10-113,

This study revealed significantly reduced levels of 5-HT and 5-HIAA in the cerebrospinal fluid of the PFC in
TARP y-8 KO mice, a finding highly consistent with previous research on the role of TARP y-8 in neuropsychiatric
disorders. As a key brain region for higher cognitive functions, aberrant serotonergic neurotransmission in the
PFC may contribute to executive dysfunction-a core symptom of ADHD!!1114-117 ‘We found that 5-HT and
5-HIAA levels in cerebrospinal fluid significantly increased after aniracetam therapy, indicating that aniracetam
may improve serotonergic neurotransmission via a variety of mechanisms. Studies have shown elevated slc6a4
mRNA expression in TARP y-8 KO mice, which was reversed by aniracetam administration. slc6a4 encodes
the SERT, a key regulator of synaptic 5-HT concentration and an important target for various psychotropic
drugs!®!8. Our findings indicate that TARP y-8 deficiency may lead to dysregulation of serotonergic
neurotransmission homeostasis, eliciting upregulated slc6a4 expression as a compensatory response. This
observation is highly consistent with recent research on the association between slc6a4 gene polymorphisms
and neuropsychiatric disorders. Multiple studies have demonstrated that specific variants of the slc6a4 gene,
such as the 5-HTTLPR polymorphism, are closely correlated with ADHD symptom severity and therapeutic
outcomes!®!!®. This upregulation of slc6a4 may underlie the observed reduction in extracellular 5-HT, and
is consistent with clinical genetic findings linking slc6a4 polymorphisms to ADHD. In summary, TARP y-8
deficiency induces broad dysregulation of prefrontal monoaminergic neurotransmission (Fig. 6), which can be
reversed by aniracetam treatment.

It is important to note that this study was conducted exclusively in male adolescent mice. While this
design helped control for sex-related variables during the initial mechanistic exploration, allowing for a
more focused investigation of core mechanisms, the significance of this methodological limitation must be
explicitly acknowledged. Accumulating evidence indicates that neurodevelopmental disorders such as ADHD
exhibit significant sexual dimorphism across multiple dimensions, including epidemiological characteristics,
clinical behavioral phenotypes, related neural circuit functions, and molecular regulatory mechanisms!20-122,
Consequently, conclusions derived from a single-sex (male) animal model should be extrapolated with caution to
female individuals or clinical populations. Future research is urgently needed to conduct parallel assessments of
aniracetam’s behavioral-improving effects and its impact on neurochemical homeostasis in female TARP y-8 KO
mice, and to further explore potential sex-specific regulatory mechanisms. Such studies hold critical scientific
and clinical value in systematically elucidating the drug’s spectrum of action and enhancing the generalizability
and precision of therapeutic strategies. In conclusion, our data support a model wherein aniracetam, initiated by
positive modulation of AMPARs, engenders a cascade of modulatory effects across multiple neurotransmitter
systems. It appears to modulates the E/I balance in the PFC by enhancing glutamatergic efficiency while
simultaneously strengthening GABAergic and glycinergic inhibition, and by boosting monoaminergic
neurotransmission. This multi-system synergistic action distinguishes it from conventional single-target ADHD

pharmacotherapies!%.

Conclusion

This study combined neurochemical assays and molecular biology techniques to investigate the therapeutic
mechanisms of aniracetam in a TARP y-8 KO mouse model of ADHD, yielding comprehensive insights. The
results demonstrate that the loss of TARP y-8 leads to widespread neurotransmitter imbalances and molecular
compensatory adaptations in the CNS, characterized by glutamatergic hyperexcitability accompanied by
suppressed function in GABAergic, glycinergic, and monoaminergic systems. This overall phenotype closely
aligns with the pathophysiological features of ADHD. More importantly, this study provides the first systematic
demonstration that aniracetam effectively significantly affects all the aforementioned abnormalities, highlighting
its exceptional multi-target neuromodulatory capabilities. The central mechanism can be summarized as follows:
through positive allosteric modulation of AMPARs, aniracetam promotes homeostasis in neural circuits. In
summary, this study not only validates the TARP y-8 KO mouse as a highly relevant model for ADHD research,
but also provides strong molecular and neurochemical evidence supporting the considerable potential of
aniracetam as a multi-target therapeutic agent for ADHD. Our findings provide solid experimental evidence
supporting the hypothesis that “AMPAR modulation” could serve as a novel therapeutic strategy for ADHD.
They also offer robust preclinical data for the potential use of aniracetam in ADHD treatment and deepen our
understanding of the role of TARP y-8 protein in neuropsychiatric disorders. Building upon the current findings,
future investigations will encompass a multi-faceted approach to further elucidate the mechanism of aniracetam.
First, it will be imperative to systematically evaluate the drug’s efficacy and underlying mechanisms in female
TARP y-8 KO mice, allowing for direct comparison with the present male-derived data and thereby enhancing the
clinical translatability of the findings. Subsequently, the observed mRNA expression alterations require validation
at the protein level through techniques such as Western blot analysis. Finally, employing electrophysiological
methodologies will be crucial to directly examine how these molecular changes impact neuronal function,
particularly in terms of synaptic plasticity and neural circuit activity. Through the aforementioned multi-layered
research strategy, we will provide a more systematic perspective for understanding the underlying mechanisms
and lay a more solid theoretical foundation for potential clinical translation.
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