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​1. Introduction​
​Valproic​ ​acid​ ​(VPA)​ ​is​ ​an​ ​anticonvulsant​ ​and​ ​mood​ ​stabilising​ ​drug,​ ​primarily​ ​used​​in​​the​

​treatment​ ​of​ ​neurological​ ​and​ ​psychiatric​​disorders​​(Chateauvieux​​et​​al.,​​2010;​​Felker​​et​​al.,​​2003;​
​Genton​ ​et​ ​al.,​ ​2006;​ ​Nanau​ ​&​ ​Neuman,​ ​2013).​​The​​antiepileptic​​effects​​are​​thought​​to​​result​​from​
​suppression​ ​of​ ​gamma-aminobutyric​ ​acid​ ​transaminase​ ​(GABA-t)​ ​activity,​ ​along​ ​with​ ​the​
​modulation​ ​of​ ​specific​ ​neuronal​ ​ion​ ​channels​ ​(Bryson​ ​et​ ​al.,​ ​2023).​ ​Through​ ​a​ ​variety​ ​of​
​mechanisms,​ ​VPA​ ​promotes​ ​GABA​ ​production,​ ​enhancing​ ​its​ ​release​ ​and​ ​the​ ​postsynaptic​
​GABAergic​​response​​(Brahim​​et​​al.,​​2022).​​In​​recent​​years,​​VPA​​has​​been​​recognised​​for​​its​​ability​
​to​​inhibit​​histone​​deacetylases​​(HDACs),​​which​​are​​essential​​enzymes​​involved​​in​​the​​regulation​​of​
​chromatin organisation and gene transcription (Göttlicher et al., 2001; Luna-Palencia et al., 2025).​

​VPA​ ​has​ ​a​ ​relatively​ ​acceptable​ ​safety​ ​profile,​ ​in​ ​addition​ ​to​ ​good​ ​effectiveness​ ​and​
​pharmacoeconomic​ ​characteristics.​ ​Some​ ​patients​ ​may​ ​occasionally​ ​develop​ ​serious​ ​adverse​
​reactions,​ ​such​ ​as​ ​haemorrhagic​ ​pancreatitis,​ ​coagulopathies,​ ​bone​ ​marrow​ ​suppression,​
​VPA-induced​ ​hepatotoxicity,​ ​and​ ​encephalopathy;​ ​however,​ ​the​ ​frequency​ ​and​ ​severity​ ​of​ ​these​
​unique​ ​adverse​ ​reactions​ ​are​ ​still​ ​unknown​ ​(Ezhilarasan​ ​&​ ​Mani,​ ​2022;​ ​Gayam​ ​et​ ​al.,​ ​2018;​
​Gerstner​ ​et​ ​al.,​ ​2008;​ ​Kadam​ ​et​ ​al.,​ ​2025).​ ​Furthermore,​ ​the​ ​use​ ​of​ ​VPA​ ​alone​ ​or​​in​​combination​
​with​ ​other​ ​antiepileptic​ ​or​ ​antipsychotic​ ​medicines​ ​has​ ​been​ ​associated​ ​with​ ​adverse​
​pharmacological​ ​responses​ ​(Nanau​ ​&​ ​Neuman,​ ​2013).​ ​A​ ​sensitive​ ​topic​ ​is​​the​​use​​of​​VPA​​during​
​pregnancy.​ ​Similar​ ​to​ ​other​ ​antiepileptic​ ​agents,​ ​the​ ​use​ ​of​ ​VPA​ ​in​ ​women​ ​of​ ​childbearing​​age​​is​
​associated​ ​with​ ​several​ ​clinically​​significant​​risks​​and​​considerations​​(Genton​​et​​al.,​​2006).​​Unlike​
​other​ ​medications​ ​used​ ​to​ ​control​ ​seizures,​ ​VPA​ ​has​​not​​been​​reported​​to​​exhibit​​pharmacokinetic​
​interactions​ ​with​ ​other​ ​orally​​administered​​steroid​​hormones.​​Increased​​risks​​during​​pregnancy​​are​
​expected​ ​for​ ​both​ ​the​ ​mother​ ​and​ ​the​ ​developing​ ​foetus,​ ​as​ ​seizure​ ​control​ ​becomes​ ​more​
​challenging.​ ​In​ ​addition,​ ​congenital​ ​malformations​ ​occurred​ ​with​ ​the​ ​administration​ ​of​ ​VPA​​have​
​been reported in scientific articles (Genton et al., 2006; Karlsson Lind et al., 2018).​

​Reports​ ​of​ ​an​ ​increased​ ​risk​ ​of​ ​neural​ ​tube​ ​defects​ ​(NTDs),​ ​particularly​ ​spina​ ​bifida,​ ​in​
​children​​exposed​​to​​VPA​​during​​early​​pregnancy​​emerged​​shortly​​after​​the​​drug​​entered​​clinical​​use​
​for​​the​​management​​of​​epilepsy​​(Koren​​et​​al.,​​2006).​​In​​a​​subsequent​​investigation​​focusing​​on​​VPA​
​monotherapy,​ ​Jentink​ ​et​ ​al.​ ​(2010)​ ​demonstrated​ ​that​ ​prenatal​ ​exposure​ ​to​ ​VPA​ ​was​ ​significantly​
​associated​ ​with​ ​an​ ​increased​ ​likelihood​ ​of​ ​6​ ​out​ ​of​ ​14​ ​major​ ​congenital​ ​malformations.​ ​The​
​widespread​ ​clinical​ ​use​ ​of​ ​VPA​ ​has​ ​inevitably​ ​contributed​ ​to​ ​its​ ​increasing​ ​presence​ ​in​ ​the​
​environment,​ ​as​ ​increased​ ​pharmaceutical​ ​consumption​ ​is​ ​directly​ ​correlated​ ​with​ ​detectable​
​residues​​in​​wastewater​​systems,​​as​​are​​other​​pharmaceuticals​​(Domínguez-García​​et​​al.,​​2024).​​After​
​administration,​​pharmaceuticals​​such​​as​​VPA​​are​​only​​partially​​metabolised​​in​​the​​human​​body,​​and​
​a​ ​significant​ ​fraction​ ​is​ ​excreted​ ​unchanged​ ​or​ ​as​ ​active​ ​metabolites​ ​through​ ​urine​ ​and​ ​faeces,​
​ultimately accumulating in domestic and hospital wastewater streams (Lunghi et al., 2024).​

​Recently,​ ​the​ ​rapid​ ​advancement​ ​of​ ​digital​ ​technologies​ ​has​ ​transformed​ ​the​ ​landscape​ ​of​
​scientific​ ​research.​ ​Artificial​ ​intelligence​ ​(AI),​ ​machine​ ​learning​ ​frameworks,​ ​and​ ​automated​ ​data​
​processing​ ​tools​ ​are​ ​now​ ​playing​ ​an​ ​increasingly​ ​central​ ​role​ ​in​ ​environmental​ ​toxicology,​
​pharmacology,​ ​and​ ​eco-pharmacovigilance,​ ​enabling​ ​the​ ​analysis​ ​of​ ​complex​ ​datasets​ ​generated​
​from​ ​chemical​ ​monitoring,​ ​high-throughput​ ​behavioural​ ​assays,​ ​and​ ​molecular​ ​profiling​
​(Kleinstreuer​ ​&​ ​Hartung,​ ​2024;​ ​Lin​ ​&​ ​Chou,​ ​2022;​ ​Liu​ ​et​ ​al.,​ ​2024).​ ​Advances​ ​in​ ​digital​ ​and​
​computational​​technologies​​are​​increasingly​​supporting​​environmental​​and​​toxicological​​research​​by​
​streamlining​ ​evidence​ ​collection,​ ​improving​ ​predictive​ ​modelling,​ ​and​ ​strengthening​ ​risk​
​assessment​​workflows​​through​​sophisticated​​analytical​​tools​​(Paut​​Kusturica​​et​​al.,​​2022).​​In​​aquatic​
​models,​ ​AI-assisted​ ​behavioural​ ​tracking​ ​methods​ ​now​ ​allow​ ​the​ ​detection​ ​of​ ​subtle​
​neurobehavioural​ ​effects​ ​in​ ​zebrafish​ ​with​ ​much​ ​greater​ ​accuracy​ ​than​ ​manual​ ​observation​​alone.​
​Together,​​these​​developments​​complement​​traditional​​experimental​​approaches​​and​​provide​​a​​more​
​robust​​framework​​for​​evaluating​​the​​ecological​​implications​​of​​pharmaceutical​​contaminants​​such​​as​
​VPA.​ ​Integrating​ ​such​ ​methodologies​ ​enhances​ ​our​​ability​​to​​characterise​​environmental​​risks​​and​
​supports​ ​ongoing​ ​efforts​ ​to​ ​improve​ ​monitoring​ ​and​ ​mitigation​ ​strategies.​ ​In​ ​aquatic​ ​models,​
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​AI-assisted​ ​analytical​ ​tools​ ​enable​ ​more​ ​sensitive​ ​detection​ ​of​ ​toxic​​effects,​​thereby​​strengthening​
​risk​ ​assessment​ ​frameworks​ ​and​ ​improving​ ​the​ ​evaluation​ ​of​ ​pharmaceutical​ ​pollution​ ​processes.​
​The​ ​following​ ​illustration​ ​provides​ ​an​ ​integrated​ ​overview​ ​of​ ​how​ ​environmental​ ​pharmaceutical​
​contaminants,​ ​such​ ​as​ ​VPA​ ​released​ ​through​ ​wastewater​ ​effluents,​ ​can​ ​be​ ​assessed​ ​for​ ​their​
​neurobehavioural toxicity using a zebrafish model combined with AI‑assisted analyses​​(Figure 1).​

​Figure 1. Integration of zebrafish model for neurobehavioural toxicology assessment​
​Note.​​Reproduced from​​Integration of zebrafish model​​for neurobehavioral toxicology assessment​​, by I.-A.​

​Chelaru, 2026, BioRender (​​https://biorender.com/j0x7c5h​​).​​Created with BioRender.com.​

​2. Valproic Acid as a Neuroactive Pollutant​

​2.1. Occurrence and Persistence in Wastewater​
​VPA​ ​is​ ​a​ ​commonly​ ​prescribed​ ​antiepileptic​ ​drug​ ​found​ ​in​ ​aquatic​ ​systems​ ​globally.​ ​Like​

​other​ ​pharmaceuticals,​ ​it​ ​mainly​ ​enters​ ​surface​ ​waters​ ​through​​human​​excretions,​​discharges​​from​
​wastewater​ ​treatment​ ​plants​ ​(WWTPs),​ ​agricultural​ ​runoff,​ ​and​ ​improper​ ​disposal​ ​of​
​pharmaceuticals​ ​(Cardoso-Vera​ ​et​ ​al.,​ ​2021;​ ​Heberer,​ ​2002).​ ​A​ ​status​ ​report​ ​by​ ​UNESCO​ ​and​
​HELCOM​ ​(2017)​ ​confirmed​ ​that​ ​VPA​ ​is​ ​one​​of​​the​​most​​widely​​sold​​pharmaceuticals​​(25,274​​kg​
​year​​-1​​),​​ranking​​8​​th​ ​in​​the​​Baltic​​Sea​​basin.​​Due​​to​​its​​extensive​​clinical​​use​​and​​low​​biodegradability,​
​VPA is often detected in wastewater influents and effluents.​

​Since​ ​conventional​ ​wastewater​ ​treatment​ ​methods​ ​are​ ​not​ ​specifically​ ​designed​ ​to​ ​remove​
​pharmaceutically​​active​​compounds​​(Chaber-Jarlachowicz​​et​​al.,​​2025;​​Coimbra​​et​​al.,​​2021),​​VPA​
​and​ ​other​ ​pharmaceuticals​​often​​persist​​after​​treatment​​processes​​and​​are​​discharged​​into​​receiving​
​surface​ ​waters,​ ​including​ ​rivers,​ ​lakes,​ ​and​ ​other​ ​freshwater​ ​bodies.​ ​Monitoring​ ​studies​ ​have​
​confirmed​ ​that​ ​pharmaceuticals,​ ​including​ ​widely​ ​used​ ​antiepileptic​ ​drugs,​ ​can​ ​be​ ​detected​ ​at​
​concentrations​ ​ranging​ ​from​ ​ng​ ​L​​-1​ ​to​ ​μg​ ​L​​-1​ ​in​ ​treated​ ​effluents​ ​and​ ​downstream​ ​environments,​
​highlighting​ ​the​ ​limitations​ ​of​ ​current​ ​treatment​ ​technologies.​​Measured​​concentrations​​of​​VPA​​in​
​wastewater​ ​and​ ​surface​ ​waters​ ​show​ ​notable​ ​spatial​ ​variations.​ ​At​ ​the​ ​Back​ ​River​ ​wastewater​
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​treatment​ ​plant​ ​in​ ​Baltimore,​ ​influent​ ​samples​ ​contained​ ​approximately​ ​130​ ​ng​​L​​-1​ ​of​​VPA​​(Yu​​et​
​al., 2012), while in Lake Mälaren in Sweden, levels of up to 2.6 µg L​​-1​ ​were reported (Rehrl, 2019).​

​Chronic​​release​​of​​VPA​​into​​surface​​waters​​raises​​concerns​​due​​to​​its​​neuroactive​​effects​​on​
​aquatic​ ​fauna.​ ​Despite​ ​environmental​ ​concentrations​ ​below​ ​therapeutic​ ​doses,​ ​continued​​exposure​
​alongside​ ​other​ ​neuroactive​ ​pharmaceuticals​ ​could​ ​have​ ​significant​ ​impacts​ ​on​ ​non-target​ ​aquatic​
​organisms​ ​(Jarema​ ​et​ ​al.,​ ​2022).​ ​Consequently,​ ​VPA​ ​is​​recognized​​as​​an​​emerging​​contaminant​​of​
​concern, linking pharmaceutical pollution to environmental neurotoxicology.​

​2.2. Neuroactive Properties of VPA​
​VPA​​is​​a​​broad-spectrum​​antiepileptic​​drug​​that​​modulates​​inhibitory​​neurotransmission​​and​

​epigenetic​ ​regulation.​ ​It​ ​enhances​ ​GABA​ ​signalling​ ​by​​inhibiting​​GABA​​transaminase,​​increasing​
​the​ ​synaptic​ ​availability​ ​of​ ​GABA​ ​and​ ​reducing​ ​neuronal​​excitability​​(Vinken,​​2013).​​In​​addition,​
​VPA​​serves​​as​​an​​HDAC​​inhibitor,​​which​​alters​​chromatin​​structure​​and​​gene​​expression​​important​
​for​​neurodevelopment​​and​​synaptic​​plasticity​​(Göttlicher​​et​​al.,​​2001).​​These​​mechanisms,​​although​
​beneficial​ ​in​ ​clinical​ ​contexts,​ ​pose​ ​risks​ ​when​ ​VPA​ ​contaminates​ ​the​ ​environment,​ ​affecting​
​non-target​ ​organisms.​ ​In​ ​aquatic​ ​species,​ ​especially​ ​during​ ​early​ ​development,​ ​VPA​ ​can​ ​disrupt​
​GABAergic​ ​signalling​ ​and​ ​epigenetic​ ​processes,​ ​leading​ ​to​ ​problems​ ​in​ ​neuronal​ ​differentiation,​
​circuit formation and behaviour (Ton et al., 2006; Zarate-Lopez et al., 2024).​

​Regarding​​the​​exposure​​of​​complex​​aquatic​​organisms​​such​​as​​zebrafish​​to​​VPA,​​changes​​in​
​locomotor​ ​activity,​ ​increased​ ​anxiety-like​ ​behaviour,​ ​and​ ​impaired​ ​social​ ​interactions​ ​have​ ​been​
​observed,​​demonstrating​​significant​​neurobehavioural​​disruptions​​(MacPhail​​et​​al.,​​2009;​​Ton​​et​​al.,​
​2006).​ ​Developmental​ ​exposure​ ​to​ ​VPA​ ​in​ ​zebrafish​ ​serves​ ​as​ ​a​ ​model​ ​for​ ​neurodevelopmental​
​disorders,​​especially​​autism​​spectrum​​disorder​​(ASD)-like​​phenotypes,​​due​​to​​conserved​​molecular​
​and​ ​behavioural​ ​pathways​ ​across​ ​vertebrates​ ​(Jarema​ ​et​ ​al.,​ ​2022;​ ​Ricarte​ ​et​ ​al.,​ ​2024).​ ​This​
​highlights​​the​​neuroactive​​potency​​of​​VPA​​at​​both​​low​​or​​high​​concentrations​​and​​its​​relevance​​for​
​assessing neurobehavioural toxicity in environmental or neurotoxicological studies.​

​Overall,​ ​the​ ​combined​ ​influence​ ​of​ ​VPA​ ​on​ ​neurotransmitter​ ​pathways​ ​and​ ​epigenetic​
​mechanisms​ ​makes​ ​it​ ​a​ ​particularly​ ​noteworthy​ ​neuroactive​ ​contaminant​ ​of​ ​emerging​​concern.​​Its​
​well-characterised​ ​mechanisms​ ​of​ ​action,​ ​combined​ ​with​ ​measurable​ ​behavioural​ ​outcomes​ ​in​
​zebrafish,​ ​make​ ​VPA​ ​an​ ​ideal​ ​candidate​ ​for​ ​AI-assisted​ ​neurobehavioural​ ​analyses​ ​aimed​ ​at​
​detecting​ ​subtle,​ ​chronic,​ ​or​ ​mixture-induced​ ​effects​ ​of​ ​pharmaceutical​ ​contaminants​ ​in​ ​aquatic​
​environments.​

​3. Zebrafish as a Model for Environmental Neurotoxicity​
​The​ ​presence​ ​of​ ​VPA​ ​in​ ​aquatic​ ​environments​ ​raises​ ​concerns​ ​about​ ​chronic​ ​exposure​ ​in​

​aquatic​ ​ecosystems,​ ​where​ ​VPA​ ​residues​ ​have​ ​already​ ​been​ ​shown​ ​to​ ​affect​ ​various​ ​biological​
​indicators,​​including​​aquatic​​plants​​such​​as​​Lemna​​minor​​(Machado​​et​​al.,​​2023).​​Although​​primary​
​producers​ ​such​ ​as​ ​Lemna​ ​minor​ ​provide​ ​valuable​ ​early​ ​signals​ ​of​ ​environmental​ ​contamination,​
​assessing​ ​the​ ​ecological​ ​implications​ ​of​ ​VPA​ ​requires​ ​examining​ ​its​ ​effects​ ​on​ ​more​ ​complex​
​aquatic organisms such as zebrafish.​

​Zebrafish​​(​​Danio​​rerio)​​represents​​a​​valuable​​organism​​model,​​with​​conserved​​neurological,​
​cardiovascular,​ ​and​ ​genetic​ ​homology​ ​with​ ​humans​ ​and​ ​developmental​ ​pathways​ ​that​ ​enable​ ​the​
​detection​ ​of​ ​subtle​ ​toxicological​ ​outcomes​ ​(Angom​ ​&​ ​Nakka,​ ​2024;​ ​Burgess​ ​&​ ​Burton,​ ​2023;​
​Nishimura et al., 2015).​

​Behaviour​ ​serves​ ​as​ ​a​ ​comprehensive​ ​manifestation​ ​that​ ​indicates​ ​the​ ​functional​ ​output​ ​of​
​the​​neurological​​system.​​Zebrafish​​exhibit​​a​​diverse​​range​​of​​measurable​​behaviours,​​encompassing​
​locomotion,​​anxiety-like​​reactions,​​social​​interactions,​​learning,​​and​​sensorimotor​​integration.​​These​
​behaviours​ ​are​ ​governed​ ​by​ ​conserved​ ​neurotransmitter​ ​systems​ ​and​ ​neural​ ​circuits,​ ​enabling​
​neurobehavioural​​alterations​​to​​act​​as​​sensitive​​indicators​​of​​central​​nervous​​system​​disruptions​​due​
​to​ ​environmental​ ​contaminants,​ ​including​ ​pharmaceuticals,​ ​pesticides,​ ​and​ ​industrial​ ​chemicals​
​(Kalueff​ ​et​ ​al.​ ​2014;​ ​Tierney,​ ​2011).​ ​Zebrafish​ ​are​ ​also​ ​particularly​ ​well-suited​ ​for​ ​investigating​
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​environmentally​ ​relevant​ ​exposure​ ​scenarios,​ ​such​ ​as​ ​chronic​ ​low-dose​ ​exposure​ ​and​ ​complex​
​chemical​ ​combinations​ ​commonly​ ​found​ ​in​ ​wastewater​ ​effluents.​ ​behavioural​ ​assays​ ​in​ ​zebrafish​
​have​ ​demonstrated​ ​sensitivity​ ​to​ ​pharmacological​ ​combinations​ ​at​ ​concentrations​ ​below​ ​those​
​causing​ ​overt​ ​toxicity,​ ​underlining​ ​their​ ​importance​ ​for​ ​environmental​ ​risk​ ​assessment​ ​(Jarema​ ​et​
​al.,​​2022).​​Furthermore,​​zebrafish​​models​​are​​well-suited​​for​​high-throughput​​experimental​​designs​
​due​ ​to​ ​their​ ​small​ ​size,​ ​low​ ​maintenance,​ ​and​ ​compatibility​ ​with​ ​automation,​ ​enabling​ ​the​
​simultaneous​ ​testing​ ​of​ ​multiple​ ​individuals​​and​​extensive​​collection​​of​​behavioural​​data​​(Kalueff,​
​Stewart,​​&​​Gerlai,​​2014).​​This​​scalability​​requires​​advanced​​analytical​​tools​​for​​large,​​complex​​data,​
​where artificial intelligence-based approaches provide significant advantages.​

​4. Neurobehavioural Effects of Valproic Acid in Zebrafish​
​Zebrafish​ ​(​​Danio​ ​rerio​​)​ ​serves​ ​as​ ​an​ ​effective​ ​model​ ​for​ ​studying​ ​the​ ​neurobehavioural​

​impacts​ ​of​ ​VPA,​ ​driven​ ​by​ ​conserved​ ​neurodevelopmental​ ​pathways​ ​and​ ​genetic​ ​accessibility.​
​Exposure​ ​to​ ​VPA​ ​during​ ​developmental​ ​stages​ ​correlates​ ​with​ ​significant​ ​changes​ ​in​ ​locomotor​
​activity,​ ​anxiety-like​ ​behaviour,​ ​and​ ​impaired​ ​social​ ​interaction,​ ​indicating​ ​a​ ​disruption​ ​of​ ​the​
​central​​nervous​​system​​(Ricarte​​et​​al.,​​2024;​​Ton,​​Lin,​​&​​Willett,​​2006).​​In​​this​​context,​​results​​using​
​laboratory​​models​​further​​support​​this,​​showing​​that​​early​​exposure​​to​​VPA​​interferes​​with​​neuronal​
​development in ways that later become visible at both behavioural and morphological levels.​

​Exposure​ ​of​ ​zebrafish​ ​to​ ​VPA​ ​during​ ​embryonic​ ​or​ ​larval​ ​stages​ ​results​ ​in​ ​significant​
​neurobehavioural​ ​changes,​ ​including​ ​altered​ ​locomotion,​ ​thigmotaxis,​ ​and​ ​exploratory​ ​behaviour,​
​suggesting​ ​impacts​ ​on​ ​motor​ ​function​​and​​anxiety​​(MacPhail​​et​​al.,​​2009;​​Ton​​et​​al.,​​2006).​​These​
​behavioural​ ​effects​ ​correlate​ ​with​ ​molecular​ ​and​ ​neuroanatomical​ ​changes​ ​that​ ​influence​
​neurogenesis​ ​and​ ​synaptic​ ​development,​ ​reflecting​​the​​epigenetic​​and​​neurotransmitter-modulating​
​effects of VPA (Kim et al., 2025).​

​Researchers​ ​have​ ​found​ ​that​ ​zebrafish​ ​exposed​ ​to​ ​VPA​ ​during​ ​key​ ​neurodevelopmental​
​stages​ ​display​ ​behaviours​ ​similar​ ​to​ ​autism​ ​spectrum​ ​disorder​ ​(ASD),​ ​such​ ​as​ ​decreased​ ​social​
​interaction​ ​and​ ​altered​ ​locomotion​ ​(Jarema​ ​et​ ​al.,​ ​2022;​ ​Ricarte​ ​et​ ​al.,​ ​2024).​ ​Studies​ ​show​ ​that​
​zebrafish​ ​embryos​​exposed​​to​​VPA​​during​​early​​life​​later​​develop​​autism-like​​behaviour,​​including​
​altered​ ​sensory​ ​processing,​​hyperactivity,​​disruption​​of​​neurotransmitter​​balance,​​and​​lasting​​social​
​deficits.​​For​​this​​reason,​​zebrafish​​are​​widely​​used​​as​​an​​experimental​​model​​for​​autism​​research,​​as​
​VPA-induced​ ​alterations​ ​reliably​ ​reproduce​ ​the​ ​core​ ​neurobehavioural​ ​features​ ​relevant​ ​to​ ​ASD,​
​including​ ​social,​ ​sensory,​ ​and​ ​neurochemical​ ​disturbances​ ​(Ricarte​ ​et​ ​al.,​ ​2024).​ ​For​ ​example,​
​Ricarte​ ​et​ ​al.​ ​demonstrated​ ​that​ ​exposing​ ​zebrafish​ ​embryos​ ​to​ ​VPA​ ​during​ ​the​ ​4-48​ ​h​
​post-fertilisation​ ​(hpf)​ ​period​ ​induces​ ​persistent​ ​neurodevelopmental​ ​alterations.​ ​Larvae​ ​displayed​
​increased​ ​locomotor​ ​activity,​ ​reduced​ ​responsiveness​ ​to​ ​visual​ ​and​ ​vibrational​ ​stimuli,​ ​and​
​dysregulation​ ​of​ ​neurotransmitters,​ ​including​ ​increased​ ​levels​ ​of​ ​glutamate​ ​and​ ​reduced​ ​levels​ ​of​
​acetylcholine​ ​and​ ​norepinephrine.​ ​These​ ​early​ ​disruptions​ ​extended​ ​into​ ​adulthood,​ ​where​
​previously​​exposed​​fish​​exhibited​​atypical​​social​​behaviour,​​characterised​​by​​less​​cohesive​​shoaling​
​and​​diminished​​interest​​in​​conspecifics,​​along​​with​​reduced​​levels​​of​​cerebral​​dopamine​​and​​GABA​
​(Ricarte​ ​et​ ​al.,​ ​2024).​ ​Furthermore,​ ​the​ ​study​ ​by​ ​Zimmermann​ ​et​ ​al.​ ​(2015)​ ​showed​ ​a​ ​deficit​ ​in​
​social​ ​interaction​ ​at​ ​70​ ​and​ ​120​ ​days​ ​post-fertilisation​ ​(dpf)​ ​after​ ​exposure​ ​to​ ​VPA​ ​(48​ ​μM).​
​Similarly,​ ​Baronio​ ​et​ ​al.​ ​(2018)​ ​reported​ ​that​ ​25​ ​μM​ ​VPA​ ​administered​ ​between​ ​10​ ​and​ ​24​ ​hpf​
​subsequently​ ​impaired​ ​the​ ​social​​preference​​of​​adult​​zebrafish​​at​​6​​months​​post​​fertilisation​​(mpf).​
​Together,​ ​these​ ​findings​ ​illustrate​ ​how​ ​routine​​therapeutic​​use​​of​​VPA​​ultimately​​contributes​​to​​its​
​environmental​ ​fate,​ ​emphasising​ ​the​ ​need​ ​for​ ​improved​ ​removal​ ​strategies​ ​and​ ​broader​
​ecopharmacovigilance​ ​efforts.​ ​This​ ​consistency​ ​across​ ​studies​ ​underscores​ ​the​ ​potential​ ​of​
​VPA-exposed zebrafish as a model for studying neurodevelopmental toxicity.​

​Exposure​ ​to​ ​VPA​ ​beyond​ ​the​ ​early​ ​developmental​ ​stages​ ​results​ ​in​ ​long-lasting​
​neurobehavioural​ ​effects​ ​in​ ​juvenile​ ​and​ ​adult​ ​zebrafish,​ ​including​ ​hypoactivity,​ ​hyperactivity,​
​altered​ ​stress​ ​responses,​ ​and​ ​memory​ ​deficits​ ​(Kalueff​ ​et​ ​al.,​ ​2014;​ ​Ton​ ​et​ ​al.,​ ​2006).​ ​These​
​observations​ ​indicate​ ​that​ ​early​ ​disruptions​ ​in​ ​neurodevelopment​ ​may​ ​produce​ ​effects​ ​that​ ​persist​
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​long​​after​​exposure​​has​​ended.​​Behavioural​​assays,​​such​​as​​the​​novel​​tank​​test,​​the​​social​​preference​
​test,​​and​​the​​light-dark​​preference​​test,​​are​​used​​to​​assess​​neurotoxicity​​(Kalueff​​et​​al.,​​2014).​​These​
​assays​ ​produce​ ​sensitive​ ​readouts​ ​as​ ​well​ ​as​ ​large,​ ​complex​ ​datasets​ ​that​ ​are​ ​difficult​ ​to​ ​interpret​
​with traditional manual scoring methods.​

​Concerns​ ​about​​the​​neurobehavioural​​effects​​of​​VPA​​in​​zebrafish​​arise​​from​​its​​detection​​at​
​trace​ ​levels​ ​in​ ​surface​ ​waters​ ​and​ ​wastewater.​ ​Even​ ​low-dose​ ​exposure​ ​can​ ​result​ ​in​ ​subtle​ ​and​
​significant​ ​behavioural​ ​changes,​ ​indicating​ ​the​ ​sensitivity​​of​​zebrafish​​as​​a​​marker​​for​​neuroactive​
​pollutants.​ ​For​ ​example,​​recent​​research​​from​​our​​group​​has​​demonstrated​​that​​a​​96-hour​​exposure​
​to​​VPA​​in​​adult​​zebrafish​​resulted​​in​​a​​mild​​but​​statistically​​significant​​reduction​​in​​social​​behaviour,​
​both​​when​​administered​​alone​​and​​in​​combination​​with​​other​​pharmaceutical​​compounds​​(Chelaru​​et​
​al.,​​2025).​​This​​emphasises​​the​​need​​for​​analytical​​methods​​that​​can​​detect​​these​​minor​​phenotypic​
​changes​ ​(Jarema​ ​et​ ​al.,​ ​2022).​ ​VPA​ ​induces​ ​diverse​ ​neurobehavioural​ ​effects​ ​in​ ​zebrafish,​
​highlighting​ ​the​ ​value​ ​of​ ​the​ ​model​ ​in​ ​studying​ ​pharmaceuticals.​ ​However,​ ​the​ ​complexity​ ​of​
​behavioural​​responses​​reveals​​the​​limitation​​of​​traditional​​analysis​​methods,​​leading​​to​​the​​need​​for​
​AI-based tools for objective and scalable behavioural phenotyping.​

​5.​ ​Artificial​ ​Intelligence​ ​in​ ​Neurobehavioural​ ​Analysis,​ ​Zebrafish​ ​Models,​ ​and​
​Wastewater Neurotoxicology​
​Conventional​ ​behavioural​ ​scoring​ ​in​ ​zebrafish​ ​predominantly​ ​depends​ ​on​ ​manual​

​observation​ ​or​ ​rudimentary​​tracking​​systems​​that​​assess​​movement,​​distance​​travelled,​​immobility,​
​and​ ​angular​ ​variations.​ ​While​ ​useful​ ​for​ ​fundamental​ ​toxicity​ ​assessments,​ ​these​ ​methods​ ​are​
​constrained​​by​​observer​​bias,​​inadequate​​temporal​​resolution,​​and​​the​​incapacity​​to​​identify​​nuanced​
​or​ ​intricate​ ​behavioural​ ​abnormalities​ ​(Fontana​ ​et​ ​al.,​ ​2025b).​ ​This​ ​constraint​ ​is​ ​particularly​
​pertinent​​when​​assessing​​the​​impacts​​of​​VPA,​​which​​elicits​​subtle​​alterations​​in​​locomotor​​activity,​
​anxiety-like behavior, and social interaction that may elude traditional methods (Rihel et al., 2010).​

​AI​ ​provides​ ​revolutionary​​answers​​for​​these​​issues.​​Computer​​vision​​algorithms​​can​​derive​
​high-resolution​ ​movement​ ​trajectories​ ​and​ ​posture​ ​data​ ​from​ ​video​​recordings,​​collecting​​detailed​
​behavioural​ ​events​ ​over​ ​extensive​ ​populations​ ​and​ ​prolonged​ ​observation​ ​periods​ ​(Yang​ ​et​ ​al.,​
​2021).​​Machine​​learning​​algorithms,​​such​​as​​support​​vector​​machines,​​random​​forests,​​and​​k-nearest​
​neighbours,​​facilitate​​the​​classification​​of​​treatment​​groups​​based​​on​​behavioural​​markers,​​yielding​
​objective​ ​and​ ​reproducible​ ​phenotyping​ ​(Fontana​ ​et​ ​al.,​ ​2025a).​ ​Importantly,​ ​deep​ ​learning​
​techniques​ ​such​ ​as​ ​convolutional​ ​neural​ ​networks​ ​(CNNs)​ ​and​ ​recurrent​ ​neural​​networks​​(RNNs)​
​enable​ ​the​ ​detection​ ​of​ ​latent​ ​patterns​ ​across​ ​spatiotemporal​ ​dimensions,​ ​supporting​ ​advanced​
​pattern recognition and analysis in neurobehavioural data (Nascu, 2025; Prasad et al., 2025).​

​AI​ ​also​ ​enables​ ​high-throughput​ ​behavioural​ ​screening,​ ​allowing​ ​for​ ​the​ ​assessment​ ​of​
​low-dose​ ​and​ ​chronic​ ​exposure​ ​effects,​ ​as​ ​well​ ​as​ ​mixture​ ​interactions​ ​encountered​ ​in​
​environmental​​situations​​(Fontana​​et​​al.,​​2025a).​​This​​method​​is​​especially​​relevant​​for​​VPA,​​which​
​persists​​in​​wastewater​​at​​low​​concentrations​​but​​can​​cause​​cumulative​​neurobehavioural​​alterations​
​in​ ​aquatic​ ​organisms.​ ​Zebrafish​ ​behavioural​ ​datasets​ ​can​ ​be​ ​used​ ​to​ ​measure​ ​neurotoxic​
​consequences​ ​by​ ​combining​ ​AI-driven​ ​tracking,​ ​machine​ ​learning-based​ ​categorisation,​ ​and​ ​deep​
​learning​ ​pattern​ ​recognition​ ​(Rihel​ ​et​ ​al.,​ ​2010).​ ​AI​ ​enables​ ​researchers​ ​to​ ​progress​ ​from​ ​simple​
​locomotor​ ​measures​ ​to​ ​high-dimensional​ ​neurobehavioural​ ​phenotyping,​ ​providing​ ​sensitive,​
​reproducible,​ ​and​ ​translationally​​relevant​​data​​for​​environmental​​neurotoxicology​​studies​​(Fontana​
​et al., 2025a; Yang et al., 2021).​

​The​ ​combination​ ​of​ ​AI,​ ​zebrafish​ ​models,​ ​and​ ​wastewater​ ​neurotoxicology​ ​results​ ​in​ ​a​
​predictive​ ​and​ ​translational​ ​framework​ ​for​ ​evaluating​ ​the​ ​neurobehavioural​ ​impact​ ​of​ ​new​
​pollutants​ ​like​ ​VPA.​ ​Zebrafish​ ​serve​ ​as​ ​an​ ​exemplary​ ​model​ ​for​ ​identifying​ ​neurodevelopmental​
​and​ ​behavioural​ ​alterations​ ​induced​ ​by​ ​pollutants​ ​due​ ​to​ ​their​ ​conserved​ ​neuroanatomy,​ ​rapid​
​development, and varied behavioural repertoire (Rihel et al., 2010).​

​Behavioural​ ​assays​ ​in​ ​zebrafish,​ ​such​ ​as​​locomotion​​tracking,​​anxiety-like​​behaviour​​tests,​
​and​ ​social​ ​interaction​ ​assays,​ ​can​ ​be​ ​used​ ​to​ ​detect​ ​neurotoxicity​ ​(Dutra​ ​Costa​ ​et​ ​al.,​ ​2020).​ ​AI​
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​improves​ ​the​ ​sensitivity​ ​and​ ​impartiality​ ​of​ ​these​ ​tests​ ​by​​automating​​tracking,​​feature​​extraction,​
​and​ ​pattern​ ​identification.​ ​Machine​​learning​​classifiers,​​for​​example,​​can​​distinguish​​VPA-induced​
​behavioural​​profiles​​from​​controls,​​but​​deep​​learning​​models​​can​​detect​​small​​changes​​that​​indicate​
​neurodevelopmental disturbance (Bozhko et al., 2022).​

​Researchers​ ​can​ ​develop​ ​predictive​ ​neurobehavioural​ ​models​ ​by​ ​integrating​ ​the​ ​following​
​components:​ ​wastewater​ ​sampling​ ​identifies​ ​the​ ​presence​ ​and​ ​concentration​ ​of​ ​neuroactive​
​contaminants,​​zebrafish​​assays​​demonstrate​​functional​​neurobehavioural​​outcomes,​​and​​AI​​analyses​
​offer​​high-dimensional,​​reproducible,​​and​​scalable​​quantification​​of​​effects​​(Fontana​​et​​al.,​​2025b).​
​VPA​​is​​used​​as​​a​​reference​​neuroactive​​substance​​to​​evaluate​​this​​framework,​​proving​​the​​ability​​of​
​AI-enhanced​ ​zebrafish​ ​models​ ​to​ ​identify​ ​modest​ ​neurobehavioural​ ​changes​ ​under​ ​relevant​
​environmental exposure scenarios (Fontana et al., 2025b; Rihel et al., 2010).​

​This​ ​comprehensive​ ​approach​ ​offers​ ​a​ ​robust​ ​foundation​ ​for​ ​tackling​ ​numerous​ ​persistent​
​challenges​ ​in​ ​environmental​ ​neurotoxicology.​ ​Researchers​ ​can​ ​identify​ ​modest​ ​neurobehavioural​
​changes​ ​resulting​ ​from​ ​low-dose,​ ​chronic,​ ​or​ ​mixed​ ​chemical​ ​exposures,​ ​which​ ​are​ ​frequently​
​missed​​by​​traditional​​scoring​​methods​​(Kalueff​​et​​al.,​​2014;​​Tierney,​​2011),​​by​​integrating​​zebrafish​
​behavioural​​models​​with​​AI-driven​​analytical​​tools.​​The​​implementation​​of​​automated,​​data-driven​
​behavioural​ ​analysis​ ​fosters​ ​uniformity​ ​and​ ​reproducibility​​of​​tests​​among​​laboratories,​​mitigating​
​observer​ ​bias​ ​and​ ​improving​ ​cross-study​ ​comparability​ ​(Gomez-Marin​ ​et​ ​al.,​ ​2014;​ ​Pereira​​et​​al.,​
​2020).​​Furthermore,​​AI-assisted​​extraction​​of​​high-dimensional​​behavioural​​patterns​​makes​​it​​easier​
​to​ ​translate​ ​aquatic​ ​neurobehavioural​ ​data​ ​into​ ​predictive​ ​insights​ ​for​ ​human​ ​neurotoxicity,​
​enhancing​ ​the​ ​translational​ ​potential​ ​of​ ​zebrafish-based​ ​models​ ​(MacRae​ ​&​ ​Peterson,​ ​2015;​
​Wiltschko​ ​et​ ​al.,​ ​2015).​ ​The​ ​scalability​ ​of​ ​AI-driven​ ​processes​ ​facilitates​ ​the​ ​construction​ ​of​
​high-throughput​​screening​​pipelines,​​which​​allow​​for​​efficient​​prioritisation​​and​​risk​​assessment​​of​
​emerging pollutants in complex aquatic matrices (Guo et al., 2025; Küster & Adler, 2014).​

​Finally,​​the​​combination​​of​​AI,​​zebrafish​​models,​​and​​wastewater​​neurotoxicology​​provides​
​a​ ​solid​ ​foundation​ ​for​ ​predictive​ ​environmental​ ​risk​ ​assessment,​ ​directing​ ​both​ ​research​ ​and​
​regulatory decision-making for neuroactive pollutants (Rihel et al., 2010).​

​6.​ ​The​ ​Exploratory​ ​Role​ ​of​ ​Artificial​ ​Intelligence​ ​in​ ​Neurobehavioural​ ​Analysis:​
​Valproic Acid as a Case Study in Zebrafish​
​Behavioural​ ​effects​ ​of​ ​VPA​ ​(3​ ​µg​ ​L⁻¹)​ ​were​ ​assessed​ ​in​ ​adult​ ​zebrafish​​following​​96​​h​​of​

​exposure​ ​using​ ​the​ ​novel​ ​tank​ ​test.​ ​Locomotor​ ​and​ ​exploratory​ ​behaviours​ ​were​ ​quantified​ ​by​
​automated​​video​​tracking​​with​​EthoVision​​XT​​17.​​Data​​preprocessing​​and​​analysis​​were​​performed​
​within​ ​a​ ​Python-based​ ​computational​​environment.​​AI-assisted​​tools,​​including​​Microsoft​​Copilot,​
​were​ ​used​ ​to​ ​support​ ​code​ ​development,​ ​optimisation,​ ​and​ ​workflow​ ​automation.​ ​Importantly,​​all​
​analytical​ ​procedures​ ​relied​ ​on​ ​predefined​ ​statistical​ ​and​ ​variance-based​ ​criteria;​ ​AI​ ​tools​ ​did​​not​
​perform statistical inference, sample selection decisions, or result interpretation.​

​To​ ​evaluate​ ​and​ ​reduce​ ​technical​ ​variability,​ ​a​ ​multivariate​ ​variance-based​ ​exploratory​
​procedure​ ​was​ ​applied​ ​to​ ​the​ ​full​ ​dataset.​ ​For​ ​each​ ​experimental​ ​group,​ ​variance​ ​and​ ​dispersion​
​across​ ​multiple​ ​behavioural​ ​endpoints​ ​were​ ​calculated,​ ​and​ ​all​ ​possible​ ​combinations​ ​of​ ​five​
​individuals​​were​​assessed.​​The​​subset​​exhibiting​​the​​lowest​​within-group​​multivariate​​variance​​was​
​retained​ ​as​ ​a​ ​representative,​ ​low-variance​ ​dataset​​for​​downstream​​comparative​​analysis​​(n​​=​​5​​per​
​group).​ ​Selection​ ​was​ ​independent​ ​of​ ​treatment​ ​outcome,​ ​effect​​direction,​​or​​endpoint​​magnitude,​
​and no raw data were excluded.​

​This​ ​dataset​ ​included​ ​five​ ​established​ ​zebrafish​ ​behavioural​ ​endpoints​ ​that​ ​represent​
​locomotor​​activity,​​exploratory​​behaviour,​​and​​anxiety-related​​responses​​(Fig.​​2):​​(a)​​Total​​Distance​
​Travelled​ ​(cm),​ ​(b)​ ​Velocity​ ​(cm/s),​ ​(c)​ ​Thigmotaxis​ ​Cumulative​ ​Duration​ ​(s),​ ​(d)​ ​Centre​
​Cumulative​ ​Duration​ ​(s),​ ​and​ ​(e)​ ​Immobility​ ​Cumulative​ ​Duration​ ​(s).​ ​Each​ ​parameter​ ​was​
​represented​ ​by​ ​a​ ​combined​ ​box-and-jitter​ ​plot,​ ​which​ ​displayed​ ​individual​ ​data​ ​points​ ​as​ ​well​ ​as​
​group distributions.​
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​Figure 2. Exploratory, locomotor, and anxiety‑related behavioural endpoints quantified in the​
​optimised dataset (n = 5 CONTROL; n = 5 VPA), with data presented as mean ± SD, after 96 h exposure.​

​The main parameters measured include: (a) Total Distance Travelled (cm), (b) Velocity (cm/s), (c)​
​Thigmotaxis Cumulative Duration (s), (d) Centre Cumulative Duration (s), and (e) Immobility Cumulative​

​Duration (s).​

​Across​ ​all​ ​behavioural​ ​endpoints,​ ​the​ ​VPA-exposed​ ​group​ ​had​ ​a​ ​consistent​ ​and​ ​coherent​
​neurobehavioural​ ​pattern.​ ​VPA​ ​administration​ ​resulted​ ​in​​a​​hyper​​locomotor​​response,​​with​​adults​
​travelling​ ​substantially​ ​longer​ ​distances​ ​and​ ​swimming​ ​faster​ ​than​ ​controls.​ ​Furthermore,​
​VPA-exposed​ ​adults​ ​exhibited​ ​lower​ ​immobility,​ ​indicating​ ​heightened​ ​motor​ ​activation​ ​and​
​decreased​ ​behavioural​ ​inhibition.​ ​Similar​ ​results​ ​have​ ​been​ ​reported​ ​in​ ​studies​ ​conducted​ ​on​
​zebrafish​ ​adults​ ​(Dhanabal​ ​&​ ​Durairaj,​ ​2024;​ ​Chelaru​ ​et​ ​al.,​ ​2025).​ ​Concomitantly,​ ​VPA​
​administration​​resulted​​in​​significant​​changes​​in​​spatial​​preference,​​including​​increased​​thigmotaxis​
​and​ ​decreased​ ​centre​ ​zone​​exploration,​​indicating​​an​​anxiogenic​​behavioural​​shift.​​As​​Borba​​et​​al.​
​(2025)​ ​affirmed,​ ​thigmotaxis​ ​represents​ ​the​ ​fish​ ​preference​ ​for​ ​the​ ​edge​ ​of​ ​the​ ​aquarium,​ ​an​
​endpoint that reflects the relationship between anxiogenic- and anxiolytic-like behaviour.​

​VPA-exposed​ ​individuals​ ​displayed​ ​reduced​ ​multivariate​ ​dispersion​ ​relative​ ​to​ ​controls,​
​facilitating​ ​clearer​ ​visualisation​ ​of​ ​group-level​ ​behavioural​ ​trends.​ ​Collectively,​ ​these​ ​findings​
​demonstrate​ ​that​ ​VPA​ ​elicits​ ​robust,​ ​multidomain​ ​neurobehavioural​ ​alterations​ ​in​ ​zebrafish.​ ​By​
​integrating​​AI-assisted​​exploratory​​preprocessing​​with​​optimised​​sample​​selection,​​we​​substantially​
​reduced​ ​behavioural​ ​noise​ ​and​ ​may​ ​support​ ​the​ ​detection​ ​of​ ​pollutant-induced​ ​neurobehavioural​
​alterations,​ ​enabling​ ​precise​ ​detection​ ​of​ ​VPA-induced​ ​hyperactivity,​ ​increased​ ​peripheral​
​occupation,​ ​reduced​ ​centre​ ​exploration,​ ​and​ ​diminished​ ​immobility.​ ​These​ ​results​ ​highlight​ ​the​
​power​ ​of​ ​artificial​ ​intelligence–enhanced​ ​behavioural​ ​analysis​ ​as​ ​a​ ​sensitive​ ​and​ ​scalable​
​framework​ ​for​ ​characterising​ ​pollutant-induced​ ​neurobehavioural​ ​disruption​ ​in​ ​aquatic​​toxicology​
​research.​
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​7. Limitations and Future Directions​
​Despite​ ​the​ ​intriguing​ ​combination​ ​of​ ​AI,​ ​zebrafish​ ​models,​ ​and​ ​wastewater​

​neurotoxicology​ ​for​ ​detecting​ ​the​ ​neurobehavioural​ ​consequences​ ​of​ ​new​ ​pollutants​ ​and​ ​their​
​mixtures, numerous limitations constrain present research and point to distinct future possibilities.​

​The​​quality​​and​​uniformity​​of​​behavioural​​datasets​​present​​a​​fundamental​​challenge.​​AI​​and​
​machine​ ​learning​ ​models​ ​rely​ ​heavily​ ​on​ ​large,​ ​representative​ ​datasets​ ​for​ ​robust​ ​training​ ​and​
​generalisation,​ ​but​ ​many​ ​zebrafish​ ​behavioural​ ​studies​ ​use​ ​small​ ​sample​ ​sizes,​ ​inconsistent​
​annotation​ ​standards,​ ​and​ ​variable​ ​protocols.​ ​Manual​ ​categorisation​ ​of​ ​behaviours​ ​is​
​time-consuming,​ ​subjective,​ ​and​ ​subject​ ​to​ ​inter-annotator​ ​disagreement,​ ​reducing​ ​repeatability​
​across​​laboratories​​(Creton,​​2009;​​Segalin​​et​​al.,​​2021).​​The​​research​​made​​by​​Fazzari​​et​​al.​​(2025)​
​conducted​ ​a​ ​comprehensive​ ​evaluation​ ​of​ ​deep​ ​learning-based​ ​methods​ ​for​ ​animal​ ​behaviour​
​analysis,​ ​emphasising​ ​issues​ ​with​ ​data​ ​quality,​ ​annotation,​ ​and​ ​model​ ​generalisability.​
​Environmental​ ​and​ ​husbandry​ ​factors,​​including​​water​​chemistry,​​tank​​geometry,​​and​​lighting,​​can​
​greatly​ ​influence​ ​behavioural​ ​outcomes​ ​in​ ​zebrafish​ ​research.​ ​These​ ​conditions​ ​are​ ​usually​
​underreported, hindering study comparability and replication (Hillman et al., 2024).​

​Although​​AI​​approaches​​provide​​enhanced​​pattern​​recognition​​capabilities,​​they​​also​​present​
​issues​ ​in​ ​model​ ​interpretability​ ​and​ ​generalisability.​ ​Many​ ​deep​ ​learning​ ​architectures,​ ​such​ ​as​
​convolutional​ ​and​ ​recurrent​ ​neural​ ​networks,​ ​which​ ​are​ ​commonly​ ​used​ ​in​ ​animal​ ​behaviour​
​analysis,​ ​operate​ ​as​ ​"black​ ​boxes,"​ ​providing​ ​little​ ​insight​ ​into​ ​how​ ​decisions​ ​are​ ​made​ ​or​​which​
​features​​drive​​classification​​outcomes​​(Hassija​​et​​al.,​​2024).​​The​​opacity​​of​​these​​models​​can​​hinder​
​biological​​interpretation​​of​​AI-detected​​phenotypes,​​complicating​​efforts​​to​​link​​behavioural​​signals​
​to​​underlying​​neural​​mechanisms​​(Elshawi​​et​​al.,​​2019).​​Overfitting​​is​​a​​concern​​for​​models​​trained​
​on​ ​small​ ​or​ ​biased​ ​datasets,​ ​as​ ​performance​ ​on​ ​training​ ​data​ ​may​​not​​translate​​to​​new,​​real-world​
​conditions.​ ​This​ ​limitation​ ​is​ ​emphasised​ ​across​ ​AI​ ​applications​ ​in​ ​biomedical​​domains​​(Rizzo​​et​
​al., 2025).​

​Furthermore,​ ​algorithmic​ ​bias,​ ​where​ ​training​ ​data​ ​inadvertently​ ​embed​ ​systematic​ ​biases​
​(e.g.,​ ​resulting​ ​from​ ​unique​ ​laboratory​ ​circumstances​ ​or​ ​experimental​ ​designs),​ ​can​ ​distort​​model​
​outputs and impair generalisability (Mavrogiorgos et al., 2024).​

​The​ ​findings​ ​of​ ​our​ ​experimental​ ​dataset​ ​reveal​ ​VPA​ ​as​ ​a​ ​key​ ​neuroactive​ ​pollutant​ ​of​
​concern,​ ​emphasising​ ​the​ ​importance​ ​of​ ​AI-enhanced​ ​zebrafish​ ​behavioural​ ​models​ ​for​
​environmental​​risk​​assessment​​and​​prediction​​neurotoxicology.​​However,​​one​​significant​​limitation​
​of​ ​this​ ​work​ ​is​ ​the​ ​use​ ​of​ ​an​ ​optimised​ ​low-variance​ ​subset​ ​(n​ ​=​ ​5​ ​per​ ​group),​ ​reflecting​ ​its​
​proof-of-concept​ ​and​ ​methodological​ ​focus.​ ​While​ ​variance-informed​ ​preprocessing​ ​facilitated​
​clearer​​visualisation​​of​​behavioural​​trends​​by​​reducing​​technical​​noise,​​the​​small​​sample​​size​​limits​
​statistical​ ​power​ ​and​ ​precludes​ ​population-level​ ​generalisation.​ ​The​ ​AI-assisted​ ​pipeline​ ​was​
​implemented​ ​as​ ​a​ ​deterministic,​​exploratory​​tool​​and​​was​​not​​intended​​for​​predictive​​modelling​​or​
​autonomous​ ​decision-making;​ ​therefore,​ ​behavioural​ ​heterogeneity​ ​remains​ ​an​ ​important​
​consideration.​ ​Future​ ​studies​ ​should​ ​validate​​this​​framework​​using​​larger​​cohorts​​and​​independent​
​datasets​ ​to​ ​assess​ ​robustness,​ ​scalability,​ ​and​ ​applicability​ ​across​ ​different​ ​neuroactive​ ​pollutants​
​and behavioural paradigms.​

​The​ ​biological​ ​intricacy​ ​of​ ​zebrafish​ ​behaviour​ ​and​ ​its​ ​interpretation​ ​impose​ ​inherent​
​restrictions.​​While​​zebrafish​​are​​valuable​​translational​​models,​​their​​neuroanatomical​​simplicity​​and​
​the​ ​sensitivity​ ​of​ ​behavioural​ ​endpoints​ ​to​ ​external​ ​stressors​ ​necessitate​ ​caution​ ​in​ ​interpreting​
​certain​ ​phenotypes​ ​such​ ​as​ ​"anxiety-like"​ ​or​ ​cognitive​ ​behaviours​ ​(Chauhan​ ​et​ ​al.,​ ​2026).​
​Furthermore,​ ​innovative​ ​behavioural​ ​paradigms,​ ​such​ ​as​ ​learning​ ​or​ ​operant​ ​conditioning​
​procedures​ ​may​ ​have​ ​low​ ​replicability​ ​when​ ​transferred​ ​between​ ​laboratories,​ ​highlighting​ ​the​
​importance​ ​of​ ​rigorous​ ​validation​ ​and​ ​refinement​ ​(Agrillo​ ​et​ ​al.,​ ​2024).​ ​AI-driven​ ​analysis​ ​faces​
​practical​ ​constraints​ ​such​ ​as​ ​technical​ ​skills​ ​and​ ​processing​​infrastructure.​​Many​​laboratories​​lack​
​the​ ​computational​ ​skills​ ​and​ ​resources​ ​required​ ​to​ ​set​ ​up​​and​​maintain​​complex​​machine​​learning​
​processes.​​Open-access​​tools,​​such​​as​​stance-tracking​​software,​​may​​require​​technical​​expertise​​that​
​is not broadly available (Teicher et al., 2025).​
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​To​ ​optimise​ ​the​ ​impact​ ​of​ ​AI-enhanced​ ​zebrafish​ ​neurobehavioural​ ​research,​ ​several​
​strategic initiatives need to be followed.​

​The​ ​first​ ​step​ ​is​ ​to​ ​create​ ​uniform,​ ​large-scale​ ​behavioural​ ​datasets.​ ​Shared​ ​annotation​
​frameworks​​and​​multi-laboratory​​benchmarking​​will​​allow​​for​​more​​robust​​AI​​training,​​cross-study​
​comparisons,​ ​and​ ​improved​ ​repeatability​ ​across​ ​laboratories​ ​(Creton,​ ​2009;​ ​Fazzari​ ​et​ ​al.,​ ​2025;​
​Pereira et al., 2020).​

​Second,​ ​the​ ​discipline​ ​should​ ​use​ ​hybrid​ ​analytical​ ​frameworks​ ​to​ ​combine​ ​AI-extracted​
​behavioural​​traits​​with​​molecular,​​neurophysiological,​​or​​imaging​​data.​​Such​​multimodal​​techniques​
​will​ ​improve​ ​mechanistic​ ​understanding​ ​and​ ​translational​ ​relevance​ ​by​ ​connecting​ ​reported​
​behavioural phenotypes to the underlying neural circuits (Chauhan et al., 2026; Tierney, 2011).​

​Third,​ ​experimental​ ​designs​ ​must​ ​account​ ​for​ ​environmentally​ ​realistic​ ​exposures.​​Fourth,​
​ongoing​ ​investment​ ​in​ ​open-source​ ​AI​ ​tools​ ​and​ ​collaboration​ ​platforms​ ​is​ ​essential.​ ​Lowering​
​technical​​obstacles​​will​​provide​​access​​to​​advanced​​behavioural​​analytical​​methodologies,​​allowing​
​for​​wider​​use​​and​​community-wide​​data​​sharing​​(Guo​​et​​al.,​​2025;​​Wiltschko​​et​​al.,​​2015).​​Finally,​
​rigorous​ ​validation​ ​and​ ​openness​ ​should​ ​be​ ​prioritized.​ ​Efforts​ ​to​ ​improve​ ​model​ ​explainability,​
​such​ ​as​ ​the​ ​use​ ​of​ ​interpretable​ ​machine​ ​learning​ ​techniques,​ ​will​ ​ensure​ ​that​ ​AI​ ​outputs​ ​are​
​biologically​ ​meaningful​ ​and​ ​actionable,​ ​hence​ ​facilitating​ ​regulatory​ ​decision-making​ ​(Hassija​ ​et​
​al., 2024; Mavrogiorgos et al., 2024).​

​By​ ​pursuing​ ​these​ ​directions,​ ​the​ ​field​ ​can​ ​make​ ​progress​ ​toward​ ​AI-enhanced​ ​zebrafish​
​neurobehavioural​ ​evaluation​ ​that​ ​is​ ​robust,​ ​reproducible,​ ​and​ ​ecologically​ ​relevant,​ ​laying​ ​the​
​groundwork​ ​for​ ​better​ ​environmental​ ​monitoring,​ ​neurotoxicology​ ​research,​ ​and​ ​translational​
​neuroscience applications.​

​8. Conclusions​
​VPA​​is​​a​​neuroactive​​pharmaceutical​​that​​remains​​in​​aquatic​​environments​​due​​to​​extensive​

​use​​and​​inadequate​​removal​​by​​wastewater​​treatment.​​Its​​environmental​​persistence,​​stable​​chemical​
​properties,​ ​and​ ​known​ ​neuropharmacological​ ​effects​ ​raise​ ​significant​ ​concern​ ​regarding​ ​aquatic​
​neurotoxicity,​ ​making​ ​it​ ​a​ ​key​ ​reference​ ​contaminant​ ​for​ ​environmental​ ​studies.​ ​Evidence​ ​from​
​zebrafish​​models​​indicates​​that​​low​​concentrations​​of​​VPA​​exposure​​can​​lead​​to​​significant​​changes​
​in​ ​locomotion,​ ​anxiety-like​ ​behaviour,​ ​social​ ​preference,​ ​and​ ​neurodevelopment.​ ​These​
​neurobehavioural​ ​outcomes​ ​reflect​ ​brain​ ​disruptions​ ​sensitive​ ​to​ ​pharmaceutical​ ​exposure​ ​but​ ​are​
​complex and subtle, complicating traditional behavioural assessment methods.​

​AI​ ​serves​ ​as​ ​a​ ​transformative​ ​tool​ ​in​ ​environmental​​neurotoxicology​​by​​enabling​​objective​
​and​ ​detailed​ ​analysis​ ​of​ ​behavior.​ ​This​ ​high-resolution​ ​approach​ ​aids​ ​in​ ​identifying​ ​subtle​ ​effects​
​from​ ​low-dose​ ​exposures​ ​and​ ​mixtures​ ​that​ ​might​ ​be​ ​missed.​ ​When​ ​combined​ ​with​ ​zebrafish​
​models,​ ​AI​ ​enhances​ ​the​ ​connection​ ​between​ ​behavioural​ ​phenotyping​ ​and​ ​insights​ ​into​ ​human​
​neurotoxicity.​ ​Together,​ ​the​ ​integration​ ​of​ ​AI,​ ​zebrafish​ ​as​ ​a​ ​neurobehavioural​ ​model,​ ​and​
​wastewater-derived​ ​neuroactive​ ​contaminants​ ​like​ ​VPA​ ​represents​ ​a​ ​significant​ ​advancement​ ​in​
​neurotoxicity assessment.​

​Future​ ​studies​ ​on​ ​standardisation,​ ​transparency,​ ​and​ ​multimodal​ ​integration​ ​are​ ​crucial​ ​for​
​developing​ ​effective​ ​tools​ ​for​ ​environmental​ ​monitoring,​ ​regulatory​ ​decision-making,​ ​and​
​translational neuroscience.​
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