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Introduction
Pathogenic KCNQ2 gain-of-function (GOF) variants enhance neuronal M-current, and cause severe developmental disorders characterized by cognitive, behavioral, language, and motor impairments, with potential seizures. These variants enhance neuronal M-current, however, their downstream effects on neuronal function and network behavior remain poorly understood, limiting the development of effective treatments.
To address this, we characterized excitatory–inhibitory neuronal co-cultures derived from human iPSCs carrying two GOF variants and used this platform to evaluate two pharmacological approaches explored as potential precision medicine strategies.
Methods
Doxycycline-inducible expression of the transcription factors NGN and ASCL1 was used to generate cortical-like excitatory and inhibitory iPSC-derived neurons, respectively, from two human iPSC lines carrying the GOF KCNQ2 variants R201C and G239S, along with their isogenic controls. Excitatory and inhibitory neurons were co-cultured at a 70:30 ratio with primary murine astrocytes and maintained for up to 70 days in vitro (DIV). 
Culture composition, synaptic marker expression, and occurrence of the GABA switch were characterized through immunocytochemistry (ICC). Longitudinal electrophysiological network development was evaluated using high-density microelectrode arrays (HD-MEAs). 
Results
ICC for GABA and MAP2 confirmed the successful establishment of excitatory–inhibitory neuronal co-cultures, which maintained the expected 70:30 ratio up to DIV70 and showed progressive maturation over time. Across this period, the KCC2/NKCC1 expression ratio increased from 0.4 to 0.6, reflecting the developmental shift in GABAergic signaling from depolarizing to inhibitory. Functionally, pharmacological blockade of GABAA receptors with 100 µM picrotoxin (PTX) induced an approximately fivefold increase in network activity in DIV70 co-cultures, whereas no effect was observed in glutamatergic monocultures, supporting the presence of functional inhibitory transmission. Furthermore, ICC of the presynaptic markers vGlut and VGAT confirmed the presence of glutamatergic and GABAergic synapses.
KCNQ2-GOF lines maintained overall excitatory–inhibitory co-culture composition but showed reduced survival. ICC indicated a delayed shift in GABAergic signaling (DIV56 in GOF vs DIV42 in controls) and reduced glutamatergic presynapses. HD-MEA recordings revealed delayed activity onset and a hypoexcitable phenotype, with decreased firing rate, burst frequency, and spikes per burst. Finally, amitriptyline and donepezil, proposed precision therapies for GOF patients, were tested in KCNQ2-G239S co-cultures under acute and chronic conditions; unexpectedly, both further suppressed overall and network-synchronized activity, exacerbating the hypoexcitable phenotype.
Conclusions
These results validate a robust excitatory–inhibitory co-culture model and demonstrate that KCNQ2-GOF variants disrupt neuronal maturation and network function. They provide new insight into KCNQ2-GOF encephalopathy and may inform the development of effective therapeutic strategies.
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