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Eye movement deficits, including abnormal saccades and impaired smooth pursuits, are among the earliest observable indicators of neurodegenerative diseases, particularly Alzheimer’s disease (AD). These deficits arise from dysfunctions in neural circuits controlling oculomotor function, including the superior colliculus, parietal and frontal eye fields, cerebellum, and locus coeruleus (LC). Since these circuits rely on a delicate balance of excitation and inhibition (E/I), their impairment reflects broader neural dysregulation seen in neurodegenerative diseases. Notably, oculomotor abnormalities strongly correlate with cognitive decline and the progression of neuropathological hallmarks, highlighting their potential as sensitive, non-invasive clinical markers for early detection. GABAergic signaling, the principal mechanism of inhibitory neurotransmission, plays a central role in maintaining E/I balance and regulating neural network activity. In neurodegenerative diseases, GABAergic dysfunction is characterized by reduced GABA levels, altered GABAA receptor function, and compromised inhibitory control. These changes drive network hyperexcitability, synaptic instability, and cognitive impairments. Such disruptions are particularly impactful in oculomotor circuits, contributing directly to eye movement deficits. The potassium-chloride co-transporter 2 (KCC2), a key regulator of intracellular chloride homeostasis, is essential for maintaining GABAergic inhibition. In AD, KCC2 dysfunction exacerbates GABAergic dysregulation, amplifying E/I imbalance and impairing neural circuits. This review integrates current findings on GABAergic signaling, KCC2 dysfunction, and oculomotor deficits in AD, offering novel insights into the mechanisms linking KCC2 dysfunction and oculomotor impairments within the context of AD.
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1 INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the deterioration of interconnected brain networks essential for cognition. Growing evidence indicates that AD pathology selectively disrupts specific circuits, with amyloid and tau accumulation driving distinctive patterns of dysfunction (Buckner et al., 2005; Seeley et al., 2009; Jones, 2010; Sperling et al., 2010). Among the earliest affected are networks mediating visual attention and oculomotor control, which provide valuable insights into disease progression (Anderson and MacAskill, 2013; Wilcockson et al., 2019; Hannonen et al., 2022; Opwonya et al., 2023). Impairments in these systems compromise the brain’s capacity to filter, prioritize, and integrate sensory input, thereby accelerating decline in memory, executive function, and visuospatial processing (Rizzo et al., 2000; Quental et al., 2013; Eraslan Boz et al., 2024). Mechanistically, alterations in the excitatory/inhibitory (E/I) balance within vulnerable networks are emerging as key contributors to AD pathogenesis.
Here, we examine how early oculomotor anomalies, reflecting visual attention deficits in AD, provide critical insights into disease progression. We focus on GABAergic transmission dysfunction, a pivotal factor in the breakdown of inhibitory control within these circuits. The inhibitory action of GABA relies on the complementary functions of ionotropic GABAA​ receptors (GABAA​Rs) and metabotropic GABAB​ receptors (GABAB​Rs). GABAA​Rs are Cl−/HCO3−-permeable channels whose inhibitory efficacy depends on intracellular chloride concentration ([Cl−]ᵢ), which determines the reversal potential (EGABA). Under physiological conditions, low [Cl−]ᵢ maintains a negative EGABA​, such that GABAA​R activation produces hyperpolarizing or shunting inhibition. In AD, chloride homeostasis is disrupted, leading to depolarized EGABA​ and weakened inhibition (Chen et al., 2017). In extreme cases, depolarizing GABAA​Rs activation can trigger the opening of voltage-gated Ca2+ channels and facilitate NMDA receptor (NMDAR) activation (Leinekugel et al., 1997; Kilb, 2021). Notably, inhibition of NMDARs with memantine, a low-to-moderate affinity, uncompetitive, and voltage-dependent channel blocker, preferentially suppresses pathological overactivation while sparing physiological signaling, providing modest symptomatic benefit in moderate-to-severe AD (Kishi et al., 2017). In contrast, GABAB​Rs are GPCRs that mediate slow inhibition through activation of GIRK (Kir3) K+ channels and presynaptic Ca2+ channel inhibition, thereby maintaining membrane hyperpolarization via a chloride-independent pathway (Benarroch, 2012). Importantly, nanoscale remodeling of GABAB​R–GIRK complexes has been observed near amyloid plaques (Martín-Belmonte et al., 2022). Moreover, selective pharmacological activation of GIRK channels (e.g., ML297, VU0810464) restores hippocampal function and memory in AD models, identifying this pathway as a promising therapeutic strategy (Jeremic et al., 2021).
During early development, GABAergic signaling is predominantly excitatory due to chloride gradients regulated by transporters such as KCC2. As the nervous system matures, signaling shifts toward inhibition, establishing the excitatory/inhibitory (E/I) balance essential for network stability (Ben-Ari et al., 2007; Kaila et al., 2014). Disruptions in these late neurodevelopmental processes, particularly those involving KCC2-dependent maturation, may leave lasting circuit vulnerabilities that predispose to AD-related fragility. While oculomotor abnormalities can serve as early markers of altered E/I balance in pediatric populations, there is no direct evidence that they predict AD onset. For example, voluntary saccadic control depends on prefrontal E/I maturation; in children with neurodevelopmental challenges, deficits in this control signal atypical development but do not predict later neurodegeneration (Ibrahimi et al., 2024). Nonetheless, subtle oculomotor alterations may reveal persistent vulnerabilities shaped by disrupted GABAergic maturation. According to John Stein’s magnocellular theory, dyslexia arises from dysfunction in the magnocellular visual pathway, which is critical for motion processing and eye movement control (Stein, 2019). Individuals with dyslexia exhibit reduced visual motion sensitivity and binocular instability, leading to reading difficulties, perceptual instability, and letter reversals. Characteristic oculomotor features also include increased regressions, a higher number of fixations, and longer fixation durations (Bilbao et al., 2024). These neurobiological vulnerabilities underlie reading challenges in dyslexia and may predispose to degeneration of dorsal visual pathways later in life, potentially linking dyslexia with certain neurodegenerative conditions, such as primary progressive aphasia and the visual impairments seen in posterior cortical atrophy (PCA). Clinical heterogeneity in AD further supports this framework. Distinct AD phenotypes are thought to arise from selective vulnerabilities of specific brain networks (Mesulam et al., 2008; Rogalski et al., 2013; Miller et al., 2018), even when they share common hallmarks such as synaptic loss or amyloid deposition (Jones et al., 2016; Mahzarnia et al., 2023). Thus, AD manifestations emerge from the interplay between universal pathogenic processes and network-specific susceptibilities, which together shape symptom profiles and disease progression. These vulnerabilities may first appear as subtle oculomotor changes, remain compensated for years, and ultimately contribute to the cognitive decline characteristic of AD. Combined with genetic predispositions and cumulative lifespan risk factors, they may exacerbate E/I imbalance, potentially constituting a pre-amyloid mechanism that accelerates pathology. From this perspective, oculomotor alterations may represent intermediate phenotypes of neural E/I imbalance and thus warrant longitudinal study as candidate biomarkers for preclinical AD. By bridging the gap between subjective cognitive complaints and measurable network dysfunction, oculomotor features hold promises as clinically meaningful indicators. When integrated with genetic and neuroimaging data, they could substantially improve early risk identification. This review therefore adopts a late-neurodevelopmental perspective, emphasizing how altered GABAergic signaling and chloride regulation in eye-movement networks illuminate both shared and phenotype-specific mechanisms of AD. Integrating oculomotor assessments with molecular approaches aimed at restoring KCC2 function and GABAergic inhibitory tone may provide a comprehensive strategy that bridges neuroscience and clinical intervention in AD.
1.1 GABAergic signaling and chloride homeostasis in Alzheimer’s disease
The brain’s primary inhibitory neurotransmitter, GABA, ensures stable neural network dynamics and overall brain homeostasis (Ben-Ari, 2002). In AD, GABAergic signaling is disrupted, with reduced GABA levels, altered receptor function, and impaired inhibitory control contributing to cognitive decline, network instability, and an exacerbated E/I imbalance that accelerates disease progression (Zhou et al., 2021; Capsoni et al., 2022; Mao et al., 2024). While normal aging is associated with a decline in GABAergic signaling, including reduced glutamate decarboxylase (GAD) expression, altered interneuron subpopulations, and receptor subunit changes that impair plasticity (McQuail et al., 2015; Rozycka and Liguz-Lecznar, 2017), both postmortem and in vivo studies demonstrate that these deficits are more pronounced in AD, particularly within the hippocampus and prefrontal cortex (Rissman et al., 2007; Lanctôt et al., 2017; Jiménez-Balado and Eich, 2021; Zhou et al., 2021). Magnetic resonance spectroscopy further indicates that such reductions emerge as early as the mild cognitive impairment (MCI) stage (Mao et al., 2024). These deficits correlate with synaptic loss and neuronal degeneration, particularly in the entorhinal cortex and hippocampus, regions critical for memory, at levels exceeding those observed in age-matched controls (Xu et al., 2020; Jiménez-Balado and Eich, 2021; Scaduto et al., 2023). Crucially, AD pathology entails not only reduced GABA concentrations but also receptor dysfunction, altered subunit composition, and selective vulnerability of parvalbumin (PV) interneurons to Amyloid-β (Aβ) toxicity. The loss of PV interneurons, key regulators of gamma oscillations associated with memory and attention (Tessier et al., 2023), leads to network hyperactivity and disrupted oscillatory rhythms, thereby exacerbating cognitive impairment (Busche and Konnerth, 2016; Vericel et al., 2024; Wei et al., 2024). In parallel, both GABAARs and GABABRs functions are altered in AD. The density of GABAARs, particularly in the hippocampus and cortex, is reduced (Mao et al., 2024), and alterations in subunit composition, most notably affecting the α5 subunit, impair receptor function. Consistent with subunit-specific changes, inhibition of α5-containing GABAARs​ has been shown to enhance cognition by reducing tonic inhibition in hippocampal and prefrontal networks. By contrast, α1 expression is decreased, whereas β-subunits are relatively preserved in AD (Howell et al., 2000; Rissman et al., 2007), supporting the rationale for subunit-selective modulation combined with approaches that restore KCC2-dependent chloride homeostasis. Meanwhile, GABABRs dysfunction contributes to impaired neurotransmitter release and neuronal synchronization, further aggravating network instability and cognitive decline (Vico Varela et al., 2019).
At the molecular level, Aβ oligomers directly impair GABAergic signaling through oxidative stress, disruption of synaptic function, and interference with receptor trafficking (Zhou et al., 2021). The amyloid peptide β also promotes neuroinflammation, activating microglia and increasing pro-inflammatory cytokines like TNF-α, which modulate the expression of key proteins such as brain-derived neurotrophic factor (BDNF) and its receptor TrkB. This signaling cascade is crucial for the regulation of KCC2, which is essential for maintaining the inhibitory function of GABAARs (Heubl et al., 2017; Porcher et al., 2018; Hamze et al., 2024). Disruptions in chloride homeostasis are now recognized as a core mechanism of GABAergic dysfunction in AD. Under physiological conditions, KCC2 maintains low [Cl−]ᵢ, thereby allowing GABA to exert inhibitory effects (Medina et al., 2014). In AD, however, pathological alterations in the excitatory–inhibitory (E/I) balance have been documented, most notably the downregulation of KCC2 in hippocampal and prefrontal circuits, together with the aberrant upregulation of NKCC1, which is normally suppressed in mature neurons (Kreis et al., 2021; Lam et al., 2022; Del Turco et al., 2023; Lam et al., 2023; Barbour et al., 2024). This shift results in [Cl−]ᵢ accumulation, which impairs GABAergic inhibition, thereby promoting neuronal hyperexcitability and cognitive decline (Figure 1). Although inhibitory dysfunction predisposes neuronal networks to hyperexcitability in AD, several compensatory mechanisms initially stabilize excitatory activity and prevent uncontrolled firing. Even when GABAergic signaling becomes less hyperpolarizing, increased chloride conductance can still exert a shunting inhibitory effect that lowers membrane resistance and limits excitatory input efficacy (Buzsáki, 1984; Kaila et al., 2014). At the intrinsic level, neurons enhance potassium conductance via Kv7/KCNQ and GIRK channels, thereby stabilizing membrane potential and counteracting excessive depolarization (Sánchez-Rodríguez et al., 2019). In parallel, homeostatic synaptic plasticity adjusts excitatory drive through synaptic scaling and activity-dependent regulation of ion channel expression (Baculis et al., 2022; Wen and Turrigiano, 2024). Glial mechanisms are equally critical: astrocytes maintain ionic balance through Kir4.1-mediated K+ buffering and stabilize synapses by clearing glutamate via EAAT2 transporters, processes impaired in AD models and human cortex (Yeung et al., 2021; Wood et al., 2022; Kim et al., 2024; Samokhina et al., 2025; Srivastava et al., 2025). Neuromodulatory systems further provide tonic regulation of excitability: cholinergic inputs adjust firing dynamics through TRPM4-dependent mechanisms (Combe et al., 2023); dopaminergic projections modulate inhibitory control in prefrontal circuits (Di Domenico and Mapelli, 2023); serotonergic pathways exert receptor-specific actions, either enhancing inhibition (5-HT1A) or facilitating excitation (5-HT2A) (Celada et al., 2013; Salvan et al., 2023); and noradrenergic tone contributes to arousal-dependent gain control and E/I stabilization (Slater et al., 2022). Collectively, these mechanisms help delay overt network dysfunction in early AD. However, with disease progression, marked by interneuron loss, chloride transporter dysregulation, and astrocytic failure, these protective adaptations are ultimately overwhelmed, leading to network hyperexcitability, seizures, and cognitive decline.
[image: Flowchart showing Aβ-induced disruption of GABAergic signaling and chloride homeostasis in Alzheimer's Disease (AD). Aβ oligomers increase TNF-α and pro-inflammatory cytokines, inhibit KCC2 expression, and increase NKCC1 expression. This leads to increased intracellular chloride, reduced GABAergic inhibition, and neuronal hyperexcitability, resulting in network instability and neurodegeneration with cognitive decline. Central feedback loop includes high chloride, GABA dysfunction, and inflammation.]FIGURE 1 | Aβ-induced disruption of GABAergic signaling and chloride homeostasis in Alzheimer’s disease (AD). Amyloid-β (Aβ) oligomers contribute to GABAergic dysfunction through multiple molecular mechanisms. They directly impair GABAergic transmission by inducing oxidative stress, altering synaptic function, and disrupting receptor trafficking. In parallel, Aβ promotes neuroinflammatory responses, notably through microglial activation and increased production of pro-inflammatory cytokines such as TNF-α. These inflammatory signals affect the expression of the potassium-chloride cotransporter KCC2, a key regulator of intracellular chloride concentration. In AD, KCC2 expression is downregulated, particularly in the hippocampus and prefrontal cortex, while the sodium-potassium-chloride cotransporter NKCC1 is aberrantly upregulated. This imbalance leads to intracellular chloride accumulation, weakening GABAergic inhibition. The resulting neuronal hyperexcitability contributes to neurodegeneration and the cognitive decline characteristic of AD. The red and blue arrows represent the vicious cycle linking Alzheimer’s disease, inflammatory processes, and GABAergic dysregulation.Mechanistically, Aβ oligomers downregulate KCC2 by disrupting BDNF–TrkB signaling and impairing proBDNF maturation (Garzon and Fahnestock, 2007; Jerónimo-Santos et al., 2015; Zhou et al., 2021). Accumulated proBDNF preferentially activates p75NTR, promoting synaptic loss and destabilizing KCC2 through internalization, thereby amplifying chloride imbalance and shifting GABA action toward excitation (Riffault et al., 2014; 2016; Bie et al., 2022; Bruno et al., 2023; Hamze et al., 2024). These alterations create a vicious cycle in which chloride dysregulation, GABAergic failure, and neuroinflammation reinforce one another. Chronic inflammation exacerbates KCC2 downregulation, further destabilizing synapses and accelerating pathology (Tessier et al., 2023) (Figure 1). As a result, inhibition shifts from protective to maladaptive, contributing directly to network dysfunction and degeneration. Whether NKCC1/KCC2 alterations are primary drivers or secondary amplifiers remains unresolved. Signaling pathway through mTORC1, a key regulator of chloride transporters, is dysregulated early in AD, aggravating E/I imbalance and seizure susceptibility. Patients have a 6–10-fold higher seizure risk than age-matched controls (Pandis and Scarmeas, 2012; Xu et al., 2021; Zhang et al., 2022). Rapamycin, an mTORC1 inhibitor, restores NKCC1/KCC2 balance and reduces seizure pathology, whereas the contribution of the WNK/SPAK pathway to transporter regulation in AD remains largely unexplored (Barbour et al., 2024; Blum and Levi, 2024). Emerging evidence suggests that E/I imbalances established during neurodevelopment may act as permissive triggers of AD pathology. Altered interneuron function can precede amyloid deposition and clinical symptoms, driving early synaptic dysfunction and abnormal activity in hippocampal and prefrontal circuits (Xu et al., 2020; Lam et al., 2023). Soluble Aβ further impairs inhibition by targeting fast-spiking interneurons, promoting hyperexcitability that accelerates tau pathology and neuronal loss (Li et al., 2016; Ren et al., 2018). Subtype-specific features underscore this vulnerability: early-onset AD (EOAD) is characterized by denser tangles and more aggressive cortical pathology than late-onset AD (LOAD), likely accelerating transporter dysregulation and shifting GABAergic signaling toward excitation (van der Flier et al., 2011; Jagust, 2018). By contrast, in aging and LOAD, transporter alterations progress more gradually and may initially remain compensable (Schneider et al., 2007; Rahimi and Kovacs, 2014). Thus, while KCC2 downregulation and NKCC1 upregulation are consistent hallmarks of symptomatic AD, early developmental E/I disturbances may prime circuits for dysfunction. Clarifying the timing, regional specificity, and molecular regulation of chloride transporters across EOAD, LOAD, and aging will be critical to disentangle cause from consequence in disease trajectory (Jones et al., 2016; Mahzarnia et al., 2023).
1.2 KCC2 phosphorylation and its implications in Alzheimer’s disease
Emerging research underscores a critical link between the phosphorylation state of KCC2 and the pathophysiology of AD. Alterations in KCC2 function have been shown to disrupt neuronal inhibition and contribute to cognitive decline (Keramidis et al., 2023). A major mechanism regulating KCC2 activity is post-translational modification, particularly phosphorylation. Phosphorylation at serine 940 (S940) enhances KCC2 membrane stability and functional expression, thereby promoting its activity. Conversely, phosphorylation at threonine residues 906 and 1007 inhibits KCC2 by reducing its surface expression and chloride transport capacity (Kahle et al., 2013; Kaila et al., 2014; Medina et al., 2014; Pethe et al., 2023). In AD, increasing evidence indicates that KCC2 function is impaired due to dysregulated phosphorylation and enhanced degradation. The amyloid precursor protein, a central player in AD pathology, has been shown to interact with KCC2 and limit its tyrosine phosphorylation. In the absence of amyloid precursor protein, KCC2 undergoes excessive tyrosine phosphorylation and ubiquitination, triggering its degradation and significantly reducing its expression and function (Chen et al., 2017). Such degradation leads to disrupted chloride homeostasis and depolarizing GABAergic responses, which in turn exacerbate neuronal hyperexcitability and cognitive dysfunction (Figure 2). Notably, AD mouse models, particularly those expressing amyloid precursor protein mutations, exhibit early impairments in KCC2 expression and function that precede overt amyloid deposition and synaptic degeneration. These early deficits are accompanied by increased levels of Aβ 42 and correlate with learning and memory impairments (Keramidis et al., 2023).
[image: Flowchart titled "Dysregulation of KCC2 phosphorylation in AD." It shows KCC2 protein influencing S940 and T906/1007 phosphorylation. S940 increases KCC2 surface expression and chloride extrusion, while T906/1007 decreases them. The balance is disrupted in AD, leading to APP-KCC2 interaction loss and excess KCC2 degradation, causing impaired chloride homeostasis. This results in neuronal hyperexcitability and cognitive dysfunction. Tyrosine phosphorylation and ubiquitination lead to increased intracellular chloride and depolarizing GABA.]FIGURE 2 | Dysregulation of KCC2 phosphorylation in Alzheimer’s disease (AD). KCC2 function is critically regulated by post-translational phosphorylation, which modulates its membrane expression and chloride efflux. Phosphorylation at serine 940 (S940) enhances KCC2 stability at the plasma membrane and promotes its activity, whereas phosphorylation at threonine residues 906 and 1007 (T906/1007) reduces surface expression and inhibits function. In AD, KCC2 activity is disrupted by imbalanced phosphorylation and increased degradation. The amyloid precursor protein (APP) normally limits KCC2 tyrosine phosphorylation; in its absence or dysfunction, KCC2 becomes hyperphosphorylated on tyrosine residues, leading to ubiquitination, degradation, and loss of function. These molecular alterations impair chloride homeostasis and shift GABAergic signaling toward excitation, contributing to neuronal hyperexcitability, cognitive decline, and early pathophysiological changes in AD.2 EYE MOVEMENT DEFICITS AS A MARKER FOR NEURODEGENERATION
2.1 Oculomotor system and neural circuits
Eye movements depend on the intricate coordination of complex neural networks that govern their initiation, execution, regulation, and precision (Massone, 1994). These movements are broadly categorized into extrinsic and intrinsic types. Extrinsic eye movements encompass a variety of oculomotor functions, including rapid saccades, steady fixations, convergent and divergent vergence, smooth pursuit of moving targets, and various oculomotor reflexes. These movements, primarily controlled by the extraocular muscles, play a crucial role in positioning and stabilizing the eyes. Intrinsic eye movements, on the other hand, are limited to pupillary adjustments that regulate light intake and contribute to visual acuity. This distinction underscores the complexity and adaptability of the oculomotor system in responding to both external visual stimuli and internal cognitive demands.
In human and rodents several key brain regions orchestrate these eye movements, including (Figures 3, 4):
	1. Cortical structures: The fronto-parietal network, consisting of the Frontal Eye Fields (FEF) and parietal eye fields, is integral to visual attention and eye movement control. In humans, the FEF regulates saccades via direct projections to the Superior Colliculus (SC), supports smooth pursuit movements, and coordinates both covert and overt spatial attention (Medendorp et al., 2011; Lane et al., 2012; Vernet et al., 2014; Mirpour and Bisley, 2021). In rodents, the secondary motor cortex, specifically the Frontal Oriented Field (FOF), is considered as a functional homolog of the primate FEF. It projects to the SC, receives input from the posterior parietal cortex and prefrontal areas, and plays a critical role in planning and preparation of orienting movements. Inactivation of the FOF in rodents leads to impaired contralateral orienting, particularly for memory-guided tasks, closely paralleling the role of the FEF in memory-guided saccades in primates. However, while the primate FEF predominantly controls eye movements, the rodent FOF controls combined head and body orienting responses rather than pure ocular saccades, reflecting species differences in oculomotor repertoire (Figure 3). Both systems exhibit delay-period neuronal activity predictive of upcoming movement direction (Bruce and Goldberg, 1985; Erlich et al., 2011; Zahler et al., 2021). The posterior parietal cortex contributes in both species to visuospatial integration and updating spatial representations following eye movements (Duhamel et al., 1992; Medendorp et al., 2011; Klautke et al., 2023). The supplementary eye fields in humans assist in executing eye movements toward memorized locations and sequencing them (Heide et al., 2001; Isoda and Tanji, 2002; Lu et al., 2002) (Figure 4A). A direct rodent supplementary eye fields equivalent is less well defined, though some dorsal medial areas may serve partially analogous functions. The dorsolateral prefrontal cortex (dlPFC) inhibits unwanted reflexive saccades in humans (Pierrot-Deseilligny et al., 2003; 2005; Cameron et al., 2015). Rodents lack a true dlPFC homolog, but their medial prefrontal cortex (mPFC), notably the infralimbic (IL) and prelimbic (PL) cortices, interconnected with the FOF, exerts inhibitory control over orienting and attention. The PL supports goal-directed behavior and memory retrieval, whereas the IL is more engaged in response inhibition, suppression of undesired actions, and habit formation. Both regions are strongly interconnected with the hippocampus, amygdala, striatum, and other cortical regions, enabling flexible learning and adaptive control (Gutman et al., 2017; Capuzzo and Floresco, 2020). Together, PL and IL modulate executive control and response inhibition within broader fronto-parietal circuits. While the FOF directly orchestrates motor planning for orienting actions, the IL and PL provide top-down executive modulation. In primates, the FEF and dlPFC perform broadly analogous roles to the rodent FOF and PL/IL, even though rodents lack a precise dlPFC counterpart. Damage to these interconnected regions disrupts spatial attention and awareness in both species, with rodents showing deficits more in head–body orientation than in gaze control (Zahler et al., 2021). Because of their overlap with higher-order cognitive systems, both human FEF–dlPFC and rodent FOF–PL/IL networks are particularly vulnerable to neurodegenerative processes that impair cognitive control (Ng et al., 2021). This comparative framework underscores how prefrontal regions coordinate attention, memory-guided behavior, and executive control—functions critically impaired in AD. In the frontal cortex, including the FEF, reductions in GABA levels and interneuron dysfunction correlate with impaired cognitive control and attentional regulation (Govindpani et al., 2017; Xu et al., 2020). Similar deficits are seen in the parietal cortex and other neocortical areas (Bai et al., 2015). Specific interneuron subtypes, notably parvalbumin (PV) and somatostatin (SST) cells, appear especially vulnerable: decreased activity and loss of these interneurons have been reported in the medial temporal lobe and medial prefrontal regions, including the rodent PL/IL cortices (Beal et al., 1985; 1986; Saiz-Sanchez et al., 2013; Nava-Mesa et al., 2014; Saiz-Sanchez et al., 2016; Xu et al., 2020). These alterations are tightly linked to network hyperexcitability and cognitive deficits, underscoring the central role of GABAergic dysfunction in AD pathogenesis.
	2. Subcortical structures: The basal ganglia form a fundamental subcortical hub, integrating motor, cognitive, and emotional functions through four parallel loops—motor, associative/cognitive, limbic, and oculomotor. Each connects specific cortical regions with basal ganglia substructures and the thalamus, thereby coordinating distinct aspects of behavior (Lanciego et al., 2012). The oculomotor loop is particularly relevant for eye movements and visual attention: frontal and supplementary eye fields project to the caudate nucleus, which relays signals via the substantia nigra pars reticulata (SNr) to the SC. Those neurons provide tonic inhibition of the SC to suppress unwanted saccades; transient pauses in SNr firing disinhibit the SC, enabling controlled gaze shifts (Shires et al., 2010). Thus, the circuit functions as a gatekeeper for oculomotor control. Although substantial GABAergic cell loss is not typically reported in the basal ganglia during AD, synaptic dysfunction at inhibitory terminals may impair regulation of oculomotor pathways (Govindpani et al., 2017). Within the SC, GABAergic signaling suppresses unwanted or reflexive saccades, while transient disinhibition permits planned orienting movements. In this way, the SC integrates diverse oculomotor behaviors—including saccades, smooth pursuit, vergence, and coordinated head movements—and mediates both overt and covert shifts of spatial attention (Lomber et al., 2001; Thier and Ilg, 2005; Krauzlis et al., 2013; Bollimunta et al., 2018; Liu et al., 2022). Essential for gaze control and attentional shifts, the SC appears particularly vulnerable in AD, likely due to its high metabolic demands and extensive connectivity. Although less extensively studied, emerging evidence suggests that impaired inhibitory control within the SC contributes to oculomotor deficits in AD (Dugger et al., 2011; Erskine et al., 2017; Pin et al., 2023). In rodents, the FOF, a functional analog of the primate FEF, projects strongly to the SC and is critical for planning and executing orienting movements involving the eyes, head, and body (Erlich et al., 2011; Zahler et al., 2021). Given the basal ganglia’s central role and broad connectivity, dysfunction within these loops can profoundly disrupt oculomotor control and visual attention, contributing to the deficits observed in neurodegenerative conditions such as AD.
	3. Premotor nuclei of the brainstem: These nuclei, including the medial vestibular nucleus, prepositus hypoglossal nucleus, and rostral interstitial nucleus of the medial longitudinal fascicle, are integral to eye movement control and gaze stabilization. They generate and coordinate saccades, smooth pursuit, and vergence movements while integrating sensory input from multiple brain regions. Dysfunction in these areas can contribute to oculomotor abnormalities observed in various neurological disorders (Erlich et al., 2011; Zahler et al., 2021) Despite anatomical differences, these nuclei perform comparable functions across species in integrating motor and sensory signals for gaze stability. Lesions contribute to oculomotor abnormalities across numerous neurological diseases.
	4. Autonomic control of pupillary responses: The locus coeruleus (LC) and Edinger-Westphal (EWN) nucleus (EWN) regulate pupillary dilation and constriction, respectively. The LC, through its noradrenergic projections, influences arousal and cognitive function, while the EWN drives the light and near reflexes. Receiving input from the pretectal olivary nucleus, the EWN transmits signals via the oculomotor nerve to the ciliary ganglion and iris sphincter muscle (Mathôt, 2018). Their interaction is complex, with evidence suggesting inhibitory or presynaptic connections between the LC and EWN, possibly involving the SC (Wang and Munoz, 2015). These nuclei integrate signals from multiple brain regions to adjust pupil size based on light, arousal, and cognitive demands. Notably, both are among the earliest affected in neurodegenerative disorders, particularly AD, where pathological changes may emerge before cognitive symptoms (Wang and Munoz, 2015). The LC, a key noradrenergic center, is highly susceptible to oxidative stress and toxic protein accumulation, making it an early target in disease progression (Andrés-Benito et al., 2017; Olivieri et al., 2019; Matchett et al., 2021). Similarly, EWN dysfunction, critical for autonomic regulation, contributes to early pupillary abnormalities in neurodegeneration (Scinto et al., 1999; Mavroudis et al., 2014; Chougule et al., 2019).
	5. Cerebellar contributions: The cerebellum fine-tunes eye movements through its connections with the brainstem and other regions. Key areas include the flocculus/paraflocculus for vestibulo-ocular reflex adaptation, nodulus/ventral uvula for otolith-driven eye movements, and dorsal vermis/posterior fastigial nucleus for saccadic accuracy. The cerebellar hemispheres contribute to smooth pursuit and saccades, while the cerebellum also modulates the brainstem neural integrator to maintain stable fixation (Leigh and Zee, 2015). Cerebellar dysfunction is linked to spinocerebellar ataxias, Friedreich’s ataxia, multiple system atrophy (cerebellar type), Parkinson’s disease subtypes, and certain variants of AD (Larner, 1997; Chaudhari et al., 2021; Cheng et al., 2023; Yang et al., 2024). These conditions often lead to motor coordination deficits, balance issues, and abnormal eye movements, underscoring the cerebellum’s essential role in both motor control and cognitive function.

[image: Schematic overview of the mouse visual system, showing a labeled brain section. Key areas include PFC, FOF, PPC, Vis Cx, Sup Col, LGN, and OPN, with red arrows indicating data flow. An eye diagram is depicted in the lower left corner.]FIGURE 3 | Schematic overview of the mouse visual system. Sagittal section (Nissl staining) from the Allen Brain Atlas overlaid with key regions of the visual system. The frontal orienting field (FOF) receives input from the posterior parietal cortex (PPC) and prefrontal cortex (PFC). Neuronal projections from the FOF, visual cortex (Vis Cx), and olivary pretectal nucleus (OPN), as well as a direct retinal pathway, converge onto the superior colliculus (SC). The lateral geniculate nucleus (LGN) is also indicated.[image: Diagram illustrating the saccadic system in humans with two panels. Panel A depicts brain regions involved in saccadic movements, showing interactions between areas like the frontal eye field, parietal eye field, and basal ganglia. Functions like inhibition and velocity are highlighted. Panel B presents a graph on saccade latency and errors, featuring a timeline of eye position changes. Text elements detail velocity and accuracy metrics, and the rate of errors in an anti-saccade task.]FIGURE 4 | The saccadic system in humans. (A) Illustrates the brain regions involved in the command, execution, control, and modulation of saccades. It highlights the specific interaction between cortical and subcortical structures. (B) Video Oculography (VOG) trace of a horizontal saccade showing a correspondence between the recorded oculomotor parameters and their relationship with brain structures. The highlighted section shows the anti-saccade trace when there is a failure to inhibit a rightward saccade, resulting in a left-sided error.The oculomotor system relies on interconnected neural networks that are vulnerable to neurodegenerative disruptions through both direct and indirect mechanisms. Some neurodegenerative diseases directly impair these networks, leading to observable oculomotor dysfunctions, while others primarily affect cognitive and behavioral circuits, indirectly influencing eye movement control due to the brain’s interconnected nature (Gaymard, 2012; Leigh and Zee, 2015; Shakespeare et al., 2015). This interplay highlights the complex relationship between cognitive, behavioral, and motor functions in the brain (Zola et al., 2013; Dragan et al., 2017; Granholm et al., 2017; Readman et al., 2021). Analyzing eye movement parameters provides valuable diagnostic insights into both the primary impact of neurodegenerative diseases on oculomotor function and the secondary effects of broader neural dysfunctions (Figure 4B).
Overall, eye movement assessments offer a powerful, non-invasive tool for the early detection of neurodegenerative processes, providing valuable insights into disease progression and informing the development of targeted intervention strategies.
2.2 Neuronal circuits controlling eye movements and their reliance on precise E/I balance
The visual attention system plays a fundamental role in integrating perception and action, enabling adaptive interactions with the environment. This integration is facilitated by various types of eye movements, which are essential for efficient visual processing and attentional control (Rolfs and Schweitzer, 2022). Among extrinsic eye movements, we distinguish saccades (rapid shifts in gaze between fixation points, fixations) periods of gaze stabilization, smooth pursuit (continuous tracking of moving objects), and vergence movements (adjustments that maintain binocular focus at different distances) (Leigh and Zee, 2015). Intrinsic eye movements, such as the pupillary photomotor reflex and psychosensory response, further enhance visual attention by optimizing retinal image quality, regulating light intake, and reflecting cognitive and emotional states (Mathôt, 2018). These finely tuned mechanisms enable rapid and efficient adaptation to dynamic visual environments, supporting selective attention, spatial awareness, and exploratory behavior.
The interaction between visual attention and eye movements is bidirectional: attention directs eye movements toward areas of interest, while eye movements influence attentional allocation (Sheliga et al., 1994; Kowler et al., 1995; Deubel and Schneider, 1996; Hutton, 2008; Ibbotson and Krekelberg, 2011; Souto and Kerzel, 2021). This dynamic relationship enables efficient visual exploration and rapid adaptation to environmental changes. At its core, this system maintains a balance between two complementary processes (Katsuki and Constantinidis, 2014) (Figure 5A): i). Bottom-up (stimulus-driven) processes, triggered by the intrinsic properties of visual stimuli; ii). Top-down (goal-directed) processes, guided by higher cognitive and motivational factors. This balance is essential for two key reasons. First, it sustains visual attention on ongoing tasks, ensuring continuity and efficiency of action. Second, it enables rapid attentional shifts in response to environmental changes, optimizing adaptability. The system’s efficiency relies on a finely tuned interplay between inhibitory and excitatory neural circuits. Various neuronal populations, each with distinct firing patterns and transmission modes, contribute to this regulation. In visual attention systems, GABAergic inhibition is especially critical for two fundamental mechanisms (Figure 5B):
[image: Diagram illustrating the role of GABAergic inhibition in the visual system. Part A shows light flow from the retina to the visual cortex, influencing attention and eye movements. Part B depicts GABA release leading to hyperpolarization, increasing the threshold for action potential initiation, and selectively inhibiting weak signals.]FIGURE 5 | GABAergic inhibition plays a fundamental role in the visual system. (A) As the main inhibitory neurotransmitter in the central nervous system, GABA enables the fine regulation of neuronal excitability and actively participates in the selection of visual information. Its action begins early, at the level of the retina, where it modulates neuronal circuits involved in the initial processing of light signals and contributes to the spatiotemporal encoding of visual information. The regulation of pupil size mainly depends on autonomic circuits within the brainstem such as the Edinger-Westphal nucleus (EWN) and Locus coeruleus (LC). Throughout the stages of visual information integration, GABAergic inhibition shapes and modulates signal transmission, enhancing contrast and the selectivity of neuronal responses. In the ventral visual pathway, it contributes to object formation and recognition (percept formatting), while in the dorsal pathway, it is involved in the selection of salient information and the management of automatic visual attention, in interaction with dorso-ventral attentional control networks. GABAergic inhibition also plays a role in the voluntary orientation of visual attention (dorso-dorsal visual attentional system) according to behavioral and homeostatic needs and contributes to the overall regulation of visual behavior. The analysis of oculomotor responses—whether intrinsic (pupillary responses) or extrinsic (eye movements) —provides an objective tool for studying these mechanisms of integration and regulation of visual information. SC (Superior Colliculus), LGN (lateral geniculate nucleus), PULV (pulvinar), VAS (visual attention system). (B) GABAergic interneurons receive excitatory input and release GABA, which activates GABAA receptors on target neurons. Activation of these receptors causes an influx of Cl− ions, hyperpolarizing the membrane and making it more difficult to generate an action potential. This mechanism acts as a filter: it selects strong or relevant signals and prevents the propagation of weak or irrelevant signals, thereby ensuring precise control of neuronal transmission. This GABAergic filtering thus enables the active selection of signals transmitted within neural circuits, preventing overload and promoting the accuracy of brain responses.2.2.1 Selection of relevant information
GABAergic transmission plays a crucial role in sensory processing by efficiently gating and integrating information, suppressing background noise, and refining visual perception.
	• Retinal Circuitry: In the retina, GABAergic transmission modulates neural activity at multiple levels, serving as a crucial mechanism for sensory gating and the selection of relevant visual information. Among GABA receptor subtypes, GABAC​Rs (ρ-subunit–containing) are concentrated on bipolar cell terminals, where they generate sustained tonic inhibition characterized by slow kinetics and high GABA sensitivity. Functionally, GABAC​-mediated inhibition contributes to gain control and signal-to-noise optimization by suppressing background activity and preventing saturation of bipolar responses, thereby enhancing contrast sensitivity and visual acuity (Wang et al., 2007; Popova, 2014; Matsumoto et al., 2025; Medina Arellano et al., 2025). By contrast, GABAA​Rs, widely expressed on retinal ganglion cells (RGCs) and other retinal neurons, mediate fast, phasic inhibition that dynamically shapes RGC excitability and firing patterns. This rapid inhibition supports precise temporal tuning, direction selectivity, and motion detection in the inner retina (Wang et al., 2007; Okumichi et al., 2008). Together, the complementary actions of GABAC​ and GABAA​Rs allow the retina to filter, refine, and transmit selected visual information efficiently, ensuring accurate visual perception.
	• Superior Colliculus: In the superior colliculus, GABAergic inhibition is vital for shaping appropriate behavioral and physiological responses. In sensory processing, it refines topographically aligned visual, auditory, and somatosensory inputs, facilitating precise multisensory integration (Behan et al., 2002). In motor command generation, GABAergic circuits regulate orienting behaviors such as saccadic eye movements, with tonic inhibition from the SNr playing a crucial role (Kaneda et al., 2008). Moreover, GABAergic inhibition fine-tunes the spatial and temporal properties of collicular responses, ensuring appropriate E/I balance and preventing excessive activation (Behan et al., 2002; Kaneda et al., 2008).
	• Thalamic Visual Pathways and Their Role in Visual Attention: Visual information reaches the cortex through two main thalamic pathways that are regulated by GABAergic inhibition, each playing distinct roles in visual attention:
	o Lateral Geniculate Nucleus Pathway

The lateral geniculate nucleus is the primary sensory relay nucleus in the thalamus, transmitting retinal signals to the primary visual cortex (V1). GABAergic inhibition dynamically filters and sharpens visual signals, supporting selective and sustained visual attention by maintaining thalamo-cortical oscillations and optimizing signal-to-noise ratio (Kim et al., 1997; Ye et al., 2017; Klein et al., 2018).
	o Colliculo-Pulvinar Pathway

An alternative visual route involves the SC sending processed visual information to the pulvinar nucleus, which then projects to visual and parietal cortical areas involved in spatial attention and gaze control. GABAergic inhibition within the SC finely regulates the flow of salient visual information to the pulvinar, enabling rapid detection of visual targets and flexible reorientation of spatial attention. This pathway is critical for exogenous (automatic) attention and the selection of relevant stimuli in complex environments (Berman and Wurtz, 2011; Soares et al., 2017; Fang et al., 2020).
Together, these pathways, through distinct GABAergic inhibitory mechanisms, enable the brain to balance focused, selective attention with rapid, flexible orienting responses, ensuring efficient processing of visual information according to behavioral demands.
	• Gamma Oscillations in the primary visual cortex (V1): The density of GABAARs in the human V1 correlates positively with gamma peak frequency and negatively with gamma amplitude, highlighting their role in shaping gamma oscillatory dynamics essential for efficient visual processing (Kujala et al., 2015).
	• Cortical Networks and Visual Perception: Recent findings reveal that GABA’s influence on visual perception is region-specific. In the parietal cortex, GABA levels correlate with size perception, while in the occipital cortex, they influence orientation perception. This suggests that GABA functions as a precise modulator of distinct perceptual attributes rather than merely exerting global inhibition, underscoring its sophisticated role in shaping visual experience through specialized cortical networks (Song et al., 2017).

2.2.2 Attentional flexibility
GABAergic inhibition plays a critical role in adaptive behavior by facilitating the interruption of ongoing actions when necessary, enabling the reallocation of attentional resources to more contextually appropriate tasks.
	• Neural Dynamics and Working Memory: In higher-order cortical regions, GABAergic inhibition shapes neural dynamics and supports working memory performance. The density of GABAARs in these areas predicts reaction times in working memory tasks and correlates positively with gamma oscillation peak frequency while negatively with BOLD amplitude. These interactions contribute to dynamic complexity and spatiotemporal flexibility in cortical networks, crucial for adaptive attentional shifts (Kujala et al., 2024).

Overall, the visual attention system, in coordination with eye movements, optimally synchronizes perception and action through complex regulatory mechanisms. This sophisticated interplay serves a crucial adaptive function, enabling organisms to meet homeostatic needs, adapt to dynamic environmental demands, process relevant visual information while filtering out distractions, and rapidly shift focus to salient stimuli. The GABAergic system contributes significantly to this balancing process by modulating neural activity across multiple levels of visual processing. Through its inhibitory action, GABA refines neuronal response properties from the retina to higher cortical areas, enhancing signal selectivity, optimizing sensory integration, and ensuring efficient attentional control.
2.3 Alterations in oculomotor circuits reflect broader impairments in brain function
Neurodegenerative diseases selectively target interconnected functional networks in the brain, progressively disrupting their structure and function (Seeley et al., 2009; Drzezga, 2018). Oculomotor networks exemplify this vulnerability, illustrating how complex neural circuits are systematically affected by neurodegeneration (Gorges et al., 2018). The susceptibility of these networks stems from their tight functional integration, where dysfunction in one region can cascade through multiple functional domains. Maintaining precise synaptic regulation within these networks is critical for preventing neuronal overstimulation and ensuring the production and recycling of growth factors essential for neuronal survival (Palop et al., 2007; Palop and Mucke, 2010). A delicate balance between regulatory and stress factors maintains network stability. Regulatory mechanisms mitigate the harmful effects of stressors, preserving neural circuit integrity. However, when this balance is disrupted, aberrant neuronal discharge patterns emerge, promoting maladaptive network dynamics that drive the spread of pathological behavioral changes (Kazim et al., 2021; Karimani et al., 2024). This propagation is driven by an imbalance between excitatory and inhibitory activity, triggering maladaptive network dynamics that amplify dysfunction and accelerate disease progression.
Traumatic brain injury (TBI) has emerged as a critical model for understanding how acquired brain vulnerabilities disrupt neural homeostasis, particularly through E/I imbalance. Moderate-to-severe or repeated mild TBI elevates dementia risk up to 4.5-fold and accelerates cognitive decline by years (Graham and Sharp, 2019; Mielke et al., 2022), with mechanistic overlaps to AD including shared chloride homeostasis disruption and inhibitory neurotransmission deficits. One proposed link is the persistent dysregulation of chloride transporters, leading to depolarizing GABAergic signaling and prolonged network hyperexcitability (Hui et al., 2016; Zhang et al., 2017; Tessier et al., 2023; Caccialupi Da Prato et al., 2025; Hochstetler et al., 2025). A study investigating vascular pathology post-TBI identified early Aβ aggregation and reduced NOTCH3 expression in vascular smooth muscle cells, implicating cerebrovascular dysfunction as a key driver of AD-related changes (Özen et al., 2025). Given that chloride dysregulation contributes to blood-brain barrier impairment, these findings suggest a pathological trajectory linking TBI-induced neurovascular damage to AD-related neurodegeneration. Further supporting this connection, studies in TBI models demonstrate that NKCC1 inhibition alleviates blood-brain barrier disruption and reduces neuroinflammation by suppressing the NF-κB/NLRP3 signaling pathway (Bergauer et al., 2022; Zhang et al., 2025). Additionally, individuals with a history of repeated mild TBI exhibit increased markers of intracellular chloride homeostasis dysregulation and elevated NKCC1 expression, leading to persistent excitotoxicity and cognitive decline (Li J. et al., 2024) (Figure 5). Persistent chloride imbalances in TBI models have also been linked to long-term synaptic dysfunction and neuronal circuit remodeling, mirroring changes observed in early stage of AD (Srinivasan and Brafman, 2021; Capsoni et al., 2022; Lam et al., 2022; Barbour et al., 2024; Panayi et al., 2024; Zhang et al., 2024; Sun et al., 2025). A growing body of evidence suggests a shared pathophysiological mechanism between TBI-induced E/I imbalance and the eye movement abnormalities seen in AD. TBI leads to persistent disruptions in chloride homeostasis and GABAergic transmission, which may underlie the oculomotor deficits observed in both TBI and AD. Similar to AD, the downregulation of KCC2 and upregulation of NKCC1 following TBI result in intracellular chloride accumulation, weakening GABAergic inhibitory transmission. In both conditions, impaired inhibitory control within the SC and prefrontal cortex results in delayed saccades, deficits in memory-guided eye movements, and reduced visual tracking accuracy (Tyler et al., 2015; McDonald et al., 2022; Bell et al., 2023; Cade and Turnbull, 2024). Additionally, disruptions in gamma oscillations, closely linked to GABAergic dysfunction, further compromise oculomotor coordination. These findings indicate that TBI may accelerate neurodegeneration by destabilizing inhibitory networks crucial for eye movement control. Future studies should investigate whether normalizing chloride homeostasis in TBI survivors could mitigate Alzheimer’s-related neurodegeneration, potentially unveiling dual-purpose therapeutic strategies. This approach gains urgency from recent findings showing that TBI-induced chloride dysregulation persists for years post-injury, creating a latent window for intervention.
A mechanistic understanding of how E/I imbalance propagates network instability is critical for developing treatments that preserve and promote neural integrity across disease stages. Importantly, the observed interplay between oculomotor deficits and cognitive decline in both TBI and AD underscores the necessity of systems-level interventions, therapies addressing not just molecular targets but distributed neural network functionality.
2.4 Eye movement deficits in AD: neural hyperexcitability and network desynchronization from E/I imbalance
Gamma oscillations are essential for neural communication and cognitive function, serving as a dynamic gating mechanism that enhances information routing, memory processing, attention, and overall cognitive performance (Guan et al., 2022). These high-frequency brain waves are highly sensitive to neuronal network dysfunction, making them valuable early indicators of potential neurodegenerative processes, often preceding clinical symptom onset (Mably and Colgin, 2018). The generation and maintenance of gamma oscillations rely on a finely tuned balance between E/I inputs, enabling coherent oscillatory patterns while preserving flexibility to adapt to environmental demands (Orekhova et al., 2017) (Figure 6A). However, in AD, this balance is progressively disrupted, leading to heightened neuronal excitability and cortical hyperexcitability (Maestú et al., 2021). Multiple factors contribute to this imbalance, including Aβ and tau accumulation, dysfunction of inhibitory GABAergic interneurons, altered glial cell activity, and genetic predispositions such as the ApoE4 genotype (Kurosinski and Götz, 2002; Wishart et al., 2006; Cheng et al., 2020; Mattson, 2020; Umpierre and Wu, 2021; Sun et al., 2023). The E/I imbalance in AD is characterized by a preferential impairment of local inhibitory connections, primarily mediated by GABAergic interneurons, relative to excitatory ones. Consequently, individuals with MCI and AD exhibit weakened neural connections, leading to a progressive decoupling of neural populations.
[image: Flowchart titled "TBI-Induced Neurovascular Pathology Leading to AD." It starts with "Traumatic Brain Injury" leading to reduced NOTCH3 in VSMCs, causing early Aβ aggregation and vascular dysfunction. This activates the NF-κB/NLRP3 inflammatory pathway, causing BBB disruption and neuroinflammation. Concurrently, increased NKCC1 and decreased KCC2 expressions lead to disruption of chloride homeostasis. Both pathways contribute to AD-related neurodegeneration.]FIGURE 6 | Traumatic brain injury (TBI)-induced neurovascular pathology leading to Alzheimer’s disease (AD). This schematic illustrates the proposed pathological cascade linking TBI to AD-related neurodegeneration. Following TBI, early cerebrovascular alterations include amyloid-β (Aβ) deposition and reduced NOTCH3 expression in vascular smooth muscle cells, contributing to vascular dysfunction. Disruption of chloride homeostasis, characterized by NKCC1 upregulation and KCC2 downregulation, compromises blood-brain barrier (BBB) integrity and promotes neuroinflammation. This neurovascular dysfunction activates the NF-κB/NLRP3 inflammatory pathway, further exacerbating neuronal injury and cognitive decline. Repeated mild TBIs reinforce this trajectory by sustaining chloride dysregulation and perpetuating a pro-degenerative microenvironment, ultimately contributing to AD-like pathology.The disruption of GABAergic inhibition is particularly critical, as GABA is essential for stabilizing gamma oscillations (Limon et al., 2012). Studies have highlighted the role of diminished GABAergic function in AD pathogenesis and its consequences on brain oscillations, particularly in resting-state networks where an elevated functional E/I ratio correlates with cognitive decline (Palop et al., 2007; Bi et al., 2020; Xu et al., 2020; Jiménez-Balado and Eich, 2021; Lauterborn et al., 2021; Scaduto et al., 2023). Aβ and tau accumulation further exacerbate this imbalance, promoting neuronal hyperactivity and impairing synaptic plasticity, ultimately disrupting gamma oscillations (Chapman et al., 1999; Minkeviciene et al., 2009; Targa Dias Anastacio et al., 2022). As gamma activity declines, neural circuit communication deteriorates, contributing to both amnestic and non-amnestic AD symptoms (Murty et al., 2021; Traikapi and Konstantinou, 2021) (Figure 7; Box 1).
[image: Diagram comparing physiological balance and Alzheimer's disease. Panel A shows a balanced excitatory/inhibitory (E/I) system with normal neuronal function. The diagram includes molecules, network interactions, and behavioral indicators like latency and pupil size.Panel B illustrates an excitatory/inhibitory imbalance in Alzheimer's disease. Stressors like amyloid oligomers and inflammation disrupt neuronal function. It shows altered molecular activity, network impairments, and behavioral changes.]FIGURE 7 | The balance between excitation and inhibition (E/I) in the brain is crucial for optimal neuronal functioning. (A) In the physiological state, this balance is maintained by several mechanisms, primarily through the action of GABAergic neurons and the activity of the KCC2 cotransporter. The latter plays an essential role in extruding chloride ions (Cl−) from neurons, thus counterbalancing the action of NKCC1, which brings these ions into the cells. This effective inhibition allows neural networks to enter into oscillatory activity, promoting network activity in the gamma band and the synchronization of theta-gamma activity. These oscillations are crucial for neuromodulation and optimal activity of networks supporting complex cognitive functions such as visual attention, language, memory, and behavior. The E/I balance also facilitates effective interaction between the default mode network (DMN) and networks specifically involved in various cognitive functions. The activity of these networks can be evaluated by studying oculomotor behavior during different cognitive tasks. The combined analysis of oculomotor parameters such as latencies, velocities, amplitudes, and error rates provides an interesting insight into the functioning of neural networks. (B) In Alzheimer’s disease (AD), various stress factors, including traumatic brain injuries (TBI), trigger a cascade of dysfunctions. We observe neuroinflammation leading to a decrease in KCC2 activity, the formation of beta-amyloid oligomers, an imbalance in the E/I balance, an alteration of gamma activity, and a desynchronization of theta-gamma activity, leading to neural network dysfunction. These changes result in amyloid saturation of the DMN, common to different AD phenotypes, as well as the propagation of lesions specifically associated with clinical phenotypes (visual, language, memory, behavioral) linked to Tau pathology. These early alterations can be detected by studying oculomotor behavior during various cognitive and oculomotor tasks. We can thus observe the alteration of different oculomotor parameters, offering a window into the underlying neuronal changes.Box 1 Key Points on Oculomotor Disturbances in Alzheimer's Disease Phenotypes.
Typical Phenotype (Memory-Onset AD)
Neural Network Disruption and Clinical Features:
Neurodegeneration in typical memory onset Alzheimer's disease originates in the ventral anterior temporal network, disrupting non-contextual memory encoding before spreading to dorsal medial temporal regions and impairing contextual/spatial processing. This progression correlates with connectivity loss within the default mode network (DMN) (Kahn et al., 2008; Zhou et al., 2008; Didic et al., 2011; Gour et al., 2011; Koronyo et al., 2013; Jones et al., 2016).
Oculomotor Measures:
In AD, eye-tracking metrics - including reduced stable fixation duration, increased saccadic latency, and impaired visual pursuit (Garbutt et al., 2008; Molitor et al., 2015)-combined with pupillometry may offer objective measures of neural network dysfunction. These techniques map attention allocation through the dorsal (spatial processing) and ventral (object recognition) visual pathways during memory-related tasks (Corbetta, 1998). These tools quantify subtle alterations in gaze patterns and pupil responses, offering a window into preclinical or early-stage network dysfunction.
Visual Variant (Posterior Cortical Atrophy or PCA)
Neural Network Disruption and Clinical Features:
PCA is a posteriorly shifted neurodegenerative syndrome with predominant parietal/occipital atrophy affecting ventral (object recognition) and dorsal (spatial processing) visual networks, most commonly linked to AD (Crutch et al., 2017; Chapleau et al., 2024).
Oculomotor Measures:
Eye movement patterns reflect posterior neuro-visuo-cortical vulnerability, critical areas for visuospatial attention: Impaired visual pursuit (reduced accuracy in tracking moving objects), Saccadic deficits (increased latency and errors in voluntary gaze shifts), fixation instability (difficulty maintaining steady gaze) (Shakespeare et al., 2015; Pin et al., 2023).
Language Variant (Logopenic variant of primary progressive aphasia or lvPPA)
Neural Network Disruption and Clinical Features
The IvPPA in AD is characterized by neurodegeneration within the dorsal phonological network, which encompasses the left posterior superior and middle temporal gyri and the inferior parietal lobule (Gorno-Tempini et al., 2004, 2011). This degeneration disrupts phonological encoding, retrieval, and working memory, manifesting as impaired sentence repetition, phonemic paraphasias, and lexical retrieval deficits.
Oculomotor Measures:
Oculomotor profiling in IVPPA leverages eye-tracking during language tasks to quantify reading dysfluency (prolonged fixations on phonologically complex words) and impaired comprehension monitoring (reduced anticipatory saccades). Explicitly links metrics to phonological processing and working memory, core deficits in 1vPPA (Readman et al., 2021; Nelson et al., 2023).
Frontal Variant
Neural Network Disruption and Clinical Features
The frontal variant of Alzheimer's disease (fvAD) arises from early dysfunction in fronto-subcortical circuits, driving executive and behavioral deficits (e.g., apathy, impulsivity) that precede memory decline (Larner, 1997; Bruno et al., 2023).
Oculomotor Measures:
Eye-tracking and pupillometry - including antisaccade errors (to a lesser extent), prolonged saccadic latency, and distinct task-evoked pupillary responses - provide a non-invasive method to differentiate frontal variant Alzheimer's disease (fvAD) from behavioral variant frontotemporal dementia (bvFTD) (Lage et al., 2021). These metrics quantify disease-specific attentional and emotional processing deficits, which correlate with divergent fronto- subcortical network impairments: fvAD disrupts fronto-subcortical circuits and the default mode network (DMN), whereas bvFTD primarily affects the salience network (SN) and subcortical modules (Ng et al., 2021).
Cross-Cutting Insights
Oculomotor disturbances mirror Alzheimer's neurobiological heterogeneity. They provide non-invasive early biomarkers, complementary to neuroimaging. Critical for differential diagnosis between Alzheimer's phenotypes and other dementias
Interestingly, these neurophysiological alterations manifest in oculomotor abnormalities. The oculomotor system, which relies on precise neural coordination, serves as a valuable indicator of broader neural dysfunction in AD. Eye movement impairments correlate with cognitive decline and disease progression, with measurable changes in oculomotor parameters reflecting underlying network disruptions linked to E/I imbalance and impaired gamma oscillations (Riek et al., 2023; Tokushige et al., 2023; Qi et al., 2024) (Figure 6B). This relationship underscores the potential of oculomotor metrics as biomarkers for AD, bridging cellular-level dysfunction with observable clinical manifestations and offering insight into the complex interplay between neurophysiological alterations and behavioral outcomes (Figure 7).
2.5 Synaptic plasticity alterations in AD and their impact on memory-guided saccades
Alzheimer disease is marked by profound synaptic plasticity alterations, closely linked to oculomotor dysfunction, particularly impairments in memory-guided saccades. Synapse loss is an early and defining feature of AD, strongly correlating with dementia severity and preceding both neuronal loss and cognitive decline (Shankar and Walsh, 2009). This dysfunction systematically disrupts brain regions essential for oculomotor control, impairing the neural circuits responsible for precise eye movements.
Memory-guided saccades directed toward remembered spatial targets depend on coordinated activity across a distributed neural network. Key regions include the posterior parietal cortex (spatial processing), dorsolateral frontal cortex (motor planning), prefrontal cortex (working memory), hippocampus (memory consolidation), and subcortical structures such as the SC (Pierrot-Deseilligny et al., 1995; Sugiura et al., 2004; Vericel et al., 2024). These areas integrate visual information, retain spatial memory, and execute precise eye movements through dynamic synaptic interactions.
In AD, progressive neurodegeneration disrupts this network, causing oculomotor deficits such as inaccurate saccades and impaired spatial memory. These deficits mirror broader synaptic dysfunction, particularly in synaptic plasticity-a process critical for learning and memory. Notably, GABAARs containing the α5 subunit emerge as pivotal regulators of plasticity. By fine-tuning excitatory neuron activity, these receptors modulate the balance between long-term potentiation and long-term depression, mechanisms underlying adaptive neural rewiring (Engin et al., 2013; Zhu et al., 2023). Dysfunctional GABAergic signaling in AD reduces cognitive flexibility and destabilizes memory retention, exacerbating both motor and cognitive decline that can be investigated through oculomotor biomarkers, such as aberrant memory-guided saccades. This interplay highlights how synaptic plasticity deficits, driven by impaired GABAARs activity, contribute to the pathophysiology of AD (Wolff et al., 1993; Schmidt-Wilcke et al., 2018). Importantly, these GABAergic mechanisms are closely influenced by the function of KCC2. Beyond its canonical role in maintaining low intracellular chloride concentrations necessary for effective inhibitory signaling, KCC2 has emerged as a critical regulator of neuronal structure and function.
The co-transporter KCC2 engages in chloride-independent signaling pathways that modulate cytoskeletal dynamics and synaptic connectivity. Notably, KCC2 interacts with the Rac1/Cdc42 guanine nucleotide exchange factor β-PIX, thereby inhibiting its activity and attenuating downstream Rac1 signaling. This suppression limits the phosphorylation of cofilin-1, an actin-depolymerizing factor, and promotes dynamic actin remodeling within dendritic spines, a process essential for spine morphogenesis and the stabilization of glutamatergic synapses (Chamma et al., 2012; Llano et al., 2015). Loss of KCC2 disrupts this regulatory pathway, resulting in elevated levels of phosphorylated (inactive) cofilin-1, excessive stabilization of actin filaments, and reduced spine motility. These alterations compromise excitatory synaptogenesis and underscore the structural function of KCC2 as a modulator of synaptic architecture (Llano et al., 2015; Côme et al., 2019). Importantly, studies employing conditional deletion of KCC2 in adult glutamatergic neurons have demonstrated deficits in both spatial and nonspatial memory, suggesting that KCC2 contributes to cognitive processes via both inhibitory regulation and maintenance of excitatory synaptic integrity. Interestingly, while long-term potentiation at the dendritic level remains preserved, enhanced excitatory postsynaptic potential-to-spike coupling indicates a shift in E/I balance, likely due to impaired GABAergic inhibition resulting from disrupted chloride homeostasis (Kreis et al., 2023). Together, these findings position KCC2 as a multifunctional protein at the interface of ion transport, cytoskeletal remodeling, and synaptic function. Its dual role, mediating inhibitory efficacy through chloride extrusion and supporting excitatory connectivity through actin-dependent mechanisms, places KCC2 at the center of mechanisms governing synaptic plasticity and memory formation.
This dynamic balance between long-term potentiation and long-term depression enables flexible and efficient information processing, supporting higher-order cognitive functions and adaptive behavior. In AD, disruption of this balance contributes to impaired memory-guided saccades, further underscoring the role of synaptic plasticity deficits in disease progression.
2.6 Oculomotor biomarkers that may be affected by abnormalities in GABAergic signaling in AD
GABAergic transmission plays a pivotal role in the generation and control of saccades, influencing velocity, latency, and targeting precision through inhibitory mechanisms in the SC. Increased GABAergic inhibition in this structure has been associated with reduced saccade velocity, prolonged latency, and decreased accuracy in target acquisition. Additionally, GABA contributes to fixation stability, with GABAergic neurons in the rostral SC playing a crucial role in maintaining steady fixation (Villalobos et al., 2018). The competition between automated and voluntary saccade commands is also modulated by GABAergic neurons across various brain regions, particularly in the basal ganglia, where inhibitory control mechanisms help regulate saccadic initiation and suppression (Coe and Munoz, 2017). Abnormal GABA transmission can result in difficulty suppressing saccades to peripheral targets during fixation, particularly in tasks that require voluntary control over reflexive eye movements, such as the anti-saccade task. In this paradigm, which demands the suppression of automatic saccades toward a sudden stimulus, GABAergic inhibition is critical for preventing express latency direction errors (Coe and Munoz, 2017). The gap effect, a well-documented phenomenon in pro-saccade latencies, further suggests a common GABAergic mechanism in saccade programming, emphasizing the role of inhibitory control in the timing of reflexive eye movements (Mize, 1992; Behan et al., 2002; Carrasco et al., 2011; Essig et al., 2021). Pharmacological modulation of GABAergic activity also affects saccade dynamics. Benzodiazepines, for example, can reduce peak saccade velocity while simultaneously improving the precision of anticipated eye position beliefs (Bittencourt et al., 1981). Beyond saccades, GABA influences smooth pursuit eye movements, affecting both initiation and maintenance. Inhibitory signaling within the brainstem plays a role in pursuit onset timing and may also impact the ability to suppress intrusive saccades during smooth tracking (Blazquez and Yakusheva, 2015).
Pupillary responses, particularly dilation in reaction to emotional stimuli, may also be modulated by GABAergic signaling. Dysregulation of GABA transmission in the LC could disrupt the coordination of pupillary dynamics with cognitive and emotional processing (Breton-Provencher and Sur, 2019). In rat models, activation of GABAARs has been shown to increase noradrenaline release from the LC via a facilitatory effect on glutamatergic terminals projecting to this region. Interestingly, this effect can be replicated by blocking NKCC1 with bumetanide, highlighting the role of GABAergic signaling and the NKCC1/KCC2 chloride balance in fine-tuning LC activity and, consequently, its influence on the oculomotor system (Koga et al., 2005; Capsoni et al., 2022). Furthermore, GABA levels in the visual cortex are linked to eye dominance and may modulate binocular visual competition, thereby affecting oculomotor control. Variations in GABAergic inhibition between the eyes during visual stimulation influence perceptual dominance and binocular rivalry dynamics, with pharmacological manipulation of GABA affecting perceptual switches and suppression (Ip et al., 2020). These findings collectively underscore the central role of GABAergic neurotransmission in the control of eye movements. Abnormal GABA neurotransmission can lead to measurable changes in oculomotor parameters. Overall, abnormalities in GABA synaptic transmission can lead to impaired performance in cognitive oculomotor tasks by affecting inhibitory control, sensory integration, and the synchronization of neural activity required for precise eye movements (Figure 8).
[image: Schematic diagram showing the difference between normal and impaired GABAergic inhibition in oculomotor circuitry. Panel A demonstrates normal functioning with pathways involving FC, PPC, BG, SC, PMN, and EOM, including graphs showing anti-saccade task and horizontal saccade. Panel B illustrates the loss of GABAergic inhibition with altered pathways and similar task graphs reflecting changes in horizontal saccade behavior. Key elements are labeled, highlighting the impact on eye movements.]FIGURE 8 | Normal GABAergic Inhibition within the Saccade Network and Possible Impairments in Case of Loss of Inhibition: Video Oculography (VOG) Findings. Eye position is plotted on the x-axis, and the y-axis depicts the corresponding time in seconds. Black lines indicate the horizontal eye position; green traces illustrate the vertical eye position, and blue dashed lines show the position of the target (desired eye position). (A) Inputs from the posterior parietal cortex (PPC) and frontal cortex (FC), via direct or indirect pathways through the basal ganglia, are sent to the superior colliculus (SC). The SC is a pivotal structure, integrating and relaying commands from the cerebral cortex to the premotor brainstem saccadic nuclei, then to the extrinsic oculomotor muscles (EOM), and influencing the vegetative pupil motor nuclei (VN) and the iris muscles, which are responsible for intrinsic oculomotor function. The cerebellum (CER) exerts a modulatory function and controls the precision of saccades. GABAergic inhibition plays a key role in the control of rapid eye movements (saccades) by modulating the excitability of the involved neural circuits, particularly in the cerebellum, the superior colliculus, and the basal ganglia. Reciprocal GABAergic inhibition between frontal and posterior parietal structures can influence saccade latency by modulating the balance between excitation and inhibition within oculomotor circuits. (B) Loss of GABAergic inhibition alters neural circuits by increasing excitatory output within various cortical and subcortical structures. (A1) VOG record of a normal horizontal saccade trajectory and normal inhibitory control in the (A2) anti-saccade task. (B1) VOG records in the case of loss of GABAergic inhibition show several impairments: Amplitude and gain: Reduced GABAergic inhibition increases the response of cerebellar neurons during saccades, altering their amplitude and directional selectivity (red arrow), Velocity and duration: GABAergic dysfunction in the superior colliculus can decrease peak saccade velocity and prolong their duration (blue arrow), Latency and initiation: The release of tonic GABAergic inhibition (from the basal ganglia to the superior colliculus) is a key trigger for saccade initiation. Excess inhibition delays or prevents saccades, while disinhibition facilitates rapid initiation (purple arrow). (B2) Loss of inhibition in frontal regions leads to errors in anti-saccade tasks.2.6.1 Measure of oculomotor parameters during saccades, fixations, smooth pursuit
During the progression of AD, GABAergic dysfunction plays a critical role in the emergence of oculomotor deficits, reflecting the broader E/I imbalance characteristic of AD pathology (Bi et al., 2020). These deficits manifest across multiple domains of oculomotor control, including saccades, smooth pursuit, fixation, and inhibitory mechanisms. Patients with AD exhibit increased saccade latencies, hypometric saccades, and a higher frequency of saccadic intrusions during fixation. Additionally, they show impaired smooth pursuit eye movements, difficulty suppressing saccades during pursuit, and compromised fixation stability due to an inability to suppress reflexive saccades in antisaccade tasks (Molitor et al., 2015; Readman et al., 2021). These impairments provide insights into the broader cognitive and neural network disruptions in AD, highlighting the intricate relationship between neurotransmitter imbalances and motor outputs (Schmidt-Wilcke et al., 2018; Mattson, 2020; Xu et al., 2020; Maestú et al., 2021) (Figure 8).
Among these oculomotor markers, memory-guided saccades stand out as potential biomarkers for AD, given their reliance on spatial working memory and executive function. In AD, memory-guided saccades are characterized by decreased accuracy, prolonged latency, and reduced peak velocity, reflecting disruptions in neural circuits underlying spatial working memory (Pierrot-Deseilligny et al., 1991; 2002). The severity of cognitive decline correlates with the degree of neuronal network dysregulation, emphasizing the close link between synaptic dysfunction and cognitive performance. These impairments may stem from reduced GABAergic inhibition in the frontal and parietal cortices, areas crucial for working memory and saccade generation (Gao et al., 2024). Furthermore, the percentage of correct memory-guided saccades strongly correlates with verbal memory performance, particularly with Total Free and Delayed Recall tests in AD patients (Lage et al., 2021). This relationship suggests that GABAergic dysfunction impacts not only motor control but also fundamental memory processes (Williams et al., 2023). Additionally, memory-guided saccade impairments may aid in differentiating AD from other neurodegenerative disorders, such as semantic variant primary progressive aphasia, which exhibits distinct GABAergic dysfunction patterns (Lage et al., 2021).
In Posterior Cortical Atrophy (PCA) (Box 1), saccadic performance serves as a key diagnostic marker, with patients exhibiting prolonged fixation times, increased first major saccade latency, and significantly reduced saccade amplitudes (Shakespeare et al., 2015; Pin et al., 2023). These abnormalities reflect cognitive-perceptual processing deficits rather than mere motor dysfunction. Fixation stability is another major area of impairment, characterized by frequent large saccadic intrusions, shorter sustained fixations, and disrupted visual stabilization mechanisms (Shakespeare et al., 2015). These findings suggest a fundamental disruption in neural circuits responsible for visual attention and spatial orientation, possibly linked to alterations in GABAergic inhibition. Given its role in modulating visual perception and attention, disruptions in parietal and occipital cortical GABA levels could contribute to the observed deficits in spatial orientation and visual processing (Song et al., 2017; Gao et al., 2024; Kujala et al., 2024). Pursuit tracking further highlights the complexity of PCA, as patients exhibit diminished pursuit gain, increased saccadic intrusions, and reduced tracking precision (Shakespeare et al., 2015). These findings point to dysfunction in neural circuits responsible for smooth visual tracking and spatial integration, likely influenced by imbalances between GABAergic inhibition and glutamatergic excitation. Disruptions in GABAergic fine-tuning of neuronal responses in visual areas could lead to compensatory reliance on saccadic movements, impairing smooth pursuit (Thier and Ilg, 2005). Thus, the oculomotor profile in PCA goes beyond a mere symptomatic description, serving as a refined neurophysiological marker of posterior cortical network degeneration. The interplay between GABAergic dysfunction and visual processing deficits illustrates PCA’s complex pathophysiology and emphasizes the role of neurotransmitter imbalance in impairments of visual attention and tracking. Such vulnerabilities may trace back to early neurodevelopmental disturbances in magnocellular pathways, where initial E/I imbalance sets the stage for later network fragility. In this context, PCA exemplifies how network-specific susceptibilities rooted in developmental imbalance can manifest decades later as selective neurodegenerative syndromes, reinforcing the idea that oculomotor alterations may act as intermediate phenotypes and candidate biomarkers for preclinical AD.
2.6.2 Measures of pupillary light reflex (PLR)
Early retinal changes have been reported in AD, with retinal abnormalities in the early stages including a specific pattern of retinal nerve fiber layer loss, narrowed veins, and decreased retinal blood flow. Amyloid deposits in the retina have been found at significantly higher levels in individuals with MCI, with a fivefold increase, and in those with AD, with a ninefold increase. These deposits may affect various retinal cells, particularly intrinsically photosensitive retinal ganglion cells (ipRGCs), especially melanopsin-expressing RGCs, which could, in turn, alter the pupillary light reflex (PLR) (Koronyo et al., 2017; 2023; Mirzaei et al., 2020). GABAergic transmission plays a crucial role in retinal ganglion cell function and visual processing. Some RGCs are themselves GABAergic, projecting to various brain regions, including the superior colliculus, where they contribute to transmitting looming signals and regulating innate defensive responses (Popova, 2015; Yuan et al., 2024). Additionally, ipRGCs express primarily GABAA- and GABACRs, which mediate inhibitory inputs that shape visual processing.
Most studies attribute GABAcR function to presynaptic modulation at bipolar cell synapses, rather than to direct postsynaptic effects on ipRGCs (Fletcher and Wässle, 1999; Zhu et al., 2007; Medina Arellano et al., 2025). This modulation shapes bipolar output and indirectly influences ipRGC responses, including pupillary and circadian rhythms. Although the direct involvement of GABAC​Rs in AD–related retinal or ocular pathology remains unclear, the loss of GABAC​R-mediated fine-tuning of retinal signaling may contribute to altered pupillary motility. Further studies are needed to clarify the contribution of retinal GABAergic mechanisms, particularly GABAC​R transmission, to AD-associated ocular changes.
Recent findings utilizing chromatic pupillometry have provided valuable insights into PLR abnormalities in AD. Findings suggest that detectable changes in the PLR emerge even in the early stages of the disease, potentially reflecting underlying pathological alterations in the dendritic processes of melanopsin-containing RGCs before the degeneration of their cell bodies (Romagnoli et al., 2020; 2023). While cholinergic neurotransmission has been widely recognized for its role in supporting the PLR, GABAergic regulation of the Edinger-Westphal nucleus and its potential alterations in AD may also play a significant role. Investigating the PLR across different stages of AD could offer further insights into the interplay between neurotransmitter dysfunction and disease progression (Chougule et al., 2019).
2.6.3 Study of visual attention processing using cognitive task
2.6.3.1 Reading task
Patients with AD typically exhibit distinctive eye movement patterns during reading tasks, characterized by reduced saccade amplitudes, prolonged fixation durations, higher regression rates, and more frequent and extended backward eye movements (Fernández et al., 2022). These oculomotor abnormalities provide valuable insight into underlying cognitive processing difficulties, particularly in phonological working memory and semantic integration. Dysfunction in GABAergic transmission may play a key role in these reading deficits, as GABA is essential for saccade control, visual cortex function, and overall oculomotor regulation, all of which are critical for fluent reading. Impaired GABAergic transmission can lead to increased saccadic frequency, more frequent fixations and regressions, prolonged fixation durations, and reduced saccade amplitudes, ultimately diminishing reading efficiency (Leventhal et al., 2003; Ibbotson and Krekelberg, 2011; Vidyasagar, 2019). Additionally, deficits in memory-guided saccades may further disrupt smooth text navigation, compounding difficulties in reading speed and comprehension. Specialized reading protocols integrating eye-tracking technology could help address these impairments by examining how AD patients process complex linguistic information, integrate semantic context, and manage cognitive load during language comprehension (Walenski et al., 2021). Analyses of fixation patterns, saccadic dynamics, and reading strategies provide a window into the mechanisms of progressive aphasia associated with neurodegenerative conditions. Beyond their clinical utility, such protocols may also illuminate AD pathophysiology by revealing parallels between abnormalities observed in neurodevelopmental disorders such as dyslexia and those in AD, particularly with respect to network vulnerabilities shaped by early E/I imbalance.
2.6.3.2 Memory and other cognitive tasks
The current challenge in neurodegenerative disease research lies in integrating cognitive neuroscience data with oculomotor behavior analysis, particularly in the early stages of these conditions, with a focus on the role of GABAergic transmission impairments. GABAergic dysfunction is a key contributor to early memory impairment and may subsequently alter oculomotor behavior, particularly in AD. One manifestation of this dysfunction is hippocampal hyperexcitability due to reduced GABAergic transmission, leading to an E/I balance disruption that promotes epileptogenesis and memory deficits (Mao et al., 2024). Additionally, alterations in GABAergic signaling disrupt neural network synchronization and the regulation of neuronal activity in crucial areas such as the hippocampus, which plays an essential role in episodic memory (Hernández-Frausto et al., 2023). Furthermore, by modulating the balance between tonic and phasic firing modes, GABAergic transmission in the LC fine-tunes memory processes, optimizing cognitive performance across different behavioral contexts (Jin et al., 2016; Breton-Provencher and Sur, 2019). Several studies have demonstrated the potential of eye movement analysis as a tool for the early detection and prediction of cognitive decline (Zola et al., 2013)) found that the proportion of eye fixations in a visual pair memory task effectively predicted the conversion rate from MCI to major cognitive disorder over a 3-year period. Other research has identified differences in pupil dilation speeds during visual associative memory tasks between cognitively normal elderly individuals and those at risk of developing cognitive disorders (Dragan et al., 2017; Granholm et al., 2017) expanded on this by analyzing pupillary responses during working memory tasks, showing variations linked to the presence or absence of cognitive disorders and individual cognitive reserve. Notably, these ocular abnormalities were detectable even in seemingly normal individuals with a genetic predisposition to AD, as indicated by high polygenic risk scores (Kremen et al., 2019). Recent studies on healthy subjects have further evaluated the potential of pupillary response measurements in visual recognition memory. Findings indicate that pupillary dilation can distinguish between familiar and novel stimuli, with a stronger dilation response for previously encountered stimuli and a differentiation between familiarity and recollection-based memory processes (Otero et al., 2011; Kafkas and Montaldi, 2012; Gomes et al., 2015; 2021). These two processes engage distinct memory systems, particularly in terms of visual attention allocation. In AD, at the stage of amnestic MCI, early deficits in familiarity-based visual recognition memory could be detected through pupillary response differences. These variations may reflect individual performance levels, and the cognitive processes engaged during memory tasks, providing a potential biomarker for early disease detection and progression monitoring.
The precise measurement of oculomotor parameters offers a non-invasive approach to tracking the neurophysiological progression of AD, providing promising diagnostic and monitoring opportunities. By analyzing subtle changes in eye movement control, which reflect underlying GABAergic deficits, researchers and clinicians may be able to detect neurological alterations before pronounced cognitive symptoms emerge. Early detection could enable timely intervention and improve patient outcomes, particularly as ongoing research explores GABAergic therapies for AD. Integrating oculomotor assessments with other biomarkers may lead to more comprehensive and sensitive diagnostic strategies, ultimately enhancing patient care and treatment approaches.
Tailored experimental protocols could be designed to accommodate the specific eye movement patterns and cognitive challenges observed in AD patients, potentially improving reading performance and overall language processing. The convergence of eye movement analysis and cognitive neuroscience underscores its potential as a non-invasive early indicator of neurodegenerative processes. Understanding the relationship between pathological chloride homeostasis and oculomotor characteristics provides crucial insights into underlying cognitive processing deficits, particularly in phonological working memory, semantic integration, and broader memory functions. This knowledge highlights the intricate interplay between neurotransmitter systems, cognitive function, and motor control. Such insights may pave the way for novel therapeutic interventions targeting the GABAergic system via cation-chloride co-transporters (Capsoni et al., 2022; Lam et al., 2022; Kadam and Hegarty, 2024), aiming to improve both cognitive function and oculomotor control in neurodegenerative diseases. Restoring chloride homeostasis could offer a novel therapeutic strategy to alleviate cognitive and motor symptoms in AD, potentially improving patients’ quality of life and preserving functional independence.
The intricate relationship between synaptic dysfunction, neural network disruption, and oculomotor performance in AD highlights the need for comprehensive, multidimensional approaches to both understanding and developing potential interventions for this neurodegenerative condition.
2.7 Therapeutic perspectives: targeting chloride transport and GABAergic dysfunction
Disrupted chloride homeostasis has emerged as a central feature of AD, with growing evidence implicating the dysregulation of chloride co-transporters, particularly KCC2 and NKCC1, in early E/I imbalances, cortical hyperexcitability, and cognitive decline. These alterations compromise the polarity of GABAergic signaling, leading to reduced inhibition or even paradoxical excitation, which contributes to abnormal network synchronization and neurodegeneration. Therapeutic strategies aimed at restoring GABAergic inhibition by modulating chloride transport hold significant promise. Enhancing KCC2 function or inhibiting NKCC1 has shown beneficial effects in various preclinical models of brain disorders, including epilepsy, traumatic brain injury, and AD (Capsoni et al., 2022; Hochstetler et al., 2025). Although bumetanide, a known NKCC1 inhibitor, has demonstrated neuroprotective effects, its clinical utility in AD remains limited due to poor brain penetration and systemic side effects (Glykys et al., 2014; Töllner et al., 2014).
Beyond direct pharmacological modulation, several experimental approaches aim to indirectly stabilize KCC2. These include reducing neuroinflammation, mitigating oxidative stress, or enhancing neurotrophic support via BDNF-TrkB signaling. For instance, activation of TrkB receptors or improving proBDNF-to-BDNF maturation promotes KCC2 expression and functional recovery (Rivera et al., 2004; Tang et al., 2019). Similarly, exosome-based therapies derived from adipose mesenchymal stem cells have shown efficacy in modulating inflammatory cascades and preserving chloride balance (Li P. et al., 2024). Inhibition of the NF-κB/NLRP3 pathway may also rescue KCC2 expression and reduce synaptic damage (Bergauer et al., 2022).
The therapeutic relevance of KCC2 has expanded with recognition of its dual function, not only in regulating intracellular chloride, but also in stabilizing dendritic spines and supporting synaptic plasticity (Gauvain et al., 2011; Virtanen et al., 2021). In consequence, loss of KCC2 thus affects both neuronal signaling and network architecture. Recent studies have highlighted post-translational mechanisms, such as phosphorylation and membrane trafficking, as promising targets for more specific therapeutic interventions (Friedel et al., 2015; Tang et al., 2019; Hartmann and Nothwang, 2022). Encouragingly, strategies aimed at restoring KCC2 function have shown considerable promise. For instance, pharmacological enhancement of KCC2 activity using small molecules like CLP290 reinstates inhibitory neurotransmission, normalizes chloride homeostasis, and reverses cognitive deficits in AD mouse models (Keramidis et al., 2023).
In parallel, emerging approaches are focusing on modulating network oscillations, particularly gamma oscillations, which are closely tied to GABAergic interneuron function and cognitive performance. Abnormal gamma activity is an early hallmark of AD and correlates with synaptic dysfunction and memory impairment. Restoration of gamma oscillations is thus a key therapeutic objective, aiming to counteract pathological hyperexcitability, reduce amyloid and tau pathology, normalize microglial activity, and improve cognitive outcomes.
Neuromodulation strategies have demonstrated promising effects in preclinical models. For instance, optogenetic stimulation of PV interneurons at 40 Hz reduces amyloid plaque burden by enhancing frequency-specific gamma-oscillations and improving network synchrony (Iaccarino et al., 2016). Although highly informative mechanistically, optogenetics faces major hurdles for clinical application due to its invasiveness. Non-invasive alternatives, including sensory stimulation (visual or auditory 40 Hz entrainment) and brain stimulation techniques such as transcranial magnetic stimulation and transcranial alternating current stimulation, offer more translational potential (Toniolo et al., 2020). However, challenges such as timing mismatches with endogenous oscillations and variable clinical efficacy highlight the need for more reliable interventions.
Pharmacological strategies provide a compelling alternative by directly targeting the molecular underpinnings of gamma-oscillation deficits. Recent efforts have focused on modulating GABAergic inhibition in PV interneurons, particularly in the context of KCC2 dysfunction, which disrupts chloride homeostasis and impairs inhibitory tone (Wei et al., 2024). A notable example is DDL-920, a negative allosteric modulator of extrasynaptic α1β2δ GABAARs. By selectively reducing excessive tonic inhibition (achieving a 71% suppression at 1 nM) while sparing phasic transmission, DDL-920 restores PV interneurons excitability and enhances gamma-power (2.5-fold increase), effectively bypassing the need for direct KCC2 reactivation. This pharmacological approach addresses key limitations of neuromodulation by providing sustained, cell-type-specific modulation of gamma-oscillations independent of external stimuli.
Future therapeutic development may benefit from combination strategies that integrate sensory entrainment with chloride-targeted therapies or GABAergic modulators like DDL-920, aiming for a more robust and durable restoration of network function. Such approaches are particularly attractive given their low invasiveness and potential for synergistic effects. By promoting synchronous GABAergic activity, gamma entrainment may indirectly support KCC2 function, reinforcing inhibitory tone and enhancing cognitive performance. The transition from optogenetic proof-of-concept studies to clinically viable pharmacological agents mark a significant advance toward precision medicine for gamma-oscillation deficits in neurodegeneration.
In addition, innovative tools such as eye-tracking in transgenic models with KCC2 alterations (Ambrad Giovannetti and Rancz, 2024) are emerging as non-invasive biomarkers of GABAergic function and network integrity. These platforms hold great promise for monitoring therapeutic efficacy and network-level responses in both preclinical and clinical settings.
Despite encouraging progress, several gaps remain. The timeline of chloride dysregulation during AD progression is not well defined, and validation in human postmortem tissue is still limited (Zhou et al., 2021; Kreis et al., 2023). Moreover, the interplay between KCC2 and other chloride transporters, such as NKCC1, requires further investigation (Lam et al., 2022). Nevertheless, targeting chloride homeostasis, particularly in combination with neuromodulatory strategies, represents a sophisticated and increasingly promising avenue for restoring inhibitory balance and mitigating neurodegeneration in AD.
3 GENERAL CONCLUSION AND FUTURE DIRECTIONS
GABAergic dysfunction, driven largely by disrupted chloride homeostasis, emerges as a key early event in the pathogenesis of AD. The downregulation of KCC2 and upregulation of NKCC1 compromise inhibitory signaling, disturb E/I balance, and contribute to cortical hyperexcitability, impaired gamma oscillations, and cognitive decline. These alterations are further exacerbated by neuroinflammation, Aβ toxicity, and deficits in neurotrophic signaling, particularly involving BDNF. Understanding the interplay between gamma oscillations, E/I balance, and GABAergic inhibition is thus essential for the development of targeted therapies in AD. Emerging approaches, including pharmacological modulation of chloride transporters, enhancement of BDNF-TrkB signaling, and anti-inflammatory interventions, seek to correct inhibitory deficits at multiple levels. KCC2 has become a central therapeutic target due to its dual role in regulating ion gradients and maintaining synaptic structure (Figure 9).
[image: Diagram outlining chloride homeostasis and GABAergic transmission in Alzheimer’s disease. It compares a healthy brain, an AD brain, and their functional consequences, highlighting high chloride levels, depolarizing GABA, dysregulated activity, and inflammation in AD. Therapeutic approaches include pharmacological methods like KCC2 enhancers and non-pharmacological strategies such as neuromodulation, aiming at cognitive improvement.]FIGURE 9 | Disruption of chloride homeostasis and GABAergic dysfunction in Alzheimer’s disease (AD). The diagram illustrates how early downregulation of KCC2 and upregulation of NKCC1 in AD impair GABAergic inhibition and disrupt chloride homeostasis. These changes contribute to cortical network hyperexcitability, loss of parvalbumin-positive (PV) interneurons, and altered gamma oscillations. These pathophysiological processes are further exacerbated by neuroinflammation, amyloid-β toxicity, and deficits in BDNF- TrkB signaling, ultimately leading to oculomotor dysfunction and cognitive deficits. Emerging therapeutic strategies aim to restore inhibitory balance through pharmacological modulation of chloride transporters, enhancement of neurotrophic support, and anti-inflammatory interventions in combination with neuromodulatory strategies. KCC2 has become a central therapeutic target due to its dual role in ion regulation and synaptic structure maintenance.Until now, translation to clinical application remains challenging. Many candidate therapies are still at the preclinical stage, and the heterogeneity of AD pathology, combined with barriers to brain delivery and uncertainties about therapeutic timing, complicate the development of broadly effective interventions. Longitudinal studies, improved biomarkers, and refined animal models will be critical for determining when and how to intervene most effectively.
Altogether, these findings suggest that restoring chloride homeostasis to rebalance inhibitory signaling represents a promising avenue for disease modification in AD. As our understanding of the molecular and circuit-level underpinnings of GABAergic dysfunction deepens, so too does the potential for personalized, mechanism-based treatments aimed at halting or even reversing cognitive decline in neurodegenerative disease.
AUTHOR CONTRIBUTIONS
CP: Conceptualization, Writing – original draft, Writing – review and editing. CR: Writing – original draft. IM: Writing – review and editing. LK: Conceptualization, Supervision, Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This review was supported by the Assistance Publique-Hôpitaux de Marseille, the National Institute of Health and Medical Research (INSERM), the National Center for Scientific Research (CNRS), and the French National Agency for Research (ANR, grant number R07066AS 2008–2011). CR was financially supported by the Academy of Finland (AoF, grants 341361 and 308265) and by the ANR grant GABGANG.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
ABBREVIATIONS
AD, Alzheimer’s disease; Aβ, Amyloid-beta; BDNF, Brain-derived neurotrophic factor; dlPFC, Dorsolateral prefrontal cortex; EWN, Edinger-Westphal nucleus; E/I, Excitatory/inhibitory; FEF, Frontal eye fields; FOF, Frontal oriented field; IL, Infralimbic, prelimbic (PL) cortices; ipRGCs, Intrinsically photosensitive retinal ganglion cells; LC, Locus coeruleus; mPFC, Medial prefrontal cortex; MCI, Mild cognitive impairment; PV, Parvalbumin-positive interneurons; PCA, Posterior cortical atrophy; KCC2, Potassium-chloride co-transporter 2; PLR, Pupillary light reflex; RGCs, Retinal ganglion cells; NKCC1, Sodium-potassium-chloride co-transporter; SNr, Substantia nigra pars reticulata; SC, Superior colliculus; TBI, Traumatic brain injury.
REFERENCES
	Ambrad Giovannetti, E., and Rancz, E. (2024). Behind mouse eyes: the function and control of eye movements in mice. Neurosci. and Biobehav. Rev. 161, 105671. doi:10.1016/j.neubiorev.2024.105671

	Anderson, T. J., and MacAskill, M. R. (2013). Eye movements in patients with neurodegenerative disorders. Nat. Rev. Neurol. 9, 74–85. doi:10.1038/nrneurol.2012.273

	Andrés-Benito, P., Fernández-Dueñas, V., Carmona, M., Escobar, L. A., Torrejón-Escribano, B., Aso, E., et al. (2017). Locus coeruleus at asymptomatic early and middle braak stages of neurofibrillary tangle pathology. Neuropathol. Appl. Neurobiol. 43, 373–392. doi:10.1111/nan.12386

	Baculis, B. C., Kesavan, H., Weiss, A. C., Kim, E. H., Tracy, G. C., Ouyang, W., et al. (2022). Homeostatic regulation of extracellular signal-regulated kinase 1/2 activity and axonal Kv7.3 expression by prolonged blockade of hippocampal neuronal activity. Front. Cell Neurosci. 16, 838419. doi:10.3389/fncel.2022.838419

	Bai, X., Edden, R. A. E., Gao, F., Wang, G., Wu, L., Zhao, B., et al. (2015). Decreased γ-aminobutyric acid levels in the parietal region of patients with Alzheimer’s disease. J. Magn. Reson Imaging 41, 1326–1331. doi:10.1002/jmri.24665

	Barbour, A. J., Gourmaud, S., Lancaster, E., Li, X., Stewart, D. A., Hoag, K. F., et al. (2024). Seizures exacerbate excitatory: inhibitory imbalance in Alzheimer’s disease and 5XFAD mice. Brain 147, 2169–2184. doi:10.1093/brain/awae126

	Beal, M. F., Mazurek, M. F., Tran, V. T., Chattha, G., Bird, E. D., and Martin, J. B. (1985). Reduced numbers of somatostatin receptors in the cerebral cortex in Alzheimer’s disease. Science 229, 289–291. doi:10.1126/science.2861661

	Beal, M. F., Mazurek, M. F., Svendsen, C. N., Bird, E. D., and Martin, J. B. (1986). Widespread reduction of somatostatin-like immunoreactivity in the cerebral cortex in Alzheimer’s disease. Ann. Neurol. 20, 489–495. doi:10.1002/ana.410200408

	Behan, M., Steinhacker, K., Jeffrey-Borger, S., and Meredith, M. A. (2002). Chemoarchitecture of GABAergic neurons in the ferret superior colliculus. J. Comp. Neurol. 452, 334–359. doi:10.1002/cne.10378

	Bell, C. A., Grossman, S. N., Balcer, L. J., and Galetta, S. L. (2023). Vision as a piece of the head trauma puzzle. Eye 37, 2385–2390. doi:10.1038/s41433-023-02437-8

	Ben-Ari, Y. (2002). Excitatory actions of gaba during development: the nature of the nurture. Nat. Rev. Neurosci. 3, 728–739. doi:10.1038/nrn920

	Ben-Ari, Y., Gaiarsa, J.-L., Tyzio, R., and Khazipov, R. (2007). GABA: a pioneer transmitter that excites immature neurons and generates primitive oscillations. Physiol. Rev. 87, 1215–1284. doi:10.1152/physrev.00017.2006

	Benarroch, E. E. (2012). GABAB receptors: structure, functions, and clinical implications. Neurology 78, 578–584. doi:10.1212/WNL.0b013e318247cd03

	Bergauer, A., van Osch, R., van Elferen, S., Gyllvik, S., Venkatesh, H., and Schreiber, R. (2022). The diagnostic potential of fluid and imaging biomarkers in chronic traumatic encephalopathy (CTE). Biomed. Pharmacother. 146, 112602. doi:10.1016/j.biopha.2021.112602

	Berman, R. A., and Wurtz, R. H. (2011). Signals conveyed in the pulvinar pathway from superior colliculus to cortical area MT. J. Neurosci. 31, 373–384. doi:10.1523/JNEUROSCI.4738-10.2011

	Bi, D., Wen, L., Wu, Z., and Shen, Y. (2020). GABAergic dysfunction in excitatory and inhibitory (E/I) imbalance drives the pathogenesis of Alzheimer’s disease. Alzheimers Dement. 16, 1312–1329. doi:10.1002/alz.12088

	Bie, B., Wu, J., Lin, F., Naguib, M., and Xu, J. (2022). Suppression of hippocampal GABAergic transmission impairs memory in rodent models of Alzheimer’s disease. Eur. J. Pharmacol. 917, 174771. doi:10.1016/j.ejphar.2022.174771

	Bilbao, C., Carrera, A., Otin, S., and Piñero, D. P. (2024). Eye tracking-based characterization of fixations during reading in children with neurodevelopmental disorders. Brain Sci. 14, 750. doi:10.3390/brainsci14080750

	Bittencourt, P. R., Wade, P., Smith, A. T., and Richens, A. (1981). The relationship between peak velocity of saccadic eye movements and serum benzodiazepine concentration. Br. J. Clin. Pharmacol. 12, 523–533. doi:10.1111/j.1365-2125.1981.tb01261.x

	Blazquez, P. M., and Yakusheva, T. A. (2015). GABA-A inhibition shapes the spatial and temporal response properties of purkinje cells in the macaque cerebellum. Cell Rep. 11, 1043–1053. doi:10.1016/j.celrep.2015.04.020

	Blum, D., and Levi, S. (2024). Targeting excitatory:inhibitory network imbalance in Alzheimer’s disease. Brain 147, 1931–1933. doi:10.1093/brain/awae146

	Bollimunta, A., Bogadhi, A. R., and Krauzlis, R. J. (2018). Comparing frontal eye field and superior colliculus contributions to covert spatial attention. Nat. Commun. 9, 3553. doi:10.1038/s41467-018-06042-2

	Breton-Provencher, V., and Sur, M. (2019). Active control of arousal by a locus coeruleus GABAergic circuit. Nat. Neurosci. 22, 218–228. doi:10.1038/s41593-018-0305-z

	Bruce, C. J., and Goldberg, M. E. (1985). Primate frontal eye fields. I. Single neurons discharging before saccades. J. Neurophysiol. 53, 603–635. doi:10.1152/jn.1985.53.3.603

	Bruno, F., Abondio, P., Montesanto, A., Luiselli, D., Bruni, A. C., and Maletta, R. (2023). The nerve growth factor receptor (NGFR/p75NTR): a major player in alzheimer’s disease. Int. J. Mol. Sci. 24, 3200. doi:10.3390/ijms24043200

	Buckner, R. L., Snyder, A. Z., Shannon, B. J., LaRossa, G., Sachs, R., Fotenos, A. F., et al. (2005). Molecular, structural, and functional characterization of Alzheimer’s disease: evidence for a relationship between default activity, amyloid, and memory. J. Neurosci. 25, 7709–7717. doi:10.1523/JNEUROSCI.2177-05.2005

	Busche, M. A., and Konnerth, A. (2016). Impairments of neural circuit function in Alzheimer’s disease. Philos. Trans. R. Soc. Lond B Biol. Sci. 371, 20150429. doi:10.1098/rstb.2015.0429

	Buzsáki, G. (1984). Feed-forward inhibition in the hippocampal formation. Prog. Neurobiol. 22, 131–153. doi:10.1016/0301-0082(84)90023-6

	Caccialupi Da Prato, L., Rezzag Lebza, A., Consumi, A., Tessier, M., Srinivasan, A., Rivera, C., et al. (2025). Ectopic expression of the cation-chloride cotransporter KCC2 in blood exosomes as a biomarker for functional rehabilitation. Front. Mol. Neurosci. 18, 1522571. doi:10.3389/fnmol.2025.1522571

	Cade, A., and Turnbull, P. R. K. (2024). Classification of short and long term mild traumatic brain injury using computerized eye tracking. Sci. Rep. 14, 12686. doi:10.1038/s41598-024-63540-8

	Cameron, I. G. M., Riddle, J. M., and D’Esposito, M. (2015). Dissociable roles of dorsolateral prefrontal cortex and frontal eye fields during saccadic eye movements. Front. Hum. Neurosci. 9, 613. doi:10.3389/fnhum.2015.00613

	Capsoni, S., Arisi, I., Malerba, F., D’Onofrio, M., Cattaneo, A., and Cherubini, E. (2022). Targeting the cation-chloride Co-Transporter NKCC1 to Re-Establish GABAergic inhibition and an appropriate excitatory/inhibitory balance in selective neuronal circuits: a novel approach for the treatment of alzheimer’s disease. Brain Sci. 12, 783. doi:10.3390/brainsci12060783

	Capuzzo, G., and Floresco, S. B. (2020). Prelimbic and infralimbic prefrontal regulation of active and inhibitory avoidance and reward-seeking. J. Neurosci. 40, 4773–4787. doi:10.1523/JNEUROSCI.0414-20.2020

	Carrasco, M. M., Mao, Y.-T., Balmer, T. S., and Pallas, S. L. (2011). Inhibitory plasticity underlies visual deprivation-induced loss of receptive field refinement in the adult superior colliculus: inhibitory plasticity in adult superior colliculus. Eur. J. Neurosci. 33, 58–68. doi:10.1111/j.1460-9568.2010.07478.x

	Celada, P., Puig, M. V., and Artigas, F. (2013). Serotonin modulation of cortical neurons and networks. Front. Integr. Neurosci. 7, 25. doi:10.3389/fnint.2013.00025

	Chamma, I., Chevy, Q., Poncer, J. C., and Lévi, S. (2012). Role of the neuronal K-Cl co-transporter KCC2 in inhibitory and excitatory neurotransmission. Front. Cell Neurosci. 6, 5. doi:10.3389/fncel.2012.00005

	Chapleau, M., La Joie, R., Yong, K., Agosta, F., Allen, I. E., Apostolova, L., et al. (2024). Demographic, clinical, biomarker, and neuropathological correlates of posterior cortical atrophy: an international cohort study and individual participant data meta-analysis. Lancet Neurol. 23, 168–177. doi:10.1016/S1474-4422(23)00414-3

	Chapman, P. F., White, G. L., Jones, M. W., Cooper-Blacketer, D., Marshall, V. J., Irizarry, M., et al. (1999). Impaired synaptic plasticity and learning in aged amyloid precursor protein transgenic mice. Nat. Neurosci. 2, 271–276. doi:10.1038/6374

	Chaudhari, K., Wang, L., Kruse, J., Winters, A., Sumien, N., Shetty, R., et al. (2021). Early loss of cerebellar purkinje cells in human and a transgenic mouse model of Alzheimer’s disease. Neurol. Res. 43, 570–581. doi:10.1080/01616412.2021.1893566

	Chen, M., Wang, J., Jiang, J., Zheng, X., Justice, N. J., Wang, K., et al. (2017). APP modulates KCC2 expression and function in hippocampal GABAergic inhibition. eLife 6, e20142. doi:10.7554/eLife.20142

	Cheng, A., Wang, J., Ghena, N., Zhao, Q., Perone, I., King, T. M., et al. (2020). SIRT3 haploinsufficiency aggravates loss of GABAergic interneurons and neuronal network hyperexcitability in an alzheimer’s disease model. J. Neurosci. 40, 694–709. doi:10.1523/JNEUROSCI.1446-19.2019

	Cheng, C., Yang, C., Jia, C., and Wang, Q. (2023). The role of cerebellum in alzheimer’s disease: a forgotten research corner. J. Alzheimers Dis. 95, 75–78. doi:10.3233/JAD-230381

	Chougule, P. S., Najjar, R. P., Finkelstein, M. T., Kandiah, N., and Milea, D. (2019). Light-induced pupillary responses in alzheimer’s disease. Front. Neurol. 10, 360. doi:10.3389/fneur.2019.00360

	Coe, B. C., and Munoz, D. P. (2017). Mechanisms of saccade suppression revealed in the anti-saccade task. Phil. Trans. R. Soc. B 372, 20160192. doi:10.1098/rstb.2016.0192

	Combe, C. L., Upchurch, C. M., Canavier, C. C., and Gasparini, S. (2023). Cholinergic modulation shifts the response of CA1 pyramidal cells to depolarizing ramps via TRPM4 channels with potential implications for place field firing. Elife 12, e84387. doi:10.7554/eLife.84387

	Côme, E., Heubl, M., Schwartz, E. J., Poncer, J. C., and Lévi, S. (2019). Reciprocal regulation of KCC2 trafficking and synaptic activity. Front. Cell. Neurosci. 13, 48. doi:10.3389/fncel.2019.00048

	Corbetta, M. (1998). Frontoparietal cortical networks for directing attention and the eye to visual locations: identical, independent, or overlapping neural systems?Proc. Natl. Acad. Sci. 95, 831–838. doi:10.1073/pnas.95.3.831

	Crutch, S. J., Schott, J. M., Rabinovici, G. D., Murray, M., Snowden, J. S., van der Flier, W. M., et al. (2017). Consensus classification of posterior cortical atrophy. Alzheimers Dement. J. Alzheimers Assoc. 13, 870–884. doi:10.1016/j.jalz.2017.01.014

	Del Turco, D., Paul, M. H., Schlaudraff, J., Muellerleile, J., Bozic, F., Vuksic, M., et al. (2023). Layer-specific changes of KCC2 and NKCC1 in the mouse dentate gyrus after entorhinal denervation. Front. Mol. Neurosci. 16, 1118746. doi:10.3389/fnmol.2023.1118746

	Deubel, H., and Schneider, W. X. (1996). Saccade target selection and object recognition: evidence for a common attentional mechanism. Vis. Res. 36, 1827–1837. doi:10.1016/0042-6989(95)00294-4

	Di Domenico, D., and Mapelli, L. (2023). Dopaminergic modulation of prefrontal cortex inhibition. Biomedicines 11, 1276. doi:10.3390/biomedicines11051276

	Didic, M., Barbeau, E. J., Felician, O., Tramoni, E., Guedj, E., Poncet, M., et al. (2011). Which memory system is impaired first in alzheimer’s disease?J. Alzheimer’s Dis. 27, 11–22. doi:10.3233/JAD-2011-110557

	Dragan, M. C., Leonard, T. K., Lozano, A. M., McAndrews, M. P., Ng, K., Ryan, J. D., et al. (2017). Pupillary responses and memory-guided visual search reveal age-related and alzheimer’s-related memory decline. Behav. Brain Res. 322, 351–361. doi:10.1016/j.bbr.2016.09.014

	Drzezga, A. (2018). The network degeneration hypothesis: spread of neurodegenerative patterns along neuronal brain networks. J. Nucl. Med. 59, 1645–1648. doi:10.2967/jnumed.117.206300

	Dugger, B. N., Tu, M., Murray, M. E., and Dickson, D. W. (2011). Disease specificity and pathologic progression of tau pathology in brainstem nuclei of Alzheimer’s disease and progressive supranuclear palsy. Neurosci. Lett. 491, 122–126. doi:10.1016/j.neulet.2011.01.020

	Duhamel, J. R., Colby, C. L., and Goldberg, M. E. (1992). The updating of the representation of visual space in parietal cortex by intended eye movements. Science 255, 90–92. doi:10.1126/science.1553535

	Engin, E., Zarnowska, E. D., Sigal, M., Keist, R., Zeller, A., Pearce, R. A., et al. (2013). Alpha5-containing GABAA receptors in dentate gyrus enable cognitive flexibility. FASEB J. 27. doi:10.1096/fasebj.27.1_supplement.661.7

	Eraslan Boz, H., Koçoğlu, K., Akkoyun, M., Tüfekci, I. Y., Ekin, M., and Akdal, G. (2024). Visual search in Alzheimer’s disease and amnestic mild cognitive impairment: an eye-tracking study. Alzheimers Dement. 20, 759–768. doi:10.1002/alz.13478

	Erlich, J. C., Bialek, M., and Brody, C. D. (2011). A cortical substrate for memory-guided orienting in the rat. Neuron 72, 330–343. doi:10.1016/j.neuron.2011.07.010

	Erskine, D., Thomas, A. J., Taylor, J.-P., Savage, M. A., Attems, J., McKeith, I. G., et al. (2017). Neuronal loss and Α-Synuclein pathology in the superior colliculus and its relationship to visual hallucinations in dementia with lewy bodies. Am. J. Geriatr. Psychiatry 25, 595–604. doi:10.1016/j.jagp.2017.01.005

	Essig, J., Hunt, J. B., and Felsen, G. (2021). Inhibitory neurons in the superior colliculus mediate selection of spatially-directed movements. Commun. Biol. 4, 719. doi:10.1038/s42003-021-02248-1

	Fang, Q., Chou, X., Peng, B., Zhong, W., Zhang, L. I., and Tao, H. W. (2020). A differential circuit via retino-colliculo-pulvinar pathway enhances feature selectivity in visual cortex through surround suppression. Neuron 105, 355–369. doi:10.1016/j.neuron.2019.10.027

	Fernández, G., González, A. P., Abulafia, C., Fiorentini, L., Agamennoni, O., and Guinjoan, S. M. (2022). Oculomotor abnormalities during reading in the offspring of late-onset alzheimer’s disease. Curr. Alzheimer Res. 19, 212–222. doi:10.2174/1567205019666220413075840

	Fletcher, E. L., and Wässle, H. (1999). Indoleamine-accumulating amacrine cells are presynaptic to rod bipolar cells through GABA(C) receptors. J. Comp. Neurol. 413, 155–167. doi:10.1002/(sici)1096-9861(19991011)413:1<155::aid-cne11>3.0.co;2-6

	Friedel, P., Kahle, K. T., Zhang, J., Hertz, N., Pisella, L. I., Buhler, E., et al. (2015). WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons. Sci. Signal. 8, ra65. doi:10.1126/scisignal.aaa0354

	Gao, Y., Cai, Y.-C., Liu, D.-Y., Yu, J., Wang, J., Li, M., et al. (2024). GABAergic inhibition in human hMT+ predicts visuo-spatial intelligence mediated through the frontal cortex. eLife 13, RP97545. doi:10.7554/eLife.97545

	Garbutt, S., Matlin, A., Hellmuth, J., Schenk, A. K., Johnson, J. K., Rosen, H., et al. (2008). Oculomotor function in frontotemporal lobar degeneration, related disorders and Alzheimer’s disease. Brain J. Neurol. 131, 1268–1281. doi:10.1093/brain/awn047

	Garzon, D. J., and Fahnestock, M. (2007). Oligomeric amyloid decreases basal levels of brain-derived neurotrophic factor (BDNF) mRNA via specific downregulation of BDNF transcripts IV and V in differentiated human neuroblastoma cells. J. Neurosci. 27, 2628–2635. doi:10.1523/JNEUROSCI.5053-06.2007

	Gauvain, G., Chamma, I., Chevy, Q., Cabezas, C., Irinopoulou, T., Bodrug, N., et al. (2011). The neuronal K-Cl cotransporter KCC2 influences postsynaptic AMPA receptor content and lateral diffusion in dendritic spines. Proc. Natl. Acad. Sci. U. S. A. 108, 15474–15479. doi:10.1073/pnas.1107893108

	Gaymard, B. (2012). Cortical and sub-cortical control of saccades and clinical application. Rev. Neurol. Paris. 168, 734–740. doi:10.1016/j.neurol.2012.07.016

	Glykys, J., Dzhala, V., Egawa, K., Balena, T., Saponjian, Y., Kuchibhotla, K. V., et al. (2014). Response to comments on “Local impermeant anions establish the neuronal chloride concentration.”. Science 345, 1130. doi:10.1126/science.1253146

	Gomes, C. A., Montaldi, D., and Mayes, A. (2015). The pupil as an indicator of unconscious memory: introducing the pupil priming effect. Psychophysiology 52, 754–769. doi:10.1111/psyp.12412

	Gomes, C. A., Montaldi, D., and Mayes, A. (2021). Can pupillometry distinguish accurate from inaccurate familiarity?Psychophysiology 58, e13825. doi:10.1111/psyp.13825

	Gorges, M., Müller, H.-P., and Kassubek, J. (2018). Structural and functional brain mapping correlates of impaired eye movement control in parkinsonian syndromes: a systems-based concept. Front. Neurol. 9, 319. doi:10.3389/fneur.2018.00319

	Gour, N., Ranjeva, J.-P., Ceccaldi, M., Confort-Gouny, S., Barbeau, E., Soulier, E., et al. (2011). Basal functional connectivity within the anterior temporal network is associated with performance on declarative memory tasks. NeuroImage 58, 687–697. doi:10.1016/j.neuroimage.2011.05.090

	Govindpani, K., Calvo-Flores Guzmán, B., Vinnakota, C., Waldvogel, H. J., Faull, R. L., and Kwakowsky, A. (2017). Towards a better understanding of GABAergic remodeling in alzheimer’s disease. Int. J. Mol. Sci. 18, 1813. doi:10.3390/ijms18081813

	Graham, N. S., and Sharp, D. J. (2019). Understanding neurodegeneration after traumatic brain injury: from mechanisms to clinical trials in dementia. J. Neurol. Neurosurg. Psychiatry 90, 1221–1233. doi:10.1136/jnnp-2017-317557

	Granholm, E. L., Panizzon, M. S., Elman, J. A., Jak, A. J., Hauger, R. L., Bondi, M. W., et al. (2017). Pupillary responses as a biomarker of early risk for alzheimer’s disease. J. Alzheimers Dis. 56, 1419–1428. doi:10.3233/JAD-161078

	Guan, A., Wang, S., Huang, A., Qiu, C., Li, Y., Li, X., et al. (2022). The role of gamma oscillations in central nervous system diseases: mechanism and treatment. Front. Cell Neurosci. 16, 962957. doi:10.3389/fncel.2022.962957

	Gutman, A. L., Ewald, V. A., Cosme, C. V., Worth, W. R., and LaLumiere, R. T. (2017). The infralimbic and prelimbic cortices contribute to the inhibitory control of cocaine-seeking behavior during a discriminative stimulus task in rats. Addict. Biol. 22, 1719–1730. doi:10.1111/adb.12434

	Hamze, M., Brier, C., Buhler, E., Zhang, J., Medina, I., and Porcher, C. (2024). Regulation of neuronal chloride homeostasis by Pro- and mature brain-derived neurotrophic factor (BDNF) via KCC2 cation-chloride cotransporters in rat cortical neurons. Int. J. Mol. Sci. 25, 6253. doi:10.3390/ijms25116253

	Hannonen, S., Andberg, S., Kärkkäinen, V., Rusanen, M., Lehtola, J.-M., Saari, T., et al. (2022). Shortening of saccades as a possible easy-to-use biomarker to detect risk of alzheimer’s disease. J. Alzheimers Dis. 88, 609–618. doi:10.3233/JAD-215551

	Hartmann, A.-M., and Nothwang, H. G. (2022). NKCC1 and KCC2: structural insights into phospho-regulation. Front. Mol. Neurosci. 15, 964488. doi:10.3389/fnmol.2022.964488

	Heide, W., Binkofski, F., Seitz, R. J., Posse, S., Nitschke, M. F., Freund, H. J., et al. (2001). Activation of frontoparietal cortices during memorized triple-step sequences of saccadic eye movements: an fMRI study. Eur. J. Neurosci. 13, 1177–1189. doi:10.1046/j.0953-816x.2001.01472.x

	Hernández-Frausto, M., Bilash, O. M., Masurkar, A. V., and Basu, J. (2023). Local and long-range GABAergic circuits in hippocampal area CA1 and their link to Alzheimer’s disease. Front. Neural Circuits 17, 1223891. doi:10.3389/fncir.2023.1223891

	Heubl, M., Zhang, J., Pressey, J. C., Al Awabdh, S., Renner, M., Gomez-Castro, F., et al. (2017). GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the cl−-sensitive WNK1 kinase. Nat. Commun. 8, 1776. doi:10.1038/s41467-017-01749-0

	Hochstetler, A., Courtney, Y., Oloko, P., Baskin, B., Ding-Su, A., Stinson, T., et al. (2025). Acute temporal, regional, and cell-type specific NKCC1 disruption following severe TBI in the developing Gyrencephalic brain. bioRxiv (20), 2025.01.20.633889. doi:10.1101/2025.01.20.633889

	Howell, O., Atack, J. R., Dewar, D., McKernan, R. M., and Sur, C. (2000). Density and pharmacology of alpha5 subunit-containing GABA(A) receptors are preserved in hippocampus of Alzheimer’s disease patients. Neuroscience 98, 669–675. doi:10.1016/s0306-4522(00)00163-9

	Hui, H., Rao, W., Zhang, L., Xie, Z., Peng, C., Su, N., et al. (2016). Inhibition of Na(+)-K(+)-2Cl(-) Cotransporter-1 attenuates traumatic brain injury-induced neuronal apoptosis via regulation of erk signaling. Neurochem. Int. 94, 23–31. doi:10.1016/j.neuint.2016.02.002

	Hutton, S. B. (2008). Cognitive control of saccadic eye movements. Brain Cogn. 68, 327–340. doi:10.1016/j.bandc.2008.08.021

	Iaccarino, H. F., Singer, A. C., Martorell, A. J., Rudenko, A., Gao, F., Gillingham, T. Z., et al. (2016). Gamma frequency entrainment attenuates amyloid load and modifies microglia. Nature 540, 230–235. doi:10.1038/nature20587

	Ibbotson, M., and Krekelberg, B. (2011). Visual perception and saccadic eye movements. Curr. Opin. Neurobiol. 21, 553–558. doi:10.1016/j.conb.2011.05.012

	Ibrahimi, D., Aviles, M., and Rodríguez-Reséndiz, J. (2024). Oculomotor patterns in children with poor reading abilities measured using the development eye movement test. J. Clin. Med. 13, 4415. doi:10.3390/jcm13154415

	Isoda, M., and Tanji, J. (2002). Cellular activity in the supplementary eye field during sequential performance of multiple saccades. J. Neurophysiol. 88, 3541–3545. doi:10.1152/jn.00299.2002

	Jagust, W. (2018). Imaging the evolution and pathophysiology of alzheimer disease. Nat. Rev. Neurosci. 19, 687–700. doi:10.1038/s41583-018-0067-3

	Jeremic, D., Sanchez-Rodriguez, I., Jimenez-Diaz, L., and Navarro-Lopez, J. D. (2021). Therapeutic potential of targeting G protein-gated inwardly rectifying potassium (GIRK) channels in the central nervous system. Pharmacol. and Ther. 223, 107808. doi:10.1016/j.pharmthera.2021.107808

	Jerónimo-Santos, A., Vaz, S. H., Parreira, S., Rapaz-Lérias, S., Caetano, A. P., Buée-Scherrer, V., et al. (2015). Dysregulation of TrkB receptors and BDNF function by Amyloid-β peptide is mediated by calpain. Cereb. Cortex 25, 3107–3121. doi:10.1093/cercor/bhu105

	Jiménez-Balado, J., and Eich, T. S. (2021). GABAergic dysfunction, neural network hyperactivity and memory impairments in human aging and Alzheimer’s disease. Seminars Cell and Dev. Biol. 116, 146–159. doi:10.1016/j.semcdb.2021.01.005

	Jin, X., Li, S., Bondy, B., Zhong, W., Oginsky, M. F., Wu, Y., et al. (2016). Identification of a group of GABAergic neurons in the dorsomedial area of the locus coeruleus. PLoS One 11, e0146470. doi:10.1371/journal.pone.0146470

	Jones, D. L. (2010). A potential role for nerve growth factor in regulating the maturation of inhibitory neurotransmission. J. Neurosci. 30, 6813–6814. doi:10.1523/JNEUROSCI.1283-10.2010

	Jones, D. T., Knopman, D. S., Gunter, J. L., Graff-Radford, J., Vemuri, P., Boeve, B. F., et al. (2016). Cascading network failure across the Alzheimer’s disease spectrum. Brain 139, 547–562. doi:10.1093/brain/awv338

	Kadam, S. D., and Hegarty, S. V. (2024). Development of KCC2 therapeutics to treat neurological disorders. Front. Mol. Neurosci. 17, 1503070. doi:10.3389/fnmol.2024.1503070

	Kafkas, A., and Montaldi, D. (2012). Familiarity and recollection produce distinct eye movement, pupil and medial temporal lobe responses when memory strength is matched. Neuropsychologia 50, 3080–3093. doi:10.1016/j.neuropsychologia.2012.08.001

	Kahle, K. T., Deeb, T. Z., Puskarjov, M., Silayeva, L., Liang, B., Kaila, K., et al. (2013). Modulation of neuronal activity by phosphorylation of the K-Cl cotransporter KCC2. Trends Neurosci. 36, 726–737. doi:10.1016/j.tins.2013.08.006

	Kahn, I., Andrews-Hanna, J. R., Vincent, J. L., Snyder, A. Z., and Buckner, R. L. (2008). Distinct cortical anatomy linked to subregions of the medial temporal lobe revealed by intrinsic functional connectivity. J. Neurophysiol. 100, 129–139. doi:10.1152/jn.00077.2008

	Kaila, K., Price, T. J., Payne, J. A., Puskarjov, M., and Voipio, J. (2014). Cation-chloride cotransporters in neuronal development, plasticity and disease. Nat. Rev. Neurosci. 15, 637–654. doi:10.1038/nrn3819

	Kaneda, K., Isa, K., Yanagawa, Y., and Isa, T. (2008). Nigral inhibition of GABAergic neurons in mouse superior colliculus. J. Neurosci. 28, 11071–11078. doi:10.1523/JNEUROSCI.3263-08.2008

	Karimani, F., Asgari Taei, A., Abolghasemi-Dehaghani, M.-R., Safari, M.-S., and Dargahi, L. (2024). Impairment of entorhinal cortex network activity in Alzheimer’s disease. Front. Aging Neurosci. 16, 1402573. doi:10.3389/fnagi.2024.1402573

	Katsuki, F., and Constantinidis, C. (2014). Bottom-up and top-down attention: different processes and overlapping neural systems. Neuroscientist 20, 509–521. doi:10.1177/1073858413514136

	Kazim, S. F., Seo, J. H., Bianchi, R., Larson, C. S., Sharma, A., Wong, R. K. S., et al. (2021). Neuronal network excitability in alzheimer’s disease: the puzzle of similar versus divergent roles of amyloid β and tau. eNeuro 8, 0418–202020. doi:10.1523/ENEURO.0418-20.2020

	Keramidis, I., McAllister, B. B., Bourbonnais, J., Wang, F., Isabel, D., Rezaei, E., et al. (2023). Restoring neuronal chloride extrusion reverses cognitive decline linked to Alzheimer’s disease mutations. Brain 146, 4903–4915. doi:10.1093/brain/awad250

	Kilb, W. (2021). When are depolarizing GABAergic responses excitatory?Front. Mol. Neurosci. 14, 747835. doi:10.3389/fnmol.2021.747835

	Kim, U., Sanchez-Vives, M. V., and McCormick, D. A. (1997). Functional dynamics of GABAergic inhibition in the thalamus. Science 278, 130–134. doi:10.1126/science.278.5335.130

	Kim, J., Yoo, I. D., Lim, J., and Moon, J.-S. (2024). Pathological phenotypes of astrocytes in Alzheimer’s disease. Exp. Mol. Med. 56, 95–99. doi:10.1038/s12276-023-01148-0

	Kishi, T., Matsunaga, S., Oya, K., Nomura, I., Ikuta, T., and Iwata, N. (2017). Memantine for alzheimer’s disease: an updated systematic review and meta-analysis. J. Alzheimers Dis. 60, 401–425. doi:10.3233/JAD-170424

	Klautke, J., Foster, C., Medendorp, W. P., and Heed, T. (2023). Dynamic spatial coding in parietal cortex mediates tactile-motor transformation. Nat. Commun. 14, 4532. doi:10.1038/s41467-023-39959-4

	Klein, P. M., Lu, A. C., Harper, M. E., McKown, H. M., Morgan, J. D., and Beenhakker, M. P. (2018). Tenuous inhibitory GABAergic signaling in the reticular thalamus. J. Neurosci. 38, 1232–1248. doi:10.1523/JNEUROSCI.1345-17.2017

	Koga, H., Ishibashi, H., Shimada, H., Jang, I.-S., Nakamura, T. Y., and Nabekura, J. (2005). Activation of presynaptic GABAA receptors increases spontaneous glutamate release onto noradrenergic neurons of the rat locus coeruleus. Brain Res. 1046, 24–31. doi:10.1016/j.brainres.2005.03.026

	Koronyo, Y., Biggs, D., Barron, E., Boyer, D. S., Pearlman, J. A., Au, W. J., et al. (2017). Retinal amyloid pathology and proof-of-concept imaging trial in Alzheimer’s disease. JCI Insight 2, e93621. doi:10.1172/jci.insight.93621

	Koronyo, Y., Rentsendorj, A., Mirzaei, N., Regis, G. C., Sheyn, J., Shi, H., et al. (2023). Retinal pathological features and proteome signatures of Alzheimer’s disease. Acta Neuropathol. 145, 409–438. doi:10.1007/s00401-023-02548-2

	Kowler, E., Anderson, E., Dosher, B., and Blaser, E. (1995). The role of attention in the programming of saccades. Vis. Res. 35, 1897–1916. doi:10.1016/0042-6989(94)00279-u

	Krauzlis, R. J., Lovejoy, L. P., and Zénon, A. (2013). Superior colliculus and visual spatial attention. Annu. Rev. Neurosci. 36, 165–182. doi:10.1146/annurev-neuro-062012-170249

	Kreis, A., Desloovere, J., Suelves, N., Pierrot, N., Yerna, X., Issa, F., et al. (2021). Overexpression of wild-type human amyloid precursor protein alters GABAergic transmission. Sci. Rep. 11, 17600. doi:10.1038/s41598-021-97144-3

	Kreis, A., Issa, F., Yerna, X., Jabbour, C., Schakman, O., de Clippele, M., et al. (2023). Conditional deletion of KCC2 impairs synaptic plasticity and both spatial and nonspatial memory. Front. Mol. Neurosci. 16, 1081657. doi:10.3389/fnmol.2023.1081657

	Kremen, W. S., Panizzon, M. S., Elman, J. A., Granholm, E. L., Andreassen, O. A., Dale, A. M., et al. (2019). Pupillary dilation responses as a midlife indicator of risk for Alzheimer’s disease: association with Alzheimer’s disease polygenic risk. Neurobiol. Aging 83, 114–121. doi:10.1016/j.neurobiolaging.2019.09.001

	Kujala, J., Jung, J., Bouvard, S., Lecaignard, F., Lothe, A., Bouet, R., et al. (2015). Gamma oscillations in V1 are correlated with GABA(A) receptor density: a multi-modal MEG and Flumazenil-PET study. Sci. Rep. 5, 16347. doi:10.1038/srep16347

	Kujala, J., Ciumas, C., Jung, J., Bouvard, S., Lecaignard, F., Lothe, A., et al. (2024). GABAergic inhibition shapes behavior and neural dynamics in human visual working memory. Cereb. Cortex 34, bhad522. doi:10.1093/cercor/bhad522

	Kurosinski, P., and Götz, J. (2002). Glial cells under physiologic and pathologic conditions. Arch. Neurol. 59, 1524–1528. doi:10.1001/archneur.59.10.1524

	Lage, C., López-García, S., Bejanin, A., Kazimierczak, M., Aracil-Bolaños, I., Calvo-Córdoba, A., et al. (2021). Distinctive oculomotor behaviors in alzheimer’s disease and frontotemporal dementia. Front. Aging Neurosci. 12, 603790. doi:10.3389/fnagi.2020.603790

	Lam, P., Vinnakota, C., Guzmán, B. C.-F., Newland, J., Peppercorn, K., Tate, W. P., et al. (2022). Beta-amyloid (Aβ1-42) increases the expression of NKCC1 in the mouse hippocampus. Molecules 27, 2440. doi:10.3390/molecules27082440

	Lam, P., Newland, J., Faull, R. L. M., and Kwakowsky, A. (2023). Cation-chloride cotransporters KCC2 and NKCC1 as therapeutic targets in neurological and neuropsychiatric disorders. Molecules 28, 1344. doi:10.3390/molecules28031344

	Lanciego, J. L., Luquin, N., and Obeso, J. A. (2012). Functional neuroanatomy of the basal ganglia. Cold Spring Harb. Perspect. Med. 2, a009621. doi:10.1101/cshperspect.a009621

	Lanctôt, K. L., Amatniek, J., Ancoli-Israel, S., Arnold, S. E., Ballard, C., Cohen-Mansfield, J., et al. (2017). Neuropsychiatric signs and symptoms of Alzheimer’s disease: new treatment paradigms. Alzheimers Dement. (N Y) 3, 440–449. doi:10.1016/j.trci.2017.07.001

	Lane, A. R., Smith, D. T., Schenk, T., and Ellison, A. (2012). The involvement of posterior parietal cortex and frontal eye fields in spatially primed visual search. Brain Stimul. 5, 11–17. doi:10.1016/j.brs.2011.01.005

	Larner, A. J. (1997). The cerebellum in Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 8, 203–209. doi:10.1159/000106632

	Lauterborn, J. C., Scaduto, P., Cox, C. D., Schulmann, A., Lynch, G., Gall, C. M., et al. (2021). Increased excitatory to inhibitory synaptic ratio in parietal cortex samples from individuals with Alzheimer’s disease. Nat. Commun. 12, 2603. doi:10.1038/s41467-021-22742-8

	Leigh, R. J., and Zee, D. S. (2015). “The saccadic system,” in The neurology of eye movements ed . Editors R. J. Leigh, and D. S. Zee ( Oxford University Press), 0. doi:10.1093/med/9780199969289.003.0004

	Leinekugel, X., Medina, I., Khalilov, I., Ben-Ari, Y., and Khazipov, R. (1997). Ca2+ oscillations mediated by the synergistic excitatory actions of GABA(A) and NMDA receptors in the neonatal hippocampus. Neuron 18, 243–255. doi:10.1016/s0896-6273(00)80265-2

	Leventhal, A. G., Wang, Y., Pu, M., Zhou, Y., and Ma, Y. (2003). GABA and its agonists improved visual cortical function in senescent monkeys. Science 300, 812–815. doi:10.1126/science.1082874

	Li, Y., Sun, H., Chen, Z., Xu, H., Bu, G., and Zheng, H. (2016). Implications of GABAergic neurotransmission in alzheimer’s disease. Front. Aging Neurosci. 8, 31. doi:10.3389/fnagi.2016.00031

	Li, J., Haj Ebrahimi, A., and Ali, A. B. (2024a). Advances in therapeutics to alleviate cognitive decline and neuropsychiatric symptoms of alzheimer’s disease. Int. J. Mol. Sci. 25, 5169. doi:10.3390/ijms25105169

	Li, P., Ye, L., Sun, S., Wang, Y., Chen, Y., Chang, J., et al. (2024b). Molecular intersections of traumatic brain injury and Alzheimer’s disease: the role of ADMSC-Derived exosomes and hub genes in microglial polarization. Metab. Brain Dis. 40, 77. doi:10.1007/s11011-024-01503-8

	Limon, A., Reyes-Ruiz, J. M., and Miledi, R. (2012). Loss of functional GABA(A) receptors in the alzheimer diseased brain. Proc. Natl. Acad. Sci. U. S. A. 109, 10071–10076. doi:10.1073/pnas.1204606109

	Liu, X., Huang, H., Snutch, T. P., Cao, P., Wang, L., and Wang, F. (2022). The superior colliculus: cell types, connectivity, and behavior. Neurosci. Bull. 38, 1519–1540. doi:10.1007/s12264-022-00858-1

	Llano, O., Smirnov, S., Soni, S., Golubtsov, A., Guillemin, I., Hotulainen, P., et al. (2015). KCC2 regulates actin dynamics in dendritic spines via interaction with β-PIX. J. Cell Biol. 209, 671–686. doi:10.1083/jcb.201411008

	Lomber, S. G., Payne, B. R., and Cornwell, P. (2001). Role of the superior colliculus in analyses of space: superficial and intermediate layer contributions to visual orienting, auditory orienting, and visuospatial discriminations during unilateral and bilateral deactivations. J. Comp. Neurol. 441, 44–57. doi:10.1002/cne.1396

	Lu, X., Matsuzawa, M., and Hikosaka, O. (2002). A neural correlate of oculomotor sequences in supplementary eye field. Neuron 34, 317–325. doi:10.1016/s0896-6273(02)00657-8

	Mably, A. J., and Colgin, L. L. (2018). Gamma oscillations in cognitive disorders. Curr. Opin. Neurobiol. 52, 182–187. doi:10.1016/j.conb.2018.07.009

	Maestú, F., de Haan, W., Busche, M. A., and DeFelipe, J. (2021). Neuronal excitation/inhibition imbalance: core element of a translational perspective on alzheimer pathophysiology. Ageing Res. Rev. 69, 101372. doi:10.1016/j.arr.2021.101372

	Mahzarnia, A., Stout, J. A., Anderson, R. J., Moon, H. S., Yar Han, Z., Beck, K., et al. (2023). Identifying vulnerable brain networks associated with Alzheimer’s disease risk. Cereb. Cortex 33, 5307–5322. doi:10.1093/cercor/bhac419

	Mao, R., Hu, M., Liu, X., Ye, L., Xu, B., Sun, M., et al. (2024). Impairments of GABAergic transmission in hippocampus mediate increased susceptibility of epilepsy in the early stage of Alzheimer’s disease. Cell Commun. Signal 22, 147. doi:10.1186/s12964-024-01528-7

	Martín-Belmonte, A., Aguado, C., Alfaro-Ruiz, R., Moreno-Martínez, A. E., de la Ossa, L., Aso, E., et al. (2022). Nanoscale alterations in GABAB receptors and GIRK channel organization on the hippocampus of APP/PS1 mice. Alzheimers Res. Ther. 14, 136. doi:10.1186/s13195-022-01078-5

	Massone, L. L. (1994). A neural-network system for control of eye movements: basic mechanisms. Biol. Cybern. 71, 293–305. doi:10.1007/BF00239617

	Matchett, B. J., Grinberg, L. T., Theofilas, P., and Murray, M. E. (2021). The mechanistic link between selective vulnerability of the locus coeruleus and neurodegeneration in Alzheimer’s disease. Acta Neuropathol. 141, 631–650. doi:10.1007/s00401-020-02248-1

	Mathôt, S. (2018). Pupillometry: psychology, physiology, and function. J. Cogn. 1, 16. doi:10.5334/joc.18

	Matsumoto, A., Morris, J., Looger, L. L., and Yonehara, K. (2025). Functionally distinct GABAergic amacrine cell types regulate spatiotemporal encoding in the mouse retina. Nat. Neurosci. 28, 1256–1267. doi:10.1038/s41593-025-01935-0

	Mattson, M. P. (2020). Involvement of GABAergic interneuron dysfunction and neuronal network hyperexcitability in Alzheimer’s disease: amelioration by metabolic switching. Int. Rev. Neurobiol. 154, 191–205. doi:10.1016/bs.irn.2020.01.006

	Mavroudis, I. A., Manani, M. G., Petrides, F., Petsoglou, C., Njau, S. N., Costa, V. G., et al. (2014). Dendritic and spinal alterations of neurons from edinger-westphal nucleus in Alzheimer’s disease. Folia Neuropathol. 52, 197–204. doi:10.5114/fn.2014.43791

	McDonald, M. A., Danesh-Meyer, H. V., and Holdsworth, S. (2022). Eye movements in mild traumatic brain injury: ocular biomarkers. JEMR 15. doi:10.16910/jemr.15.2.4

	McQuail, J. A., Frazier, C. J., and Bizon, J. L. (2015). Molecular aspects of age-related cognitive decline: the role of GABA signaling. Trends Mol. Med. 21, 450–460. doi:10.1016/j.molmed.2015.05.002

	Medendorp, W. P., Buchholz, V. N., Van Der Werf, J., and Leoné, F. T. M. (2011). Parietofrontal circuits in goal-oriented behaviour. Eur. J. Neurosci. 33, 2017–2027. doi:10.1111/j.1460-9568.2011.07701.x

	Medina Arellano, A. E., Albert-Garay, J. S., Huerta, N. F., Hernández, K. T., Ruiz-Cruz, M., and la Paz, L. O. (2025). From neurotransmission to retinal pathophysiology: unraveling the role of GABA receptors in retinal disease progression. J. Neurochem. 169, e70198. doi:10.1111/jnc.70198

	Medina, I., Friedel, P., Rivera, C., Kahle, K. T., Kourdougli, N., Uvarov, P., et al. (2014). Current view on the functional regulation of the neuronal K+-Cl− cotransporter KCC2. Front. Cell. Neurosci. 8, 27. doi:10.3389/fncel.2014.00027

	Mesulam, M., Wicklund, A., Johnson, N., Rogalski, E., Léger, G. C., Rademaker, A., et al. (2008). Alzheimer and frontotemporal pathology in subsets of primary progressive aphasia. Ann. Neurology 63, 709–719. doi:10.1002/ana.21388

	Mielke, M. M., Ransom, J. E., Mandrekar, J., Turcano, P., Savica, R., and Brown, A. W. (2022). Traumatic brain injury and risk of alzheimer’s disease and related dementias in the population. JAD 88, 1049–1059. doi:10.3233/JAD-220159

	Miller, Z. A., Rosenberg, L., Santos-Santos, M. A., Stephens, M., Allen, I. E., Hubbard, H. I., et al. (2018). Prevalence of mathematical and visuospatial learning disabilities in patients with posterior cortical atrophy. JAMA Neurol. 75, 728–737. doi:10.1001/jamaneurol.2018.0395

	Minkeviciene, R., Rheims, S., Dobszay, M. B., Zilberter, M., Hartikainen, J., Fülöp, L., et al. (2009). Amyloid β-Induced neuronal hyperexcitability triggers progressive epilepsy. J. Neurosci. 29, 3453–3462. doi:10.1523/JNEUROSCI.5215-08.2009

	Mirpour, K., and Bisley, J. W. (2021). The roles of the lateral intraparietal area and frontal eye field in guiding eye movements in free viewing search behavior. J. Neurophysiol. 125, 2144–2157. doi:10.1152/jn.00559.2020

	Mirzaei, N., Shi, H., Oviatt, M., Doustar, J., Rentsendorj, A., Fuchs, D.-T., et al. (2020). Alzheimer’s retinopathy: seeing disease in the eyes. Front. Neurosci. 14, 921. doi:10.3389/fnins.2020.00921

	Mize, R. R. (1992). The organization of GABAergic neurons in the Mammalian superior colliculus. Prog. Brain Res. 90, 219–248. doi:10.1016/s0079-6123(08)63616-x

	Molitor, R. J., Ko, P. C., and Ally, B. A. (2015). Eye movements in alzheimer’s disease. JAD 44, 1–12. doi:10.3233/JAD-141173

	Murty, D. V., Manikandan, K., Kumar, W. S., Ramesh, R. G., Purokayastha, S., Nagendra, B., et al. (2021). Stimulus-induced gamma rhythms are weaker in human elderly with mild cognitive impairment and Alzheimer’s disease. Elife 10, e61666. doi:10.7554/eLife.61666

	Nava-Mesa, M. O., Jiménez-Díaz, L., Yajeya, J., and Navarro-Lopez, J. D. (2014). GABAergic neurotransmission and new strategies of neuromodulation to compensate synaptic dysfunction in early stages of Alzheimer’s disease. Front. Cell Neurosci. 8, 167. doi:10.3389/fncel.2014.00167

	Nelson, M. J., Moeller, S., Seckin, M., Rogalski, E. J., Mesulam, M.-M., and Hurley, R. S. (2023). The eyes speak when the mouth cannot: using eye movements to interpret omissions in primary progressive aphasia. Neuropsychologia 184, 108530. doi:10.1016/j.neuropsychologia.2023.108530

	Ng, A. S. L., Wang, J., Ng, K. K., Chong, J. S. X., Qian, X., Lim, J. K. W., et al. (2021). Distinct network topology in Alzheimer’s disease and behavioral variant frontotemporal dementia. Alzheimers Res. Ther. 13, 13. doi:10.1186/s13195-020-00752-w

	Okumichi, H., Mizukami, M., Kiuchi, Y., and Kanamoto, T. (2008). GABA A receptors are associated with retinal ganglion cell death induced by oxidative stress. Exp. Eye Res. 86, 727–733. doi:10.1016/j.exer.2008.01.019

	Olivieri, P., Lagarde, J., Lehericy, S., Valabrègue, R., Michel, A., Macé, P., et al. (2019). Early alteration of the locus coeruleus in phenotypic variants of Alzheimer’s disease. Ann. Clin. Transl. Neurol. 6, 1345–1351. doi:10.1002/acn3.50818

	Opwonya, J., Ku, B., Lee, K. H., Kim, J. I., and Kim, J. U. (2023). Eye movement changes as an indicator of mild cognitive impairment. Front. Neurosci. 17, 1171417. doi:10.3389/fnins.2023.1171417

	Orekhova, E. V., Sysoeva, O. V., Schneiderman, J. F., Lundström, S., Galuta, I. A., Goiaeva, D. E., et al. (2017). “Input-dependent modulation of MEG gamma oscillations reflects gain control,” in The visual cortex . doi:10.1101/188326

	Otero, S. C., Weekes, B. S., and Hutton, S. B. (2011). Pupil size changes during recognition memory. Psychophysiology 48, 1346–1353. doi:10.1111/j.1469-8986.2011.01217.x

	Özen, I., Hamdeh, S. A., Ruscher, K., and Marklund, N. (2025). Traumatic brain injury causes early aggregation of beta-amyloid peptides and NOTCH3 reduction in vascular smooth muscle cells of leptomeningeal arteries. Acta Neuropathol. 149, 10. doi:10.1007/s00401-025-02848-9

	Palop, J. J., and Mucke, L. (2010). Synaptic depression and aberrant excitatory network activity in alzheimer’s disease: two faces of the same coin?Neuromol Med. 12, 48–55. doi:10.1007/s12017-009-8097-7

	Palop, J. J., Chin, J., Roberson, E. D., Wang, J., Thwin, M. T., Bien-Ly, N., et al. (2007). Aberrant excitatory neuronal activity and compensatory remodeling of inhibitory hippocampal circuits in mouse models of Alzheimer’s disease. Neuron 55, 697–711. doi:10.1016/j.neuron.2007.07.025

	Panayi, N., Schulz, P., He, P., Hanna, B., Lifshitz, J., Rowe, R. K., et al. (2024). Traumatic brain injury in mice generates early-stage alzheimer’s disease related protein pathology that correlates with neurobehavioral deficits. Mol. Neurobiol. 61, 7567–7582. doi:10.1007/s12035-024-04035-5

	Pandis, D., and Scarmeas, N. (2012). Seizures in alzheimer disease: clinical and epidemiological data. Epilepsy Curr. 12, 184–187. doi:10.5698/1535-7511-12.5.184

	Pethe, A., Hamze, M., Giannaki, M., Heimrich, B., Medina, I., Hartmann, A.-M., et al. (2023). K+/Cl− cotransporter 2 (KCC2) and Na+/HCO3− cotransporter 1 (NBCe1) interaction modulates profile of KCC2 phosphorylation. Front. Cell Neurosci. 17, 1253424. doi:10.3389/fncel.2023.1253424

	Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., and Agid, Y. (1991). Cortical control of memory-guided saccades in man. Exp. Brain Res. 83, 607–617. doi:10.1007/BF00229839

	Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., Müri, R., and Vermersch, A. I. (1995). Cortical control of saccades. Ann. Neurol. 37, 557–567. doi:10.1002/ana.410370504

	Pierrot-Deseilligny, C., Müri, R. M., Rivaud-Pechoux, S., Gaymard, B., and Ploner, C. J. (2002). Cortical control of spatial memory in humans: the visuooculomotor model. Ann. Neurol. 52, 10–19. doi:10.1002/ana.10273

	Pierrot-Deseilligny, C., Müri, R. M., Ploner, C. J., Gaymard, B., Demeret, S., and Rivaud-Pechoux, S. (2003). Decisional role of the dorsolateral prefrontal cortex in ocular motor behaviour. Brain 126, 1460–1473. doi:10.1093/brain/awg148

	Pierrot-Deseilligny, C., Müri, R. M., Nyffeler, T., and Milea, D. (2005). The role of the human dorsolateral prefrontal cortex in ocular motor behavior. Ann. N. Y. Acad. Sci. 1039, 239–251. doi:10.1196/annals.1325.023

	Pin, G., Labouré, J., Guedj, E., Felician, O., Grimaldi, S., Azulay, J. P., et al. (2023). Brain FDG-PET correlates of saccadic disorders in early PSP. J. Neurol. 270, 4841–4850. doi:10.1007/s00415-023-11824-w

	Popova, E. (2014). Ionotropic GABA receptors and distal retinal ON and OFF responses. Scientifica 2014, 149187–23. doi:10.1155/2014/149187

	Popova, E. (2015). GABAergic neurotransmission and retinal ganglion cell function. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 201, 261–283. doi:10.1007/s00359-015-0981-z

	Porcher, C., Medina, I., and Gaiarsa, J.-L. (2018). Mechanism of BDNF modulation in GABAergic synaptic transmission in healthy and disease brains. Front. Cell Neurosci. 12, 273. doi:10.3389/fncel.2018.00273

	Qi, J., Lian, T., Guo, P., He, M., Li, J., Li, J., et al. (2024). Abnormal eye movements: relationship with clinical symptoms and predictive value for Alzheimer’s disease. Front. Aging Neurosci. 16, 1471698. doi:10.3389/fnagi.2024.1471698

	Quental, N. B. M., Brucki, S. M. D., and Bueno, O. F. A. (2013). Visuospatial function in early Alzheimer’s disease--the use of the visual object and space perception (VOSP) battery. PLoS One 8, e68398. doi:10.1371/journal.pone.0068398

	Rahimi, J., and Kovacs, G. G. (2014). Prevalence of mixed pathologies in the aging brain. Alzheimers Res. Ther. 6, 82. doi:10.1186/s13195-014-0082-1

	Readman, M. R., Polden, M., Gibbs, M. C., Wareing, L., and Crawford, T. J. (2021). The potential of naturalistic eye movement tasks in the diagnosis of alzheimer’s disease: a review. Brain Sci. 11, 1503. doi:10.3390/brainsci11111503

	Ren, S.-Q., Yao, W., Yan, J.-Z., Jin, C., Yin, J.-J., Yuan, J., et al. (2018). Amyloid β causes excitation/inhibition imbalance through dopamine receptor 1-dependent disruption of fast-spiking GABAergic input in anterior cingulate cortex. Sci. Rep. 8, 302. doi:10.1038/s41598-017-18729-5

	Riek, H. C., Brien, D. C., Coe, B. C., Huang, J., Perkins, J. E., Yep, R., et al. (2023). Cognitive correlates of antisaccade behaviour across multiple neurodegenerative diseases. Brain Commun. 5, fcad049. doi:10.1093/braincomms/fcad049

	Riffault, B., Medina, I., Dumon, C., Thalman, C., Ferrand, N., Friedel, P., et al. (2014). Pro-brain-derived neurotrophic factor inhibits GABAergic neurotransmission by activating endocytosis and repression of GABAA receptors. J. Neurosci. 34, 13516–13534. doi:10.1523/JNEUROSCI.2069-14.2014

	Riffault, B., Kourdougli, N., Dumon, C., Ferrand, N., Buhler, E., Schaller, F., et al. (2016). Pro-brain-derived neurotrophic factor (proBDNF)-Mediated p75NTR activation promotes depolarizing actions of GABA and increases susceptibility to epileptic seizures. Cereb. Cortex 28, 510–527. doi:10.1093/cercor/bhw385

	Rissman, R. A., De Blas, A. L., and Armstrong, D. M. (2007). GABA(A) receptors in aging and Alzheimer’s disease. J. Neurochem. 103, 1285–1292. doi:10.1111/j.1471-4159.2007.04832.x

	Rivera, C., Voipio, J., Thomas-Crusells, J., Li, H., Emri, Z., Sipilä, S., et al. (2004). Mechanism of activity-dependent downregulation of the neuron-specific K-Cl cotransporter KCC2. J. Neurosci. Off. J. Soc. Neurosci. 24, 4683–4691. doi:10.1523/JNEUROSCI.5265-03.2004

	Rizzo, M., Anderson, S. W., Dawson, J., Myers, R., and Ball, K. (2000). Visual attention impairments in Alzheimer’s disease. Neurology 54, 1954–1959. doi:10.1212/wnl.54.10.1954

	Rogalski, E. J., Gefen, T., Shi, J., Samimi, M., Bigio, E., Weintraub, S., et al. (2013). Youthful memory capacity in old brains: anatomic and genetic clues from the northwestern SuperAging project. J. Cogn. Neurosci. 25, 29–36. doi:10.1162/jocn_a_00300

	Rolfs, M., and Schweitzer, R. (2022). Coupling perception to action through incidental sensory consequences of motor behaviour. Nat. Rev. Psychol. 1, 112–123. doi:10.1038/s44159-021-00015-x

	Romagnoli, M., Stanzani Maserati, M., De Matteis, M., Capellari, S., Carbonelli, M., Amore, G., et al. (2020). Chromatic pupillometry findings in alzheimer’s disease. Front. Neurosci. 14, 780. doi:10.3389/fnins.2020.00780

	Romagnoli, M., Amore, G., Avanzini, P., Carelli, V., and La Morgia, C. (2023). Chromatic pupillometry for evaluating melanopsin retinal ganglion cell function in Alzheimer’s disease and other neurodegenerative disorders: a review. Front. Psychol. 14, 1295129. doi:10.3389/fpsyg.2023.1295129

	Rozycka, A., and Liguz-Lecznar, M. (2017). The space where aging acts: focus on the GABAergic synapse. Aging Cell 16, 634–643. doi:10.1111/acel.12605

	Saiz-Sanchez, D., De La Rosa-Prieto, C., Ubeda-Bañon, I., and Martinez-Marcos, A. (2013). Interneurons and beta-amyloid in the olfactory bulb, anterior olfactory nucleus and olfactory tubercle in APPxPS1 transgenic mice model of Alzheimer’s disease. Anat. Rec. Hob. 296, 1413–1423. doi:10.1002/ar.22750

	Saiz-Sanchez, D., Flores-Cuadrado, A., Ubeda-Bañon, I., de la Rosa-Prieto, C., and Martinez-Marcos, A. (2016). Interneurons in the human olfactory system in Alzheimer’s disease. Exp. Neurol. 276, 13–21. doi:10.1016/j.expneurol.2015.11.009

	Salvan, P., Fonseca, M., Winkler, A. M., Beauchamp, A., Lerch, J. P., and Johansen-Berg, H. (2023). Serotonin regulation of behavior via large-scale neuromodulation of serotonin receptor networks. Nat. Neurosci. 26, 53–63. doi:10.1038/s41593-022-01213-3

	Samokhina, E., Mangat, A., Malladi, C. S., Gyengesi, E., Morley, J. W., and Buskila, Y. (2025). Potassium homeostasis during disease progression of Alzheimer’s disease. J. Physiol. 603, 3405–3424. doi:10.1113/JP287903

	Sánchez-Rodríguez, I., Gruart, A., Delgado-García, J. M., Jiménez-Díaz, L., and Navarro-López, J. D. (2019). Role of GirK channels in long-term potentiation of synaptic inhibition in an in vivo mouse model of early Amyloid-β pathology. Int. J. Mol. Sci. 20, 1168. doi:10.3390/ijms20051168

	Scaduto, P., Lauterborn, J. C., Cox, C. D., Fracassi, A., Zeppillo, T., Gutierrez, B. A., et al. (2023). Functional excitatory to inhibitory synaptic imbalance and loss of cognitive performance in people with Alzheimer’s disease neuropathologic change. Acta Neuropathol. 145, 303–324. doi:10.1007/s00401-022-02526-0

	Schmidt-Wilcke, T., Fuchs, E., Funke, K., Vlachos, A., Müller-Dahlhaus, F., Puts, N. a. J., et al. (2018). GABA-from inhibition to cognition: emerging concepts. Neuroscientist 24, 501–515. doi:10.1177/1073858417734530

	Schneider, J. A., Arvanitakis, Z., Bang, W., and Bennett, D. A. (2007). Mixed brain pathologies account for most dementia cases in community-dwelling older persons. Neurology 69, 2197–2204. doi:10.1212/01.wnl.0000271090.28148.24

	Scinto, L. F., Wu, C. K., Firla, K. M., Daffner, K. R., Saroff, D., and Geula, C. (1999). Focal pathology in the edinger-westphal nucleus explains pupillary hypersensitivity in Alzheimer’s disease. Acta Neuropathol. 97, 557–564. doi:10.1007/s004010051031

	Seeley, W. W., Crawford, R. K., Zhou, J., Miller, B. L., and Greicius, M. D. (2009). Neurodegenerative diseases target large-scale human brain networks. Neuron 62, 42–52. doi:10.1016/j.neuron.2009.03.024

	Shakespeare, T. J., Kaski, D., Yong, K. X. X., Paterson, R. W., Slattery, C. F., Ryan, N. S., et al. (2015). Abnormalities of fixation, saccade and pursuit in posterior cortical atrophy. Brain 138, 1976–1991. doi:10.1093/brain/awv103

	Shankar, G. M., and Walsh, D. M. (2009). Alzheimer's disease: synaptic dysfunction and abeta. Mol. Neurodegener. 4, 48. doi:10.1186/1750-1326-4-48

	Sheliga, B. M., Riggio, L., and Rizzolatti, G. (1994). Orienting of attention and eye movements. Exp. Brain Res. 98, 507–522. doi:10.1007/BF00233988

	Shires, J., Joshi, S., and Basso, M. A. (2010). Shedding new light on the role of the basal ganglia-superior colliculus pathway in eye movements. Curr. Opin. Neurobiol. 20, 717–725. doi:10.1016/j.conb.2010.08.008

	Slater, C., Liu, Y., Weiss, E., Yu, K., and Wang, Q. (2022). The neuromodulatory role of the noradrenergic and cholinergic systems and their interplay in cognitive functions: a focused review. Brain Sci. 12, 890. doi:10.3390/brainsci12070890

	Soares, S. C., Maior, R. S., Isbell, L. A., Tomaz, C., and Nishijo, H. (2017). Fast detector/first responder: interactions between the superior colliculus-pulvinar pathway and stimuli relevant to Primates. Front. Neurosci. 11, 67. doi:10.3389/fnins.2017.00067

	Song, C., Sandberg, K., Andersen, L. M., Blicher, J. U., and Rees, G. (2017). Human occipital and parietal GABA selectively influence visual perception of orientation and size. J. Neurosci. 37, 8929–8937. doi:10.1523/JNEUROSCI.3945-16.2017

	Souto, D., and Kerzel, D. (2021). Visual selective attention and the control of tracking eye movements: a critical review. J. Neurophysiol. 125, 1552–1576. doi:10.1152/jn.00145.2019

	Sperling, R. A., Dickerson, B. C., Pihlajamaki, M., Vannini, P., LaViolette, P. S., Vitolo, O. V., et al. (2010). Functional alterations in memory networks in early Alzheimer’s disease. Neuromolecular Med. 12, 27–43. doi:10.1007/s12017-009-8109-7

	Srinivasan, G., and Brafman, D. A. (2021). The emergence of model systems to investigate the link between traumatic brain injury and alzheimer’s disease. Front. Aging Neurosci. 13, 813544. doi:10.3389/fnagi.2021.813544

	Srivastava, I., Goikolea, J., Ayberk Kaya, T., Latorre-Leal, M., Eroli, F., Pereira Iglesias, M., et al. (2025). Reactive astrocytes with reduced function of glutamate transporters in the AppNL-G-F Knock-in mice. ACS Chem. Neurosci. 16, 2035–2047. doi:10.1021/acschemneuro.4c00714

	Stein, J. (2019). The current status of the magnocellular theory of developmental dyslexia. Neuropsychologia 130, 66–77. doi:10.1016/j.neuropsychologia.2018.03.022

	Sugiura, M., Watanabe, J., Maeda, Y., Matsue, Y., Fukuda, H., and Kawashima, R. (2004). Different roles of the frontal and parietal regions in memory-guided saccade: a PCA approach on time course of BOLD signal changes. Hum. Brain Mapp. 23, 129–139. doi:10.1002/hbm.20049

	Sun, Y.-Y., Wang, Z., and Huang, H.-C. (2023). Roles of ApoE4 on the pathogenesis in alzheimer’s disease and the potential therapeutic approaches. Cell Mol. Neurobiol. 43, 3115–3136. doi:10.1007/s10571-023-01365-1

	Sun, B., Li, L., Harris, O. A., and Luo, J. (2025). Blood-brain barrier disruption: a pervasive driver and mechanistic link between traumatic brain injury and Alzheimer’s disease. Transl. Neurodegener. 14, 16. doi:10.1186/s40035-025-00478-5

	Tang, X., Drotar, J., Li, K., Clairmont, C. D., Brumm, A. S., Sullins, A. J., et al. (2019). Pharmacological enhancement of KCC2 gene expression exerts therapeutic effects on human Rett syndrome neurons and Mecp2 mutant mice. Sci. Transl. Med. 11, eaau0164. doi:10.1126/scitranslmed.aau0164

	Targa Dias Anastacio, H., Matosin, N., and Ooi, L. (2022). Neuronal hyperexcitability in Alzheimer’s disease: what are the drivers behind this aberrant phenotype?Transl. Psychiatry 12, 257. doi:10.1038/s41398-022-02024-7

	Tessier, M., Garcia, M. S., Goubert, E., Blasco, E., Consumi, A., Dehapiot, B., et al. (2023). Bumetanide induces post-traumatic microglia-interneuron contact to promote neurogenesis and recovery. Brain 146, 4247–4261. doi:10.1093/brain/awad132

	Thier, P., and Ilg, U. J. (2005). The neural basis of smooth-pursuit eye movements. Curr. Opin. Neurobiol. 15, 645–652. doi:10.1016/j.conb.2005.10.013

	Tokushige, S., Matsumoto, H., Matsuda, S., Inomata-Terada, S., Kotsuki, N., Hamada, M., et al. (2023). Early detection of cognitive decline in Alzheimer’s disease using eye tracking. Front. Aging Neurosci. 15, 1123456. doi:10.3389/fnagi.2023.1123456

	Töllner, K., Brandt, C., Töpfer, M., Brunhofer, G., Erker, T., Gabriel, M., et al. (2014). A novel prodrug-based strategy to increase effects of bumetanide in epilepsy. Ann. Neurology 75, 550–562. doi:10.1002/ana.24124

	Toniolo, S., Sen, A., and Husain, M. (2020). Modulation of brain hyperexcitability: potential new therapeutic approaches in alzheimer’s disease. IJMS 21, 9318. doi:10.3390/ijms21239318

	Traikapi, A., and Konstantinou, N. (2021). Gamma oscillations in alzheimer’s disease and their potential therapeutic role. Front. Syst. Neurosci. 15, 782399. doi:10.3389/fnsys.2021.782399

	Tyler, C. W., Likova, L. T., Mineff, K. N., Elsaid, A. M., and Nicholas, S. C. (2015). Consequences of traumatic brain injury for human vergence dynamics. Front. Neurol. 5, 282. doi:10.3389/fneur.2014.00282

	Umpierre, A. D., and Wu, L.-J. (2021). How microglia sense and regulate neuronal activity. Glia 69, 1637–1653. doi:10.1002/glia.23961

	van der Flier, W. M., Pijnenburg, Y. A., Fox, N. C., and Scheltens, P. (2011). Early-onset versus late-onset Alzheimer’s disease: the case of the missing APOE ɛ4 allele. Lancet Neurol. 10, 280–288. doi:10.1016/S1474-4422(10)70306-9

	Vericel, M. E., Baraduc, P., Duhamel, J.-R., and Wirth, S. (2024). Organizing space through saccades and fixations between primate posterior parietal cortex and hippocampus. Nat. Commun. 15, 10448. doi:10.1038/s41467-024-54736-7

	Vernet, M., Quentin, R., Chanes, L., Mitsumasu, A., and Valero-Cabré, A. (2014). Frontal eye field, where art thou? Anatomy, function, and non-invasive manipulation of frontal regions involved in eye movements and associated cognitive operations. Front. Integr. Neurosci. 8, 66. doi:10.3389/fnint.2014.00066

	Vico Varela, E., Etter, G., and Williams, S. (2019). Excitatory-inhibitory imbalance in Alzheimer’s disease and therapeutic significance. Neurobiol. Dis. 127, 605–615. doi:10.1016/j.nbd.2019.04.010

	Vidyasagar, T. R. (2019). Visual attention and neural oscillations in reading and dyslexia: are they possible targets for remediation?Neuropsychologia 130, 59–65. doi:10.1016/j.neuropsychologia.2019.02.009

	Villalobos, C. A., Wu, Q., Lee, P. H., May, P. J., and Basso, M. A. (2018). Parvalbumin and GABA microcircuits in the mouse superior colliculus. Front. Neural Circuits 12, 35. doi:10.3389/fncir.2018.00035

	Virtanen, M. A., Uvarov, P., Mavrovic, M., Poncer, J. C., and Kaila, K. (2021). The multifaceted roles of KCC2 in cortical development. Trends Neurosci. 44, 378–392. doi:10.1016/j.tins.2021.01.004

	Walenski, M., Mack, J. E., Mesulam, M. M., and Thompson, C. K. (2021). Thematic integration impairments in primary progressive aphasia: evidence from eye-tracking. Front. Hum. Neurosci. 14, 587594. doi:10.3389/fnhum.2020.587594

	Wang, C., and Munoz, D. (2015). “A circuit for pupil orienting responses: implications for cognitive modulation of pupil size,”, Curr. Opin. Neurobiol. 33. 134–140. doi:10.1016/j.conb.2015.03.018

	Wang, C.-T., Blankenship, A. G., Anishchenko, A., Elstrott, J., Fikhman, M., Nakanishi, S., et al. (2007). GABA(A) receptor-mediated signaling alters the structure of spontaneous activity in the developing retina. J. Neurosci. 27, 9130–9140. doi:10.1523/JNEUROSCI.1293-07.2007

	Wei, X., Campagna, J. J., Jagodzinska, B., Wi, D., Cohn, W., Lee, J. T., et al. (2024). A therapeutic small molecule enhances γ-oscillations and improves cognition/memory in Alzheimer’s disease model mice. Proc. Natl. Acad. Sci. U.S.A. 121, e2400420121. doi:10.1073/pnas.2400420121

	Wen, W., and Turrigiano, G. G. (2024). Keeping your brain in balance: homeostatic regulation of network function. Annu. Rev. Neurosci. 47, 41–61. doi:10.1146/annurev-neuro-092523-110001

	Wilcockson, T. D. W., Mardanbegi, D., Xia, B., Taylor, S., Sawyer, P., Gellersen, H. W., et al. (2019). Abnormalities of saccadic eye movements in dementia due to Alzheimer’s disease and mild cognitive impairment. Aging (Albany NY) 11, 5389–5398. doi:10.18632/aging.102118

	Williams, S., Ralph, M. L., and Jung, J. (2023). The role of GABA in semantic memory and its neuroplasticity. doi:10.7554/eLife.91771.1

	Wishart, H. A., Saykin, A. J., Rabin, L. A., Santulli, R. B., Flashman, L. A., Guerin, S. J., et al. (2006). Increased brain activation during working memory in cognitively intact adults with the APOE epsilon4 allele. Am. J. Psychiatry 163, 1603–1610. doi:10.1176/ajp.2006.163.9.1603

	Wolff, J. R., Joó, F., and Kása, P. (1993). Modulation by GABA of neuroplasticity in the central and peripheral nervous system. Neurochem. Res. 18, 453–461. doi:10.1007/BF00967249

	Wood, C. S., Valentino, R. J., and Wood, S. K. (2017). Individual differences in the locus coeruleus-norepinephrine system: relevance to stress-induced cardiovascular vulnerability. Physiol. Behav. 172, 40–48. doi:10.1016/j.physbeh.2016.07.008

	Wood, O. W. G., Yeung, J. H. Y., Faull, R. L. M., and Kwakowsky, A. (2022). EAAT2 as a therapeutic research target in Alzheimer’s disease: a systematic review. Front. Neurosci. 16, 952096. doi:10.3389/fnins.2022.952096

	Xu, Y., Zhao, M., Han, Y., and Zhang, H. (2020). GABAergic inhibitory interneuron deficits in alzheimer’s disease: implications for treatment. Front. Neurosci. 14, 660. doi:10.3389/fnins.2020.00660

	Xu, Y., Lavrencic, L., Radford, K., Booth, A., Yoshimura, S., Anstey, K. J., et al. (2021). Systematic review of coexistent epileptic seizures and Alzheimer’s disease: incidence and prevalence. J. Am. Geriatr. Soc. 69, 2011–2020. doi:10.1111/jgs.17101

	Yang, C., Liu, G., Chen, X., and Le, W. (2024). Cerebellum in Alzheimer’s disease and other neurodegenerative diseases: an emerging research frontier. MedComm 5, e638. doi:10.1002/mco2.638

	Ye, Z., Yu, X., Houston, C. M., Aboukhalil, Z., Franks, N. P., Wisden, W., et al. (2017). Fast and slow inhibition in the visual thalamus is influenced by allocating GABAA receptors with different γ subunits. Front. Cell. Neurosci. 11, 95. doi:10.3389/fncel.2017.00095

	Yeung, J. H. Y., Palpagama, T. H., Wood, O. W. G., Turner, C., Waldvogel, H. J., Faull, R. L. M., et al. (2021). EAAT2 expression in the Hippocampus, subiculum, entorhinal cortex and superior temporal gyrus in alzheimer’s disease. Front. Cell Neurosci. 15, 702824. doi:10.3389/fncel.2021.702824

	Yuan, M., Tan, G., Cai, D., Luo, X., Shen, K., Deng, Q., et al. (2024). GABAergic retinal ganglion cells projecting to the superior colliculus mediate the looming-evoked flight response. Neurosci. Bull. 40, 1886–1900. doi:10.1007/s12264-024-01295-y

	Zahler, S. H., Taylor, D. E., Wong, J. Y., Adams, J. M., and Feinberg, E. H. (2021). Superior colliculus drives stimulus-evoked directionally biased saccades and attempted head movements in head-fixed mice. eLife 10, e73081. doi:10.7554/eLife.73081

	Zhang, J., Pu, H., Zhang, H., Wei, Z., Jiang, X., Xu, M., et al. (2017). Inhibition of Na+-K+-2Cl-cotransporter attenuates blood-brain-barrier disruption in a mouse model of traumatic brain injury. Neurochem. Int. 111, 23–31. doi:10.1016/j.neuint.2017.05.020

	Zhang, D., Chen, S., Xu, S., Wu, J., Zhuang, Y., Cao, W., et al. (2022). The clinical correlation between Alzheimer’s disease and epilepsy. Front. Neurol. 13, 922535. doi:10.3389/fneur.2022.922535

	Zhang, X., Wu, W., Mao, Y., Cheng, J., Zhou, Z., Tang, Y., et al. (2024). Exploring causal relationship of traumatic brain injury and comorbidities: a Mendelian randomization study. J. Alzheimer’s Dis. Rep. 8, 1670–1676. doi:10.1177/25424823241304393

	Zhang, Z., Wang, H., Tao, B., Shi, X., Chen, G., Ma, H., et al. (2025). Attenuation of blood-brain barrier disruption in traumatic brain injury via inhibition of NKCC1 cotransporter: insights into the NF-κB/NLRP3 signaling pathway. J. Neurotrauma 42, 814–831. doi:10.1089/neu.2023.0580

	Zhou, Y., Cheng, Y., Li, Y., Ma, J., Wu, Z., Chen, Y., et al. (2021). Soluble β-amyloid impaired the GABA inhibition by mediating KCC2 in early APP/PS1 mice. BST 15, 330–340. doi:10.5582/bst.2021.01245

	Zhou, Y., Dougherty, J. H., Hubner, K. F., Bai, B., Cannon, R. L., and Hutson, R. K. (2008). Abnormal connectivity in the posterior cingulate and hippocampus in early Alzheimer’s disease and mild cognitive impairment. Alzheimers Dement. J. Alzheimers Assoc. 4, 265–270. doi:10.1016/j.jalz.2008.04.006Q11

	Zhu, Y., Ripps, H., and Qian, H. (2007). A single amino acid in the second transmembrane domain of GABA rho receptors regulates channel conductance. Neurosci. Lett. 418, 205–209. doi:10.1016/j.neulet.2007.03.020

	Zhu, M., Abdulzahir, A., Perkins, M. G., Chu, C. C., Krause, B. M., Casey, C., et al. (2023). Control of contextual memory through interneuronal α5-GABAA receptors. PNAS Nexus 2, pgad065. doi:10.1093/pnasnexus/pgad065

	Zola, S. M., Manzanares, C. M., Clopton, P., Lah, J. J., and Levey, A. I. (2013). A behavioral task predicts conversion to mild cognitive impairment and Alzheimer’s disease. Am. J. Alzheimers Dis. Other Demen 28, 179–184. doi:10.1177/1533317512470484


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Porcher, Rivera, Medina and Koric. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1675799-g005.jpg
A GABAergic inhibition plays a fundamental role in the visual system

Adaptive attentional shifts

DORSO-DORSAL VAS

Exogenous (automatic) attention

DORSO-VENTRAL VAS

Shaping y oscillatory
dynamics

Thalamo-cortical oscillations
“Psignal-to-noise ratio

Intrinsec
Extrinsec
Selection of relevant Eye

Light Flow

stimuli mouvements

amount of
light flow

B
GABAergic inhibition plays a fundamental role in the visual system
S,
s
initial signal 14 | .
g 9 —_— 8 2 final signal
- \GAEAreIease § Q
a C-I; <
|I Hyperpolarisation =) ’I‘Thre.shold f(?r Act|.on — ) ‘SD. -
le s Potential (AP) initiation =
— 2
Kcc2 o =
[LowCt ug g
[\
»





OPS/images/fphar-16-1675799-g006.jpg
TBI-Induced Neurovascular Pathology Leading to AD

Traumatic Brain Injury
|NoTcHs in vsMes
1 NKCC1 expression
| Earty AB aggrogation b e

Early AB aggregation

Vascular dysfunction

NF-kB/NLRP3 inflammatory pathway

BBB disruption and Neuroinflammation

Disruption of chloride homeostasis

AD-related neurodegeneration





OPS/images/fphar-16-1675799-g003.jpg
Schematic overview of the mouse visual system






OPS/images/fphar-16-1675799-g004.jpg
The saccadic system in humans

A

VOG: anti-saccade task VOG: latency, gain

Decision-making, Target

Inhibition of selection

reflexive saccades | Voluntary saccades

{
I

Reflexive
Saccades

Saccade velocities

DLPFC: Dorso-Lateral Prefrontal Cortex Saccade accu racy
FEF: Frontal Eye Field

PEF: Parietal Eye Field

BG: Basal Ganglia Fcp
SC: Superior Colliculus

V: Midbrain reticular formation

H: Pontine reticular formation

FCP: Final common pathway

Eye position (°)

Target appearance

Target position H

Modulation
Gain (accuracy): A1/A2

Latency (150-200ms)

Command

Angular
position

Right

I

Target on
the right

Inhibition: Rate of errors

Back to
center

Time (5)

Time (s)

>se1 apeooes-nuy





OPS/images/fphar-16-1675799-g009.jpg
Chloride homeostasis and GABAergic transmission in Alzheimer’s disease

Healthy Brain AD Brain Functional Therapeutic
(Normal Aging) (Early Stage) Consequences Approaches

{

Pharmacological approachs

!

KCC2 enhancers
NKCC1 inhibitors

Anti-inflammatory agents
Neurotrophic supports

*  Functional expression of t proBDNF binding to p75N™® * PV +interneuron loss
Kcc2 l:> l:> *  Network hyperactivity
Jree, 1 et

> Lowl[Cl i > High[Cl i » Impaired oculomotricity Non pharmacological approachs
> Balanced E/I activity » Depolarizing GABA > Cognitive decline

» Dysregulated E/I activity 1

»  Inflammation

Neuromodulation strategies

@ Cognitive improvement





OPS/images/fphar-16-1675799-g007.jpg
A Excitation/Inhibition (E/1) Balance Is Essential for Neuronal Function

cr Vl‘s‘ual 5 Measured indicator
o . guidance . o
:. GABA,R Executive/ Visual X
Behavioral Attention ,.3_
o Kcez networks network [ > Latency
+ 3
o s 2% .
c " o “’ ke © £ | Amplitude
o K NKCC1 Decision S 2
@© : 3 'a | Velocit
© g Reading mEp | & 2 g
o Low [Cl i Reasoning, el
- Emotional 5 2 | Erorrate
(] processing g -f:’
O 2 8 | Accurate
oo Language 8 ¥ | Fixations
() Network 3
—O' 5 Pupil size
.(7) _A_ Semantic and
= episodic memory
N . . processing AV
o Excitatory/Inhibitory Balance : RO AN
Directed gamma coherence : J\/VWMJ\M .
High cross frequency coupling
Neuromodulation High ©-Y coupling Oculomotricity

Molecular level Network level Behavioral level

B Excitation/Inhibition (E/1) Balance Is Essential for Neuronal Function

STRESSORS Amyloide

Ex: TBI oligomers
Visual -
Cl‘. - === N guidance P === . g;- Measured indicator
:. GABA,R 7 Executive/ ’ Visual N X
| Behavioral ) [ Attention é’
o 1KCC2 \_ networks L \_ network o’ [J > Latency
~ . 1
~— e o=
w % B = O .
o ¢ Decision g g Amplitude
. 7 \ e~
% NKCC1 ’:ak’"g . / v =3 Velocity
easonin, 1 .
—— ‘ _ oning, | DMN , 1 Reading - 83
1 Emotional \ - =
O High [Cl i N
processing N ’ =R Error rate
ot ()
— 5%
) o R Accurate
_g = Fixations
E Language [+]
M / 8 0o
() a . DISEWOEKS g I 1 Pupil size
—d (4
-E \ G Semanticand ~ ~=--
Z A\ episodic memory

processing /\ﬂ% f\

Disrupted gamma coherence
Low cross frequency coupling
Neuronal dysmodulation Low ©-Y coupling  Impaired Oculomotricity

Network level Behavioral level

Excitatory/Inhibitory Imbalance






OPS/images/fphar-16-1675799-g008.jpg
A
Normal GABAergic inhibition within the oculomotor
circuitry

self- generated visual attention shift

PPC
a2) Anti-saccade task
Angular ~ Targeton  Backto
position 4 the == center
Right
I 7.
Left -
CER Time (s)

position

time (second)

Loss of GABAergic inhibition within the oculomotor circuitry

self- generated visual attention shift

b2) Anti-saccade task

< Angular Target on Back to
< position f theright  center
2 Right
Left
CER Time (s)

,.'GAB/;;; > b1) Horizontal saccade
Nl .

time (second)





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Altered GABAergic signaling and chloride homeostasis in eye movement circuits during late neurodevelopment: implications for Alzheimer’s disease therapy		1 INTRODUCTION		1.1 GABAergic signaling and chloride homeostasis in Alzheimer’s disease

		1.2 KCC2 phosphorylation and its implications in Alzheimer’s disease





		2 EYE MOVEMENT DEFICITS AS A MARKER FOR NEURODEGENERATION		2.1 Oculomotor system and neural circuits

		2.2 Neuronal circuits controlling eye movements and their reliance on precise E/I balance		2.2.1 Selection of relevant information

		2.2.2 Attentional flexibility





		2.3 Alterations in oculomotor circuits reflect broader impairments in brain function

		2.4 Eye movement deficits in AD: neural hyperexcitability and network desynchronization from E/I imbalance

		2.5 Synaptic plasticity alterations in AD and their impact on memory-guided saccades

		2.6 Oculomotor biomarkers that may be affected by abnormalities in GABAergic signaling in AD		2.6.1 Measure of oculomotor parameters during saccades, fixations, smooth pursuit

		2.6.2 Measures of pupillary light reflex (PLR)

		2.6.3 Study of visual attention processing using cognitive task		2.6.3.1 Reading task

		2.6.3.2 Memory and other cognitive tasks









		2.7 Therapeutic perspectives: targeting chloride transport and GABAergic dysfunction





		3 GENERAL CONCLUSION AND FUTURE DIRECTIONS

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		ABBREVIATIONS

		REFERENCES









OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

Altered GABAergic signaling and
chloride homeostasis in eye
movement circuits during late
neurodevelopment:
implications for Alzheimer’s
disease therapy





OPS/images/fphar-16-1675799-g001.jpg
AB-Induced Disruption of GABAergic Signaling and Chloride Homeostasis in AD

AB Oligomers

]TNF-a and pro-inflammatory cytokines

l GABAergic signaling I NKCC1 expression

High [C1 ];
GABA
dysfunction
Inflammation

l KCC2 expressio

| tctlin> | GABAergic inhibition
Network instability

Neurodegeneration & Cognitive
Decline

Neuronal hyperexcitability






OPS/images/fphar-16-1675799-g002.jpg
Dysregulation of KCC2 phosphorylation in AD

$940 phosphorylation T906/1007 phosphorylation

KCC2 surface expression KCC2 surface expression
& Chloride extrusion & Chloride extrusion

KCC2 Phosphorylation
Balance

Disrupted in AD

APP-KCC2 interaction loss ITyrosme Pho.s'p ho.ry amon &
ubiquitination
Excess KCC2 degradation I [CU7]in > Depolarizing GABA
Impaired Chloride homeostasis

Neuronal hyperexcitability &

Cognitive dysfunction










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





