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WEAKLY ELECTRIC FISH AS EMERGING MODELS FOR NEUROPROTECTION AND CNS DRUG DISCOVERY
								

ABSTRACT
Weakly electric fish provide a unique combination of dopamine-modulated behaviours with a non-invasive electrophysiological read-out: the electric organ discharge (EOD). Their biology offers a cost-effective and ethically favourable platform for exploring mechanisms of neurodegeneration and screening neuroprotective compounds. This review summarises the anatomy and physiology underpinning EOD generation, highlights parallel with mammalian basal ganglia circuits, and discusses how mitochondrial toxins such as MPTP, rotenone and paraquat have been used to induce Parkinson-like phenotypes in these species. Importantly, this model may also provide insights into other CNS disorders such as Alzheimer's and Huntington's disease. By outlining methodological gaps (standardisation, molecular toolkits, regulatory acceptance) and future directions, this review highlights how weakly electric fish fill a critical gap between zebrafish and rodent systems, offering a novel perspective in early-stage CNS drug discovery.
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INTRODUCTION 
Tiny electric fish offer unique advantages in early-stage CNS drug discovery. (Hilgenberg, 1991; Jun & Long, 2012) These unique aquatic creatures can generate electric fields and exhibit neuroendocrine features, though further evidence is required. Their extraordinary brain resilience and simple experimental setup make them promising tools in early-stage research for neurological diseases like Alzheimer's and Parkinson's.
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Figure 1: Weakly Electric Fish (e.g., Apteronotus, Gymnotus, Mormyrids)
Neurodegenerative diseases, including Parkinson’s disease (PD), Alzheimer’s disease (AD), and Huntington’s disease, are characterized by progressive neuronal degeneration resulting in significant cognitive and motor dysfunction (Surmeier et al., 2017; Dawson et al., 2010). The identification and evaluation of neuroprotective agents, which can prevent, slow, or reverse neuronal damage, represent a key objective in addressing these debilitating conditions (Olanow et al., 2009). While rodent models have contributed substantially to understanding the underlying pathophysiology, they often exhibit limitations such as the need for invasive procedures and a restricted ability to replicate complex aspects of human neural networks (Kalyn & Ekker, 2020). In this context, electric fish have emerged as alternative model organisms offering unique advantages. Their nervous systems exhibit high levels of dopaminergic control over behaviour and possess the ability for non-invasive monitoring through electrical discharges (Bullock et al., 2005; Zupanc, 2008). Furthermore, their continuous adult neurogenesis and electro sensory-mediated behaviours provide valuable insights into neuroplasticity and neuroprotection, making them a promising experimental model for studying neurodegenerative mechanisms and screening neuroprotective interventions (Zupanc, 2008).
Biology and Behavioural Features of Electric Fish
A key advantage of electric fish models lies in the non-invasive nature of EOD detection. These electrical signals can be continuously monitored in real time, providing a direct electrophysiological reflection of both neural activity and behavioural state without the need for intrusive interventions (Garcia-Forlim & Pinto, 2012; Rodríguez-Cattaneo et al., 2020).. Notably, alterations in the frequency, amplitude, and pattern of EODs are closely associated with the functional integrity of the central nervous system, making them a highly sensitive indicator for assessing neurobehavioral alterations, neurotoxic effects, and therapeutic responses (Maler, 2007).
The predictable relationship between neural circuitry and observable behavioral outputs, coupled with the feasibility of non-invasive, long-term monitoring, establishes electric fish as an increasingly valuable experimental system. This unique model offers important opportunities for advancing research into behavioural neuroscience, neurotoxicity assessments, and the exploration of neuroprotective strategies in preclinical settings.
Dopaminergic Modulation and Neural Circuitry in Electric Fish
The electro sensory and electromotor circuits of electric fish exhibit significant regulation by dopaminergic neurotransmission, reflecting a critical neurochemical influence on their behavioural outputs. Dopamine plays a central role in modulating both the frequency and amplitude of electric organ discharges (EODs), primarily through its action on the pre-pacemaker nucleus and associated motor control regions within the brain (Graybiel, 2000; Maler, 2007). This neurophysiological arrangement bears a striking resemblance to the dopaminergic pathways of the human basal ganglia, where dopamine similarly governs motor coordination and voluntary movement. Importantly, dysfunction of these circuits underlies the motor deficits observed in Parkinson’s disease (PD) (Surmeier et al., 2017). Given these functional parallels, electric fish represent a valuable comparative model for exploring dopamine-mediated motor control, offering unique advantages in evaluating dopaminergic dysfunction and the neuroprotective efficacy of pharmacological agents. (Olanow et al., 2009)
Beyond motor regulation, dopaminergic modulation in electric fish also influences sensory signal processing within the electro sensory lateral line lobe (ELL), enhancing or suppressing neural responsiveness to specific electric field perturbations (Heiligenberg, 1991; Krahe & Maler, 2014). This bidirectional regulation mirrors the role of dopamine in modulating sensory gain and attention in mammalian midbrain structures, particularly within the superior colliculus and striatum. Furthermore, the anatomical organisation of the pacemaker and pre-pacemaker nuclei in electric fish permits high temporal precision in EOD control, allowing fine-scale behavioural adjustments in response to environmental and social cues (Moortgat et al., 1998). Such precision offers a measurable biomarker for dopaminergic tone, facilitating quantitative analyses of pharmacological interventions.
The use of electric fish as a model system confers distinct methodological advantages. Their relatively simple and accessible neuroanatomy allows for direct electrophysiological recording from central dopaminergic targets, while the EOD output serves as a real-time, non-invasive behavioural readout of neuromodulatory effects (Fortune & Rose, 2003). Moreover, the reduced locomotor confounds, though activity and social context can still influence EOD readings—common in rodent motor assays—provides a cleaner assessment of drug efficacy on central dopaminergic function. These features are particularly valuable for early-phase neuroprotective drug screening, where reproducibility and sensitivity are critical.
From a translational perspective, the parallels between dopaminergic control in electric fish and basal ganglia circuitry in humans provide a conceptual framework for modelling Parkinsonian pathophysiology. Induction of dopaminergic depletion in electric fish, via pharmacological agents such as 6-hydroxydopamine (6-OHDA) or reserpine, reproduces measurable deficits in EOD modulation, analogous to the bradykinesia and hypophonia observed in PD patients (Silva et al., 2013). This creates an opportunity to not only investigate disease mechanisms but also to evaluate the efficacy of L-DOPA, dopamine agonists, MAO-B inhibitors, and experimental neuroprotective compounds in restoring dopaminergic function.
Experimental Induction of Parkinsonian Phenotypes in Electric Fish
Experimental models of Parkinson’s disease (PD) have been preliminarily suggested but require stronger validation in electric fish through the administration of mitochondrial neurotoxins, such as rotenone, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and paraquat (Tanner et al., 2011; Wen et al., 2020).These neurotoxic agents selectively impair dopaminergic neurons by inducing mitochondrial dysfunction and oxidative stress, closely replicating key pathological features of PD (Bhurtel et al., 2019). In electric fish, such interventions produce distinct electrophysiological alterations, notably a reduction in EOD frequency and disruptions in discharge regularity, which serve as non-invasive, quantifiable biomarkers of dopaminergic impairment. Furthermore, these neurotoxic insults lead to behavioural deficits, including compromised spatial navigation, diminished electro sensory responsiveness, and altered social communication, offering measurable and reproducible behavioural endpoints for evaluating parkinsonian symptoms (Garcia-Forlim & Pinto, 2012). This combination of electrophysiological readouts and behavioural assessments positions electric fish as a versatile preclinical model for testing the efficacy of neuroprotective and neurorestorative therapies in PD research. (Tagkalidou et al., 2025; Omar & Teoh, 2023).
Comprehensive assessment of Neuroprotective Effects in Electric Fish
The evaluation of neuroprotective activity in electric fish employs an integrated approach combining behavioural, biochemical, and histological analyses to provide a multidimensional understanding of neuronal protection and recovery. Behavioural assessments primarily focus on alterations in EOD frequency, pattern regularity, and stability, which serve as sensitive, non-invasive indicators of neurological function and dopaminergic integrity. At the biochemical level, quantification of oxidative stress markers, including malondialdehyde (MDA) as a lipid peroxidation index, reduced glutathione (GSH) as an antioxidant reserve, and superoxide dismutase (SOD) activity as a primary enzymatic defines, is routinely performed to assess cellular oxidative damage and the efficacy of neuroprotective interventions. Complementing these, histological evaluations targeting the pre-pacemaker nucleus and related neuroanatomical structures are utilized to determine neuronal survival, morphological preservation, and tissue integrity following neurotoxic insults (Khatri & Juvekar, 2016; Cui et al., 2016). This multi-tiered assessment strategy enables the precise characterization of neuroprotective outcomes, enhancing the translational relevance of electric fish in neurodegeneration research. (Darbinyan et al., 2017).
Representative neuroprotective compounds evaluated in electric fish models
A diverse range of neuroprotective agents has been explored using electric fish as experimental models, highlighting their versatility in pharmacological screening. Among natural compounds, plant-derived antioxidants such as curcumin, resveratrol, and ginkgo biloba extracts have demonstrated efficacy in reducing oxidative stress and maintaining electrophysiological stability, particularly by preserving EOD patterns under neurotoxic conditions (Khatri & Juvekar, 2016; Cui et al., 2016; Darbinyan et al., 2017). In parallel, synthetic pharmacological agents, including monoamine oxidase-B (MAO-B) inhibitors and dopamine receptor agonists, have been investigated for their capacity to restore dopaminergic activity (Olanow et al., 2009). and counteract neurotoxin-induced functional deficits. These studies collectively establish electric fish as a promising preclinical model for the identification and evaluation of neuroprotective therapies, offering a robust platform for both natural product research and synthetic drug development.
A diverse range of neuroprotective agents has been evaluated using electric fish as experimental models, underscoring their adaptability in preclinical pharmacological research. Among naturally occurring compounds, plant-derived antioxidants such as curcumin, resveratrol, and Ginkgo biloba extracts have demonstrated significant efficacy in mitigating oxidative stress and preserving electrophysiological stability, particularly by maintaining electric organ discharge (EOD) patterns under neurotoxic conditions (Khatri & Juvekar, 2016; Cui et al., 2016; Bridi et al., 2001). For instance, Khatri and Juvekar (2016) reported that curcumin attenuates rotenone-induced lipid peroxidation and mitochondrial dysfunction, thereby sustaining EOD rhythmicity. Likewise, Cui et al. (2016) observed that resveratrol exerts neuroprotective effects against dopaminergic neuron loss, stabilizing EOD frequency in toxin-exposed models. Furthermore, Bridi et al. (2001) highlighted the antioxidant potency of Ginkgo biloba extract in preventing electrophysiological degradation.
In parallel, synthetic pharmacological agents—particularly monoamine oxidase-B (MAO-B) inhibitors and dopamine receptor agonists—have been investigated for their ability to restore dopaminergic transmission and counteract neurotoxin-induced motor and sensory deficits (Olanow et al., 2009). Olanow et al. (2009) demonstrated that MAO-B inhibitors such as selegiline prolong dopamine availability, while receptor agonists like pramipexole normalize disrupted EOD amplitude and frequency patterns.
Advantages of electric fish as neuroprotection models
Electric fish present a range of distinct advantages for studying neuroprotective mechanisms. One of their most significant features is the ability to perform real-time, non-invasive monitoring of neural activity through externally recorded electric organ discharges (EODs), eliminating the need for invasive procedures (Garcia-Forlim & Pinto, 2012). Their central nervous system circuits, particularly those regulating electro sensory and electromotor functions, are well-defined and highly accessible, allowing detailed investigation of dopaminergic pathways and their pharmacological modulation. Additionally, electric fish exhibit exceptional sensitivity to neurotoxic agents, making them ideal for early-stage screening of neuroprotective compounds. Practical benefits, such as low maintenance requirements, cost-effectiveness, and favorable ethical profiles (Zupanc, 2008; Bullock et al., 2005)., further enhance their suitability as alternative experimental models in neurodegeneration research.
Limitations and Challenges
Although electric fish offer unique benefits in neuroprotection research, several limitations currently restrict their wider application. One of the primary challenges is the absence of well-established and standardized experimental protocols, along with a lack of validated outcome measures, making it difficult to compare results across different studies (Kalyn & Ekker, 2020). Unlike rodent models, electric fish have limited access to advanced molecular and genetic techniques, which poses difficulties for conducting in-depth mechanistic research. Additionally, maintaining and handling these aquatic organisms requires specialized aquatic facilities and trained personnel (Heiligenberg, 1991)., adding logistical complexity to their use in laboratory settings. Another key limitation is their low acceptance in regulatory frameworks, as these models are not yet formally recognized in mainstream drug development pipelines, which further limits their adoption in preclinical testing environments.
Comparative Perspective on electric fish and Conventional animal models
Electric fish present a distinctive experimental system when compared to widely used animal models such as rodents and zebrafish. One of their most significant advantages lies in their ability to provide real-time, non-invasive behavioral monitoring, particularly through measurable electric organ discharges (EODs), which directly reflect underlying neural circuit activity (Garcia-Forlim & Pinto, 2012). This makes them particularly valuable for studying dopaminergic modulation and neurobehavioral responses with minimal experimental disruption (Kalyn & Ekker, 2020; Olanow et al., 2009).
However, certain limitations persist. In contrast to the advanced genetic tools available in zebrafish and the well-established protocols in rodent models, electric fish currently lack genetic editing technologies and standardized experimental frameworks, making detailed mechanistic studies more challenging. Rodents continue to serve as the benchmark for translational neuroscience, offering deep insights into molecular mechanisms and disease progression, while zebrafish excel in high-throughput pharmacological screening and developmental genetics.
Electric fish occupy a complementary position within this spectrum, offering a unique niche for behaviour-focused, non-invasive neuroprotection studies. Their specialized features provide valuable additions to the toolbox of preclinical models, especially in evaluating functional neurotoxicity and neuroprotective interventions in a cost-effective and ethically favourable manner.
FUTURE DIRECTIONS AND RESEARCH PRIORITIES
Looking ahead, there are several key areas where future research can enhance the scientific value of electric fish models in neuroprotection studies. One of the most pressing needs is the establishment of standardized protocols for both neurotoxicity testing and neuroprotection evaluation, which will improve reproducibility and allow meaningful comparisons across research groups.
Incorporating modern molecular biology techniques, such as quantitative PCR (qPCR), immunohistochemistry, and transcriptomic profiling, will provide deeper insights into the underlying cellular and molecular mechanisms of neurodegeneration and therapeutic response (Kalyn & Ekker, 2020). Equally important is the development of genetic manipulation tools, including the creation of transgenic lines, which would open the door to more detailed mechanistic investigations previously limited in electric fish models.
Finally, encouraging collaborative research efforts and working toward regulatory recognition of electric fish as a valid preclinical model will be critical steps in broadening their application within neuroscience and drug discovery pipelines. With these advancements, electric fish have the potential to evolve into a mainstream model for both basic research and preclinical therapeutic screening (Olanow et al., 2009).
CONCLUSION
Electric fish represent an emerging and underexplored model with significant potential in the field of neuroprotection research. Their unique combination of dopaminergic regulation of behaviour, easily measurable electric signals, and high responsiveness to neurotoxic and neuroprotective compounds distinguishes them from traditional animal models (Maler, 2007; Zupanc, 2008). These characteristics make them especially suitable for non-invasive functional assessments and behaviour-driven neuropharmacological studies.
With continued efforts to refine experimental protocols, expand molecular and genetic research tools, and achieve broader scientific and regulatory acceptance, electric fish could play a transformative role in advancing our understanding of neurodegenerative diseases (Olanow et al., 2009). They hold promise for contributing to the discovery and development of novel therapeutic approaches for complex conditions such as Parkinson’s disease and other neurological disorders.
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