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[bookmark: _Toc214875813]Abstract
Neurodegenerative diseases such as Parkinson’s and Alzheimer’s are characterized by progressive cognitive deterioration, against which there exist currently only symptomatic therapies. Plant secondary metabolites with neuroprotective, anti-inflammatory, and antioxidant efficacies have attracted much research in recent years as future cognitive promoters. It is not yet certain, however, that there is a direct relationship between such activity and cognitive enhancement in healthy subjects. It was the aim of the current thesis to construct and validate a translational behavioral platform for testing cognitive functions in healthy (naive) C57BL/6J mice, against which future research regarding the cognitive and neurochemical effects of selected plant extracts might be benchmarked. The study developed and tested touchscreen behavioral testing with six unique tasks to measure multiple cognitive functions. We employed Pairwise Visual Discrimination (PVD) and Paired Associate Learning (PAL), primarily cholinergically mediated; attention and inhibitory control paradigms, including the 5-Choice Serial Reaction Time Task (5-CSRTT) and the Rodent Continuous Performance Test (rCPT), based on dopaminergic and noradrenergic transmissions; Trial-Unique Nonmatching-to-Location (TUNL), corresponding with glutamatergic functioning; and the 4-Choice Gambling Task (4-CGT), based on dopaminergic systems. This neurochemically informed design also allows future potential for combining behavioral and molecular data. Baseline performance demonstrated successful task acquisition and stable performance between sessions. PVD performance reached roughly 80% correct after session 20 and PAL performance improved from 50% to 80% over 55 sessions. In attention paradigms, shorter stimulus duration led to decreased accuracy and increased omissions. TUNL performance was significantly impaired at minimal spatial separation. Also, rCPT results showed increased hit rates and decreased false alarms across stages. In the 4-CGT task, mice demonstrated stable performance but did not display a clear preference for good options on free-choice trials. This translationally informative and reproducible behavioral system provides an empirically corroborated system of preclinical cognitive testing in our laboratory. As well as, due to limited data availability at the time of writing this thesis, only preliminary information related to the animal control section was accessible; therefore, the plant-based component could not be included in the present study. Nevertheless, this work paves the way for future research on the effects of plant-derived compounds on neurochemistry and cognition, with a second phase planned to investigate the efficacy and underlying mechanisms of selected extracts in modulating cognitive functions.
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Chapter 1: General introduction
[bookmark: _Toc214875815]1.1 Overview of neurocognitive disorders and the need for novel therapeutic strategies
[bookmark: ZOTERO_BREF_L4mH6MqOobKB]Neurodegeneration is any pathological condition in which neurons progressively lose their structure or function. It encompasses a broad spectrum of diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS). These conditions often present with relentless progression and can be fatal, especially when they compromise vital functions such as respiration. Neurodegenerative diseases (NDDs) are characterized by eight major hallmarks: pathological protein aggregation, synaptic and neuronal network dysfunction, aberrant proteostasis, cytoskeletal abnormalities, altered energy homeostasis, DNA and RNA defects, inflammation, and neuronal cell death. Collectively, these pathological features contribute to the progressive deterioration of neuronal integrity, resulting in impairments in cognition, behavior, motor skills, and sensory processing (Wilson et al., 2023). The underlying causes of neurodegenerative diseases remain largely unknown, although they are thought to involve a complex interplay between genetic and environmental factors (Przedborski, 2017; Przedborski et al., 2003). Among various risk factors, aging is the most significant. Age-related changes in neuroanatomical pathways facilitate the accumulation and propagation of pathogenic proteins, contributing to these disorders clinical and pathological heterogeneity (Armstrong, 2020) . The classification of neurodegenerative diseases is often based on clinical manifestations and anatomical involvement; however, overlapping symptoms and varied phenotypes can complicate diagnosis. The mechanisms that drive neurodegeneration involve multiple interrelated cellular and molecular processes. Key among these are oxidative stress, mitochondrial dysfunction, excitotoxicity, and apoptosis. Oxidative stress, which results from the accumulation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), plays a critical role in the pathogenesis of AD, PD, and ALS (Emerit et al., 2004). Mitochondrial impairment further exacerbates neuronal vulnerability, while glial cells contribute to non-cell autonomous neurodegeneration by modulating inflammatory responses and neuronal support (Przedborski, 2017). Disruptions in protein, mitochondrial, and transcriptional homeostasis are commonly observed in these disorders. For instance, Alzheimer’s disease is marked by synaptic dysfunction, Parkinson’s disease by mitochondrial and proteostatic failure, and Huntington’s disease by polyglutamine-mediated protein aggregation and transcriptional dysregulation (Montie & Durcan, 2013). Neurodegenerative diseases are collectively prevalent, although each condition is individually rare. They typically emerge after a period of normal development and include diverse subtypes such as leukoencephalopathies, neuronal ceroid lipofuscinoses, gangliosidoses, and mucopolysaccharidoses. Diagnosis requires the recognition of specific clinical features and is supported by focused investigations, including magnetic resonance imaging (MRI) and neurophysiological assessments (Surtees, 2002). Advancements in disease modeling have significantly contributed to our understanding of neurodegeneration. Traditional in vitro and animal models have been instrumental. At the same time recent developments—such as induced pluripotent stem cells (iPSCs) and three-dimensional brain organoids—offer more physiologically relevant platforms for studying disease mechanisms and testing therapeutic interventions. Genetic discoveries and therapeutic innovations, such as antisense oligonucleotides for spinal muscular atrophy, underscore the potential of translational research in this field (Gitler et al., 2017). Current therapeutic approaches for neurodegenerative diseases primarily aim to alleviate symptoms rather than alter the course of disease progression. Ongoing research is focused on targeting disease-specific mechanisms such as mitochondrial dysfunction, protein aggregation, prion-like propagation, and neuroinflammation to develop disease-modifying treatments (Yacoubian, 2017). These diseases also have a profound impact on patients’ ability to perform activities of daily living (ADLs), including eating, dressing, personal hygiene, and mobility. As a result, they impose a substantial economic burden encompassing both direct medical costs and indirect societal costs due to lost productivity and caregiving demands. Effective interventions and tailored care strategies are essential to improve patient outcomes and reduce the overall healthcare burden (Maresova et al., 2020).

[bookmark: _Toc214875816]1.1.1 Global Prevalence and Economic Impact of Neurodegenerative Diseases
According to the report of the 31 march of 2025 by the World Health Organization, in 2021 near 57 million of the people around the world had dementia, and more than 60% of them live in the low economic countries and every year around 10 million cases added to this population. In 2019, the global economic impact of dementia was estimated at US$1.3 trillion, with around 50% of these expenses linked to care given by informal caregivers (such as family and close friends), who typically provide an average of 5 hours of daily care and supervision (Who, 2025b). Another report by WHO’s on Neurology (2025) reveals that neurological disorders account for over 11 million deaths annually and affect more than 40% of the world’s population over 3 billion people. Despite this enormous burden, only one-third of countries have national policies and fewer than one-fifth provide dedicated funding for neurological care. The report highlights severe injustices in access, with low economic nations facing up to 80 times fewer neurologists and limited inclusion of neurological disorders in universal health coverage. WHO calls for urgent, coordinated global action to prioritize brain health, expand neurological services, and strengthen research, data systems, and caregiver support worldwide (WHO, 2025a).

Additionally, predictions indicate that this number will increase to 152 million by 2050 because of global demographic changes, particularly in regions such as North America, Europe, and East Asia. A systematic review and meta-analysis by (Roehr et al., 2018) supports these observations, showing that while dementia incidence in Western high-income countries such as the USA, UK, France, and the Netherlands has tended to stabilize or decline likely reflecting improvements in education, cardiovascular health, and living conditions evidence from Japan points to a significant increase. This divergence highlights that dementia trends are not uniform across regions, emphasizing the need for continued monitoring and more globally representative studies to clarify the underlying determinants of these patterns. Moreover, variations in dementia prevalence have been observed in older populations within various European contexts, where increases in diagnosed cases were noted due to better screening mechanisms and greater awareness, as suggested by (Ding et al., 2020). Specific demographic and regional studies reinforce these findings. In East Asia, studies like those by Honda et al., point to significant rises in dementia prevalence figures, emphasizing that the region's unique demographic trends such as rapid urbanization and lifestyle changes may exacerbate the situation (Honda et al., 2016). Meanwhile, another study reports persistent increases in dementia incidence calculated from 1990 to 2017 in countries like Japan, underscoring that even in wealthier nations with advanced medical care, issues tied to dementia are evolving rather than diminishing (Guo et al., 2020). Such nuances indicate that while some high-income countries may be witnessing a decline due to better health and improved lifestyle factors, the overarching issue is far more complicated and variable. Considering these findings, expert consensus on future public health strategies becomes increasingly imperative. The growing body of literature emphasizes the importance of preventative measures in dementia care, where traditional models based on simplistic trends may overlook more complex realities. Emphasize that while some age cohorts may exhibit declining trends in dementia incidence, improved survival rates among those diagnosed with dementia can offset these reductions in incidence, leading to an increased prevalence overall (Wimo et al., 2016). Given the complexities surrounding global trends in the incidence and prevalence of neurodegenerative diseases—particularly dementia—it is evident that traditional forecasting models based on linear assumptions are no longer sufficient. Factors such as increased survival among diagnosed individuals, demographic shifts, and regional disparities in risk profiles underscore the need for public health strategies grounded in current, multidimensional evidence. Emphasizing prevention and early detection not only holds promise for slowing the progression of these conditions but also for alleviating their growing economic and social burden. Therefore, the following section will explore the most effective approaches to preventing and potentially curing neurocognitive disorders, with a focus on emerging research and intervention strategies.

[bookmark: _Toc214875817][bookmark: _Hlk209518870]1.1.2 Challenges in Early Diagnosis 
Early diagnosis and intervention of cognitive dysfunctions in both healthy and ill patients present numerous challenges, significantly hindering the timely identification of conditions such as mild cognitive impairment (MCI) and Alzheimer’s disease (AD). One of the foremost challenges in early detection is the reliance on standardized cognitive assessments that predominantly evaluate episodic memory, like the Mini-Mental State Examination (MMSE), which may not capture the multifaceted nature of cognitive decline. These assessments traditionally focus on specific types of memory, often overlooking other cognitive domains that may be equally affected but are less observable in early stages. Consequently, cognitive impairments can exist for years prior to clinical recognition, creating a widening gap between the onset of symptoms and definitive diagnosis (Subburaj & Rani, 2021).  As a result, the opportunity for early intervention is often missed, which is critical given that timely treatment can slow cognitive decline and enhance the quality of life for affected individuals (Verbaan et al., 2007). Fortunately, recent advancements in technology and methodology have shown significant potential for enhancing the early diagnosis of cognitive dysfunctions. Virtual reality (VR) represents one innovative approach being explored, as it allows for immersive assessments of cognitive functions in controlled settings. one study has highlighted those remote virtual clinical trials incorporating (VR) could further strengthen early diagnostic strategies, as they combine the ecological validity of real-world scenarios with the methodological rigor of controlled clinical protocols (Chiamulera et al., 2021). Biomarkers also represent a crucial frontier in the early identification of cognitive dysfunctions. Blood-based biomarkers, including p-tau, have been identified as potential indicators of Alzheimer’s disease, allowing for simple direct-to-consumer testing strategies (Whelan et al., 2022). Moreover, studies on neuroinflammation and glucose metabolism provide insights into how conditions like diabetes correlate with cognitive decline, suggesting that metabolic and neurochemical markers could be pivotal in screening efforts. For instance, a recent study concluded that early metabolic dysfunction could lead to measurable cognitive impairment (Shi et al., 2023).

[bookmark: _Toc214875818][bookmark: _Hlk206499793]1.1.3 Preventive and Therapeutic Approaches for Neurocognitive Disorders
Recent literature has extensively investigated conventional pharmacological treatments and alternative cognitive enhancers like herbal extracts for addressing cognitive decline.  A meta-analysis involving 23 clinical trials with a total of 11,024 patients. Their findings indicated that donepezil, galantamine, rivastigmine, and memantine significantly slowed cognitive deterioration. Among these, galantamine demonstrated the most substantial cognitive efficacy (Tan et al., 2014).  One study extended these findings in its meta-analysis of 36 randomized controlled trials. They reconfirmed the cognitive efficacy of galantamine and emphasized its positive effects on functional and behavioral symptoms in AD patients. In contrast, memantine exhibited a favorable safety profile, with fewer adverse effects than other agents (Li et al., 2019).  On the other hand, exploring plant extracts for neurocognitive disorders has become an increasingly pivotal area in clinical and preclinical research. Crocus sativus, known as saffron, has been extensively studied for its neurocognitive benefits. A notable randomized controlled trial indicated that patients with mild-to-moderate Alzheimer's disease (AD) who received C. sativus extract exhibited significant improvements in cognitive function after 22 weeks of treatment compared to the placebo group. The findings suggest that this plant extract can enhance cognition and offers a safer profile than many synthetic drugs used for cognitive decline (Akhondzadeh et al., 2009). Ginkgo biloba, a traditional herb, is widely recognized for its potential cognitive benefits. However, scientific evaluations of its effectiveness in improving memory and cognitive function have yielded mixed results. Some studies suggest that the flavonoids and terpenoids found in Ginkgo biloba may contribute to its neuroprotective effects by enhancing blood flow to the brain and providing antioxidant properties. This indicates the need for well-designed clinical trials to confirm Ginkgo's role in managing cognitive impairments, which could help establish its place among herbal medicines to treat neurodegenerative diseases (Kumar, 2006). An emerging area of interest is the investigation of polyherbal formulations, which combine multiple plant extracts to enhance cognitive effects synergistically. Recent studies suggest that multi-herbal extracts exhibit neuroprotective activities that may surpass those of single herbs. These formulations often leverage the diverse bioactive compounds from various medicinal plants, creating a holistic approach to mitigating cognitive decline. Rigorous clinical and preclinical trials are essential to elucidate these composite therapies' specific interactions and benefits in effectively treating cognitive disorders (Zieneldien et al., 2022). Whole plant extracts are gaining recognition as promising adjuncts in treating neurocognitive disorders. Piva and colleagues highlight that several botanicals—such as Ginkgo biloba, Panax ginseng, and Nigella sativa—demonstrate measurable cognitive benefits in clinical and preclinical models. These effects extent domains like memory, attention, and executive function, often attributed to synergistic actions within the plant's phytocomplex. Despite encouraging results, the authors emphasize the need for standardized methodologies and translational studies to bridge laboratory findings with clinical relevance (Piva et al., 2024).

[bookmark: _Toc214875819]1.1.4 Current Limitations in Neurocognitive Disorder Treatment
Neurocognitive disorders (NCDs) present substantial challenges in diagnosis and treatment, exhibiting a wide range of symptoms and causal factors that complicate the management of affected patients. Current limitations in treatment stem from inherent complexities in these conditions, particularly regarding their diagnosis, treatment modalities, and response variability among patients. This complexity often leads to misdiagnosis and inadequate treatment strategies, requiring further exploration and innovative approaches. One prominent issue in treating neurocognitive disorders is the clinical heterogeneity observed across patient populations. As noted by Kavanaugh et al., the variability in neurocognitive functions among patients with similar diagnoses can hinder the development of effective, targeted interventions (Kavanaugh et al., 2020). This neurocognitive heterogeneity implies that standard treatment regimens may not address the unique cognitive deficits present in everyone, thus necessitating tailored therapeutic strategies. Moreover, conditions like mild neurocognitive disorder due to Alzheimer's disease can exhibit symptoms that mimic Attention-Deficit/Hyperactivity Disorder (ADHD), further complicating accurate diagnosis and treatment protocols (Carrillo et al., 2022). Additionally, one study emphasizes that current pharmacological treatments often fail to address the full complexity of neurocognitive disorders. Their findings suggest gut microbiome imbalances contribute to neuroinflammation and cognitive decline, particularly in dementia. Since standard therapies typically overlook these systemic factors, incorporating microbiome-targeted approaches like probiotics may enhance treatment effectiveness in select patient populations (Halverson & Alagiakrishnan, 2020). Interestingly, one study showed that the blood-brain barrier (BBB) presents a major obstacle in treating neurocognitive disorders, as many therapeutic agents struggle to reach target brain regions effectively. This limitation has been observed across various conditions, including Alzheimer’s disease and HIV-associated neurocognitive disorders (HAND), prompting interest in novel delivery systems such as nanotherapeutics (Lomas et al., 2025). Despite advancements in conventional therapies, these approaches may enhance drug bioavailability and improve treatment outcomes in disorders where cognitive decline is prominent (Tang et al., 2023). In Parkinson's Disease, current treatments primarily focus on symptomatic relief through dopaminergic medications, which manage motor symptoms effectively but do not alter the underlying neurodegenerative processes. For instance, the administration of levodopa can temporarily relieve symptoms. However, it does not prevent neuronal degradation in the substantia nigra, a hallmark of PD. Moreover, non-motor symptoms, such as cognitive impairment and mood disorders, are often inadequately addressed (El-Battari et al., 2021). In the case of ADHD, treatment primarily revolves around stimulant medications, such as methylphenidate and amphetamines, which are effective for many individuals. However, long-term outcomes and the impact of these medications on various life domains remain areas of concern. Additionally, comorbidity with Bipolar Disorder complicates treatment, as about 20% of individuals with ADHD may also meet criteria for Bipolar Disorder, which presents differing pharmacological needs and the potential for stimulant medications to exacerbate manic episodes (Fujimura et al., 2024; McIntyre & Calabrese, 2019). Non-pharmacological interventions, including behavioral therapies and educational support, are essential components of a comprehensive treatment approach for ADHD but are often underemphasized in clinical practice, leading to insufficient support for managing symptoms holistically (Wolraich et al., 2019). Schizophrenia poses another set of treatment difficulties, particularly regarding medication adherence and the management of negative symptoms. Antipsychotic medications are the cornerstone of treatment; however, their efficacy is often limited to positive symptoms, with negative symptoms and cognitive deficits receiving insufficient attention (Kirkpatrick et al., 2006). Antipsychotic medications such as haloperidol, risperidone, and clozapine are commonly prescribed for schizophrenia; however, individuals with this disorder frequently experience high rates of substance use disorders, which further complicate treatment adherence and recovery outcomes (Budiarto & Mustikasari, 2024). Family involvement in care has been recognized as crucial due to its potential to enhance support systems; yet, caregivers often lack necessary resources and education, limiting their ability to provide effective care. Strategies to increase family knowledge and involvement could help mitigate these issues and improve patient outcomes (Iswanti et al., 2024).  Mood stabilizers like lithium and valproate, as well as atypical antipsychotics such as olanzapine and quetiapine, are commonly utilized for treating bipolar disorder; however, numerous patients still face relapses, and coexisting conditions like ADHD or substance use disorders make adherence to treatment and achieving positive long-term results more challenging (Malhi et al., 2021). Despite the central role of mood stabilizers and antipsychotics in treatment, a significant proportion of individuals continue to relapse, highlighting the limitations of current pharmacotherapy and the need for novel approaches (Calkin et al., 2022). 
[bookmark: _Toc214875820]1.1.5 Importance of Developing Novel Therapeutics for Cognitive Decline
The development of novel therapeutics for cognitive decline is an urgent and crucial area of research, particularly as the global population ages. Cognitive decline can significantly impact the quality of life of individuals, and current therapeutic options are often limited or have side effects. Establishing new interventions that address various aspects of cognitive dysfunction can profoundly influence patient outcomes and healthcare strategies.
A comprehensive study showed that current treatments for cognitive decline in Alzheimer’s disease, Parkinson’s disease dementia, and dementia with Lewy bodies remain largely symptomatic. The main approved drugs are cholinesterase inhibitors—donepezil, rivastigmine, and galantamine, which temporarily improve memory and daily functioning. Memantine, is used for moderate to severe cases. These therapies only slow symptoms for a short period and do not affect the underlying disease process. Rivastigmine is the only approved medication for PD, and treatment options for dementia with Lewy bodies are similarly limited. In addition to these pharmacological options, other approaches such as anti-amyloid and anti-tau immunotherapies, anti-inflammatory agents, and drug repurposing strategies—including insulin-based treatments and calcium channel blockers—are being explored. Although some show biological promise, clinical benefits remain limited (Broadstock et al., 2014). One recent review highlighted several combined approaches with low to moderate evidence, such as donepezil plus hyperbaric oxygen therapy, donepezil plus complex psychosocial intervention, memantine plus scalp electroacupuncture, and rivastigmine with donepezil combined therapy. Although these combinations show some potential, the overall certainty of evidence remains low. This suggests that while current pharmacological and combined treatments offer partial benefits, more effective, integrated, and long-term therapeutic strategies are urgently needed (Luxton et al., 2025). Moreover, innovative approaches like microRNA-based therapies are emerging as potential candidates for novel therapeutics. Research by Islam et al. reveals a specific microRNA signature correlated with cognition, suggesting that these molecules could serve both as biomarkers and therapeutic targets for cognitive decline (Islam et al., 2021). Such strategies highlight the need for continued exploration of genetic and molecular pathways that contribute to cognitive resilience and decline, as one article has posited, understanding the genetic underpinnings can aid in tailoring individualized interventions (Joo et al., 2022). Findings underscore the efficacy of cognitive rehabilitation programs in improving cognitive function among various populations, including older adults and those recovering from substance use. For instance, Seddon et al. found significant cognitive improvements following abstinence from alcohol in older adults struggling with cognitive impairment, emphasizing that substance-related treatment can positively impact cognitive health (Seddon et al., 2021). Furthermore, the systematic review reports that cognition-oriented treatments can be effective in preventing cognitive decline, thus suggesting that structured cognitive interventions are crucial for therapeutic development (Gavelin et al., 2020). Recognizing and addressing these treatment preferences is pivotal in refining therapeutic approaches and ensuring that interventions align with patient desires. The cross-disciplinary nature of cognitive dysfunction necessitates integrating findings from various studies to address the complexity of cognitive decline holistically. Understanding the relationship between cognitive impairment and factors like sensory deficits or mental health disorders is essential for developing comprehensive treatment frameworks. Continued research, such as that conducted by Ge et al., investigates how sensory impairments relate to cognitive decline, emphasizing loneliness and perceived social isolation as significant predictors of cognitive health (Ge et al., 2023). Despite the promising advancements in therapeutic strategies for cognitive decline—from targeting modifiable risk factors and exploring molecular biomarkers to implementing cognitive rehabilitation—significant challenges remain in translating these innovations into widespread clinical practice. Many current treatments offer limited efficacy, are not tailored to individual patient profiles, or fail to address the multifactorial nature of neurocognitive disorders. These limitations underscore the need for a critical evaluation of existing therapeutic frameworks, which will discuss in the following section.

[bookmark: _Toc214875821]1.2 Neurocognitive Mechanisms and Behavioral Assessment Strategies in Neurodegeneration
[bookmark: _Toc214875822]1.2.1 Brain Regions and Their Cognitive Functions
[bookmark: _Toc214875823]1.2.1.1 Hippocampus: Memory Encoding and Retrieval
The hippocampus plays a pivotal role in the encoding and retrieval of memories, particularly in the context of episodic and autobiographical memory. This section delineates the mechanisms underlying these processes, focusing on the hippocampal subregions and their specific contributions to memory dynamics. Research indicates that the hippocampus is integral to forming associations among discrete events, acting as a contextual backdrop that facilitates memory retrieval and encoding. Relational binding theory posits that this structure is essential for integrating various stimuli, enabling the cognition of memories as cohesive narratives rather than isolated fragments (Winocur & Moscovitch, 2011). The anterior hippocampus, in particular, has been suggested to be especially active during the encoding phase, where the initial registration of memory occurs (Sullivan et al., 2024). Conversely, the posterior hippocampus is more involved in the retrieval of these encoded memories, underscoring a potential functional specialization along the long axis of the hippocampus (Fritch et al., 2021). The distinction in the functioning of the anterior versus posterior hippocampus is further emphasized by neuroimaging studies that connect specific activation patterns to the nature and recency of the memory being processed. For example, studies have shown that recent memories tend to elicit more robust activation in the dorsal hippocampus during retrieval compared to remote memories, which recruit a broader network involving the anterior cingulate cortex and other neocortical regions (Tayler et al., 2013) (Einarsson et al., 2015). Such findings support the standard model of memory consolidation, which posits a time-limited role for the hippocampus that diminishes as memories become more remote (Ge et al., 2012). Moreover, it has been established that the process of memory retrieval is not merely a passive recall but can also involve the reactivation of neural ensembles associated with the initial encoding of the memory (Tayler et al., 2013). This is evidenced by studies where activity in the hippocampus during retrieval can influence the recollection of contextual details and emotional aspects tied to the memories (Zhang et al., 2024). The involvement of extrahippocampal regions in supporting memory retrieval further illustrates that while the hippocampus is critical, it often acts in concert with other brain areas, such as the prefrontal cortex, to execute complex retrieval demands (Navawongse & Eichenbaum, 2013). Additionally, nuanced aspects of memory retrieval, such as fear memories, have revealed that distinct neural circuits within the hippocampus mediate retrieval processes that contribute to the modification or enhancement of memories under certain conditions, such as emotional arousal or cue reactivation (Fukushima et al., 2014; Schutsky et al., 2011). This points to a dynamic interplay between hippocampal pathways and associated emotional circuits, particularly concerning fear conditioning paradigms.

[bookmark: _Toc214875824]1.2.1.2 Prefrontal Cortex: Executive Function and Attention
The prefrontal cortex (PFC) is critically involved in executive functions and attentional processes, orchestrating various cognitive operations that underpin our ability to plan, make decisions, and hold information in working memory. This section explores the significant role of the PFC in executive function, emphasizing functional specialization within its subregions and their contributions to cognitive control and attention. Clinical observations have highlighted the pivotal role of the dorsolateral prefrontal cortex (DLPFC) in nonverbal working memory, decision-making, and the regulation of attention. Damage to this area often presents as executive dysfunction, compromising capabilities in tasks requiring inhibition and cognitive flexibility (Bahia et al., 2013). Researchers found that the DLPFC serves as the central executive system of working memory, partitioning responsibilities into motivational behaviours responsible for evaluation and control behaviours associated with cognitive control, which are crucial for effective decision-making and attentional allocation (Yuanyuan Liu et al., 2024). These findings suggest strong evidence for a topographical organization within the PFC that supports its diverse functional roles. Neuroimaging studies have further elucidated how the PFC interacts dynamically with other brain regions to fulfil executive tasks. Activation patterns recorded during cognitive tasks, such as the Stroop task, indicate significant involvement of the DLPFC in managing attentional conflicts. Patients with lesions in this region often exhibit impairments in managing conflicting stimuli, thus highlighting the essence of executive control mediated by the PFC (Li et al., 2009). This functional specialization is underpinned by the PFC's interactions with broader neural circuits, where both the lateral and medial aspects of the PFC engage in varying cognitive demands, such as decision-making and emotional regulation (Coutlee & Huettel, 2012). Moreover, the PFC's role extends beyond single cognitive functions into more complex behavioral domains. The interplay between the PFC and dopaminergic pathways significantly influences executive functions such as behavioral flexibility and performance on working memory tasks (Locke et al., 2018). Research shows that stimulation of the DLPFC through repetitive transcranial magnetic stimulation (rTMS) can lead to improvements in cognitive functions, suggesting a possible therapeutic avenue for managing executive dysfunctions, particularly in neurodegenerative diseases such as Alzheimer’s (Guo et al., 2021). Additionally, structural changes within the PFC have been correlated with deficits in various cognitive functions. For instance, synaptic loss within the PFC has been associated with cognitive decline seen in diseases such as amyotrophic lateral sclerosis (Illán‐Gala et al., 2020). These findings underscore the vulnerability of the PFC to neurodegenerative processes, impacting its ability to maintain essential executive functions. Importantly, the impact of stress on PFC function cannot be overlooked. Studies indicate that chronic stress adversely affects PFC-mediated cognitive processes, leading to impairments in attention, working memory, and emotional regulation (Snyder et al., 2014). This relationship reinforces the need for comprehensive approaches in evaluating cognitive function and its underlying neurobiological mechanisms. The prefrontal cortex serves as a crucial hub for executive functions and attentional processes, characterized by its intricate internal organization and robust connections with other brain regions. As our understanding deepens, investigating the specific mechanisms and interrelations within the PFC continues to be vital in addressing cognitive deficits associated with neurodegenerative disorders.

[bookmark: _Toc214875825]1.2.1.3 Parietal Cortex: Spatial Processing
The parietal cortex serves as a critical hub for spatial processing and attention in the human brain. Its role encompasses a variety of cognitive functions, notably spatial cognition, attention distribution, and sensory integration. The posterior parietal cortex (PPC) participates extensively in the encoding of spatial information, functioning as a coordinate system for representing locations and objects within one's environment. This area integrates visual, sensory, and motor signals to facilitate spatial navigation and enhance attention to relevant stimuli (Rolls, 2023). Recent studies emphasize the PPC's involvement in both spatial and non-spatial aspects of visual attention. The notion of "priority maps" within the parietal cortex highlights its capability to represent areas in the visual field that require attentional resources (Shomstein & Gottlieb, 2016). These maps support the top-down modulation of attention, demonstrating the parietal cortex's role in filtering information based on behavioral goals (Corbetta & Shulman, 2002; Ptak, 2012). Neurological evidence supports this, as patients with parietal lesions exhibit deficits in spatial attention and disorders such as visual neglect and Balint's syndrome, which further characterize the functional implications of parietal damage on spatial cognition (Ptak & Müri, 2013; Rolls, 2001). Furthermore, the distribution of cognitive resources in the PPC is supported by its structural and functional variations, where different regions are activated depending on the type of task. For instance, studies reveal that the intraparietal sulcus contains distinct spatial maps that represent contralateral visual space (Connolly et al., 2015; Rosen et al., 2015). These maps not only facilitate visual attention but also engage in memory retrieval processes that align with spatial cognition, indicating a relationship between spatial representation and memory (Das & Menon, 2024; Rosen et al., 2015) The mechanistic role of the parietal cortex in saccadic eye movements further illustrates its functional importance. The PPC is involved in planning and executing eye movements toward targets in space, integrating sensory input with motor output (Ptak & Müri, 2013) research utilizing transcranial magnetic stimulation (TMS) indicates that specific parietal subregions are engaged during different phases of spatial attention, showcasing how the parietal cortex mediates attentional shifts across various sensory modalities (Chambers et al., 2004). Overall, the parietal cortex is indispensable for effective spatial processing, facilitating nearly all aspects of spatial attention, sensory integration, and memory encoding. Understanding its cognitive roles is critical for elucidating the neural underpinnings of spatial awareness and for addressing the implications of parietal dysfunction in clinical settings.
[bookmark: _Toc214875826]1.2.2 Molecular and Cellular Mechanisms of Cognitive Decline
[bookmark: _Toc214875827]1.2.2.1 Tau and Amyloid Pathology
Tau and amyloid pathology have emerged as central players in the realm of neurodegenerative diseases, particularly Alzheimer's disease (AD) and various tauopathies. These pathologies are characterized by the abnormal accumulation of tau protein in neurofibrillary tangles (NFTs) and amyloid-beta (Aβ) plaques, respectively, profoundly impacting neuronal function and cognitive abilities. The presence of hyperphosphorylated tau is particularly detrimental, as it destabilizes microtubules that are essential for axonal transport, thus leading to neuronal degeneration (Šimić et al., 2016). NFTs, the hallmark of tauopathies, are closely associated with cognitive dysfunction across various neurodegenerative diseases, serving as a reliable biomarker of disease severity. Research indicates that the burden of tau pathology is often more closely correlated with cognitive decline than amyloid plaque accumulation, suggesting that tau might drive the neurodegenerative process more directly than Aβ (Saha & Sen, 2019). In parallel, amyloid pathology plays a crucial role in the onset and progression of cognitive decline. The aggregation of amyloid-beta peptides into plaques can lead to neuroinflammation, further exacerbating neuronal damage and cognitive impairment (Maziuk et al., 2017). Studies have shown that neuroinflammatory responses triggered by amyloid pathology, including the activation of microglia and the release of pro-inflammatory cytokines, contribute significantly to neurodegeneration (Tapias et al., 2018). Furthermore, persistent inflammation can facilitate tau pathology, creating a vicious cycle where each pathology accelerates the progression of the other (Zenaro et al., 2015). Recent investigations also highlight the genetic factors that influence the relationship between tau and amyloid pathology. Mutations in the MAPT gene, which encodes tau protein, have been implicated in familial forms of frontotemporal dementia and have further elucidated the pathways underlying tauopathies (Ramsden et al., 2005). In addition, systemic immune responses involving T cells and neutrophils have been shown to aggravate tau pathology, suggesting that immune modulation may serve as a therapeutic avenue to disrupt this cycle of neurodegeneration (Zenaro et al., 2015). Research on tau and amyloid pathologies not only focuses on understanding their roles in established neurodegenerative diseases but also explores their interactions with other pathological proteins, such as α-synuclein in Parkinson's disease (Yan et al., 2020). The co-occurrence of these proteins in various forms of dementia poses challenges and opportunities for therapeutic interventions aimed at targeting multiple pathways simultaneously. In conclusion, tau and amyloid pathologies represent critical mechanisms underlying cognitive decline in neurodegenerative diseases. Their interplay is marked by a complex relationship characterized by mutual exacerbation and involvement of inflammatory processes. Ongoing research into these pathological features will continue to unravel the intricate molecular and cellular mechanisms that govern neurodegeneration, fostering the potential to identify innovative therapeutic strategies aimed at mitigating cognitive decline.

[bookmark: _Toc214875828]1.2.2.2 - Neuroinflammation and Glial Activation
Neuroinflammation represents a critical pathological feature in various neurodegenerative diseases, acting as both a response to neuronal injury and a contributing factor to disease progression. This complex inflammatory process primarily involves glial cells, such as microglia and astrocytes, which are essential for maintaining homeostasis within the central nervous system (CNS). In neurodegenerative contexts, reactive glial cells can adopt pro-inflammatory states in response to various triggers, including neurotoxic proteins such as amyloid-beta and tau (Batista et al., 2019; Jiang et al., 2022). The imbalance between pro-inflammatory and anti-inflammatory signalling pathways can lead to chronic neuroinflammation, characterized by the excessive production of cytokines, chemokines, and reactive oxygen species. This neuroinflammatory milieu exacerbates neuronal dysfunction, contributing to cognitive decline and neurodegeneration (Cheataini et al., 2023; Vicente-Acosta et al., 2024) . For instance, in the context of Alzheimer's disease (AD), the presence of amyloid plaques has been shown to activate microglia, leading to a sustained inflammatory response that ultimately worsens neuronal health (Keren-Shaul et al., 2017). Such findings point to neuroinflammation as a fundamental mechanism that can either facilitate recovery or promote disease progression. Astrocytes also play a pivotal role in neuroinflammation. In response to neuronal damage, astrocytes can become reactive, altering their physiological functions and cytoskeletal dynamics. This so-called "astrogliosis," though initially protective, can become detrimental if the reactive state is prolonged, leading to synaptic dysfunction and neuronal loss. For example, mutant forms of proteins associated with Huntington's disease have been shown to impair astrocytic function, disrupting glutamate transport and exacerbating excitotoxicity (Faideau et al., 2010; Katafuchi & Noda, 2016). Research has shown that neuroinflammation is not merely a consequence of neurodegeneration but can actively influence disease trajectory. Specifically, astrocytes and microglia secrete inflammatory mediators that further propagate neuroinflammatory responses, creating a feedback loop that amplifies cellular damage. In conditions such as Parkinson's disease (PD), neuroinflammatory markers in cerebrospinal fluid and blood have been correlated with cognitive decline and motor symptoms (Suk, 2010; Tansey et al., 2022). Moreover, therapeutic approaches aimed at modulating glial activation show promise in preclinical and clinical settings, indicating that targeting neuroinflammation may represent a viable strategy to mitigate the effects of neurodegenerative diseases (Cheataini et al., 2023; Tamura et al., 2009). In summary, neuroinflammation, primarily involving glial activation, is a hallmark of neurodegenerative diseases, contributing to neuronal loss and cognitive decline. Understanding the dual role of glial cells—acting as both protectors and detractors—is critical for developing effective therapies that address not only the inflammatory responses but also the underlying neurodegenerative processes.

[bookmark: _Toc214875829]1.2.2.3 Synaptic Dysfunction and Neurotransmitter Imbalance
Synaptic dysfunction and neurotransmitter imbalance are pivotal features characterizing a range of neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and more. These alterations contribute significantly to cognitive decline, affecting learning and memory, and represent some of the earliest pathological signs in the trajectory of these diseases. At the synaptic level, the presence of amyloid-beta (Aβ) plaques and tau hyperphosphorylation has been shown to disrupt synaptic integrity and specifically, Aβ is recognized as a detrimental factor that initiates synaptic loss, leading to cognitive deficits associated with memory and learning. Additionally, tau aggregation interferes with synaptic function, promoting excitotoxicity and further exacerbating synaptic dysfunction. This pathophysiological process is indicative of AD, where synaptic dysfunction occurs prior to significant neuronal loss, underscoring its classification as a synaptopathy, with reductions in synaptophysin expression serving as an early biomarker of synaptic loss (Meftah & Gan, 2023; Purro et al., 2012). Neurotransmitter imbalances also play a critical role in these synaptic dysfunctions. For example, deficiencies in acetylcholine, often seen in AD, impact cholinergic signalling crucial for memory and learning processes (Du et al., 2012). Similarly, in PD, the loss of dopaminergic neurons leads to impaired dopaminergic signalling, disrupting synaptic transmission in the basal ganglia and contributing to motor and cognitive deficits (Schroll et al., 2013). The dysregulation of glutamate, the primary excitatory neurotransmitter, further points to a common pathway among neurodegenerative disorders, as excessive glutamate signalling can lead to excitotoxicity and neuronal death, a notable feature in multiple neurodegenerative conditions (Bairamian et al., 2022; Ziehn et al., 2010). Recent findings suggest that alterations in synaptic protein profiles in the cerebrospinal fluid could serve as biomarkers for disease progression in neurodegenerative disorders. Elevations in synaptic proteins such as neurogranin have shown associations with cognitive decline, reflecting the extent of synaptic dysfunction present during the early stages of AD. This supports the potential for therapeutic strategies targeting synaptic health and neurotransmitter stability to mitigate cognitive decline. (Marttinen et al., 2015; Portelius et al., 2018) Moreover, emerging evidence highlights the relevance of glial cells in modulating synaptic function and dysfunction. Activated microglia and astrocytes can profoundly influence synaptic viability by secreting inflammatory mediators that exacerbate synaptic disruptions (Chung et al., 2015). Neuroinflammation, often observed alongside synaptic impairment, inflicts additional stress on the neuronal environment, potentially leading to further synaptic dysfunction through mechanisms of excitotoxicity and oxidative stress (Bairamian et al., 2022). Synaptic dysfunction and neurotransmitter imbalance are interconnected mechanisms that are critical to the pathophysiology of neurodegenerative diseases. These processes serve as early indicators of neuronal decline and provide avenues for therapeutic interventions aimed at preserving synaptic health and improving cognitive outcomes in affected individuals.

[bookmark: _Toc214875830]1.2.2.4 Mitochondrial Dysfunction and Energy Deficits
Mitochondrial dysfunction and energy deficits are integral features underlying the pathophysiology of various neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease (PD), and Huntington's disease (HD). These conditions are characterized by a progressive loss of neuronal function and viability, with mitochondrial impairment recognized as a critical factor contributing to cognitive decline and neurodegeneration. Mitochondria play a central role in cellular metabolism by producing adenosine triphosphate (ATP), the primary energy carrier in cells. In neurodegenerative diseases, mitochondrial dysfunction disrupts ATP production and energy metabolism, leading to a cascade of detrimental cellular effects. Specifically, energy deficits compromise neuronal activities that are critically dependent on high energy demands, such as neurotransmission, synaptic plasticity, and overall brain function (Khacho et al., 2017; Sharma et al., 2021). For example, in AD, studies have indicated a direct correlation between mitochondrial dysfunction and cognitive impairment. Compromised energy metabolism due to dysfunctional mitochondria has been suggested as a precursor to synaptic degradation and cognitive decline (Reddy & Oliver, 2019; Sharma et al., 2021). The mechanisms through which mitochondrial dysfunction influences neurodegeneration are multifaceted. Firstly, oxidative stress, arising from the excessive production of reactive oxygen species (ROS), causes cellular damage and apoptosis. Mitochondrial defects often exacerbate oxidative stress, leading to further mitochondrial impairment and neuronal damage (Franco-Iborra et al., 2018; Golpich et al., 2016). Additionally, the accumulation of abnormal proteins—such as amyloid-beta (Aβ) and tau—can directly impact mitochondrial function, perpetuating energy deficits (Kerr et al., 2017; Wang et al., 2020). The expression of Aβ is associated with mitochondrial dysfunction and has been shown to impair mitophagy, the process through which damaged mitochondria are selectively degraded (Reddy & Oliver, 2019; Wang et al., 2020). Furthermore, recent research highlights the role of impaired mitochondrial dynamics, characterized by increased fragmentation and decreased fusion among mitochondria, in the development of neurodegenerative diseases (Beresford‐Webb et al., 2025; Golpich et al., 2016). Such alterations hinder mitochondrial transport and distribution within neurons, particularly affecting distal axonal regions where energy supply is critical (Mou et al., 2020). In models of PD, disrupted mitochondrial transport has been linked to dopaminergic cell death, illustrating the vulnerability of these neurons to energy deficits (Li et al., 2013). Mitochondrial biogenesis—the process through which new mitochondria are formed—appears to be impaired in neurodegenerative conditions, leading to reduced mitochondrial mass and functionality (Reddy & Reddy, 2011; Sheng et al., 2011). Enhancing mitochondrial biogenesis through specific transcription factors, such as PGC-1α and TFAM, has been proposed as a therapeutic strategy, potentially restoring mitochondrial function and alleviating cognitive deficits associated with neurodegeneration (Davis & Williams, 2012; Sharma et al., 2021). Mitochondrial dysfunction and energy deficits are central to the pathology of numerous neurodegenerative diseases. The interplay between impaired mitochondrial function, oxidative stress, protein aggregation, and inflammation further complicates the pathogenesis, underscoring the importance of targeting mitochondrial health as a potential intervention strategy in managing cognitive decline and neurodegeneration.

[bookmark: _Toc214875831]1.2.2.5 Oxidative Stress and Antioxidant Mechanisms in Cognitive Decline
Oxidative stress is increasingly recognized as a central factor in cognitive decline associated with aging and neurodegenerative diseases. It arises from an imbalance between the production of reactive oxygen species (ROS) and the brain’s capacity to neutralize these harmful compounds through endogenous antioxidant defenses. This imbalance leads to cellular damage, neuroinflammation, and ultimately contributes to the deterioration of cognitive functions (Papathanasiou et al., 2021). Clinical and preclinical evidence consistently supports the role of oxidative stress in impairing key cognitive domains, including memory, attention, and executive function. For example, (Berr et al., 2000) demonstrated that elevated systemic oxidative stress, measured via biomarkers such as thiobarbituric acid-reactive substances, is strongly associated with cognitive decline in older adults. Similarly, findings from the Nurses' Health Study revealed that higher dietary intake of antioxidants—particularly vitamin E and carotenoids—correlates with a reduced risk of cognitive impairment (Devore et al., 2012). Interventional studies further underscore the therapeutic potential of antioxidants. (Tadokoro et al., 2019)conducted a randomized controlled trial showing that Twendee X, a supplement containing eight antioxidant compounds, significantly improved cognitive performance, and reduced oxidative stress markers in patients with mild cognitive impairment (MCI). These results suggest that targeted antioxidant supplementation may be beneficial in mitigating early cognitive deficits. Dietary patterns rich in fruits and vegetables, which are natural sources of antioxidants, have also shown protective effects. (Morris et al., 2006) reported that higher consumption of vitamin E-rich vegetables was inversely associated with cognitive decline in aging populations, reinforcing the role of nutrition in cognitive resilience. Preclinical studies provide mechanistic insights that complement clinical findings. (Gao et al., 2020) demonstrated that troxerutin, an antioxidant compound, attenuated cognitive deficits in diabetic rats by inhibiting NADPH oxidase activity and activating the Nrf2/ARE signalling pathway. Likewise, (Liu et al., 2003) found that superoxide dismutase/catalase mimetics reversed age-related learning deficits and reduced oxidative damage in the brains of aged mice. These studies highlight the potential of antioxidant therapies to counteract oxidative stress-induced cognitive impairments. The broader implications of oxidative stress in neurodegenerative diseases are well-documented. (Papathanasiou et al., 2021) emphasized that oxidative damage to cellular structures and functions is a critical contributor to cognitive impairment, underscoring the need for continued research into antioxidant-based interventions. Lifestyle factors also play a significant role in modulating oxidative stress. Regular physical activity has been shown to enhance endogenous antioxidant defenses and improve cognitive outcomes in aging individuals (Navarro et al., 2004). Such interventions may promote neuroplasticity and support long-term cognitive health. Oxidative stress and cognitive decline highlight the importance of antioxidant mechanisms in preserving cognitive function. Both clinical and preclinical research support the hypothesis that antioxidants can mitigate cognitive impairments by reducing oxidative damage. Future research should focus on developing targeted antioxidant therapies and promoting dietary and lifestyle strategies that enhance antioxidant capacity, particularly in populations at risk for neurodegenerative conditions.

[bookmark: _Toc214875832]1.2.3 Behavioral Manifestations of Neurodegeneration
[bookmark: _Toc214875833][bookmark: _Hlk206696720]1.2.3.1 Episodic and Working Memory Deficits
Neurodegeneration has a profound impact on various cognitive functions, including episodic and working memory, which are essential for daily functioning and quality of life. Neuroscientific studies have identified distinct behavioral manifestations of neurodegeneration, particularly symptoms associated with mild cognitive impairments and related conditions such as Alzheimer’s disease. Episodic memory declines are commonly reported in neurodegenerative disorders, especially in cases of Alzheimer’s disease, where individuals often exhibit significant deficits in recalling recent events and learning new information. Frontotemporal dementia (FTD), while less known for memory impairments than Alzheimer’s disease, also demonstrates substantial episodic memory deficits as part of its clinical profile, indicating that memory issues can span various forms of dementia (Keret et al., 2024). The progression in memory impairment is linked with alterations in brain regions responsible for memory retention and retrieval, primarily the frontal and temporal lobes (Zheng et al., 2023). Working memory, regarded as a crucial cognitive process for temporary information maintenance, is also affected by neurodegenerative diseases. Studies have shown that individuals with subjective cognitive decline display abnormal neural processing, even when objective testing does not yet indicate significant deficits (Kuhn et al., 2021; Zheng et al., 2023). This suggests that working memory impairments may precede clinical diagnoses, making it vital for early detection and intervention. Furthermore, deterioration in working memory functions is correlated with neurophysiological changes, including decreased neuronal integrity in critical regions such as the hippocampus and prefrontal cortex (Monov et al., 2024; Papenberg et al., 2025). Multiple factors contribute to these cognitive decline patterns. For instance, longstanding conditions such as hypertension and diabetes are associated with accelerated cognitive decline, particularly in working memory and episodic memory contexts (Dixon et al., 2021; R et al., 2020). Longitudinal studies highlight that demographic factors, such as race and sex, also influence the rates of cognitive decline, emphasizing the need for tailored interventions based on individual risk profiles (Baumgartner et al., 2025; Oliver et al., 2023). Moreover, studies utilizing cognitive training interventions—and even paired neural stimulation techniques—have shown promise in mitigating some of the declines in working memory performance among older adults (López-Higes et al., 2023; Sagalajev et al., 2023). It is crucial to address the psychosocial dynamics associated with cognitive decline. Variables such as self-perception of cognitive abilities and social support systems significantly affect how individuals experience memory deficits over time (Xu & Wu, 2019). Recent advancements in technology have also facilitated the continuous monitoring of cognitive health, allowing those at risk to engage more proactively with preventative measures (Sánchez-Vincitore et al., 2023).  Furthermore, The Cambridge Neuropsychological Test Automated Battery (CANTAB) Paired Associate Learning (PAL) test is a critical tool in assessing episodic memory and learning capabilities, particularly in the context of (AD). This task evaluates new learning by requiring participants to associate pairs of stimuli, thereby probing recognition and recall functions that are often diminished in AD patients (Cacciamani et al., 2017; Campos‐Magdaleno et al., 2020). Evidence indicates that performance on the CANTAB-PAL can serve as an early predictor of conversion from mild cognitive impairment (MCI) to dementia, underlining its clinical significance (Campos‐Magdaleno et al., 2020). The Paired Associate Learning (PAL) task specifically targets associative memory, a core component of episodic memory that deteriorates early in AD, with implications for learning and memory consolidation (Chipi et al., 2022). Research further suggests that the challenges posed by the PAL paradigm can sensitively reveal cognitive impairments even before overt clinical symptoms emerge, thus facilitating earlier intervention (Jahani et al., 2017) (Quenon et al., 2015). Episodic and working memory deficits are crucial indicators of neurodegeneration, and rodent models serve as valuable platforms for studying these cognitive impairments. Behavioral paradigms such as the Morris Water Maze (MWM), Novel Object Recognition (NOR), and touchscreen-based (PAL) offer insights into the underlying mechanisms of memory deficits, their assessment, and their translational relevance to human cognitive testing. The MWM is a widely utilized paradigm designed to assess spatial learning and memory capabilities in rodents. This task requires animals to navigate a pool of water to find a hidden platform using spatial cues. Numerous studies have demonstrated its sensitivity to hippocampal function—lesions or dysfunction in this region result in marked impairments in task performance, such as extended latency to find the platform (Saifullah et al., 2020; Shepherd, Zhang, et al., 2021). However, while the MWM effectively evaluates spatial memory, it poses several limitations. Notably, exposure to stress during the test can influence performance, as evidence indicates that acute restraint stress impairs memory in rodents (McGonigle et al., 2022). The NOR task serves as an alternative assessment for memory, particularly focusing on recognition memory. In this paradigm, rodents are presented with a familiar and a novel object, and their preference is gauged by time spent exploring each one. The NOR task is beneficial due to its ecological validity, resembling natural exploratory behavior, and it has been shown to correlate well with hippocampal functioning (Broeck et al., 2020; Subbanna & Basavarajappa, 2014). Nevertheless, the NOR paradigm is not without drawbacks; behavior may be affected by anxiety or arousal levels, potentially confounding results, as rodents may show reduced exploration due to heightened stress levels, complicating the assessment of memory itself (Beraldo et al., 2019). Touchscreen-based PAL tasks offer a modern approach to studying cognitive deficits, allowing researchers to explore memory through paradigms that closely emulate human cognitive assessments. The use of touchscreen systems facilitates rapid data acquisition and controlled experimental designs, helping researchers capture nuanced cognitive behaviours. Recent studies have established that PAL tasks can detect early cognitive impairments associated with neurodegeneration in models of Alzheimer’s disease (Memar et al., 2023; Saifullah et al., 2020). Furthermore, PAL tasks demonstrate high translational fidelity, showing that cognitive impairments observed in rodent models can parallel those in humans, particularly through tasks designed to evaluate complex associations (Choy et al., 2021; Whoolery et al., 2019). Despite these advantages, touchscreen tasks require careful optimization, including parameters such as inter-trial intervals and stimulus design, to ensure valid outcomes (Delotterie, Mathis, Cassel, Dorner‐Ciossek, et al., 2014). The translational relevance of these paradigms is particularly emphasized in studies that explore the effects of various interventions on memory performance. For instance, the administration of plant-derived compounds and nutraceuticals has been investigated for their neuroprotective potential in enhancing memory performance in the MWM and PAL tasks. Research has shown that compounds such as naringin exhibit protective effects against cognitive deficits induced by neurotoxic agents, improving performance in spatial and associative tasks (Nithianantharajah et al., 2012; Okuyama-Uchimura & Komai, 2015). Importantly, recent advances highlight that touchscreen-based cognitive testing provides a unique translational advantage, as tasks can be standardized and implemented across rodents, non-human primates, and humans with nearly identical protocols, thereby improving reproducibility and bridging the gap between preclinical and clinical studies (Palmer et al., 2021).

[bookmark: _Toc214875834]1.2.3.2 Attention and Vigilance Impairments
Research shows that attention deficits are closely linked to neurodegeneration in critical areas such as the frontal lobe and thalamus. The thalamus plays a pivotal role in cognitive functions, including attention and information processing speed. Neurodegeneration affecting thalamic nuclei can result in pronounced cognitive impairments due to disrupted neural pathways (Albuz et al., 2024). Additionally, changes in vigilance state stability — often characterized by fluctuating arousal levels and attention lapses — are frequently observed in patients with neurodegenerative conditions. Such alterations may stem from intrinsic changes in sleep patterns and cognitive load management in patients (Dias et al., 2024). Further complicating the landscape of attention impairments in neurodegeneration is the role of executive functions. Impaired performance on tasks requiring sustained attention, known as the "vigilance decrement," is often observed in aging and cognitive impairment contexts, including mild cognitive impairment and dementia (Dewar et al., 2016; Esterman et al., 2016). Conditions like Parkinson’s disease and Alzheimer’s disease exacerbate difficulties in maintaining sustained attention due to dopaminergic and noradrenergic degeneration (Sun et al., 2024). This neurochemical decline adversely impacts cognitive processes like decision-making and working memory — critical components of sustained attention (Kirova et al., 2015). The link between attention and cognitive tasks has prompted investigations into various intervention strategies aimed at mitigating attention deficits. For instance, using rewards to enhance motivation has demonstrated significant effects on sustaining attention performance, suggesting possible avenues for therapeutic approaches (Esterman et al., 2016; Trach et al., 2022). In experimental settings, goal setting and feedback mechanisms have also been shown to effectively maintain vigilance across longer tasks (Robison et al., 2021). Moreover, neural activity studies, including fMRI analyses, have highlighted how cognitive network disruptions relate to attention performance. Specifically, areas related to executive functioning, particularly the prefrontal cortex and parietal regions, show altered activation patterns due to neurodegeneration, impairing decision-making and attentional control (Celone et al., 2006). Attention and vigilance impairments are crucial behavioral manifestations of neurodegeneration, influenced by both direct neuroanatomical changes and resultant functional connectivity alterations. Also, these areas are critical features in rodent models of neurodegeneration, shedding light on cognitive dysfunctions analogous to those observed in human neurodegenerative conditions. This section focuses on behavioral paradigms used to assess these impairments, specifically the Five-Choice Serial Reaction Time Task (5-CSRTT), the rodent Continuous Performance Test (rCPT), and touchscreen-based attention tasks, evaluating their strengths, limitations, and translational relevance. The 5-CSRTT is a widely utilized test to assess sustained attention and impulsivity in rodents. In this task, animals must respond to a brief light stimulus presented in one of five apertures to receive a food reward. This paradigm effectively measures various aspects of cognitive control, including attention, response inhibition, and working memory (Barnes et al., 2012; Bhakta & Young, 2017; Worbe et al., 2014). Research indicates that alterations in neurotransmitter systems, particularly the GABAergic pathways, significantly influence performance in the 5-CSRTT. For instance, disruptions caused by pharmacological agents mimic attention deficits seen in clinical populations such as schizophrenia (Barnes et al., 2012). However, the 5-CSRTT requires careful control of environmental variables, as heightened attentional load can lead to impairments that may not accurately reflect underlying neurodegenerative processes but rather confound performance due to task strain (Yujing Liu et al., 2024; Salmon et al., 2024). Its translational relevance is bolstered by similarities to human cognitive tasks, promoting the interpretation of results across species (Bhakta & Young, 2017; Worbe et al., 2014). The rCPT offers another method for assessing attention, designed to evaluate sustained attention and vigilance over extended periods. The rCPT involves monitoring a rodent's ability to detect target stimuli while suppressing responses to non-targets, replicating cognitive tasks used in human assessments. The sensitivity of this task to neurotoxic effects and its established correlations with human performance make it a valuable tool. However, as with the 5-CSRTT, the rCPT faces challenges of task sensitivity, as rodents may exhibit different cognitive strategies that complicate performance interpretation, highlighting potential limitations in direct translation. Moreover, differences in task execution between rodents and humans necessitate cautious examination when drawing parallels between species (Burrows et al., 2021; Salmon et al., 2024). Touchscreen-based attention tasks present a burgeoning area of exploration, allowing for the assessment of cognitive functions through computerized systems that closely mirror human tasks. These paradigms facilitate various attention-based assessments, such as multisensory integration and response selection, offering improved data acquisition and control over experimental conditions (Beraldo et al., 2019; Hvoslef‐Eide et al., 2015; Sullivan et al., 2020). Touchscreen designs enable researchers to systematically manipulate task parameters, thus refining assessments of various attention deficits as they relate to specific neurobiological mechanisms.


[bookmark: _Toc214875835]1.2.3.3 Cognitive Flexibility and Inhibitory Control
Cognitive flexibility and inhibitory control are essential to executive function, allowing individuals to adapt their thoughts and behaviours in response to changing circumstances. Impairments in these cognitive domains are common manifestations in neurodegenerative diseases, significantly affecting daily functioning and quality of life. Several studies have elucidated the neurobiological underpinnings and behavioral implications of deficits in cognitive flexibility and inhibitory control. Cognitive flexibility, defined as the capacity to switch between thinking about different concepts or multiple concepts simultaneously, is crucial in adapting to new or unexpected conditions. Research indicates that neurochemical pathways, particularly involving dopamine, play a significant role in cognitive flexibility. For example, studies have shown that manipulating adenosine A2A receptors in the accumbens can enhance cognitive flexibility by facilitating strategy shifting in rodent models (Zhou et al., 2019). This suggests potential therapeutic targets for enhancing cognitive flexibility in neurodegenerative conditions. Inhibitory control, the ability to suppress responses that are inappropriate or not useful, also deteriorates with neurodegeneration. Dysfunctional inhibitory control is evidenced in various disorders, including Alzheimer's disease and Parkinson’s disease, where individuals often exhibit difficulty in disengaging from habitual responses or suppressing unwanted thoughts. Such deficits are not only linked to neurodegenerative processes but also influenced by individual differences in cognitive performance prior to the onset of disease symptoms. For instance, premorbid cognitive ability has been shown to affect how individuals cope with neurological degeneration, leading to varying degrees of executive dysfunction severity (Decourt et al., 2023). The relationship between cognitive flexibility and attentional processes has been highlighted through various studies. For example, bilingual children show enhanced cognitive flexibility, which may be partly attributed to their unique attentional demands in managing two linguistic systems (Haft et al., 2019). Furthermore, attentional fluctuations, which can impact task accuracy and overall cognitive performance, are significant predictors of cognitive flexibility. Research has demonstrated that fluctuations in attention correlate with performance in cognitive flexibility tasks in both children and adults, indicating that sustained attention contributes to higher cognitive function (Blekić et al., 2022; Isbell et al., 2018). Moreover, the neuroanatomical basis of these cognitive processes involves specific brain regions. For instance, the prefrontal cortex is critically involved in both cognitive flexibility and inhibitory control. Dysfunctional signalling in the prefrontal cortex, due to tau pathology and amyloid accumulation prevalent in Alzheimer’s disease, might contribute to the observed cognitive impairments (Aschenbrenner et al., 2018). Inhibitory interneuron dysfunctions have also been implicated as early indicators of neurodegeneration, potentially mediating changes in cerebral networks that underlie executive functions (Vargová et al., 2018).  Cognitive flexibility and inhibitory control are essential components of executive function that are often impaired in rodent models of neurodegeneration. Behavioral paradigms such as reversal learning, and Pairwise Visual Discrimination (PVD) tasks conducted in touchscreen chambers have been instrumental in studying these deficits. Reversal learning is a behavioral paradigm that evaluates an animal's ability to adapt to changes in reward contingencies. Initially, a rodent learns to associate a specific stimulus with a reward; upon shifting the reward to an alternate stimulus, the animal's ability to modify its previously rewarded behavior is assessed. This task strongly correlates with cognitive flexibility, which involves the capacity to switch between different tasks or mental operations (Brigman et al., 2008; Piiponniemi et al., 2017). Reversal learning primarily engages prefrontal cortical regions, which are vital for complex executive functions, including inhibitory control and decision-making (Brigman et al., 2008; Forster, 2006).In studies examining rodent models of neurodegeneration, such as Alzheimer’s disease models, impaired performance in reversal tasks is often observed alongside neuroanatomical changes in the PFC, reflecting the neurocognitive decline characteristic of these pathologies (Piiponniemi et al., 2017). Another essential task is the PVD task, which involves determining which of two presented stimuli is associated with a reward. In the touchscreen paradigm, rodents learn to discriminate between pairs of visual cues, providing a basis for measuring both discrimination learning and the flexibility to update learned associations as tasks change (Pais et al., 2025). As with reversal learning, performance on PVD tasks directly implicates PFC function, illustrating its role in sustaining attention and impulse control when responding to visual stimuli (Martín-González et al., 2023; Pais et al., 2025). Both reversal learning and PVD tasks exhibit translational validity, making them relevant to the study of executive dysfunction in humans. Research has shown that impairments in cognitive flexibility and inhibitory control in children and adults with psychiatric and neurodegenerative conditions mirror deficits observed in these rodent models (Henry et al., 2013; Mayse et al., 2014). Restoration of executive function in humans can be informed by data obtained from these animal studies, particularly when evaluating the efficacy and mechanisms of novel therapeutic interventions designed to improve cognitive flexibility and inhibitory control (Moore & Dawson, 2008).

[bookmark: _Toc214875836]1.2.3.4 Decision-Making and Risk Evaluation
Decision-making and risk evaluation are critical cognitive functions that are increasingly investigated in the context of neurodegenerative disorders. The ability to make sound decisions is essential for maintaining autonomy and quality of life, particularly in older adults where cognitive impairments may arise. This relationship has been demonstrated in clinical studies, highlighting the underlying neurobiological mechanisms and behavioral implications of compromised decision-making in neurodegeneration. Clinical evidence indicates that individuals with mild cognitive impairment (MCI) exhibit notable deficits in decision-making capabilities, particularly concerning healthcare, and financial choices. Therrien et al. demonstrated that older adults with MCI engage in riskier decision-making behaviours compared to cognitively healthy peers, emphasizing the necessity of supportive decision-making frameworks to aid this population. The authors suggest that shared decision-making models, where clinicians and patients collaboratively assess risks alongside individual values, may enhance the quality of decision-making among MCI patients (Therrien et al., 2024). Such approaches are critical in mitigating impulsivity and ensuring that patients consider their long-term well-being when faced with healthcare options. Preclinical research has also shed light on the neurobiological underpinnings of decision-making processes. Studies using rodent models reveal that lesions in the prefrontal cortex (PFC) impair the capacity to evaluate risks accurately, correlating deficits in decision-making with disrupted neural pathways associated with reward and punishment responses. The PFC is crucial for complex cognitive tasks, including decision-making and risk evaluation; thus, its impairment can significantly compromise these functions. Kennerley and Walton discuss the role of various PFC regions in supporting optimal decision-making, linking neurophysiological findings to behavioral outcomes (Kennerley & Walton, 2011). Moreover, research has highlighted that decision-making performance is significantly affected by emotional and cognitive processing capabilities, as indicated by work on the amygdala's involvement in emotional appraisal (Gupta et al., 2011). When amygdala functioning is compromised, individuals struggle to apply emotional significance to potential outcomes, further complicating their decision-making processes. This is particularly pertinent to conditions such as Alzheimer's disease, that cognitive decline manifests early on, resulting in impaired decision-making abilities, even before reaching official diagnostic thresholds for MCI (Boyle et al., 2012). Additionally, risk-taking behaviours appear to be more pronounced in patients with frontotemporal dementia (FTD), where decision-making deficits can lead to socially inappropriate choices. One study, noted that patients with FTD tend to exhibit increased risky decision-making on tasks designed to measure this behavior, suggesting a link between the neural integrity of specific cognitive networks and the ability to evaluate risks effectively (Shany‐Ur et al., 2012). The interplay between clinical presentation and decision-making abilities emphasizes the need for robust assessment tools that can gauge an individual’s competency in the context of neurodegenerative diseases. The MacArthur Competence Assessment Tool has been developed to evaluate decision-making capacity, covering comprehension, evaluation, and expression of decisions (Santos et al., 2017). Behavioral paradigms such as the Rodent Gambling Task (RGT), the 4-Choice Gambling Task (4-CGT), and touchscreen-based probabilistic choice tasks play pivotal roles in elucidating the mechanisms of these cognitive functions.  The Rodent Gambling Task (RGT) is modelled after human gambling tasks that evaluate decision-making under risk. In the RGT, rodents choose between options that yield different expected rewards, some of which are risky and others safe. The task assesses behaviours such as risk-seeking and impulsivity, which are associated with the functioning of brain regions like the orbitofrontal cortex (OFC) and the basolateral amygdala (BLA) (Enkhuizen et al., 2012). The 4-CGT is designed to assess decision-making strategies and risk preferences in rodents. In this paradigm, mice choose between options that present different probabilities of rewards, allowing researchers to calculate the tendencies toward riskier versus safer choices. (Openshaw et al., 2022). demonstrated that mice exhibited a structured pattern of responding by avoiding high-risk, high-reward options more than the advantageous options of frequent, small rewards. Such behaviour parallels findings in human studies, indicating that the 4-CGT can evoke similar cognitive strategies and risk assessment patterns. This paradigm engages various neural circuits, particularly those in the prefrontal cortex (PFC) and striatum, highlighting their roles in adaptive decision-making processes (Thomson et al., 2020). Touchscreen technology not only facilitates the 4-CGT but also enhances precision in measuring motivation and reward-seeking behavior in rodents. This technology allows researchers to design tasks that reveal how rewards or interactive stimuli influence operant behavior across different motivational states (Heath et al., 2015). Evidence suggests that strategy adjustments in response to changing reward contingencies are critical for understanding decision-making processes under uncertainty, paralleling challenges faced by humans with potential gambling disorders (Enkhuizen et al., 2012).

[bookmark: _Toc214875837]1.2.4 Neuroplasticity and Cognitive Reserve
Neuroplasticity and cognitive reserve are critical concepts in understanding how individuals cope with neurodegenerative diseases and cognitive decline. Neuroplasticity refers to the brain’s ability to reorganize itself by forming new neural connections, enabling it to adjust to new situations or recover from injuries (Borroni et al., 2012). Cognitive reserve, on the other hand, embodies the brain's resilience against the pathological processes of aging and neurodegeneration, allowing individuals to maintain cognitive functions despite significant cerebral damage (Stern, 2009). This complex interplay between neuroplasticity and cognitive reserve is an area of active research, incorporating both clinical and preclinical findings that contribute to our understanding of neurodegenerative diseases. Clinical studies have shown that individuals with a higher cognitive reserve—often associated with factors such as educational attainment, occupational complexity, and engaging in mentally stimulating activities—exhibit greater resilience to the cognitive decline associated with Alzheimer’s disease (AD) and other neurodegenerative conditions (Guan et al., 2024). For instance, a higher cognitive reserve allows individuals to utilize alternative brain networks, compensating for damage and maintaining cognitive performance (Jicha & Rentz, 2013). Also, the researchers highlight how understanding the molecular underpinnings of brain and cognitive reserve can yield insights into the pathogenic mechanisms of neurodegenerative diseases, pointing to new potential therapeutic targets (Borroni et al., 2012). In addition to clinical observations, neuroplasticity mechanisms such as synaptogenesis and neurogenesis play a significant role in supporting cognitive resilience. Studies have demonstrated that engaging in cognitive training or therapeutic interventions can enhance neuroplasticity, thereby reinforcing cognitive reserve. For instance, participants undergoing cognitive rehabilitation have shown increased levels of brain-derived neurotrophic factor (BDNF), a key molecule involved in neuronal survival, growth, and synaptic plasticity. These findings suggest that therapies aimed at enhancing neuroplasticity may help bolster cognitive reserve, enabling patients to better manage the effects of neurodegeneration. Supporting these clinical insights, preclinical studies have provided mechanistic evidence for the biological foundations of neuroplasticity and cognitive reserve. Research using animal models has shown that environmental enrichment and learning experiences can induce structural changes in the brain, including increased dendritic branching and synapse formation(Colavitta & Barrantes, 2023).  Complementing these structural findings, neuroimaging studies—particularly those utilizing positron emission tomography (PET)—demonstrate that individuals with higher cognitive reserve exhibit more efficient utilization of neural resources, enabling the adoption of alternative cognitive strategies in the face of brain pathology In particular, the findings support the cognitive reserve hypothesis, showing that functional aspects of neural networks can compensate for pathological changes (Kemppainen et al., 2007). Patients with mild AD exhibited alterations in amyloid and glucose metabolism correlating with cognitive reserve factors, indicating a neuroprotective effect. Moreover, the relationship between cognitive reserve and neuroplasticity suggests that enhancing cognitive engagement through stimulating activities can foster resilience (Jicha & Rentz, 2013; Stern, 2009) Recent insights also show that neuroplasticity engendered by experiential factors can buffer against psychological effects related to neurodegeneration. For example, activities that promote cognitive engagement have been shown to activate neuroplasticity pathways in the brain, offering protective benefits that mitigate cognitive declines associated with stress, anxiety, and depression, which are commonly seen in neurodegenerative disorders (Árgyelán et al., 2019). This connection draws attention to the importance of social and environmental contexts in supporting cognitive health, emphasizing that lifestyle choices may significantly contribute to cognitive reserve and its interaction with neuroplasticity. As our understanding of the interaction between cognitive reserve and neuroplasticity deepens, the development of targeted interventions becomes increasingly crucial. This includes harnessing strategies that optimize neuroplasticity through physical activity, cognitive training, and medical therapies aimed at increasing neurotrophic factors like BDNF (Colavitta & Barrantes, 2023). These therapeutic approaches have the potential to not only delay the onset of symptomatic expression in neurodegenerative diseases but also enhance the overall quality of life for affected individuals (Moga et al., 2019). In conclusion, the relationship between neuroplasticity and cognitive reserve is pivotal for understanding resilience in neurodegenerative diseases. The synthesis of clinical and preclinical research underscores the potential for interventions that leverage neuroplastic mechanisms to bolster cognitive reserve, providing critical benefits in sustaining cognitive health amidst the challenges posed by aging and neurodegeneration.

[bookmark: _Toc214875838]1.2.5 Translational Applications of Touchscreen Paradigms in Cognitive Neuroscience
As highlighted earlier, different tasks are employed to assess cognitive impairments in rodents and humans. The translation of preclinical findings into effective clinical interventions for neurodegenerative and neuropsychiatric disorders remains a major challenge. One of the critical barriers is the limited reproducibility and poor translational validity of traditional behavioral assays commonly used in rodent models(Button et al., 2013; Hånell & Marklund, 2014). Classical paradigms, such as the Morris Water Maze or fear conditioning, often differ substantially from human cognitive assessments in terms of sensory modality, stress levels, and motivational context, thus reducing their predictive validity (Deslauriers et al., 2018; Insel, 2010). Touchscreen-based cognitive testing platforms have been developed to overcome these limitations by providing highly standardized, automated, and cross-species comparable paradigms (Bussey et al., 2012b; Hvoslef-Eide et al., 2016). These systems enable rodents to perform tasks that are structurally analogous—or in some cases identical—to human computerized cognitive batteries such as CANTAB, thereby increasing both reproducibility and translational validity(Barnett et al., 2016; Nithianantharajah et al., 2015). The Bussey-Saksida touchscreen chamber, for example, allows the assessment of a wide range of domains, including attention, working memory, cognitive flexibility, and decision-making, in ways that parallel human task performance (Alexa E. Horner et al., 2013; Romberg et al., 2013). A key advantage of touchscreen paradigms is the facilitation of both forward translation (adapting animal tasks to human protocols, e.g., virtual navigation analogues of the Morris Water Maze) and reverse translation (adapting human tasks for rodents, e.g., the 5-Choice Serial Reaction Time Task or Paired Associate Learning) (Bohbot et al., 2004) (Talpos et al., 2010a). This bidirectional approach enables researchers to establish homologous measures of cognition across species and to validate rodent models against known patient phenotypes (Nilsson et al., 2018; C. Romberg et al., 2011). Importantly, touchscreen paradigms have opened the possibility of co-clinical trials, in which rodent models and human patients are assessed in parallel using identical tasks. Such frameworks, initially pioneered in oncology, allow for the rapid screening of candidate therapeutics and the stratification of patient populations based on genetic, molecular, or cognitive criteria (Clohessy & Pandolfi, 2015; Palmer et al., 2021). Early evidence indicates that this approach could accelerate drug discovery and improve the likelihood of clinical success in conditions such as Alzheimer’s disease, Huntington’s disease, and schizophrenia (Heath et al., 2019; Shepherd, May, et al., 2021).

[bookmark: _Toc214875839]1.3 Role of Plant-Derived Compounds in Cognitive Enhancement
[bookmark: _Toc214875840]1.3.1 Natural Products as Cognitive Enhancers
Natural products originating from plants are now receiving acknowledgment because they show promise in improving cognition. The bioactive compounds in these plants produce positive effects through their ability to modulate cholinergic systems and their dual role as antioxidants and neuroprotective agents. Scientists have discovered multiple plant extracts that improve cognitive function based on preclinical research results. For example, the memory of amnesic mice improved when they received Morinda lucida and Peltophorum pterocarpum, which worked through dose-dependent mechanisms, while Peltophorum pterocarpum increased acetylcholine levels by inhibiting cholinesterase activity (Elufioye & A, 2017). Parquetina nigrescens and Spondias mombin prevented neurochemical alterations linked to cognitive dysfunction, highlighting their antioxidant and cholinergic effects (Ademosun et al., 2022). Also, the extracts from Mangifera indica fruit protect against memory loss by improving brain cholinergic systems and decreasing oxidative damage (Penido et al., 2017). As well as, Lonchocarpus eriocalyx has been shown to improve memory performance through decreased oxidative damage and better spatial learning abilities (Moriasi et al., 2020). Zingiber officinale (ginger) enhances mental functions in healthy individuals through its ability to block cholinesterase enzymes and raise acetylcholine concentrations(Saenghong et al., 2012). Multiple research studies prove that Centella asiatica boosts cognitive functions through its ability to regulate mitochondrial operations and antioxidant defense systems (Gray et al., 2016). The two plants Evolvulus alsinoides and Clitoria ternatea demonstrate potential for Alzheimer's therapy because they block cholinesterase enzymes and enhance brain functionality according to (Alnasser et al., 2025; Elufioye et al., 2010). Bacopa monnieri, together with Psidium guajava, showed neuroprotective properties because these herbs stands out as a memory enhancer that blocks Alzheimer’s disease progression (Alum et al., 2025; Sangeet et al., 2023). Studies have shown that Ginkgo biloba produces neurochemical modifications that boost acetylcholine and dopamine levels in the medial prefrontal cortex to improve mental functions (Kehr et al., 2012). Recent review demonstrates that Ginkgo biloba, Nigella sativa, Panax ginseng, and Punica granatum whole plant extracts show positive effects on memory, attention, executive function, and spatial learning in both clinical and preclinical research.  Scientists need to investigate basic biological processes through standardized extraction techniques and controlled clinical trials for testing plant-based treatments which address cognitive disorders (Piva et al., 2024).

[bookmark: _Toc214875841]1.3.2 Nootropics and Herbal Medicines in Cognitive Decline
Nootropics, or smart drugs, and herbal medicines are attracting worldwide attention as therapeutic molecules for cognitive impairment in aged patients suffering from neurocognitive diseases. These medicines improve memory, attention, and learning, and much evidence shows they can have positive effects. Caesalpinia sappan extract, for example, showed promising results in experimental models of memory impairment evoked by scopolamine, and it may promote brain plasticity by acting through the cAMP/PKA/CREB/BDNF signalling pathway (Helmi et al., 2021). Nootropic drugs show their pharmacological effectiveness through their influence on brain chemicals, which include neurotransmitters and multiple signalling systems that use neurotrophic proteins to support cognitive functions (Malík & Tlustoš, 2022). Research studies have shown positive results from dietary programs which include nootropic substances. The review showed that food-based nootropics containing natural antioxidants help protect the brain against age-related cognitive decline (Onaolapo et al., 2019). However, though there exists hope for the promise of nootropics, the research world highlights the requirement of appropriate, well-crafted clinical trials to confirm these claims. Clinical trials of randomized, placebo-controlled designs have begun systematic investigation of nootropic agents' effects on cognition, but variation in methodologies and study designs limit generalizability of findings (Solomon et al., 2016). There are promising prospects for nootropics and herbal medications in the therapy of cognitive decline, but there is a need for additional work in delineating the therapeutic potential and molecular mechanisms of these substances. Their inclusion in general lifestyle interventions addressing nutrition and mental health may constitute a holistic solution for prevention of cognitive decline in the aged.

[bookmark: _Toc214875842]1.3.3 Neuroprotective Effects of Plant Extracts in Animal Models
Research into plant extract neuroprotection relies on animal models to show their protective effects against nerve damage. For example, Centella asiatica improves brain function in both aged and young mice by protecting mitochondria and increasing synaptic density and memory while defending against amyloid-beta neurodegeneration (Gray et al., 2016).
Moringa oleifera leaf extracts protect against oxidative damage while they boost cognitive functions in dementia animal test subjects. The study shows that cholinergic and antioxidant actions produce their effects according to (Barinda et al., 2024; Omotoso et al., 2018). Pueraria candollei var. mirifica has been proven to enhance memory function in mice that lack estrogen thus confirming the cognitive benefits of phytoestrogens(Chulikhit et al., 2021). Ziziphus jujuba supports memory improvement through its ability to restore proper chemical communication between brain cells. Scientists have discovered that Gallic acid from plants  protects brain cells through its dual antioxidant and anti-inflammatory properties to improve memory performance in rat subjects (Hajipour et al., 2016; Kandeda et al., 2021).

[bookmark: _Toc214875843]1.3.4 Safety of Herbal Medicines
Plant-derived nootropics have gained increasing attention for their potential to enhance cognition, especially in neurodegenerative diseases. Bacopa monnieri and Ginkgo biloba are studied for their neuroprotective effects, which may enhance cognitive function and provide resilience against neurodegeneration (Andrade et al., 2023; Surguchov et al., 2021). Although these results are encouraging, safety in clinical practice of nootropics still represents an essential aspect to consider. Most studies indicate botanical nootropics as being very tolerable and having mild side effects only. Thus, randomized controlled studies conducted with Ginkgo biloba showed no specific safety problems, apart from occasional mild gastrointestinal disturbances. (Roe & Venkataraman, 2021). Ongoing monitoring and research, nevertheless, are necessary to examine long-term results as well as potential interactions of drugs and herbs. The efficacy of botanical nootropics has been upheld by numerous studies. Curcumin from turmeric was found to enhance cognitive capacity in mild cases of cognitive impairment through modulating inflammatory pathways and downscaling oxidative pressure (Fukutomi et al., 2021). Such findings prove that the inclusion of botanicals in treatment plans is appropriate and provides an integrative means to reverse cognitive decline. The growing evidence base of botanical nootropics causes an imminent need for standardized guidelines for clinical practice. Additional research on optimal dose, long-term safety, and bioavailability must be performed to use these agents safely and effectively in human populations. Clinical scientists, clinicians, and pharmacologists will need multidisciplinary communication to establish stringent standards and deliver these agents to clinical practice (Fatima et al., 2022; Zhang et al., 2023). Preclinical studies in animal models have provided insights into the safety and efficacy of plant-derived nootropics, supporting their translational potential in humans. Long-term use of plant-derived nootropics has generally been well tolerated in preclinical research. A study of Ginkgo biloba in mice, for instance, reported no significant toxic effects, further supporting its safety (Roe & Venkataraman, 2021). Mechanistically, plant-derived nootropics act through modulation of neurotransmitter systems, reduction of neuroinflammation, and attenuation of oxidative stress. Resveratrol and other polyphenols have been shown to protect against amyloid-beta toxicity in Alzheimer’s disease mouse models, partly by activating sirtuins—proteins linked to cellular stress resistance and longevity (Arbo et al., 2020; Fukutomi et al., 2021). These pathways highlight their potential to promote neuronal health and sustain cognitive function. Animal studies provide strong support for the therapeutic promise of plant-based nootropics, offering mechanistic insights and confirming favorable safety profiles. Translating these findings into human applications will require carefully designed clinical trials that address differences in physiology and metabolism between species. Ultimately, such efforts will clarify the roles of plant-derived nootropics in preventing and managing neurodegenerative diseases, paving the way for natural therapeutic strategies to promote cognitive health (Penney et al., 2019; Tang et al., 2017).

[bookmark: _Toc214875844]1.4 Problem Statement
Although progress has been made in neurocognitive research, current preclinical and clinical studies still encounter important limitations, such as methodological inconsistencies, heterogeneous outcome measures, and restricted translational relevance from animal models to humans. In the present phase, our work has been focused on establishing and validating the control conditions, which represent a critical prerequisite for ensuring the reliability of subsequent experimental outcomes. However, substantial gaps remain in understanding how plant-derived compounds influence cognitive functions. Following the successful validation of these preliminary steps, future investigations will aim to explore the efficacy and safety of medicinal plant extracts in enhancing memory, attention, and learning.

[bookmark: _Toc214875845]1.5 Research Objectives and Questions
Main Objective
To establish and validate a touchscreen-based cognitive testing system in C57BL/6 mice by evaluating baseline performance across multiple cognitive domains.
Specific Research Questions
1. Can a functional touchscreen-based cognitive testing system be successfully implemented and validated in our laboratory setting using C57BL/6 mice?
2. Do mice in the control condition (without pharmacological or botanical interventions) show stable and reliable performance across different cognitive domains (learning, memory, attention, executive function, and decision-making) in touchscreen-based tasks?
3. How do various plant extracts influence cognitive domains such as learning, memory, and attention in mice?

[bookmark: _Toc214875846]1.6 Research Hypotheses
1. A standardized touchscreen-based cognitive testing system can be reliably established and implemented in our laboratory, producing results consistent with existing literature.
2. Control mice will demonstrate stable baseline performance patterns across multiple cognitive domains, thereby validating the translational value of the experimental platform for future intervention studies.

[bookmark: _Toc214875847]1.7 Methodological Approach
The methodological approach of the present study was planned in two phases. The first phase (baseline phase) involved the assessment of naïve male C57BL/6 mice across six standardized touchscreen-based cognitive tasks (PVD, PAL, 5-CSRTT, TUNL, rCPT, and 4-CGT). This phase was successfully conducted to establish normative performance profiles and validate the translational behavioral platform. A second phase (plant extract testing phase) was originally planned, in which separate cohorts of mice would be treated with selected plant-derived compounds to evaluate their cognitive effects using the same tasks. However, due to practical constraints, this phase could not be completed within the timeframe of the doctoral project and is therefore considered as a direction for future studies.

[bookmark: _Toc214875848]1.8 Knowledge Gaps and Limitations
One of the main limitations of the current thesis is that only the baseline phase of the experimental design was implemented. The planned second phase, involving the testing of plant-derived compounds, could not be carried out due to time constraints. While this restricted the scope of the present findings to baseline cognitive performance, it provides a solid foundation for future research in which the effects of plant extracts on cognition can be systematically investigated using the validated behavioral platform.
[bookmark: _Toc214875849]Chapter 2: Methodology
[bookmark: _Toc214875850]2.1 Animal Model and Ethical Considerations 
In total, 84 naive C57BL/6 mice were used in this study. For each of the six cognitive tasks (PVD, PAL, 5-CSRTT, TUNL, rCPT, and 4-CGT), a separate group of 14 mice was employed, ensuring that independent cohorts were tested in each paradigm.

[bookmark: _Toc214875851]2.1.1 Animal housing and care
All experiments were conducted in compliance with the regulations set by the Ministry of Health of Italy. C57BI/6J mice (Envigo Company) arrived at 3 weeks old. Mice were separated and house in groups of 4/cage (42 × 26 × 15 cm) in a temperature (23 ± 1°C) and humidity (50 ± 1%) controlled room under a reverse 12h light/dark cycle (lights off at 7:00). Upon arrival, mice were acclimatized to their cages with ad libitum access to standard diet and taped water. One week before the starting the experiment the animals were restricted to 85-90 % of their free-feeding weight prior to the start. Provide strawberry milkshake to the mice in their home cages for 2-3 days immediately prior to training.
[bookmark: _Toc214875852]2.1.2 Justification for using animals (3Rs: Replacement, Reduction, Refinement)
As expressed in the Three Rs framework (Replacement, Reduction, and Refinement), the idea of Replacement stresses searching for substitute approaches to the conventional usage of animals in scientific research. In the field of neuroscience, where animals like the rat (*Rattus norvegicus*) and mouse (*Mus musculus*) have dominated research paradigms given their importance in investigating complex brain systems and behaviours, this is especially moving. Notwithstanding notable developments in alternative approaches—such as advanced in vitro models, computational neuroscience, and non-mammalian organisms—there is still a great void of inefficient substitutes for rodent models, particularly regarding their special contributions to our knowledge of neuronal function and brain mechanisms.
• Replacement:
Many other approaches have surfaced in neuroscience research, including brain organoids, human stem cell-derived neurons, and computational models that replicate cerebral activity. Although these technologies show promise for revealing facets of neural structure and function, they frequently fall short of faithfully reproducing the complete range of physiological interactions seen in a living organism. For instance, brain organoids have shown the ability to replicate some features of brain development and disease; nonetheless, they lack the sophisticated neuronal network architecture and functional integration seen in complete mouse brains. This restriction emphasizes the requirement of more complex in vitro systems able to replicate the subtleties of the central nervous system.
• Reduction:
The goal is to maximize the reduction in the number of animals used while still achieving the research project's objectives. To define the number of different experimental groups and minimize the use of laboratory animals, we used G*Power software. By inputting numerical parameters such as power, alpha error (α), and the expected effect size, we were able to determine the sample size needed to observe the hypothesized effects in comparisons among the experimental groups. 
• Refinement:
Refinement strategies are implemented to minimize stress and discomfort in animals while ensuring the reliability of experimental outcomes. Upon arrival, mice will be housed in a temperature-controlled environment with an inverted 12-hour light/dark cycle, with food and water provided ad libitum. To facilitate adaptation and reduce stress, no handling will occur during the first week, followed by a habituation period where animals will undergo daily gentle handling for seven days before experimental procedures. Behavioral assessments will be conducted in sound-attenuated chambers to minimize external disturbances. Pre-training sessions will be implemented to familiarize the animals with the touchscreen-based tasks, reducing neophobia and anxiety. The touchscreen system allows for comprehensive cognitive evaluation without inducing stress commonly associated with other behavioral paradigms, such as the Open Field or Morris Water Maze. Positive reinforcement (a small volume of flavoured condensed milk solution) will be used, and food restriction will be carefully regulated at 85% of free-feeding body weight. Daily monitoring will ensure that any excessive weight loss or aggressive interactions are promptly addressed through individualized feeding adjustments.

[bookmark: _Toc214875853]2.2 Apparatus 
[bookmark: _Toc214875854]2.2.1 Detailed explanation of touchscreen chambers and behavioral tasks
All touchscreen behavior testing was performed using four standard Bussey-Saksida mouse touchscreen chambers (model 80614, Second Generation Bussey-Saksida Touch Screen Chamber for Mice, Lafayette Instrument Company – see Figure 1).   The equipment is a trapezoidal chamber with a touchscreen on one side and a reward magazine tray at the opposite end. Against the touchscreen, a slot is available where removable masks for each of the cognitive tests can be inserted.   The chamber is environmentally sound-proofed and light-proofed. An embedded light and camera above the chamber allow real-time observation of behavior as well as recording. The reward tray illuminates and delivers a liquid milkshake reward upon the completion of a trial.
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Figure 1. Second Generation Bussey-Saksida Touch Screen Chamber for mice (Campden Instruments, UK). The chamber is equipped with a touchscreen interface, reward tray, and environmental control features, enabling automated assessment of learning, memory, attention, and decision-making in rodents. Image source: Campden Instruments, https://campdeninstruments.com/products/second-gen-bussey-saksida-touch-screen-mice/

[bookmark: _Toc214875855]2.2.2 Software Installation and Experimental Setup
The ABET II Cognition software is a comprehensive system designed for running and analysing touchscreen-based behavioral experiments in rodents. The installation process involves setting up the software on a dedicated laboratory computer, ensuring proper hardware connections, and configuring the experimental environment. To begin, the software is installed following the manufacturer’s guidelines, and all necessary drivers are updated. Once installed, the system power is switched on, and the Execution Manager is initialized to establish communication with the touchscreen chambers. After installation, the experimental environment must be configured using the Environment Designer within ABET II. This step ensures that the software correctly recognizes all connected components, including the touchscreen chambers, feeders, and reward dispensers. Researchers can modify input-output (I/O) configurations and test hardware functionality by activating lights, feeders, and activity beams. To prevent accidental modifications, the environment settings can be locked using the Environment Editing Lock function. Proper calibration of touchscreen responsiveness and reward delivery is performed before initiating behavioral testing to ensure experimental consistency.
To run an experiment, the Execution Manager is used to load pre-designed schedules, such as the Mouse Pairwise Discrimination (PVD). Schedules can be selected from the system’s database or manually loaded into the execution panel. Researchers define experimental parameters, including maximum trials, session duration, and subject IDs, before starting the session. Once the session is completed, the collected data are saved and exported for analysis, ensuring a structured and reliable approach to behavioral experimentation.
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Figure 2. Software environment of the ABET Cognition (Lafayette Instrument Company, USA). The screenshots illustrate the experimental setup and execution manager used for controlling Bussey-Saksida touchscreen chambers, configuring task parameters, and monitoring performance data in real-time during rodent cognitive testing.


[bookmark: _Toc214875856]2.3 Research Design and Approach 
Experimental Design:  
This study employs a randomized controlled trial (RCT) design to systematically implanted the baseline for the next phase of the study. The use of an RCT ensures that potential sources of bias are minimized and that the results are internally valid and reproducible. By randomly assigning animals control groups, the study maintains balanced baseline characteristics among subjects, reducing the impact of confounding variables such as age, sex, and baseline cognitive abilities. The randomized design also enhances the generalizability of findings within the scope of preclinical research, allowing for meaningful comparisons between groups.  
To assess cognitive performance, mice undergo touchscreen-based behavioral testing, which is an advanced and highly precise method for measuring various cognitive domains, including attention, learning, memory, and decision-making. The use of touchscreen chambers allows for automated stimulus presentation and response recording, reducing variability introduced by human handling. This method also closely resembles cognitive assessment techniques used in human neuropsychological studies, thereby improving the translational relevance of the findings.  
The experiment follows a structured timeline, beginning with a habituation phase, during which mice are introduced to the touchscreen chambers to minimize stress and ensure familiarity with the environment. This is followed by a pre-training phase, where subjects learn basic task rules, such as initiating trials and responding to stimuli. The study design incorporates multiple test sessions per week, ensuring that any observed effects are consistent, replicable, and reflective of long-term cognitive processes rather than transient fluctuations.  
To further enhance methodological rigor, the study follows a blinded experimental approach. This prevents observer bias and ensures that data interpretation remains objective. Additionally, all experimental conditions, including lighting, noise levels, feeding schedules, and handling procedures, are carefully controlled to eliminate external influences on behavior. The use of a standardized experimental protocol ensures that the results are robust, reproducible, and suitable for further preclinical investigation.  

[bookmark: _Toc214875857]2.4 Experimental Procedure 
Cognitive tasks administered: 
1-Pairwise Visual Discrimination and Reversal Learning (PVD)
2-Paired Associate Learning (PAL)
3-5-Choice Serial Reaction Time Task (5CSRTT)
4-Rodent Continuous Performance Test (rCPT)
5-Trial unique non-matching to location (TUNL)
6-4-Choice Gambling Task (4-CGT)
Each task has been selected for its ability to assess specific cognitive domains, including learning, memory, attention, executive function, and decision-making.

[bookmark: _Toc214875858]2.4.1 Pairwise Visual Discrimination and Reversal Learning (PVD)
The Pairwise Visual Discrimination and Reversal Learning Task is a well-established paradigm designed to assess cognitive function, particularly learning, memory, and decision-making processes, in rodent models. This touchscreen-based task involves training mice to distinguish between two visual stimuli presented on a screen and to select the correct stimulus based on reinforcement contingencies. The task is particularly valuable in translational research because it closely resembles computer-based cognitive testing in humans. Each trial of the Pairwise Visual Discrimination and Reversal Learning Task begins with the presentation of two novel stimuli on a touchscreen. One of these stimuli is predesignated as the correct choice (S+), while the other serves as the incorrect choice (S-). The location of the correct stimulus is determined pseudo-randomly on either the left or right side of the screen to prevent side bias. The subject must use its nose to poke the correct stimulus to receive a food reward. Incorrect responses are followed by a timeout period, during which no reward is given, and a correction trial is initiated, allowing the mouse to attempt the same trial again under the same conditions. The performance of mice in the VD task is typically measured by accuracy rates, response latency, trial completion rates, and the number of correction trials required.
Experimental Protocol
The pre-training started with a series of habituation sessions in which the mice learned to collect the food reward (20 μL condensed strawberry flavoured milk). Then, animals were taught the relationship between offset of a visual stimulus and the delivery of reward in the “initial touch” phase. A reward was given after touching the stimulus or after a time period of 30 s, accompanied with illumination of the reward magazine. After reaching criterion, which was for all pre-training stages 30 trials within 60 min, animals moved to the “must touch” phase. In this phase, stimulus offset was dependent on the mouse touching the screen. The stimulus remained on the screen until it was touched. After reaching the mentioned criterion, animals moved to the next phase, which was the “initiate must touch” phase. In addition to the previous phase, now animals had to initiate a trial by nose poking into the reward magazine. The pre-training also included a “punish incorrect” phase. In this phase, when touching the blank location, a 5-second time out with lights-on ‘aversive’ stimulus was presented to all animals, to prevent the development of a side-bias in the chamber. These sessions continued until the mice collected all rewards. Animals at least had five sessions per week with 30 trials or a maximum time of one hour per session. After animals had completed pre-training, mice were moved to the actual task. This consisted of the acquisition of a visual discrimination paradigm as depicted: one of the stimuli was designated as correct (S+), whereas the other was incorrect (S−). Horizontal and vertical gratings were randomly assigned as being S+ or S− and the location was pseudo randomly presented for each trial. The stimuli were not displayed in the same location for more than three consecutive trials. After a correct response, both stimuli were removed, and a liquid reward was delivered in the illuminated magazine. After the collection of the reward, a 20 s inter-trial-interval (ITI) was initiated. An incorrect response was followed by lighting of the house light; removal of both stimuli and a time-out period of 5 s in all animals. In addition, the mice had to perform correction trials in which the same position of the two stimuli was repeated until the correct stimulus (S+) was chosen. These correction trials did not add to the total trial number, which was always set to 30 trials. New trials were initiated by a nose poke accompanied with illumination of the reward magazine. After all animals reached criterion (≥ 80% correct) on two consecutive days, reward contingencies reversed and reacquisition of the new associations was started, making the old S− stimulus the new S+ and vice versa.
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Figure 3. Pairwise visual discrimination (PVD) acquisition and reversal learning (Luo et al., 2020)

[bookmark: _Toc214875859]2.4.2 Paired Associate Learning (PAL) 
The Paired Associate Learning (PAL) Task is a touchscreen-based cognitive task used to assess associative learning, spatial memory, and cognitive flexibility in rodent models. It is particularly useful for evaluating hippocampal-dependent memory functions, as it requires animals to form and recall specific stimulus-location associations. This task closely resembles neuropsychological tests used in human cognitive research, making it a valuable tool for investigating memory impairments, neurodegenerative diseases, and potential cognitive-enhancing treatments.

Experimental Protocol
Behavioural training began with a 10-min habituation session in the touchscreen chamber, during which mice freely explored the apparatus without stimulus presentation. Following habituation, animals underwent initial touch training, where a single white stimulus was presented pseudo-randomly on the screen; touching it triggered a tone and liquid reward delivery in the magazine (criterion: 30 trials completed within 60 min). In the subsequent “must initiate” stage, mice learned to nose-poke the reward tray to initiate each trial and then touch the stimulus to receive a reward (criterion: 30 trials completed within 60 min). In the final pre-training phase (“punish incorrect”), touches to blank windows resulted in a 5-s timeout signalled by house-light illumination, followed by a 20-s intertrial interval (ITI). Once mice achieved ≥80 % correct responses across two consecutive sessions, they proceeded to the different paired associates learning (dPAL) task, in which two distinct visual stimuli were presented simultaneously in pseudo-random locations. Each object had one correct spatial location, and a correct touch (S+) triggered tone-cued reward delivery, while incorrect touches (S–) resulted in a 5-s timeout and correction trials until a correct response was made. Mice completed 36 trials per 60-min session for 45 consecutive days, and performance was evaluated based on accuracy sessions.
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Figure 4. Paired Associate Learning (PAL) (Chow et al., 2020)
[bookmark: _Toc214875860]2.4.4 5-Choice Serial Reaction Time Task (5CSRTT)
The 5-Choice Serial Reaction Time Task (5CSRTT) is a widely used paradigm to measure sustained attention, impulsivity, and inhibitory control. Mice are required to detect and respond to a brief visual stimulus that appears randomly in one of five touchscreen locations. The mouse must accurately identify and respond within a limited time window to receive a reward. Premature responses before stimulus presentation are penalized with a timeout.
Experimental Protocol
Behavioural training for the 5-Choice Serial Reaction Time (5CSRT) task began with two habituation sessions, during which mice were allowed to explore the touchscreen chamber and learn the location of the reward magazine. Following habituation, animals underwent initial touch training where a single white stimulus appeared pseudo-randomly in one of five response windows; touching the illuminated window triggered a tone and reward delivery (criterion: completion of 30 trials within 60 min). In the subsequent “must initiate” phase, mice were required to nose-poke the magazine to initiate each trial before the stimulus appeared, and in the “punish incorrect” stage, touches to blank windows resulted in a 5-s time-out signalled by house-light illumination. Once mice achieved ≥80% accuracy and ≤20% omissions across two consecutive sessions, they advanced to the baseline 5CSRT attentional task, in which brief light stimuli were presented in one of five windows for variable durations. Correct responses within the limited hold period were rewarded, whereas premature, incorrect, or omitted responses triggered a 5-s timeout. Mice completed 50 trials per 60-min session, one session per day, and performance was evaluated by accuracy, omissions. After baseline stabilization, animals underwent probe evaluations in which stimulus duration and limited hold times were systematically varied to increase attentional load (0.6–0.8-1.0-1.5 s stimulus durations) and (5.6-5.8-6.0-7.5 s Limited Hold).
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Figure 5. 5-Choice Serial Reaction Time Task (5CSRTT) (https://campdeninstruments.com/products/5-choice-serial-reaction-time-task-mice)

[bookmark: _Toc214875861]2.4.5 Rodent Continuous Performance Test (rCPT)
Mice are trained to discriminate between target and non-target visual stimuli across multiple trials. Correct identification of target stimuli (S+) leads to a reward, while incorrect responses to non-targets (S−), or failures to respond, are penalized. 
[bookmark: _Hlk212026538]Experimental Protocol
rCPT began with a habituation session in which mice were introduced to the touchscreen chamber and allowed to explore and consume a small quantity of the liquid reward placed in the magazine (typically 200 µL strawberry milkshake). Following habituation, mice underwent Stage 1 touch training, where a white square stimulus appeared in the central response window; a touch to this stimulus triggered a tone and reward delivery (criterion: 60 rewards within 45 min). In Stage 2, the white square was replaced by the designated S+ image (vertical or horizontal lines, counterbalanced across subjects), and correct touches were reinforced under variable intertrial intervals (2–3 s). During Stage 3, S+ and S– images (e.g., vertical lines vs. snowflake) were presented pseudo-randomly (50:50), with touches to S+ producing reward and touches to S– initiating correction trials until a response was withheld. In Stage 4, four additional S– stimuli were introduced (probability: 33% S+ / 67% S–), and mice were trained until reaching stable baseline performance (≥0.6 d′ across two consecutive sessions). Each session lasted up to 45 min or 100 rewards, and trials were separated by a 2–3 s variable ITI. After baseline acquisition, animals underwent probe evaluations, including variable stimulus duration probes where stimulus duration (1.0–0.75-0.5-0.25 s) and limited hold (2.5 s) and stimulus contrast and flanker distractor were manipulated to increase attentional demand. Task performance was assessed by hit rate, false alarms, and perceptual sensitivity (d′).
Performance Metrics
The rCPT produces multiple behavioral endpoints, offering a comprehensive assessment of attention and impulse control: 
Hit Rate (% of S+ trials correctly responded to): Indicates the subject's ability to detect and act upon target stimuli.  False Alarm Rate (% of S− trials incorrectly responded to): Reflects deficits in inhibitory control and impulsivity.  Omissions (% of S+ trials not responded to): Suggests lapses in sustained attention.  Response Latency (s): Time between stimulus onset and response; prolonged latencies may reflect reduced arousal or cognitive fatigue.  Discrimination Index (d’): Derived from signal detection theory, this value integrates hit and false alarm rates to reflect overall task sensitivity.
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Figure 6. Rodent Continuous Performance Test (rCPT) (Prichardt et al., 2023)
[bookmark: _Toc214875862]2.4.6 4-Choice Gambling Task (4-CGT)
4-CGT test began with habituation and touch training sessions to familiarize mice with the touchscreen chamber, reward magazine, and liquid reward delivery (strawberry milkshake, ~7 µL). Mice first learned to associate a touch response with reward delivery during “must touch” training, where a single white square appeared pseudo-randomly in one of four response windows (positions 1, 2, 4, and 5); a correct touch produced a tone and reward. After animals reached criterion performance (≥40 trials within 30 min on two consecutive sessions), they advanced to the forced-choice gambling stage, where only one stimulus appeared per trial. Each grid position was associated with a distinct probability/reward profile: 1P (90% chance of 1× reward, 10% 5-s timeout), 2P (80% 2×, 20% 10-s timeout), 3P (50% 3×, 50% 30-s timeout), and 4P (40% 4×, 60% 40-s timeout). To control for spatial bias, reward contingencies were fully counterbalanced across animals (four probability sets A–D) such that each grid position was assigned every reward/punishment profile across subjects. Following forced-choice acquisition, mice progressed to the free-choice gambling phase, where all four options were presented simultaneously, allowing assessment of individual decision-making and risk preference. Sessions lasted 30 min or 100 trials, and performance was evaluated by choice preference.
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Figure 7. Incentive conditions for each of the four options presented during the gambling task (Thomson et al., 2021).

[bookmark: _Toc214875863]2.4.7 Trial-Unique Nonmatching-to-Location Task (TUNL)
The TUNL task is a touchscreen-based test of spatial working memory and pattern separation. Mice must remember the location of a briefly presented sample stimulus and subsequently select a novel location during the choice phase. 
Experimental Protocol
TUNL task began with standard touchscreen pre-training (habituation, initial touch, must touch, must initiate, and punish incorrect) to ensure animals reliably initiated trials and responded to on-screen stimuli for a strawberry milkshake reward. Following pre-training, mice advanced to the TUNL acquisition phase (Stage 1), in which each trial consisted of a sample phase and a choice phase. During the sample phase, a single white square appeared in one of five spatial locations; after a touch response and a short delay (2 s), two stimuli were presented—one in the previous (sample) location and one in a novel (non-matching) location. Correct responses to the novel location were rewarded, whereas incorrect touches to the sample location triggered a 5-s timeout and correction trials. Spatial separation between the sample and choice stimuli was systematically reduced across training (S3→S2→S1), requiring increasing spatial discrimination until criterion performance (≥70% correct across two sessions) was achieved. Mice then proceeded to Stage 2, which assessed the effect of spatial separation by comparing performance at S1 versus S0 levels. At S0, sample and choice locations were immediately adjacent, increasing task difficulty and reducing accuracy.
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Figure 8. Trial schematic for the mouse TUNL task. 
A Sequence of events in each trial. The animal initiates the delay period by touching the sample location (white square). After the retention interval, the animal is shown two lit squares; to receive a reward, it must touch the square that is a nonmatch for the trial’s sample location (green tick represents correct location; red cross represents incorrect location; ticks and crosses are for illustration purposes only and are not visible to mice). B, Overview of each of the 20 possible configurations of sample and nonmatch location. Separation conditions are defined in terms of the number of unlit squares that separate the sample location and the nonmatching location (e.g., in a Separation 3 trial, the sample location and the nonmatch location are separated by three unlit squares) (Bennett et al., 2023).

[bookmark: _Toc214875864]2.5 Data Collection and Statistical Analysis  
Behavioral data were collected using ABET Cognition software, an automated system designed for high-throughput and standardized behavioral testing. This software enabled precise tracking and quantification of cognitive performance metrics across experimental sessions. All statistical analyses were conducted using GraphPad Prism 8, which was used for data visualization and hypothesis testing. Prior to experimentation, G*Power software was employed to perform power analysis and determine the appropriate sample size needed to achieve sufficient statistical power based on expected effect sizes and significance thresholds. Data were assessed for normality, and appropriate parametric or non-parametric tests were applied accordingly. Comparisons among multiple experimental conditions were analyzed using t test. Results are reported as mean ± standard error of the mean (SEM), with statistical significance set at p < 0.05.



[bookmark: _Toc214875865]                  Chapter 3: Results 
[bookmark: _Toc214875866]3.1 Cognitive Performance Outcomes 
[bookmark: _Toc214875867]3.1.1 Learning and memory performance across tasks during control phase
[bookmark: _Toc214875868]3.1.1.1 PVD
Mice gradually improved their performance on the pairwise visual discrimination task across sessions, reaching criterion (~80% correct) after approximately 20 sessions (Figure 9 A). A comparison of acquisition versus reversal performance showed no significant difference in the number of sessions required to reach criterion (p > 0.05; Figure 9 A). These findings suggest that, although animals were able to learn the initial discrimination and subsequently adapt to the reversed contingencies, the overall learning efficiency was not significantly altered between acquisition and reversal phases. When considering the effect of stimulus assignment, a total of 14 animals were tested (n = 7 per group). During acquisition, mice trained with Spider+ as the rewarded stimulus required significantly fewer sessions to reach criterion compared to those trained with Plane+ (p < 0.05; Figure 9 B). In contrast, no significant differences were observed between groups in the reversal phase (p > 0.05; Figure 9 B). These results indicate that the type of stimulus influenced initial learning but did not affect reversal learning performance.









Figure 9. Pairwise visual discrimination (PVD) acquisition and reversal learning in C57BL/6 mice (n = 14). 
(A)(Top) Mean percentage of correct responses across sessions. Animals progressively improved performance and reached criterion (~80% correct) by session 20. (Bottom) Number of sessions required to reach criterion during acquisition and reversal phases. No significant difference was detected between phases (ns, p > 0.05). Data are shown as mean ± SEM. (B) Effect of stimulus assignment on PVD acquisition and reversal learning. Sessions to criterion in Plane+ (n = 7) versus Spider+ (n = 7) groups. (Top) Mice assigned to Spider+ reached criterion faster than those assigned to Plane+ (*p < 0.05). (Bottom) No significant difference between groups during reversal learning (ns, p > 0.05). Unpaired t test, p < 0.05, data are shown as mean ± SEM.

[bookmark: _Toc214875869]3.1.1.2 -Paired associate learning (PAL)
As part of the control phase, we performed the different paired associates learning (dPAL) task to validate the touchscreen-based paradigm in our laboratory. Mice showed a gradual improvement in correct responses across sessions (Figure 10). Initial performance was close to chance level (~50% correct), but accuracy steadily increased with continued training. By the later sessions, animals reached an average of approximately 70–80% correct responses, demonstrating successful acquisition of object–location associations. These results confirm that the dPAL task can be reliably implemented under our laboratory conditions.



Figure 10. Validation of different paired associates learning (dPAL) performance in C57BL/6 mice.
Percentage of correct responses across 50 training sessions. As part of the control phase, the dPAL task was conducted to validate the touchscreen procedure in our laboratory. Mice gradually improved from near-chance performance (~50%) at the beginning of training to ~70–80% correct by the final sessions, confirming successful acquisition of paired associates learning. (Data are presented as mean ± SEM)

[bookmark: _Toc214875870]3.1.1.3 5-Choice Serial Reaction Time Task (5-CSRTT)
To evaluate sustained attention and response control, 14 C57BL/6 mice were trained on the 5-choice serial reaction time task (5-CSRTT). Baseline performance was established at a stimulus duration of 2 s, after which animals were challenged with progressively shorter durations (1.5, 1, 0.8, 0.6 s). As expected, accuracy decreased with shorter stimulus durations, while omissions increased correspondingly (Figure 11). These findings indicate that animals were able to maintain stable performance under low attentional demand (2 s) but showed reduced accuracy and increased omission rates as attentional demands increased at shorter durations.



Figure 11. Performance of C57BL/6 mice (n = 14) in the 5-choice serial reaction time task (5-CSRTT).
(Left) Accuracy (%) across different stimulus durations. Accuracy remained high at 2 s and 1.5 s but progressively decreased as stimulus duration shortened to 0.6 s. (Right) Omission rate (%) across stimulus durations. Omissions increased as stimulus duration decreased, reflecting greater attentional demand. Data are presented as mean ± SEM.

[bookmark: _Toc214875871]3.1.1.4 Trial Unique Non-Matching-to-Location (TUNL)
To assess visuospatial working memory and pattern separation, 14 C57BL/6 mice were trained on the TUNL task. Performance was evaluated across different separations (S3, S2, S1). As expected, the number of sessions required to reach criterion decreased as separation increased (S3 > S2 > S1; Figure 12), indicating that animals learned the task more quickly when stimuli were further apart. Accuracy analysis revealed that performance at separation 1 (S1) was significantly higher compared to separation 0 (S0), where stimuli were presented in adjacent locations (p < 0.0001; Figure 12). 





Figure 12. Trial Unique Non-Matching-to-Location (TUNL) performance in C57BL/6 mice (n = 14).
(Top) Sessions to criterion at different separations in stage 1 (S3, S2, S1). Fewer sessions were required as spatial separation increased. (Bottom) Percent correct responses at stage 2 separation (S1) versus separation 0 (S0). Accuracy was significantly reduced at S0 compared to S1. (Paired t-test, ****p < 0.0001, data are presented as mean ± SEM.)

[bookmark: _Toc214875872]3.1.1.5 Rodent Continuous Performance task (rCPT)
To further assess sustained attention and inhibitory control, 14 C57BL/6 mice were trained on the rodent Continuous Performance Task (rCPT). Animals progressed through successive training stages (S1–S4), each requiring discrimination between target (S+) and non-target (S–) stimuli. The number of sessions required to reach criterion increased progressively with task complexity (S1 < S2 < S3 < S4; Figure 13). These results indicate that mice were able to acquire the discrimination rules, but higher cognitive demand in later stages required more training. This pattern is consistent with previous reports demonstrating the sensitivity of rCPT to attentional load and task difficulty.



Figure 13. Training performance in the rodent Continuous Performance Task (rCPT) in C57BL/6 mice (n = 14).
Number of sessions required to reach criterion across successive training stages (S1–S4). Animals reached criterion more rapidly at early stages (S1, S2), while more sessions were required as task complexity increased (S3, S4). Data are presented as mean ± SEM.
[bookmark: OLE_LINK1]                      Stage 3 (CPT 1 Target and 1 Non-Target)
In Stage 3 of the rodent continuous performance task (rCPT), animals were required to discriminate between target (S+) and non-target (S–) stimuli. Across training sessions, mice showed a significant increase in hit rate and a concomitant decrease in false alarm rate (Figure 14). As a result, both sensitivity index (SI) and d′ values improved steadily over sessions, indicating enhanced discrimination ability. Response bias (c) shifted toward a more conservative strategy across sessions, while responsivity index increased from strongly negative values toward zero, suggesting more balanced responding. The number of blank touches decreased slightly across training, reflecting reduced impulsive responding. Collectively, these findings confirm that mice successfully acquired the discrimination rule in Stage 3, achieving stable baseline performance.




 






Figure 14. Performance metrics during Stage 3 of the rodent continuous performance task (rCPT) in C57BL/6 mice (n = 14).
Training curves for hit rate, false alarm rate, sensitivity index, response criterion (c), responsivity index, blank touches; and d′. Hit rate increased while false alarms decreased across sessions, leading to improvements in sensitivity (SI) and d′. Response bias (c) became more conservative, responsivity index approached zero, and blank touches decreased with training. Data are shown as mean ± SEM.

[bookmark: OLE_LINK2]Stage 4 (CPT 1 Target and 4 Non-Targets)
In Stage 4, mice were challenged to discriminate one target stimulus (S+) from four non-target stimuli (S–). Across training sessions, animals exhibited a progressive increase in hit rate alongside a clear reduction in false alarm rate (Figure 15). These changes produced a steady improvement in sensitivity measures (sensitivity index and d′), confirming enhanced discrimination ability under increased cognitive load. Response bias (c) stabilized at slightly conservative values across sessions, while responsivity index improved toward zero, suggesting more balanced responding. Blank touches remained relatively stable throughout training, with a slight downward trend, indicating that animals-maintained task engagement. Overall, these results demonstrate that C57BL/6 mice can acquire the complex discrimination rules of the rCPT, with performance patterns aligning with previous studies validating the translational utility of this task.














Figure 15. Performance metrics during Stage 4 of the rodent Continuous Performance Task (rCPT) in C57BL/6 mice (n = 14).
Training curves for hit rate and false alarm rate, sensitivity index (d′), response bias (c), responsivity index, sensitivity index (SI), and blank touches. Performance improved across sessions, with higher hit rates, reduced false alarms, and increased sensitivity (d′ and SI). Response bias (c) stabilized at conservative levels, responsivity index approached zero, and blank touches remained relatively stable. Data are shown as mean ± SEM.

rCPT Probe 2 (Variable Stimulus Duration)
In the SD Probe 2 (Variable Stimulus Durations), performance declined as stimulus duration decreased from 1 s to 0.25 s. Hit rate showed a significant reduction across shorter durations, indicating that mice were less able to detect the target stimulus under increased temporal constraints. Correspondingly, the sensitivity index (d′) decreased with shorter durations, reflecting reduced perceptual discrimination. False alarm rate remained relatively stable, while response criterion (c) increased slightly at the shortest duration, suggesting that animals adopted a more conservative response strategy as task difficulty increased (Figure 16).


Figure 16. Performance in the SD Probe 2 task across variable stimulus durations (1 s, 0.75 s, 0.5 s, 0.25 s). Decreasing stimulus duration led to reduced hit rate and sensitivity index (d′), while the false alarm rate remained relatively stable and response criterion (c) increased, indicating a more conservative response strategy under shorter presentation times.

rCPT Probe (Stimulus Contrast)
In the Stimulus Contrast Probe, a clear decline in performance was observed as contrast levels decreased from 100% to 12.5%. The hit rate showed a steady reduction, indicating that mice were less able to correctly detect target stimuli at lower contrast levels. The false alarm rate increased slightly as contrast decreased, suggesting a modest rise in incorrect responses to non-target stimuli. The sensitivity index (d′) also decreased markedly with lower contrast, reflecting reduced perceptual discrimination. In contrast, the response criterion (c) gradually increased, indicating that mice adopted a more conservative response bias, responding only when more confident under low-contrast conditions (Figure 17).


Figure 17. Performance in the Stimulus Contrast Probe. As stimulus contrast decreased from 100% to 12.5%, hit rate and sensitivity index (d′) declined, indicating reduced detection accuracy and perceptual sensitivity. False alarm rate showed a slight increase, while response criterion (c) increased across lower contrast levels, reflecting a shift toward a more conservative response strategy under difficult visual conditions.

rCPT Probe (Flanker Distractor)
In the Flanker Distractor Probe, the presence and type of distractor (congruent or incongruent) did not significantly affect task performance. The hit rate remained similar across non-distractor, congruent, and incongruent conditions, indicating that distractor stimuli had minimal impact on target detection accuracy. Likewise, the false alarm rate showed no substantial differences between conditions, suggesting that distractors did not increase impulsive responding. Both sensitivity index (d′) and response criterion (c) remained stable, demonstrating that visual interference from distractors did not alter perceptual discrimination or response bias in the mice (Figure 18).


Figure 18. Performance in the Flanker Distractor Probe. No significant differences were observed among non-distractor, congruent, and incongruent conditions for hit rate, false alarm rate, sensitivity index (d′), or response criterion (c), indicating that the presence of flanker distractors did not affect attentional performance.





[bookmark: _Toc214875873]3.1.1.6 4-Choice Gambling Task(4-CGT)
Training session
During the training phase of the 4-CGT, mice showed a progressive improvement in task performance (Figure 19). Accuracy significantly increased across sessions 9–12, indicating that animals successfully acquired the discrimination required for the task. Correspondingly, omission rates rose across sessions, with significantly higher omissions observed in later sessions (p < 0.0001), though they remained within acceptable limits for task performance. Together, these findings confirm that animals reached stable and reliable performance levels during training, providing a valid baseline for subsequent testing of decision-making under risk.




Figure 19. Training performance of C57BL/6 mice (n = 14) in the 4-choice gambling task (4-CGT).
(Top) Accuracy (%) significantly increased across training sessions 9–12, demonstrating successful acquisition of task performance (*p < 0.05, **p < 0.01, ***p < 0.001). (Bottom) Omission rate (%) across sessions. Omissions increased significantly across sessions but remained within acceptable performance thresholds (****p < 0.0001, ns = not significant). Data are presented as mean ± SEM.
Forced choice
During the forced-choice phase, mice completed trials across the four option sets (A–D), each associated with distinct reward and punishment schedules. This stage ensured that animals experienced all contingencies while controlling for potential location bias. Analysis of win counters showed no significant differences across sets (Figure 20), indicating that animals collected comparable numbers of rewards during forced-choice training. Omission rates were low overall and did not differ significantly between sets (Figure 20). These findings demonstrate that mice successfully engaged with the forced-choice phase, maintaining stable performance across all sets. 


Figure 20. Performance of C57BL/6 mice (n = 14) in the forced-choice phase of the 4-choice gambling task (4-CGT).
Win counters across sets A–D during forced-choice training. No significant differences were observed between sets.  Omission rates (%) across sets remained low and stable. Data are presented as mean ± SEM.

Free choice

In the free-choice phase of the 4-CGT, mice were allowed to choose freely among the four options, each differing in reward magnitude and punishment probability. Analysis of win counters revealed no significant differences in the number of collected rewards across sets A–D (Figure 21). When choices were counter balanced into four sets which mean each sets have different positions for each probability, no clear bias toward either option set was observed (p > 0.05). s 

Figure 21. Free-choice performance in the 4-choice gambling task (4-CGT) in C57BL/6 mice (n = 14).
Win counters across sets A–D during free-choice trials. No significant differences were observed. Omission rates (%) across sets. No significant preference bias was detected. Data are presented as mean ± SEM.

Free Choice (Advantages and Disadvantageous Choices)
During the free-choice phase of the mouse gambling task, mice exhibited a stable pattern of decision-making across the 7 days of testing (Figure 22). Among the four available options, mice consistently preferred the advantageous contingencies P1 and P2, which provided smaller but more frequent rewards, over the disadvantageous high-risk options P3 and P4. The percentage of choices for P1 and P2 remained higher than for P3 and P4 throughout all test days, indicating that mice successfully learned to favor lower-risk reward options. Conversely, selections of P3 and P4 remained low and did not significantly vary over days, demonstrating that animals were able to avoid disadvantageous, high-punishment contingencies once task contingencies were learned. Premature responses remained low and consistent throughout the testing period, indicating stable attentional control and effective inhibition during task performance (Figure 23). These data confirm that mice developed and maintained an optimal choice strategy during the free-choice stage of the task.


Figure 22. Percentage of choices for each response option (P1–P4) across 7 days of the free-choice stage in the mouse gambling task.
Each panel shows the mean ± SEM of the percentage of choices made to each aperture: (A) P1, (B) P2, (C) P3, and (D) P4. mice displayed higher preference for advantageous options (P1 and P2) compared with disadvantageous options (P3 and P4) across testing days, reflecting optimal decision-making and stable learning of reward contingencies.


Figure 23. Performance of mice in the four-choice gambling task (4-CGT) during the 7-day free-choice phase.
The upper panel shows the percentage of advantageous choices (P1 + P2) made across days, indicating that mice maintained a stable preference for low-risk, high-reward options throughout testing. The lower panel depicts the number of premature responses, which remained low and consistent over time, reflecting good inhibitory control and task engagement. Data are presented as mean ± SEM.









[bookmark: _Toc214875874]Chapter 4: Discussion
The current research endeavoured to establish and verify a touchscreen cognitive testing paradigm capable of examining multiple cognitive functions in C57BL/6 naive male mice. This research tried to establish if it is possible to successfully introduce a standardized touchscreen platform within our research lab conditions and if control mice exhibit steady baseline behavioral performance across tasks of learning, memory, attention, executive function, and decision-making. The results present preliminary evidence that the touchscreen cognitive testing platform can be used successfully to evaluate cognitive function in rodents, with resultant data pattern aligning with what has previously been reported in literature. The results validate the translational applicability of the platform, suggesting that it represents a reliable, feasible, and reproducible paradigm for future studies investigating both pharmacological and botanical interventions in cognitive function. However, a limitation of the present study is that, at the time of writing, only preliminary data concerning the animal control section were available; therefore, the plant-based component was not incorporated into the analysis.

[bookmark: _Toc214875875]4.1 Understanding how to learn: mental adaptability and visual distinction (PVD)
Cognitive flexibility is the flexible redefinition of responses to a learned stimulus-reward relation, and deficits are found within a variety of neuropsychiatric disorders, such as schizophrenia, autism, obsessive-compulsive illness, and drug dependence. To investigate the neural systems involved with cognitive flexibility further, execution of the choice and reversal tasks has also ensued in animal models. There are numerous ways to assess cognitive flexibility in rodent preparations, yet most procedures have proved hard to translate between rodent to human research (Brigman et al., 2010). Nonetheless, a comparable approach can be utilized to examine reversal learning across different species through the use of touchscreens (Bussey et al., 2012a; A. E. Horner et al., 2013). In our study mice demonstrated progressive improvement in pairwise visual discrimination, achieving stable accuracy levels after repeated training, which confirms successful task acquisition. The absence of significant differences between acquisition and reversal phases suggests that while animals effectively adapted to reversed contingencies, their overall learning efficiency remained consistent across conditions. Our results showed that mice required an average of 19 sessions to reach stable performance in the acquisition phase of the pairwise visual discrimination task. This finding is consistent with previous research by Liao et al. (2020), in which mice required approximately 18 sessions to reach the acquisition criterion. Also, in the reversal learning phase, our mice needed more sessions, about 25 sessions, to achieve stable performance, while in previous studies, about 18 sessions were required to achieve stable performance. This difference in performance may be due to the difference in the type of stimulus shape, as in our experiment, two shapes of spider and airplane were used, while in the previous experiment, fan and marble were used (Liao et al., 2022). As well as our results showed that during the acquisition phase, mice reached the learning criterion faster when the plane shape was used as the rewarded stimulus compared to the spider shape. However, in the reversal phase, no significant difference was observed between the two stimuli, indicating similar cognitive adaptability.

[bookmark: _Toc214875876]4.2 Memory as Association: Insights from the Paired-Associate Learning Paradigm (PAL)
We aimed to establish a baseline for dPAL task in the C57BL/6 naïve male mice. Our results showed that the mice achieved stable performance in 50 experimental sessions, which is consistent with the results of previous studies, confirming these findings and the validity of our data (Delotterie, Mathis, Cassel, Dorner, et al., 2014). One study showed that the CANTAB Paired Associates Learning (PAL) test can sensitively detect early cognitive decline in Alzheimer’s disease and mild cognitive impairment. Over 30 years, PAL has proven to be a robust, non-verbal, cross-species tool bridging lab research and clinical practice. Its adaptability and neural validity make it a powerful instrument for translational neuroscience and early intervention strategies (Barnett et al., 2016). Previous work has suggested that both chronic stroke patients and mice also share comparable deficits in cognitive function when tested with the touchscreen-based (PAL) task. Patients with stroke and mice made significantly fewer correct responses than controls, suggesting residual deficits in visuospatial memory. The research supports the application of parallel tests of cognitive function between species in the better assessment and treatment development for cognitive dysfunction following stroke (Chow et al., 2020).

[bookmark: _Toc214875877]4.3 The Focused Mind: Sustained Attention and Impulsivity Regulation (5CSRT)
The (5-CSRTT) is a rodent test for modeling human attention and impulse control, inspired by the Continuous Performance Test. It grabs key cognitive dimensions, vigilance, impulsivity, and compulsivity relevant to schizophrenia. The touchscreen version enhances translational validity by aligning rodent and human testing environments. Its sensitivity to pharmacological and genetic manipulations makes it a powerful tool for probing neuropsychiatric mechanisms and therapies (Bussey et al., 2012b). Our results showed that naive C57 mice had a gradual decline in choice accuracy and a rise in omissions as stimulus duration shortened, reflecting increased attentional demand. Compared to a study by Romberg et al, our animals showed a similar performance pattern, with accuracy decreasing and omissions increasing under brief stimuli. While they reported steady omission rates across genotypes, our data suggest a more noticeable sensitivity to stimulus briefness, possibly due to strain-specific attentional thresholds or task conditions. (Carola Romberg et al., 2011). The 5-CSRTT, a gold-standard assay for measuring impulsive action and attention, is particularly valuable for modeling cognitive traits relevant to ADHD and related disorders. In one study, atomoxetine consistently reduced premature responses, while methylphenidate increased them at longer delays, and guanfacine had no significant effect. These differential outcomes highlight the task’s sensitivity to noradrenergic and dopaminergic modulation. The findings support the 5CSRTT as a robust preclinical tool for evaluating treatments targeting impulsive control (Fitzpatrick & Andreasen, 2019).

[bookmark: _Toc214875878]4.4 Holding Information in Brain: Working Memory and Pattern Separation Processes (TUNL)
Working memory (WM), which refers to the active holding and manipulation of a small quantity of information in a temporary, limited-capacity memory store, is essential for numerous tasks that individuals encounter in their everyday lives (Cowan, 2014). TUNL additionally offers a platform for examining how different cognitive loads affect working memory, as the stimuli are displayed at various separation distances. Capturing WM coding in the context of the TUNL task is essential for the neural analysis of TUNL data. Assuming it represents retrospective WM concerning spatial location, behaviors observed in TUNL during small-separation trials are often viewed as indicators of pattern separation processes within the hippocampus (Talpos et al., 2010b). We attempted to establish baseline performance for the TUNL test in naïve male C57BL/6 mice. In Stage 1, mice were trained across the spatial separations S3 and S2 to S1 while the stimulus distance consistently decreased, to increase the level of challenge for the test and assess spatial discrimination learning. For Stage 2, testing between S1 and the spatial separation of S0 established sensitivity to near minimum spatial separations. Our findings in stage 1 showed that the mice need more sessions to pass the S3 but the same sessions were required to pass S2 and S1 compared to study conducted by Kim et al. Also, for Stage 2 the animals showed very significant differences in correct responses when the separation level decreased from S1 to S0. Hence, our findings confirm the sensitivity of the test for spatial separation (Kim, Romberg, et al., 2015). Working memory (WM) is compromised in numerous psychiatric conditions (Gold et al., 2019). Nevertheless, there are currently no available treatments that target WM deficits in psychiatric illnesses. To address this gap, animal behavioral testing plays a essential role in evaluating the impact of new therapeutic agents on cognitive functions (Dudchenko et al., 2013). However, the successful translation of innovative therapies into clinical use relies on the animal behavioral models' reliability in assessing cognitive deficits in preclinical tests of possible treatments (Pound & Ritskes-Hoitinga, 2018). 

[bookmark: _Toc214875879]4.5 Vigilance in Action: Evaluating Continuous Performance and Attentional Stability (rCPT)
The rodent continuous performance task (rCPT) is a recently developed paradigm that uses briefly presented visual stimuli, resembling the 5-CSRTT. Unlike the 5-CSRTT, the rCPT displays stimuli in a fixed central location and incorporates both target and non-target cues. Rather than measuring spatially divided attention, the rCPT evaluates the animal’s ability to distinguish between target and non-target stimuli and serves as a rodent equivalent of the human continuous performance test (CPT) (Kim et al., 2016).
Our results from stage1 to stage 4 showed that as the difficulty of each stage increased the sessions which is needed to reach the criterion will be increased. This data is in line with the results of the Kim et al when they test the same task with C57 mice (Kim, Hvoslef-Eide, et al., 2015). Also, in stage 3 that mice should discriminate between the two stimuli (one S+ and one S-) the results of the different parameters like hit rate which reflects the subject's ability to detect and respond to target stimuli (S⁺) and is commonly used as an index of sustained attention, increased gradually during the sessions, also false alarm rate decreased which show that good attention and perceptual discrimination. As well as d’(d-prime) results which is a measure of perceptual sensitivity that quantifies how well a subject can discriminate between target and non-target stimuli, independent of response bias, showed increasing trend during the sessions, showed that mice effectively can respond to the target stimulus while inhibiting responses to the non-target. The response bias index (c) reflects the subject's decision-making strategy—specifically, the tendency to respond liberally or conservatively to stimuli. In signal detection theory, a lower c value indicates a liberal bias, meaning the subject is more likely to respond regardless of stimulus type, which may reflect impulsivity or high motivation. A higher c value indicates a conservative bias, suggesting the subject is more cautious and less likely to respond unless confident the stimulus is a target. In our data, the relatively stable c across Stage 3 suggests that the mice maintained a consistent response strategy while learning the discrimination task. This stability implies that improvements in performance (e.g., increased d′) were due to enhanced perceptual sensitivity rather than shifts in response bias. The sensitivity index (SI) in our data increased sharply, indicating that the mice became better at distinguishing target from non-target stimuli, reflecting improved attention and perceptual accuracy. Alongside this, the responsivity index (RI) showed a steady rise, suggesting that the mice grew more engaged in responding, without becoming impulsive. Blank touches remained low and stable across stages, further supporting that the animals maintained good inhibitory control and were not responding indiscriminately during non-stimulus periods. After the stage 3, the stage 4 started with the five stimuli discrimination (one S+ and four S-) the increased task complexity. In stage 4 the same parameters examined as the stage 3. The hit rate remained high, showing that the mice consistently recognized and responded to target stimuli. The false alarm rate decreased, indicating improved inhibitory control. Sensitivity index (d′) and its non-parametric counterpart (SI) both stabilized at high levels, reflecting strong discrimination between targets and non-targets. The response bias (c) stayed relatively stable, suggesting a balanced decision strategy, while the responsivity index (RI) increased, showing growing confidence and engagement. Blank touches remained low, confirming that the mice were focused and not responding impulsively during non-stimulus periods. The (CPT) is one of the most widely used clinical tools for assessing attention and vigilance. In this test, omission errors—when a person fails to respond to a target—are seen as indicators of inattention, while commission errors—responding to non-targets—reflect impulsivity. CPT results are often interpreted through the lens of signal detection theory, which provides more refined performance metrics. Specifically, the indices of detectability (d′) and response bias (beta) are viewed as more sensitive indicators of performance changes than simple omission or commission counts (Riccio et al., 2001). After achieving stable baseline performance, probe sessions were conducted to assess how manipulations of visual parameters influenced attention and discrimination. In the Stimulus Duration Probe, as the duration of stimulus presentation decreased, both hit rate and sensitivity index (d′) declined, indicating that shorter exposure times made accurate detection more difficult. However, false alarm rates remained largely unchanged, suggesting that impulsivity was not affected. These findings reflect the expected pattern reported by Kim et al. (2015), showing that reduced stimulus duration primarily impairs perceptual sensitivity rather than response control. Similarly, in the Stimulus Contrast Probe, lowering the contrast of visual stimuli led to a marked reduction in hit rate and d′, while response criterion (c) increased, indicating that mice adopted a more conservative strategy under visually demanding conditions. These results are consistent with (Kim, Hvoslef-Eide, et al., 2015), supporting the idea that stimulus contrast directly modulates perceptual sensitivity in the rCPT. In contrast, the Flanker Distractor Probe did not reveal significant differences across non-distractor, congruent, and incongruent conditions. Unlike the Kim et al. findings, which reported reduced sensitivity when distractors were presented, our mice maintained stable performance. This discrepancy may stem from factors such as greater task familiarity, reduced distractor salience, or possible strain-related resistance to peripheral interference. Overall, the probe data from our study align well with previous reports regarding the effects of stimulus duration and contrast, further validating the rCPT as a sensitive measure of attentional performance in mice. However, the lack of a flanker distractor effect suggests that under our testing parameters, the distractors may not have been sufficiently salient to interfere with focused attention. Our findings support the translational value of the rCPT as a rodent model of human sustained attention. As also shown by (Salmon et al., 2024), the rCPT closely mirrors human CPT performance patterns, especially in touchscreen-based designs. Although some differences remain in how rodents and humans respond to certain task manipulations, the task still captures the essential features of attentional control across species, making it a useful bridge between animal and human research. The results from large human studies, such as the Consortium on the Genetics of Schizophrenia (COGS), have shown that deficits in continuous performance tasks are reliable and strongly associated with impaired vigilance and functional capacity in schizophrenia, independent of symptom severity (Nuechterlein et al., 2015). 

[bookmark: _Toc214875880]4.6 Decisions Under Uncertainty: Cognitive Risk and Choice Behavior (4-CGT)
The four-choice gambling task (4-CGT) is a rodent analogue of the human Iowa Gambling Task, designed to study how animals balance risk and reward when making decisions under uncertain conditions. The task replicates many aspects of the human version using a touchscreen system, providing a favourable translational model for studying decision-making processes across species. It permits researchers to measure choice preference and related behaviours, for example, impulsivity, compulsivity, and attentional control. It offers a comprehensive picture of cognitive and motivational factors involved in adaptive behaviour. The 4-CGT confronts cortico-striato-thalamo-cortical circuits, which are also implicated in human reward-based learning and psychiatric illnesses, making it a powerful tool to link behavioral outcomes to underlying neural mechanisms. Combining accuracy, automation, and cross-species comparability, the 4-CGT helps bridge the gap between preclinical models and human studies in decision-making and cognitive health research (Pratt & Morris, 2025). Our results showed that C57BL/6J male mice demonstrated a stable preference for advantageous choices (P1 + P2) across the seven days of the free-choice phase, indicating that the animals effectively learned and maintained the optimal decision strategy. This pattern is consistent with the findings reported by (Thomson et al., 2021), where C57BL/6J mice similarly exhibited strong selection of low-risk, high-reward options and avoided disadvantageous choices throughout testing. In both studies, the persistence of this preference over multiple sessions reflects intact cognitive control and an ability to evaluate and adapt to reward–punishment contingencies efficiently. Furthermore, the number of premature responses in our mice remained low and stable, suggesting good inhibitory control and attentional regulation during task performance. Together, these results confirm that C57BL/6J mice perform reliably in the 4-choice gambling task, showing consistent decision-making under uncertainty, and serving as an appropriate baseline model for assessing cognitive and motivational processes in risk-related behavior. The findings indicated that both dopamine and serotonin pathways were important for controlling risky decision-making in the rodent gamble task. Increasing either dopaminergic or serotonergic functions caused an increase in risky and suboptimal decisions, whereas D2 receptor blockade improved it by favoring healthy decision-making. These findings emphasized that properly coordinated monoaminergic functions of the cortico-striatal circuit were critical for healthy risk-reward assessment based on the neurobiological validity of 4-CGT (Zeeb et al., 2009).

[bookmark: _Toc214875881]4.9 Conclusion
We performed a series of behavioral experiments using the touchscreen in healthy mice. Because we know that many cognitive impairments can be seen in healthy humans without symptoms, and with a baseline for examining such behaviors, we can compare these data across species and find a logical connection between animal and human data. For this reason, it is important that before we test any drug or treatment for cognitive impairment, whether in the early stages or in the advanced stages, in species that share the same neurochemical pathways as humans. Through the rCPT, we saw how attention can be trained and maintained, how perception sharpens with experience, and how control is preserved even when tasks become more demanding. In the 4-CGT, we saw the animals learn to balance risk and reward—choosing carefully, adjusting to consequences, and developing strategies that mirror human decision-making. These patterns showed that cognition, whether in humans or animals, depends on a shared biological language of adaptation, control, and learning from feedback.  Beyond the results themselves, this work reinforced the idea that animal models can be more than tools—they are bridges. When designed with care, tasks like the rCPT and 4-CGT can connect the laboratory to the clinic, offering insight into the neural and psychological foundations of attention and decision-making. Our findings provide a behavioral and conceptual framework that can be used to explore how brain systems guide adaptive behavior. As well as this research is a step toward understanding cognition as a dynamic, flexible process—rooted in neurocognitive but shaped by experience. Finally, it should be noted that the plant-based component was not included in this study due to the limited availability of data at the time of writing. In future work, this foundational dataset can be used to investigate the effects of plant-derived extracts with potential neuroprotective or therapeutic properties, further exploring their role in modulating cognitive functions.
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Premature Responses



