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Alzheimer's disease (AD) is characterized by the pathologic deposition of amyloid and neurofibrillary tangles in the brain, leading to neuronal damage and defective synapses. These changes manifest as abnormalities in cognition and behavior. The functional deficits are also attributed to abnormalities in multiple neurotransmitter systems contributing to neuronal dysfunction. One such important system is the dopaminergic system. It plays a crucial role in modulating movement, cognition, and behavior while connecting various brain areas and influencing other neurotransmitter systems, making it relevant in neurodegenerative disorders like AD and Parkinson's disease (PD). Considering its significance, the dopaminergic system has emerged as a promising target for alleviating movement and cognitive deficits in PD and AD, respectively. Extensive research has been conducted on dopaminergic neurons, receptors, and dopamine levels as critical factors in cognition and memory in AD. However, the exact nature of movement abnormalities and other features of extrapyramidal symptoms are not fully understood yet in AD. Recently, a previously overlooked element of the dopaminergic system, the dopamine transporter, has shown significant promise as a more effective target for enhancing cognition while addressing dopaminergic system dysfunction in AD.
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1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by cognitive decline and behavioral abnormalities accompanied by impairments in various personality domains. AD has an intricate pathophysiology that is believed to be initiated by oxidative stress, leading to the deposition of amyloid-β (Aβ), tau hyperphosphorylation, neuroinflammation, and neurodegeneration (Tarkowski, 2003; Manczak et al., 2011; Leuner et al., 2012). The neuropathology in AD involves abnormal neuronal circuits (Busche et al., 2019) resulting from aberrant synaptic morphology and dysfunctional neurotransmitter systems (NTS) (Hsieh et al., 2006; Meyer-Luehmann et al., 2008; Kandimalla and Reddy, 2017). The synaptic dysfunction starts with impairment of long-term potentiation and eventually leads to synaptic depression (Selkoe, 2002; Palop and Mucke, 2010). Several NTS, such as acetylcholine, catecholamines (such as dopamine and norepinephrine), indoleamines (such as serotonin), and glutamate, have been associated with cognition, and their abnormal functioning is observed in AD.

The dopaminergic system, being a crucial NTS, exhibits decreased levels of dopamine receptors (Pan et al., 2019), dopamine neurotransmitter, dopaminergic neuronal count, and connectivity in the ventral tegmental area (VTA)—hippocampus—nucleus accumbens (NAc) loop (Nobili et al., 2017; Cordella et al., 2018; Sala et al., 2021) in AD brains. While the administration of dopamine agonists has been found effective in restoring cortical plasticity in AD patients (Koch et al., 2014), it improves only frontal-lobe-related cognition without significantly impacting global cognition (Koch et al., 2020). Moreover, a newly studied component of the dopaminergic system, the dopamine transporter (DAT), has shown promise in increasing dopamine levels and attenuating disease progression when blocked. Based on these findings, we present evidence suggesting that targeting the DAT could be a potential strategy for alleviating cognitive dysfunction in mild to moderate AD.



2. Dopaminergic system—Role of dopamine transporter

The dopaminergic system primarily consists of dopaminergic neurons, receptors, the neurotransmitter dopamine, and dopamine transporter. The neurotransmitter released by dopaminergic neurons exerts excitatory and inhibitory effects by acting on presynaptic and postsynaptic receptors, known as dopamine receptors (Juárez Olguín et al., 2016). There are five dopamine receptors, namely D1, D2, D3, D4, and D5, which can be categorized into two groups: D1-like receptors (D1 and D5) coupled to G-stimulatory sites, and D2-like receptors (D2, D3, and D4) coupled to G-inhibitory sites (Bhatia et al., 2023). D1 receptors are the most abundant in the central nervous system, followed by D2, D3, D5, and D4 subtypes (Bhatia et al., 2023). These dopamine receptors are distributed in various brain regions with the possibility of co-existence of different dopamine receptors within the same neuron (Jaber et al., 1996; Perreault et al., 2011).

The D3, D4, and D5 receptors are primarily associated with cognition, while D1 and D2 receptors are linked to learning and memory (Gross and Drescher, 2012; Carr et al., 2017; Mishra et al., 2018). The final component of the dopaminergic system is the DAT, a transmembrane protein located in the presynaptic terminal of dopaminergic neurons responsible for dopamine reuptake. It plays an essential role in regulating synaptic dopamine levels, making it the key regulator of dopaminergic neuron connectivity (Miller et al., 2021). Multiple modulators, including D2 and D3 receptors, influence the dopamine transporter's function. Activation of D2 receptors increases dopamine transporter activity and dopaminergic reuptake (Ramamoorthy et al., 2011), whereas modulation by D3 receptors varies in a biphasic manner, with short-term activation increasing DAT surface expression and prolonged activation leading to inhibition (Zapata et al., 2007).



3. The anatomy and physiology of dopamine transporter

The DAT is a transmembrane protein belonging to the family of Na+/Cl- -dependent neurotransmitter transporters and comprises 12 helices. These transmembrane helices (TMH) are interconnected through intracellular and extracellular loops (Bu et al., 2021). As a membrane-spanning protein belonging to solute carrier 6 transport family, the DAT undergoes conformational change in response to ligand binding (Shan et al., 2011). This change in its conformation is necessary for the translocation of dopamine into the neuron. Hence, blocking of this conformation results in dopamine efflux outside the neuron, as happens in response to cocaine binding (Huang et al., 2009). There are two main sites for ligand binding, a central or primary substrate binding site (S1) and a vestibular or secondary substrate binding site (S2), the latter of which greatly influences former's function (Shi et al., 2008; Shan et al., 2011). The antagonist attachment to the S1 competitively inhibits ligand binding, whereas the antagonist occupancy of S2 allosterically prevents ligand transport through DAT. Therefore, S1 and S2 along with other allosteric sites are the targets for the DAT modulators (Nepal et al., 2023).

Physiologically, the influx of dopamine requires its attachment with S1 in the presence of two Na+ and one Cl− ion (Shan et al., 2011). The S1 binding of dopamine induces inward conformation of DAT that results in influx of released dopamine from the synaptic cleft back into the presynaptic neuron by coupling Na+ out of the cell and dopamine back into the axonal terminal (Shi et al., 2008). This process terminates dopamine neurotransmission and regulates the duration of dopamine's effect on its corresponding receptors. The TMH contain substrate binding sites for dopamine regulation extracellularly, with the larger Amino (N-) and Carboxy (C-) terminals extending to the cytoplasm to modulate the function of the DAT intracellularly (Vaughan and Foster, 2013).

The N-terminus contains residues for phosphorylation (Khoshbouei et al., 2004; German et al., 2015) and ubiquitination (German et al., 2015), while the C-terminus contains interaction domains for various proteins. These proteins include Parkin, which controls the cell surface expression of the DAT (Jiang et al., 2004), and α-synuclein, which regulates intracellular dopamine levels and modulates dopaminergic neuronal apoptosis (Dagra et al., 2021). Additionally, there are binding sites for lipid-raft protein-Flotillin and Ras-like protein Rin, which act as mediators of membrane mobility (Sorkina et al., 2013), and protein kinase C (PKC), which triggers endocytosis of the DAT (Navaroli et al., 2011).

Regarding post-translational modification, the DAT protein in dopaminergic pathways is continuously regulated by phosphorylation, followed by internalization, through three main kinase pathways: PKC, calcium-calmodulin dependent kinase II, and extracellular signal-regulated protein kinase (ERK) (Fog et al., 2006; German et al., 2015). After phosphorylation-mediated internalization, the DAT undergoes ubiquitination, a process crucial for protein homeostasis. The N-terminus determines whether the DAT will be recycled back onto the cell surface or completely degraded by the action of lysosomes (Boudanova et al., 2008; German et al., 2015), depending on the demands of the dopaminergic pathway (Figure 1).
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FIGURE 1
 Regulation of dopamine metabolism and dopamine transporter surface expression in the synaptic cleft. Dopamine is formed from tyrosine and stored in the presynaptic vesicles to be released upon nerve stimulation. The secreted dopamine in the synaptic cleft is attached to the post-synaptic dopamine receptors to transmit the nerve impulse. Soon after achieving the desired effect, the dopamine transporter reuptake results in the termination of signals. The expression of the dopamine transporter is regulated by phosphorylation, followed by internalization through any of the three kinase pathways. The transporter then undergoes ubiquitination, which leads to either degradation by lysosomes or recycling back to the membrane. Created with BioRender.com.


On the other hand, dopamine synthesis depends on the activity of tyrosine hydroxylase (TH), which serves as the rate-limiting enzyme for converting the amino acid tyrosine into dopamine (Xiao et al., 2021). The DAT not only facilitates the degradation of dopamine, promoting its reuptake, but may also affect the levels of TH (Salvatore and Pruett, 2012; Salvatore et al., 2016). In this way, TH and the DAT work synchronously to maintain the desired levels of dopamine in the dopaminergic pathways of the brain. Moreover, the dopamine transport DAT is also responsible for modulating membrane potential of the cell and hence the neuronal function in the dopaminergic pathways (Carvelli et al., 2004).

The DAT primarily regulates dopamine in most areas of the dopaminergic pathway. However, in specific regions like the hippocampus, it is mainly metabolized by norepinephrine transporter (NET) (Borgkvist et al., 2012), and in the prefrontal cortex (PFC), it is metabolized by Catechol-O-Methyltransferase (COMT) due to the scarcity of dopamine transporter in these areas (Lammel et al., 2008).



4. Mesocorticolimbic circuitry: the interplay of dopamine and the dopamine transporter in cognition

The brain has three main dopaminergic pathways: the nigrostriatal (NS), the mesocorticolimbic (MCL), and the tuberoinfundibular. While the role of dopaminergic modulation in cognition is not fully understood, dopamine in the striatum, midbrain, limbic system, and PFC is believed to be involved in memory and cognition through the NS and MCL pathways (Schott et al., 2006; McNamara et al., 2014; Herrera et al., 2020; Vassilev et al., 2021).

In the NS pathway, there is a dopamine connection between the substantia nigra and the striatum, while in the MCL pathway, the midbrain, limbic system, and PFC are interconnected through dopamine. The MCL circuit itself consists of two pathways: the mesocortical pathway, where dopamine neurons have their cell bodies in the VTA of the midbrain and extend nerve fibers to the PFC, and the mesolimbic pathway, where nerve fibers project to the NAc and other limbic structures (Krashia et al., 2022). Physiologically regulated dopamine innervation and neurotransmission are crucial for the proper functioning of these dopaminergic pathways. Reduction in dopaminergic neurons and/or dopamine neurotransmitter levels can lead to defective connectivity between linking areas.

Similar to NS pathway, the MCL pathway also plays a vital role in cognition, including learning, memory, and decision-making, modulated by dopamine activity in the frontal lobe, limbic system, and midbrain (McNamara et al., 2014; Engelhard et al., 2019; Coddington et al., 2023). Therefore, alterations in dopamine levels may likely contribute to cognitive deficits (Koch et al., 2014; Pan et al., 2019).

Dopamine signals are primarily terminated by either reuptake via transporters or enzymatic degradation by COMT (Caire et al., 2023). Altered levels of these dopamine-signal terminators can also impact cognition, as observed with the DAT inhibitors that improve memory and cognition in neurodegenerative diseases (as described below). Paradoxically, lower dopamine transporter levels have been observed in some psychiatric disorders, such as attention deficit hyperactivity disorder (Kurzina et al., 2020) and depression (Pizzagalli et al., 2019; Dubol et al., 2020). This paucity of dopamine in the absence of higher dopamine transporter in these disorders may be due to high extracellular levels of dopamine that eventually lead to an inability to replenish dopamine in synaptic vesicles, causing a lower amplitude of dopamine release per nerve impulse (Benoit-Marand et al., 2000). Additionally, other factors, such as interaction with α-synuclein in PD, can decrease dopamine transporter activity without affecting its concentration at the plasma membrane, resulting in reduced dopamine reuptake and subsequent lower extracellular dopamine (Swant et al., 2011; Pahrudin Arrozi et al., 2017). Furthermore, dopamine neuronal damage and degeneration may also be associated with decreased levels of the DAT, even without any defect in its activity (Cheng et al., 2010; Fazio et al., 2018).

Overall, both increased and decreased dopamine levels can lead to unwanted symptoms, highlighting the importance of maintaining a continuous check-and-balance of dopamine in synapses for the normal functioning of the dopaminergic pathways.



5. Modifications in mesocorticolimbic circuitry and dopamine transporter: implications for AD

Physiological aging leads to changes in the MCL circuitry, characterized by decreased dopamine levels, reduced expression of dopamine receptors, and synaptic dysfunction (Volkow et al., 1996; Kaasinen, 2000; Norrara et al., 2018). The normal aging process is also associated with a decline in the DAT level in certain brain regions, including the hippocampus, PFC, and putamen (Volkow et al., 1996). However, these alterations in the MCL loop are more pronounced in AD, mainly affecting the dopaminergic neuronal count and dopamine receptors' expression, except for D5, which is probably increased in the frontal lobe (Kumar and Patel, 2007).

Subsequently, the MCL loop neuropathology leads to decreased dopamine connectivity and impaired long-term potentiation in AD brain (Koch et al., 2014). Additionally, the damage to pyramidal neurons and synapses in the hippocampus and PFC, due to progressive neurodegeneration caused by amyloid plaque deposition and tau pathology, contribute to impaired cognition and memory (Kemppainen et al., 2003; Ambrée et al., 2009; Guzmán-Ramos et al., 2012).

Although various abnormalities were observed in the MCL pathway, no change in DAT activity was found in AD (Joyce et al., 1997). However, a newer molecular imaging study reported decreased DAT density and activity in both the MCL loop and caudate nucleus in the defective dopaminergic system in the AD brain (Sala et al., 2021). Despite the possibility of already reduced DAT levels, further blocking the DAT improved cognitive deficits, as recently observed in animal models of aging and AD (Xu et al., 2021; Yin et al., 2023). Even though several studies deduced temporary improvement in cognition due to increased synaptic dopamine, newer DAT blockers can repair cognitive deficits by reducing the disease's neuropathology. Although the exact mode of action is yet to be elucidated, the cognitive improvement is thought to be due to the inhibition of α-synuclein and Aβ1 − 42 aggregation in the hippocampus and the promotion of lysosomal biogenesis and subsequent degradation of Aβ plaques (Xu et al., 2021; Yin et al., 2023).

Although the MCL pathway and the NS pathway may exhibit distinct roles, the DAT activity and the regulated level of synaptic dopamine are equally crucial for the normal functioning of both. The importance of DAT in MCL has yet to be explored so far, likely due to its negligible presence in some of the areas. However, its reduced levels in the NS loop are linked with cognitive impairment (Li et al., 2020; Fiorenzato et al., 2021). The DAT is found to be closely associated with cognition, as the uninhibited blockade or elimination of the DAT may worsen the disease pathology, as observed in DAT knock-out rodents showing severe cognitive deficits (Leo et al., 2018; Kurzina et al., 2020). Therefore, controlled inhibition of DAT function is crucial to avoid disturbing its physiological effects in the AD brain.



6. Effects of dopamine transporter modulators on cognition in AD

The DAT modulators with the potential to enhance cognition and memory can be classified into two main categories. The first category includes substrate-like competitive inhibitors that reduce dopamine reuptake and increase dopamine efflux. The second category comprises atypical or highly-specific DAT inhibitors that prevent dopamine reuptake, increasing dopamine concentration in synapses (Goodwin et al., 2009).

Surprisingly, none of these agents have been studied in neurodegenerative diseases despite their efficacy in improving cognition. Likewise, modafinil (diphenylmethyl-sulfinylacetamide), a prototype of a non-specific DAT inhibitor that also acts on NET and serotonin transporter in the striatum (Madras et al., 2006), has not garnered much interest from researchers in this field. In contrast, Yin et al. (2023) recently introduced a novel class of DAT modulators that exert their effects on DAT and lysosomal activity and, hence, can be termed “DAT-inhibitors-and-lysosomal-activity-promoters- (DILAP)”. These drugs were tested on AD mice and effectively improved memory and cognitive deficits. Moreover, DILAP were also found to reduce intracerebral Aβ burden by promoting lysosomal synthesis and phagocytosis (Yin et al., 2023). Two examples of DILAP are the lysosome-enhancing compound LH2-051 and clomipramine hydrochloride (HCl), also known as Anafranil or S2541. LH2-051 inhibits the DAT, and its binding leads to translocation of the DAT from the plasma membrane to the lysosomal membrane via intracellular vesicles. The localization of DAT onto lysosome decreases the availability of the phosphorylating proteins and, therefore, promotes dephosphorylation of transcription factor EB (TFEB). The dephosphorylated TFEB then undergoes nuclear translocation, which enhances the expression of lysosomal and autophagic genes, promoting lysosomal acidification and biogenesis (Yin et al., 2023). This increase in active lysosomes ultimately results in Aβ clearance and improved learning, memory, and cognition (Yin et al., 2023). The mentioned outcomes of dopamine transport inhibition and lysosomal activation are comparable with the effects of Clomipramine HCl that blocks the activity of the DAT along with the serotonin transporter and NET (Gillman, 2007; Yin et al., 2023). In this way, it may also be effective in attenuating AD neuropathology.



7. Implications of recent studies on alternative dopamine transporter inhibitors

The modulators acting as substrate-like agents for the DAT include amphetamine and methamphetamine, while DAT-specific agents comprise modafinil derivatives better known as (synthetic) modafinil analogs. Although both amphetamine and methamphetamine are non-specific, having more affinity NET receptors, they are potent inhibitors of DAT (Han and Gu, 2006; Docherty and Alsufyani, 2021). By acting as substrate-like competitive inhibitors, these agents can decrease dopamine reuptake and increase dopamine efflux (Goodwin et al., 2009) in brain regions such as the medial PFC (mPFC), dentate gyrus (DG) (Fog et al., 2006; Shyu et al., 2021), and NAc (Hedges et al., 2018). On the other hand, DAT-specific drugs selectively target DAT-mediated reuptake in the mPFC (Sagheddu et al., 2020; Kouhnavardi et al., 2022), NAc (Kouhnavardi et al., 2022), and hippocampus (Kristofova et al., 2018).

The mechanism of action of DAT inhibition is different among the three classes of drugs, i.e., atypical inhibitors, substrate-like competitive inhibitors and DILAP. The atypical DAT inhibitors increase the synaptic dopamine level by inhibiting DAT function (Loland et al., 2012). Whereas, the substrate-like inhibitors, like amphetamine increase synaptic dopamine levels by inhibiting DAT uptake, promoting DAT mediated reverse-transport of dopamine and facilitating exocytic dopamine release (Calipari and Ferris, 2013; Daberkow et al., 2013). Additionally, they may also stimulate internalization of the plasma membrane DAT, thereby further decreasing its availability and function (Wheeler et al., 2015). In comparison, the DILAP inhibit the DAT mediated dopamine reuptake, while promoting its translocation from the plasma membrane to the lysosomal membrane. This translocation increases expression of lysosomal and autophagic genes which promotes degradation of Aβ-plaques (Yin et al., 2023) (Figure 2).
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FIGURE 2
 Regulatory mechanism of various DAT inhibitors. The figure compares the mechanism of action of atypical DAT inhibitor (A), substrate-like DAT inhibitor (B), and DILAP (C). The atypical inhibitors bind DAT to block dopamine reuptake (A). The substrate-like inhibitors block dopamine influx while stimulating the DAT-mediated reverse transport of DAT into the synaptic cleft; they also decrease DAT availability by promoting its internalization (B). The DILAP inhibits DAT to increase synaptic dopamine, and their binding cause DAT translocation to the lysosomal membrane, which results in nuclear translocation of the dephosphorylated TFEB to increase expression of autophagic and lysosomal genes, ultimately leading to Aβ-plaques degradation by an unknown mechanism (C). Created with BioRender.com.


Due to their high DAT specificity, synthetic modafinil analogs like R-modafinil, S-CE-123 (S-5-((benzhydrylsulfinyl)methyl)thiazole), S,S-CE158 (5-(((S)-((S)-(3-bromophenyl)(phenyl)methyl)sulfinyl)methyl)thiazole), and S-MK-26 ((S)-5-(((B(3-chlorophenyl)methyl)sulphinyl)methyl)thiazole) do not exert any effect on the reward pathway, making them less likely to cause addiction, abuse or withdrawal symptoms compared to the parent drug and other non-specific counterparts (Kristofova et al., 2018; Sagheddu et al., 2020; Hazani et al., 2022; Kouhnavardi et al., 2022). These modafinil analogs also have the potential to improve synaptic transmission and plasticity in the hippocampus (Kouhnavardi et al., 2022).

Considering that studies evaluating the effects of DAT inhibition showed improved cognition attributed to amyloid and α-synuclein in the MCL pathway, especially in the hippocampus and cortex (Xu et al., 2021; Yin et al., 2023), it is likely that other DAT inhibitors may exert a similar effect in the AD brain. As atypical DAT inhibitors also improve synaptic plasticity while having a minimal tendency for addiction, they could be prime candidates to be tested on AD rodent models for cognitive improvement.



8. How dopamine transporter can be a better target?

Previous studies on AD brains have shown normal and reduced levels of DAT (Joyce et al., 1997; Sala et al., 2021) and no change in DAT sites and TH levels in the VTA (Murray et al., 1995). Currently, there is no drug approved by the FDA for the treatment of the dopaminergic system in AD (Chopade et al., 2023), as both the L-Dopa and dopamine agonists failed to demonstrate compelling results to improve cognition in the elderly (Lebedev et al., 2020) and AD subjects (Koch et al., 2020), respectively. In comparison, the newer studies targeting the DAT in AD animal models have shown promise (Xu et al., 2021; Yin et al., 2023).

Since dopamine is involved in the NS pathway, which affects mood and motivation, the effects of DAT inhibitors should also be considered in that loop. A study by Udo et al. found an inverse correlation between the level of DAT in the caudate nucleus and the severity of apathy in AD (Udo et al., 2020). However, it is worth noting that the study mentioned the degeneration of dopaminergic neurons in the NS pathway as the cause of decreased DAT levels in presynaptic terminals. Therefore, apathy is likely due to the loss of these striatal dopaminergic neurons (Udo et al., 2020). In line with this notion, a newer study demonstrated the potential of specific DAT inhibitors to improve motivational impairments in rats (Kouhnavardi et al., 2022). Thus, DAT inhibitors may not worsen apathy, as the symptom is primarily a result of dopamine neuronal degeneration in the NS pathway.

Moreover, the development of novel heterocyclic compounds, such as CE-125 (4-((benzhydrylsulfinyl)methyl)-2-cyclopropylthiazole)) and CE-111 (4-(benzhydrylsulfinylmethyl)-2-methyl-thiazole), acting as DAT-specific inhibitors along with dopamine receptor modulators, have shown potential as better alternatives to modafinil-derived analogs by having multiple targets in the dysfunctional dopaminergic system (Saroja et al., 2016; Hussein et al., 2017). These atypical DAT inhibitors may effectively improve cognition in cases of defective dopaminergic pathways. Furthermore, the effects of DAT modulation for cognitive enhancement can be evaluated by targeting specific binding sites, which is now feasible after the identification of novel allosteric sites on the DAT protein (Cheng et al., 2017; Aggarwal et al., 2019).



9. Discussion and future directions

Studies found that the MCL pathway is affected more than the NS pathway in AD (Koeppe et al., 2008; Colloby et al., 2012; Sala et al., 2021). Therefore, targeting the abnormal MCL pathway can alleviate most dopamine-related cognitive deficits. For this purpose, DAT inhibitors can be considered as potential targets to improve cognition by reducing the dopamine reuptake. However, while inhibiting DAT, the precise regulation of dopamine in the MCL loop must be ensured, especially in the VTA-hippocampal circuit, to avoid dopamine disbalance and resulting adverse effects. If, for instance, DAT is excessively blocked, then the resultant hyperdopaminergic state can lead to dopamine dysregulation syndrome, promoting undesirable responses like gambling and drug addiction. Conversely, a hypodopaminergic state can lead to anxiety and apathy (Calabresi et al., 2013). Care must also be considered when generalizing DAT inhibition to the whole brain as certain chemical can downregulate DAT as well as TH gene expression (Mohamad Najib et al., 2023). However, considering that the dopamine is metabolized by COMT and NET in the PFC and hippocampus, respectively (Lammel et al., 2008; Borgkvist et al., 2012), the regulated substrate modification of the DAT would not severely alter the dopamine levels in these areas.

Presently, no drug is approved to treat the dopaminergic system-related cognitive deficits in AD. However, recent studies on DAT inhibitors demonstrate its potential to be an efficacious target, with the newly discovered DILAP possessing the ability to restore cognitive deficits by ameliorating AD neuropathology. The DILAP binds to DAT causing translocation of the latter to the lysosomal membrane in order to increase the lysosomal biogenesis and subsequent dissolution of amyloid plaque by a mechanism not understood yet. The exact mechanism of action of DILAP to improve cognition is yet to be elucidate, however, it is suggested to be linked with the attenuation of amyloid burden. Moreover, a study on an AD mouse model showed promising effects of Nilotinib, a tyrosine kinase inhibitor that reduces Aβ levels, prevents structural damage and degeneration of dopaminergic neurons in the VTA, and restores VTA-hippocampal loop function, thereby reducing dopamine-related cognitive impairments (Barbera et al., 2021). This points toward the possibility of developing useful nootropics in combination with DAT inhibitors to improve MCL pathway functioning, ameliorate cognitive impairment, and mitigate AD neuropathology simultaneously. Furthermore, atypical DAT inhibitors can be tested with agents such as acetylcholinesterase inhibitors and N-methyl-D-aspartate receptor antagonists. Positive results from such combinations could help improve cognitive impairment and decrease the pathologic burden of the disease in the brain.
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