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Abstract

:

Simple Summary


It is important to decide what to eat and what not to eat in the life. Children are likely to reject new foods. When eating a new food results in a negative experience, the child will avoid that specific food in the future. This phenomenon is called ‘conditioned taste aversion’ in mammals, and it is considered necessary for survival by preventing subsequent ingestion of sickening foods. Many researchers study the same kind of phenomenon in invertebrates, too. For example, the formation of conditioned taste aversion was found in the pond snail, Lymnaea stagnalis, with the selective associability between a sweet sucrose solution and a bitter KCl solution. A sweet food attracts many kinds of animals, resulting in the feeding response, whereas a KCl solution is an aversive stimulus, inducing a withdrawal response in snails. After repeated temporally-contingent presentations of these two stimuli, the sucrose solution no longer elicits a feeding response, and this phenomenon persists for a long term. In the present review, we first outline the mechanisms of conditioned taste aversion in mammals, then introduce the conditioned taste aversion in snails, and compare them. Furthermore, the molecular events in snails are discussed, suggesting the general mechanism in conditioned taste aversion.




Abstract


Conditioned taste aversion (CTA) in mammals has several specific characteristics: (1) emergence of a negative symptom in subjects due to selective association with a taste-related stimulus, (2) robust long-term memory that is resistant to extinction induced by repeated presentation of the conditioned stimulus (CS), (3) a very-long-delay presentation of the unconditioned stimulus (US), and (4) single-trial learning. The pond snail, Lymnaea stagnalis, can also form a CTA. Although the negative symptoms, like nausea, in humans cannot be easily observed in invertebrate animal models of CTA, all the other characteristics of CTA seem to be present in snails. Selective associability was confirmed using a sweet sucrose solution and a bitter KCl solution. Once snails form a CTA, repeated presentation of the CS does not extinguish the CTA. A long interstimulus interval between the CS and US, like in trace conditioning, still results in the formation of a CTA in snails. Lastly, even single-trial learning has been demonstrated with a certain probability. In the present review, we compare, in detail, CTA in mammals and snails, and discuss the possible molecular events in CTA.
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1. Introduction


Humans tend to reject new and unfamiliar food items. For example, before eating the local cuisine when visiting a foreign country, we may first confirm whether the food item is hot, bitter, or sweet by querying the local residents. Children are especially likely to reject new foods. When eating a new food results in a negative experience, such as an upset stomach or diarrhea, the child will strongly avoid that specific food in the future. It does not matter if the food is safe to eat or poisonous—many people have eaten too many foods that resulted an upset stomach during childhood; the offending foods are subsequently avoided, even in adulthood. This phenomenon is called ‘conditioned taste aversion (CTA)’ [1,2,3], because the taste of the food becomes aversive. CTA has been vigorously studied in rats (Section 2).



Findings regarding various types of CTA have revealed the following common characteristics: (1) CTA is considered necessary for survival by preventing subsequent ingestion of sickening foods. This ability is considered an adaptive trait or survival mechanism by which the body avoids ingesting sickening substances before they can cause harm, resulting in robust maintenance of long-term memory for the CTA. (2) CTA can be formed by an associative learning protocol. In this case, a conditioned stimulus (CS) is a novel taste of a new foodstuff, whereas an unconditioned stimulus (US) is a sickening food, causing, for example, nausea or diarrhea. We here consider the definition of the words, CS and US [4]. In Pavlovian conditionings, the animal is presented with a stimulus that evokes a certain behavioral response. This stimulus, which is chosen and controlled by the experimenter, is named US. The response to the US is the unconditioned response (UR). Another stimulus, neutral or almost neutral with respect to the UR, is then presented in association with the US. This stimulus is called CS. The CS is also chosen and controlled by the experimenter. The association between the CS and US alters the response to the CS, resulting in a conditioned response (CR), which is similar to the UR. According to this definition, the use of CS and US seems odd in CTA, because the food CS is not neutral for the UR or CR that demonstrates that subjects do not eat the food. However, according to the precedents of many textbooks and articles written for CTA [5] and in order to avoid confusion in future CTA studies, we use the CS and US for a novel taste of food and a sickening food, respectively, in the present review. (3) CTA has selectivity for novel tastes. If a subject has experienced a taste previously, it can no longer successfully serve as a key taste for CTA. This is called ‘selective associability and latent inhibition’ (see below). Subjects may fail to consciously recognize a connection between the perceived taste (CS, i.e., the cause) and the sickness (conditioned response, i.e., the effect). (4) The interval between the CS-US pairing can be very long, and still results in CTA. That is, CTA is thought to be a type of a trace conditioning, called ‘long-delay learning’. (5) CTA may be formed by ‘single-trial learning’. For an animal’s survival, it is reasonable that animals can form a CTA by single-trial learning or at least several trials of learning, because single-trial learning reduces the probability of consuming the same substance in the future, avoiding further poisoning.



In the present review, we first outline the mechanisms of CTA in mammals, then introduce CTA in snails, and compare them. Furthermore, we discuss the molecular events in snails, and suggest a general mechanism for CTA. Our aim with this review is to convince the reader that invertebrate studies are very useful for studying the mechanisms underlying mammalian learning and memory.




2. Conditioned Taste Aversion in Mammals


As explained in the Introduction, CTA in animals is a type of associative learning [6,7]. The common experimental approach to studying mammalian CTA is intraperitoneal injection of a LiCl solution (i.e., US) after consumption of a palatable, novel taste like a sweet saccharin solution (i.e., CS) (Figure 1) [8]. LiCl elicits hypothermia and a decreased heart rate in rats. After a novel, sweet saccharin taste has been paired with LiCl, re-exposure to the sweet saccharin taste alone induces these same negative responses [9,10]. In the 1950s, John Garcia demonstrated CTA for saccharin resulting from exposure to gamma radiation in rats [11,12]. This effect is thus called the ‘Garcia effect’. In humans, the negative sensation is observed as nausea.



Here, we review the following three major characteristics of mammalian CTA—selective associability and latent inhibition, long-delay learning, and single-trial learning.



2.1. Selective Associability and Latent Inhibition


The first characteristic of mammalian CTA is that it depends on the pairing between a specific cue (i.e., taste) and a specific event (i.e., nausea) [13]. This is called ‘selective associability’ [14]. In Pavlovian conditioning, all neutral stimuli (e.g., taste, sound, or light) are thought to be equivalent for use as the CS, and thus, due to this characteristic, CTA defies Pavlovian conditioning. In addition, CTA is reported to continue for tens of years [15], and this type of learning is considered to be very robust. In other words, CTA strongly resists extinction. A rebuttal of this view is that subjects who acquire a CTA simply avoid the CS. That is, the CS is not perceived by the subjects during the period in which the CTA exists because they refuse to sample it again. For example, when subjects are forced to drink water containing the CS (e.g., a saccharin solution), extinction of the CTA occurred at almost the same rate as other types of classical conditioning [16,17]. For a CS to be effective in CTA, the subject should not be exposed to the CS prior to training. If a foodstuff has been previously tried and found to be non-aversive, it is thereafter no longer considered a toxic agent. This phenomenon is called ‘latent inhibition’ [18,19].




2.2. Long-Delay Learning


Trace conditioning is a type of Pavlovian conditioning in which there is a gap in time between the termination of the CS and the onset of the US. In CTA, trace conditioning forms even if the interval between the CS and US is very long. This is called ‘long-delay learning’ [20]. In Garcia’s study in 1966, a saccharin solution was used as the CS and an injection of apomorphine was used as the US. The long-delay application of apomorphine after the CS was confirmed to form a CTA for up to 75 min. Further, Etscorn and Stephens showed that when an anticancer agent, cyclophosphamide, was used as the US, a CTA formed even with a 24-h delay before administering the US. Both apomorphine and cyclophosphamide induced nausea [21]. Moreover, another observation was reported for the interval between the CS and US. Schafe and colleagues concluded that close temporal contiguity between the CS and US is not required for CTA acquisition [22], even though general Pavlovian conditioning needs it.




2.3. Single-Trial Learning


In the experiments by Etscorn and Stephens, the 24-h delayed learning was formed following a single pairing of the CS and US (i.e., single-trial learning) [21]. Single-trial learning was also observed in many other studies [23]. Single-trial learning is useful for studying the brain regions involved in CTA. Because the training protocol comprises a single trial, the expression pattern of immediate early genes (i.e., genes that are activated transiently and rapidly in response to a variety of stimuli) can be clearly observed. In rats, the expression of immediate early genes, such as c-fos, in the brain can be analyzed to reveal the regions active during the formation of a CTA [24]. Furthermore, the studies of second-order conditioning and sensory preconditioning were achieved in mammalian CTA [25]. These complicated conditionings were confirmed by the use of various stimuli [26].





3. Molecular Events in Mammalian CTA


Molecular events in mammalian CTA remain poorly understood, even though a long period has been spent studying them [27]. Barki-Harrington et al. [28] well summarized the profiles of the following three molecular aspects: (1) the role of neurotransmitters, glutamate and acetylcholine, and their receptors; (2) the role of translation regulation in memory consolidation; and (3) the role of expression of immediate early genes. Almost all studies were performed based on those of long-term potentiation and other ordinary studies of learning and memory. For (1), neurotransmitters, a significant release in glutamate was observed following LiCl injection [29]. When glutamate was injected into the basolateral amygdala (BLA), CTA was enhanced [30]. Blockade of glutamate receptors between the ingestion of the saccharin (i.e., CS) and administration of the malaise-inducing LiCl (i.e., US) impaired CTA acquisition [31]. Formation of CTA memory was eliminated when a muscarinic receptor antagonist (scopolamine or atropine) was injected into the insular cortex after CTA acquisition [32]. As expected in (2), translation for de novo protein synthesis required for memory consolidation, an injection of a protein synthesis inhibitor (cycloheximide or anisomycin) impaired CTA [33]. For (3), the expression of immediate early genes, the monitor of c-Fos mRNA and protein levels was performed to identify the active brain regions for CTA. Many research groups found that c-Fos expression was observed in the BLA and the insular cortex after a few hours of CTA formation [34,35]. The synaptic underpinnings in the BLA and the insular cortex have been recently clarified [36].



As discussed in Section 7, we consider the downstream cascades of insulin reception. Some important molecules are targeted there, and one of them is phosphoinositide-3-kinase (PI3K). In mammalian CTA, microinfusion of brain-derived neurotrophic factor (BDNF) induced a lasting potentiation of synaptic efficacy in the insular cortex, modifying the CTA retention [37], and this effect was dependent on both the activation of mitogen-activated protein kinase (MAPK) and PI3K in the insular cortex [38]. At present, the function of PI3K may be intermediated between mammalian CTA and snail CTA.



Very recently, the role of EphB2 (Eph family type-B receptor 2) on mammalian CTA memory formation was studied [39]. EphB2 is known to be required for normal brain development and function [40]. Using wild-type mice and age-matched EphB2−/− and EphB2lacZ/lacZ mice, Alapin et al. [39] showed that long-term CTA memory was intact in young mice that lacked EphB2 (i.e., EphB2−/−) or in young mice with no EphB2 forward signaling (EphB2lacZ/lacZ). On the other hand, although long-term CTA memory was enhanced in old mice [41], the ability to form long-term CTA memory was impaired in old EphB2−/− and EphB2lacZ/lacZ mice. Therefore, EphB2 forward signaling is needed for CTA memory formation in old mice. Furthermore, Levitan and colleagues noticed the BLA projection neurons, because the BLA plays a crucial role in mammalian CTA memory as described above [27,30]. Their results suggested that (a) CTA training (i.e., the pairing of saccharin and LiCl) increases the activity of STK11 (serine/threonine kinase 11) and c-Fos (an activity-dependent transcription factor) in BLA projection neurons; (b) CTA increases STK11 protein, resulting in downstream phosphorylation and activation of AMP-related kinases and c-Fos induces the transcription of Fos effector genes; (c) both AMP-related kinases and Fos effectors regulate ion channel activity, reducing intrinsic excitability of BLA projection neurons; and (d) reduced intrinsic excitability in BLA projection neurons plays a key role in CTA memory formation, reducing saccharin consumption in test trials. It is excellent that mammalian CTA studies can be performed using knock-out mice.




4. Conditioned Taste Aversion in Snails


CTA also occurs in snails, as first reported by Kojima et al. [42] in 1996, who applied various stimuli to the pond snail, Lymnaea stagnalis to induce the formation of aversive and appetitive training and find a ‘selective associability’ between a sweet sucrose solution and a bitter KCl solution. The sucrose solution was the CS and had not been applied previously to snails before training to avoid inducing latent inhibition. Generally, a sweet food is attractive to many animals, resulting in a feeding response (i.e., an increase in the number of bites in response to sucrose). On the other hand, a KCl solution is an aversive stimulus to snails that induces a whole-body withdrawal response. Humans perceive a KCl solution as tasting bitter. Thus, a KCl solution was used as the US [43,44]. In some studies, an electric shock is used as the US instead of KCl [45,46]. In the snail CTA paradigm, the sweet CS was paired with the aversive US (Figure 2). After repeated temporally-contingent presentations of the CS and US, the CS no longer elicited a feeding response, and this CTA persisted for at least a month. The effects of the concentrations of sucrose and KCl and the trial number on the strength of snail CTA have been examined [42,45,47]. The suitable concentrations of these solutions were found [42,45], and a small number of trials (e.g., 1–10 trials) were enough for snail CTA [42,47]. ‘Single-trial learning’ in snails will be described later. The most important issue in this snail CTA is that the negative symptoms, such as nausea in humans and rats as well as nausea in response to meat with a poison, including LiCl, in wild animals like a coyote and a wolf [48], cannot be easily observed. Researchers are now attempting to overcome this issue in various invertebrate species [47,49].



In snail CTA, the key neurons in the feeding circuitry are known–cerebral giant cells (CGCs) and follower neurons belonging to the feeding central pattern generator [50,51,52]. Kojima and colleagues examined the synaptic connection between the CGC, a regulatory neuron of the feeding central pattern generator, and neuron 1 medial (N1M), an interneuron belonging to the central pattern generator [50]. Their results showed that an inhibitory postsynaptic potential (IPSP), which is activated in the CGC and recorded in the N1M, is larger and lasts longer in CTA-trained snails than in control snails, suggesting that this enhanced IPSP in the N1M underlies the suppression of the feeding response in snail CTA [50]. In addition to Kojima’s observation, Otsuka et al. [51] further clarified the mechanism in the feeding central pattern generator. The N1M is thought to be ultimately activated by the CGC via neuron 3 tonic (N3t). That is, the inhibitory monosynaptic inputs from N3t to N1M are facilitated. N1M and N3t are members of the feeding central pattern generator. To examine the involvement of a second messenger, cAMP, Otsuka et al. [51] injected cAMP into the CGC and monitored the potentials of the B3 motor neuron activated by the CGC. The B3 activity was used as an index for synaptic inputs from N3t to N1M. The B3 potentials were transiently enlarged. Thus, when the cAMP concentration is increased in the CGC by CTA training, cAMP-induced changes may play a key role in the establishment of a memory trace in N3t.



In 2017, Sunada and colleagues performed ablation experiments of the CGC somata to further confirm the requirement of the CGC in snail CTA [52]. Their results demonstrated that: (1) the CGC somata are not necessary for learning acquisition, (2) the CGC somata are necessary for memory formation, and (3) the CGC somata are necessary for memory recall. Therefore, these findings confirmed that CGCs function in the long-term memory of CTA in snails. This relatively-simple pathway facilitates the analysis of the cellular mechanisms of CTA in invertebrates.



‘Long-delay learning’ and ‘single-trial learning’ were examined in snails by Nakai et al. [47] and Sugai et al. [53], respectively. When the interstimulus interval between the presentation of the CS and US was examined, the interstimulus interval could be set as long as minutes [47]. No inverted U-shaped relationship, like the relationship of Yerkes–Dodson’s law [54], was observed between the interstimulus interval and the conditioned response (i.e., suppression of feeding). Thus, snail CTA formed even when presentation of the US was delayed. In addition, Nakai et al. [47] examined the time course of the protein synthesis-dependent period during the consolidation of snail CTA to long-term memory by pharmacologic inhibition of transcription or translation. Their results indicated that the protein synthesis-dependent period coincided with the CTA training. That is, de novo protein synthesis to form long-term memory occurs during the same time-frame as long-delay learning for CTA.



In Kojima’s paradigm, snail CTA is formed by presenting some pairings of sucrose as the CS and KCl as the US [42]. As long as the term ‘CTA’ is used for long-term aversive snail learning, then single-trial learning should be examined [53]. In snails, particular measures are used to distinguish between ‘good’ and ‘poor’ performers, similar to a minimum passing mark for students. If a snail possesses long-term memory (i.e., a good performer), it is expected to not open its mouth following the presentation of the CS. Some snails, however, open their mouths by chance in the absence of any delivered stimulus [42]. Such spontaneous mouth openings occur at a rate of about one per minute. Good performers are thus defined as snails that made 0 to 1 bite/min in response to the CS during the post-test sessions, and poor performers are defined as snails that made ≥2 bites/min in response to the CS during the post-test sessions that are performed by a single CS application over time after CTA training. Sugai et al. [53] obtained a constant ratio of poor to good performers for snail CTA, and approximately 40% of CTA-trained snails were good performers following a single-trial learning procedure. The success ratio for single-trial learning is not 100% in snails, but it is important to note that an extremely-small number of US–CS pairings leads to the learning acquisition and memory formation in snails.




5. ‘Necessity Knows No Law’ Manner of Snail CTA


In snails, food deprivation for 1 day before CTA training results in optimal learning and consolidation into long-term memory. In snails with 5-day food deprivation before CTA training, however, learning and memory do not form. Ito et al. [55] hypothesized that snails do in fact learn CTA and form a long-term memory of CTA when trained after prolonged 5-day food deprivation, but that such severe food deprivation blocks their ability to express the memory. Their results showed that long-term memory expression occurs in 5-day food-deprived snails that are then fed for 7 days followed by 1 day of food deprivation (Figure 3). Moreover, this CTA and its long-term memory are context-dependent and are observed only when the snails are placed in a context similar to that in which the training occurred. That is, snails are restricted with respect to the ‘necessity knows no law’ concept [56]. In mammalian CTA, as far as we know, such a phenomenon was not observed. However, after rats form CTA, if they are hungry, they intake the CS (i.e., demonstration of extinction) [57]. There is no help for eating in animals.




6. Role of Insulin-Related Peptide in Learning and Memory Formation for Snail CTA


In 2006, Azami et al. [58] produced a cDNA microarray for Lymnaea, which they used to examine the expression levels of mRNAs in the snail central nervous system. The aim of their study was to investigate the altered gene activity associated with snail CTA. They found that some molluscan insulin-related peptides (MIPs) were upregulated at the mRNA level during CTA. They further analyzed the details of the mRNA level of MIP II (a major MIP) using real-time PCR, and found that the MIP II levels in the central nervous system of snails exhibiting ‘good’ memory for CTA were significantly higher than those in snails exhibiting ‘poor’ memory. Following these results, Murakami and colleagues performed experiments to apply MIPs or mammalian insulin exogenously to an isolated snail central nervous system [59,60,61]. They observed a long-term change in synaptic efficacy (i.e., enhancement) of the synaptic connection between the CGCs and the B1 motor neurons. These findings suggest that MIPs trigger changes in synaptic connectivity that are correlated with the consolidation of CTA into long-term memory in the snail central nervous system.



Mita et al. [62,63] further examined the effects of insulin on CTA memory in snails. As described above, 1-day food deprivation resulted in the best learning and memory for CTA in snails, whereas a more prolonged 5-day food deprivation made the snails incapable of learning or remembering. Their results demonstrated that injecting the snails with insulin to reduce the hemolymph glucose concentration resulted in better learning and memory in the 5-day food-deprived snails, but injecting glucose into 5-day food-deprived snails did not alter their inability to learn and remember. On the basis of these results, we proposed the ‘insulin spike hypothesis’ (i.e., a rise in the insulin concentration in the central nervous system of snails) for the formation of CTA and its long-term memory [64,65,66]. In 2020, Totani et al. [67] provided evidence to support this hypothesis.



In Totani’s experiments, 1-day food-deprived snails showed the best CTA learning and memory, whereas more severely food-deprived snails (i.e., 5-day food-deprivation) did not express good memory [67]. Previous studies by Ito et al. [55], however, showed that CTA and its long-term memory are indeed formed in 5-day food-deprived snails, but memory recall for the CTA is prevented by the effects of food deprivation. Long-term memory recall in 5-day food-deprived snails is expressed following 7 days of feeding and then 1 day of food deprivation. Totani et al. [67] revealed that this 1 day of food deprivation before the memory test in snails increases the MIP II mRNA levels in the central nervous system. Instead of this 1-day food deprivation, injecting insulin into the snails activates CTA neurons and mimics the food deprivation state before the memory test. Together, the results suggest that a spike in insulin release recapitulates the optimal internal state for long-term memory recall following CTA training in snails [67].




7. Perspectives in Molecular Events after Insulin Reception


At this stage, we must consider why the insulin levels in the snail central nervous system are altered by 1-day food deprivation. Although we demonstrated this change at the mRNA level [67], at present we do not have any tool to measure the MIP proteins directly. Accordingly, we cannot affirm that only an increase in insulin level affects snail CTA. For example, another possibility is that insulin sensitivity is circadian-rhythm dependent [68,69,70]. Circadian rhythmicity has been confirmed in snails, and affects CTA learning and memory [71]. We should thus consider that both insulin levels and insulin sensitivity may change regardless of food intake in snail CTA.



Studies of insulin function in invertebrates, such as Caenorhabditis elegans and Drosophila, have also been reported [72,73]. Especially in Drosophila, the relation between the actions of insulin and those of cAMP-regulated transcriptional coactivator (CRTC) have been clarified [74]. CRTC is thought to be activated when the insulin-signaling cascade is downregulated in hungry flies [75]. Hungry flies learn conditioned food aversions in one trial because of downregulation of the insulin-signaling pathway and upregulation of the CRTC-signaling pathway [74]. A state of hunger in flies is induced by 9 to 16 h of food deprivation before conditioned food aversion, and this may correspond to the state of mild food deprivation in the studies using snails [76]. The relationship between the insulin signals and the CRTC signals in snails has not yet been studied, and thus the molecular mechanisms should be carefully examined in snails.



Special attention should be focused on the following two kinds of transcription factors in the insulin-signaling cascade for CTA—cAMP response element-binding protein (CREB) and forkhead box O (FOXO) [77] (Figure 4). Insulin binding to its tyrosine kinase receptors drives the phosphoinositide-3-kinase-Akt/protein kinase B (PI3K-Akt/PKB) pathway [78]. The PI3K-Akt/PKB pathway regulates CREB for gene expression [79,80,81]. In snails, activation of CREB plays a necessary role in the formation of long-term memory [82,83,84,85,86]. At the mRNA level, the amount of suppressor CREB (i.e., CREB2) is more abundant than the amount of activator CREB (i.e., CREB1) [87]. The other transcription factor, FOXO, is also activated by the PI3K-Akt/PKB pathway [80,88,89]. Interestingly, FOXO is involved in learning and memory formation in a starved state [90].




8. Role of Insulin in Mammalian Brain


Finally, the importance of insulin-signaling cascades in memory formation in the mammalian brain is also discussed. Almost all the articles about the function of insulin for memory in mammals are involved in the studies of the relationship between type 2 diabetes and Alzheimer’s disease [91,92]. The common feature of these two diseases is insulin resistance, and thus some antidiabetic drugs, such as intranasal insulin, pioglitazone, metformin, and liraglutide, are promising drugs that could be useful in the treatment of Alzheimer’s disease [93]. The roles of insulin in the mammalian brain are considered as follows [94]: (1) proteostasis influencing clearance of the amyloid β peptide and phosphorylation of tau, which are hallmarks of Alzheimer’s disease, and (2) modulation of vascular function through the effects on vasoreactivity, lipid metabolism, and inflammation. Another idea showed that these two diseases (i.e., type 2 diabetes and Alzheimer’s disease) may be linked with heat-shock proteins [95]. Anyhow, the detailed molecular events of insulin cascades in the mammalian brain should be examined in the future.



In addition, a small number of studies have been reported for a role of insulin in depression [96]. Insulin has an influence on hormones involved in the hypothalamic–pituitary–adrenal axis (HPA) negative feedback system [97]. Major depression induces an increase in the secretion of corticotropin-releasing hormone, the overproduction of glucocorticoids, the impairment of the sensitivity of glucocorticoid receptor, and the damage of HPA negative feedback mechanism [98]. HPA axis dysfunction is associated with insulin action in patients with depression [99]. As shown here, the role of insulin in the mammalian brain is mainly examined in Alzheimer’s disease and depression, but not in CTA.




9. Conclusions


In the present review, we compared the characteristics of CTA between mammals and snails. Studies of behavioral, cellular, and molecular events in snails can be very informative for studies of these events in mammalian CTA [100]. Only a few points in snail CTA do not meet the conditions of mammalian CTA. Furthermore, it is important to note that snail CTA depends on the state of food deprivation. Food deprivation for 1 day in snails before CTA training results in the best learning and memory formation, whereas 5-day food deprivation before CTA training prevents learning and memory formation [55]. In mammals, short-term fasting (i.e., comparable to 1-day food deprivation in snails) is thought to enhance cognition, including memory consolidation [101,102]. In contrast, obesity impairs cognition and increases the risk of dementia in humans [103,104]. Snail CTA studies may also provide some insight into the advantages of short-term fasting.
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Figure 1. Training protocol of conditioned taste aversion in mammals. (A) Rats receive a saccharin solution (CS) followed by injection of LiCl (US). NaCl is used as a control solution for LiCl. (B) After CS–US pairing, rats injected with LiCl following access to a saccharin solution consume significantly less saccharin solution than NaCl-injected controls. 
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Figure 2. Training protocol of conditioned taste aversion in snails. After a sucrose solution (CS) is paired with a KCl solution (US), a sucrose solution does not elicit a feeding response in trained snails. 
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Figure 3. Relation between food deprivation and memory recall in snail conditioned taste aversion (CTA). Snails with ad libitum access to food exhibit poor memory formation. CTA memory is enhanced by 1-day food deprivation, whereas CTA memory is attenuated by 5-day food deprivation. If insulin is injected into the snails after 5 days of food deprivation before the CTA training, the CTA memory is observed. If, after the snails are food deprived for 5 days, they are fed again to keep them healthy for 7 days, they exhibit poor memory. If the snails are again food-deprived for 1 day before memory testing, however, their insulin levels are increased and they recall the CTA memory. On the other hand, if the snails are injected with insulin instead of being subjected to 1-day food deprivation before memory testing, they are able to recall the CTA memory. We have confirmed that an insulin injection decreases hemolymph glucose levels, but the insulin levels and/or the insulin sensitivity are thought to be regulated not only by food intake but also by other factors (Section 6 and Section 7). 
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Figure 4. Scheme of deduced insulin-signaling cascades for memory enhancement. Akt/PKB phosphorylates CREB (i.e., CREB1 in Lymnaea), resulting in gene expression, whereas Akt/PKB phosphorylates FOXO, inducing its secession from DNA. Abbreviations: PI3K, phosphoinositide-3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; PTEN, phosphatase and tensin homolog deleted on chromosome 10 (i.e., PIP3 phosphatase); Akt/PKB, Akt/protein kinase B: CREB, cAMP response element-binding protein; FOXO, forkhead box O. 
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