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Understanding the physiological mechanisms that modulate memory acquisition and consolidation remains among the most ambitious questions in neuroscience. Massive efforts have been dedicated to deciphering how experience affects behavior, and how different physiological and sensory phenomena modulate memory. Our ability to encode, consolidate and retrieve memories depends on internal drives, and sleep stands out among the physiological processes that affect memory: one of the most relatable benefits of sleep is the aiding of memory that occurs in order to both prepare the brain to learn new information, and after a learning task, to consolidate those new memories. Drosophila lends itself to the study of the interactions between memory and sleep. The fruit fly provides incomparable genetic resources, a mapped connectome, and an existing framework of knowledge on the molecular, cellular, and circuit mechanisms of memory and sleep, making the fruit fly a remarkable model to decipher the sophisticated regulation of learning and memory by the quantity and quality of sleep. Research in Drosophila has stablished not only that sleep facilitates learning in wild-type and memory-impaired animals, but that sleep deprivation interferes with the acquisition of new memories. In addition, it is well-accepted that sleep is paramount in memory consolidation processes. Finally, studies in Drosophila have shown that that learning itself can promote sleep drive. Nevertheless, the molecular and network mechanisms underlying this intertwined relationship are still evasive. Recent remarkable work has shed light on the neural substrates that mediate sleep-dependent memory consolidation. In a similar way, the mechanistic insights of the neural switch control between sleep-dependent and sleep-independent consolidation strategies were recently described. This review will discuss the regulation of memory by sleep in Drosophila, focusing on the most recent advances in the field and pointing out questions awaiting to be investigated.
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1 INTRODUCTION
Memory is essential for survival. Animals need to be able to learn from and remember past experiences to inform future decisions and guide behavior. In the laboratory, Drosophila melanogaster can learn to approach odors that have been previously paired with a reward, such as food, or to avoid odors that have been paired with an aversive stimulus such as an electric shock (Tully and Quinn, 1985; Busto et al., 2010). The circuits and neural mechanisms involved in creating these behavioral responses are complex. One key region of the Drosophila brain involved in olfactory, taste, visual and courtship memory, is the mushroom body (MB) (Heisenberg et al., 1985; McBride et al., 1999; Vogt et al., 2014; Masek and Keene, 2016; Boto et al., 2020). In the case of associative olfactory memory, odorant molecules bind to receptors in the antennae and activate neurons in the antennal lobe, which then send olfactory information to the MB via projection neurons (PN) (Davis, 2005; Fiala, 2007; Su et al., 2009; Martin et al., 2013). These PNs relay olfactory information to a small subset of the ∼2,200 Kenyon cells (KCs) in the MB calyx, creating sparse representations of numerous different odors (Jefferis et al., 2007; Turner et al., 2008; Aso et al., 2014a; Lin et al., 2014). In the case of taste memory, contact with appetitive taste induces the proboscis extension reflex (PER) (Dethier, 1976). When the attractive taste (such as sucrose) is paired with a punishing stimulus such as bitter taste or heat, flies exhibit an avoidance response that inhibits PER. Taste information is also relayed to the MB by neurons projecting from the subesophageal zone (SEZ), and conditioned taste responses depend on KC and MB circuitry (Kirkhart and Scott, 2015; Masek et al., 2015; Masek and Keene, 2016). KCs are classified into three main subtypes: α/β, α’/β’, and γ (Crittenden et al., 1998; Tanaka et al., 2008; Aso et al., 2014a; Guven-Ozkan and Davis, 2014). The axons of these KCs form the MB lobes, innervated by mushroom body output neurons (MBONs) which then project to different areas in the protocerebrum and mediate the behavioral output (Tanaka et al., 2008; Aso et al., 2014a). Dopaminergic neurons (DANs) act as modulators of synaptic weight and innervate discrete compartments of the MB (Tanaka et al., 2008). These compartments receive input from different types of DANs and contain dendrites of corresponding MBON types (Tanaka et al., 2008; Mao and Davis, 2009; Aso et al., 2014a; Aso et al., 2014b). There are two clusters of DANs which innervate the MB lobes: PPL1 which innervates the vertical lobes (α, α’), responds strongly to aversive stimuli and is necessary for aversive conditioning (Riemensperger et al., 2005; Mao and Davis, 2009; Galili et al., 2014; Cervantes-Sandoval et al., 2017), and PAM which innervates the horizontal lobes (β, β’, γ), responds to rewarding stimuli and is necessary for appetitive conditioning (Liu C. et al., 2012; Yamagata et al., 2015; Yamagata et al., 2016). The input from these modulatory DANs alters the synaptic weights between KCs and MBONs to induce the appropriate behavioral response to a presented odor (Séjourné et al., 2011; Aso et al., 2014b; Hige et al., 2015; Owald et al., 2015; Perisse et al., 2016; Felsenberg et al., 2018). A third group of dopaminergic neurons, PPL2, innervates the MB calyx and has been shown to shape olfactory responses in the KCs and modulate memory strength (Mao and Davis, 2009; Boto et al., 2019). In addition to this complex circuitry, MB activity is modulated by other extrinsic neurons, some of which innervate widely the MB neuropile and whose activity is necessary for efficient memory acquisition, consolidation, and retrieval (Yu et al., 2005; Liu and Davis, 2009; Cervantes-Sandoval and Davis, 2012; Lin et al., 2014; Amin et al., 2020; Baltruschat et al., 2021; Prisco et al., 2021).
In the brain of Drosophila we can find structures other than the MB mediating different types of memory. The central complex encompasses the ellipsoid body (EB) and the fan shaped body (FB). The EB has been involved in long-term memory consolidation, visual recognition, and spatial orientation memory (Wu et al., 2007; Neuser et al., 2008; Pan et al., 2009; Zhang et al., 2013; Guo et al., 2015). Interestingly, a subset of EB neurons are also involved in generating sleep drive (Liu et al., 2016; Donlea et al., 2018; Shafer and Keene, 2021; Andreani et al., 2022). The FB has been implicated in visual learning tasks and conditioned nociceptive avoidance (Liu et al., 2006; Wang et al., 2008; Pan et al., 2009; Hu et al., 2018). The FB is a layered structure in the central brain with critical behavioral functions like locomotion (Strauss, 2002) and, importantly, sleep. For example, the FB has been shown to play a role in regulating quiescence (Donlea et al., 2011) and sleep promoting neurons projecting to the FB convey the output of sleep homeostasis (Donlea et al., 2014).
However, the aforementioned central complexes are not the only circuits involved in sleep. As such, peripheral neurons are becoming more relevant in the study of sleep regulation (Seidner et al., 2015; Jones et al., 2022) Additionally, it was shown that some drivers traditionally used to implicate central neurons in sleep homeostasis affect peripheral neurons, arguing that sleep could be indeed regulated by those and not only by central complexes (Satterfield et al., 2022). Glia has also been implicated in sleep regulation (Artiushin et al., 2018; Blum et al., 2021). The inhibition of Appl, the Drosophila homolog of amyloid precursor protein, in astrocyte-like and cortex glia resulted in increased sleep and longer sleep bouts, whereas overexpression of Appl lead to the opposite effect (Farca Luna et al., 2017). The sleep phenotype induced by Appl inhibition could be rescued by increasing the expression of the glutamate transporter dEaat1 (Farca Luna et al., 2017) and, interestingly, Eaat1 is required for the consolidation of long-term memories (Matsuno et al., 2019). Glia has an established role in neural metabolism, providing neurons with energy during times of high energy demand, such as long-term memory formation (de Tredern et al., 2021; De Backer and Grunwald Kadow, 2022; Silva et al., 2022). Although it is likely that the roles of glia in sleep and memory are intertwined, this relationship is currently largely unexplored.
Sleep is conserved across species, and it is considered indispensable for health. As in other animals, in Drosophila there are two main processes involved in regulating sleep: a circadian component which regulates the sleep-wake cycles, and a homeostatic component which reacts to internal changes that alter the “need for sleep”, for example, increasing sleep duration after sleep deprivation (Borbély, 1982). In Drosophila, the definition of sleep is based on behavioral criteria: quiescence, increased arousal threshold, change in posture, and inactivity of at least 5 min (Hendricks et al., 2000; Shaw et al., 2000). Previous work has phenomenally reflected on the literature related to sleep in Drosophila, its neural substrates, and novel approaches and research in the field (Dubowy and Sehgal, 2017; Dissel, 2020; Dissel et al., 2020; Weiss and Donlea, 2021a; Gilestro, 2021; Shafer and Keene, 2021) while the present work will aim to describe recent findings on the specific modulation of memory by sleep.
Perhaps attesting the complexity of memory systems, sleep is one of the most relevant biological processes that gates and stabilises memory; a relationship that can be easily demonstrated by the relatable detrimental effects that sleep deprivation has in cognitive abilities. Nonetheless, the precise mechanisms by which sleep affects memory remain largely elusive. The two, however, rely on some overlapping circuitry in the brain, which provides some clues as to how this relationship is mechanistically modulated. Considering the importance of sleep in cognitive functions, it is undeniable that the aforementioned FB plays a key role in enabling and improving memories in Drosophila. Similarly, the MBs have been implicated in sleep regulation (Joiner et al., 2006; Sitaraman et al., 2015a; Sitaraman et al., 2015b) as, at least in part, the arousal effects of dopamine rely on the innervation of dopaminergic neurons in the MB (Sitaraman et al., 2015b; Driscoll et al., 2020; Driscoll et al., 2021). These dopaminergic neurons can be the same neurons that enable memory and seem to have a dual role in regulating sleep and arousal (Andretic et al., 2005; Kume et al., 2005; Lebestky et al., 2009). Administration of a tyrosine hydroxylase inhibitor increases sleep duration, and, conversely, administering psychostimulants to increase dopamine signalling decreases sleep (Ueno et al., 2012). The D1-like dopamine receptor DA1 (Dop1R1) is essential for memory formation (Kim et al., 2007), whereas it has also been reported to mediate wakefulness through caffeine (Andretic et al., 2008) or startle-induced arousal (Lebestky et al., 2009), and DA1 in the dorsal FB mediates the arousal effect of dopamine (Ueno et al., 2012). Moreover, the specific dopamine neurons innervating the dorsal FB to promote wakefulness include the aforementioned PPL1 cluster (Liu Q. et al., 2012). This data together highlight that the circuits and molecular mechanisms for both memory and sleep are closely intertwined. In this article we will review findings on the relationship between memory and sleep, looking at cognitive effects of sleep deprivation and induced sleep, and detailing what we know about the molecular and circuit level structures that modulate this relationship.
2 MEMORY ACQUISITION IS IMPAIRED BY SLEEP DEPRIVATION
A common method to investigate the role that sleep plays in the formation of memories is to evaluate the performance of short-sleeping animals in memory assays. One such assay is the heat-box paradigm, in which half of a chamber is heated to 39°C and over a training period flies exposed to this environment learn to avoid the heated area (Wustmann et al., 1996). The memory persists in wild-type flies, and they continue to avoid the previously heated area even after it has returned to a preferable temperature. However, loss-of-function mutations in Hyperkinetic, a gene encoding a modulatory element of the Shaker channel, translate into decreased sleep, possibly due to changes in neural excitability. Although these flies display learning, they quickly lose their bias towards the unheated side, showing a detriment of short-term memory (Bushey et al., 2007).
There are also numerous lines of evidence of the supportive role of sleep in memory based on sleep deprivation experiments. Sleep deprivation can be achieved through mechanical stimulation using different apparatus: the SNAP, or Sleep Nullifying Apparatus which involves tilting tubes housing flies such that the sleeping flies are displaced (Melnattur et al., 2020), the SLIDE, Sleep Interrupting Device, which utilises a treadmill-like floor to force the flies to continuously walk (Seugnet et al., 2008), a system which rotates the vials along their major axis before dropping it a short distance (Li et al., 2009), or the DART, Drosophila ARousal Tracking system, which video tracks the flies behaviour and utilises a motor to inflict a gentle but unpredictable vibrating stimulus which disrupts the sleep pattern (Faville et al., 2015). More recently, a system was developed where flies were monitored, and upon 20 s of immobility, the housing tube would rotate gently, waking the fly up (Geissmann et al., 2017). This system implies a much gentler stimulation, and surprisingly reported milder effects of sleep deprivation in overall health.
Sleep deprivation using the mechanical approaches described above has proven to be detrimental for memory in different memory and learning assays, like aversive olfactory conditioning (Li et al., 2009). During this task flies are exposed sequentially to two odours, one being paired with an aversive stimulus such as an electric shock. To measure memory retention, flies are typically transferred after training to the choice point in a T-maze and forced to choose between the two odours they were previously exposed to (Busto et al., 2010). Memory scores will represent the proportion of flies that avoid the arm with the odour previously paired with the shock (Tully and Quinn, 1985). Depending on the protocol of training trials and the time between training and testing phases, short-term memory (STM) or long-term memory (LTM) can be evaluated (Margulies et al., 2005). One day of sleep deprivation before training leads to deficits in short-term olfactory memory (Li et al., 2009). Although the authors did not find differences in memory acquisition between sleep deprived and control flies, 1-h after training the memory scores were significantly decreased in flies that had been sleep deprived. Sleep deprivation also impairs memory in the Aversive Phototaxic Suppression (APS) assay (Seugnet et al., 2008). During this task, flies are placed in a T-maze and given a choice between a darkened or light tube. Under naïve circumstances, flies exhibit an innate attraction towards the light, but when the light tube is reinforced with an aversive stimulus, such as quinine, they learn to avoid it (Le Bourg and Buecher, 2002). When wild-type flies were forced to stay awake for 6 h before testing, there was a significant decrease in performance on this task (Seugnet et al., 2008). Learning could be restored quickly following only 2 h of recovery sleep, suggesting that one bout of sleep deprivation does not cause long-term detrimental effects (Seugnet et al., 2008). However, during early life in Drosophila there is a higher sleep demand. Sleep is necessary for development, highlighted by the fact that sleep deprivation on the first day of adulthood leads to long-term learning deficits in the APS task even after 3 days of recovery (Seugnet et al., 2011). It is suggested that these deficits are caused by reduced dopamine signalling as a consequence of increased transcript levels of DA1 (Seugnet et al., 2011). This day one sleep deprivation also causes deficits in other learning paradigms, including courtship conditioning, even after 3 days of recovery (Seugnet et al., 2011).
More recently, a similar performance detriment following sleep deprivation was observed in a spatial learning assay modelled after the classic Morris Water Maze (Melnattur et al., 2021). Here, wild-type flies were tasked with locating a ‘cold tile’ in a thermal maze by learning the association with a visual cue. Under regular sleep conditions, wild-type flies became increasingly fast at locating the tile, reducing their time by 80% over 10 trials. This indicates that they have learnt the relevant association between the visual cue and the location of the tile. However, following a night of sleep deprivation using the SNAP, wild-type flies became significantly impaired performing in this task, with practically abolished learning (Melnattur et al., 2021). Old age is associated with a decrease in dopamine, a decrease in sleep, and general memory impairments and this age-dependent cognitive decline is also seen in flies (Iliadi and Boulianne, 2010). 21–24 day old flies show a decrease in total sleep compared to 4–5 day old flies and also display impairments in spatial learning (Melnattur et al., 2021). However, age-dependent cognitive decline in spatial learning can be restored by increasing dopaminergic signalling through DA1 receptors, specifically in EB, or restored by enhancing sleep (Melnattur et al., 2021).
Sleep deprivation can also be achieved by thermogenic activation of selected neuronal subsets. Driving sleep deprivation by thermogenic activation of a subset of peripheral pickpocket (ppk)-expressing neurons and octopaminergic neurons causes impairment of short-term aversive taste memory (Seidner et al., 2015). This impairment can be rescued if the animals, after thermogenic activation of the neurons, are allowed to recover for 3 h prior training and testing, suggesting that the recovery period allows the formation of STM previously disrupted (Seidner et al., 2015).
In a novel appetitive operant conditioning task flies were rewarded with sucrose when they turned in the desired direction on a Y-shaped track (Wiggin et al., 2021). It was reported that only flies who rested during training (with rest defined as 1 min or more of continuous inactivity) were able to learn and perform well in this task. Interestingly, and perhaps counter-intuitively, optogenetically inducing sleep via activation of the dorsal FB did not enhance learning (Wiggin et al., 2021). This suggests that spontaneous rest is required to perform well but not sufficient to induce learning in this task, or that the specific restorative rest that gates learning in this operant task is driven by a different neural population. In this operant task, the individual flies who tended to rest during training and therefore performed well at the task also spent more time adjacent to the sucrose reward, indicating an increased intake of food (Wiggin et al., 2021). When the sucrose reward was removed, the proportion of flies that showed spontaneous rest behaviour decreased (Wiggin et al., 2021), consistent with reports on increased sucrose intake being associated with increased rest (Murphy et al., 2016) and a sleep suppressing effect of food deprivation (Keene et al., 2010). Therefore, it seems that in this specific task sucrose consumption promotes rest which, in turn, promotes learning.
In terms of the mechanistic process by which sleep facilitates memory acquisition, an attractive hypothesis is that during sleep synapses that have been created during activity in the day are pruned in a process called synaptic homeostasis (Tononi and Cirelli, 2003; Bushey et al., 2011). The idea is that large increases in synaptic strength include the growth of synapses in number and size which is unsustainable because they consume more energy, take up more space, and eventually saturate the coding capacities of the brain, affecting the ability to learn (Bushey et al., 2011). During sleep, synapses are pruned to a sustainable level. This pruning has been reported in a group of cells called the small ventral lateral neurons (LNvs), which are part of the wake promoting system of the circadian network and express the neuropeptide pigment dispersing factor (PDF) (Parisky et al., 2008). Subjecting flies to sleep deprivation and comparing the signal of synaptically-tagged GFP driven under pdf-Gal4 in the LNvs between rested and sleep deprived flies showed an increase in presynaptic boutons in the sleep deprived group (Bushey et al., 2011). Similarly, the g neurons of the MB were shown to have larger axonal tips after sleep deprivation, consistent with volume growth of presynaptic terminals, further confirmed by an increase in synaptically-tagged GFP puncta in g neurons in the sleep deprived group (Bushey et al., 2011). An exhaustive analysis of synaptic scaling in memory neurons under sleep deprivation have reported that, although it seems that sleep does generally shape synaptic connectivity in the MB network, the specific effect of the loss of sleep depends on the cell type (Weiss and Donlea, 2021b). Mechanical deprivation of sleep induces an overall increase in the active zone marker Bruchpilot across KCs, which returns to baseline after 48 h of recovery under spontaneous sleep restoration or after 6 h artificially induced sleep through dorsal FB activation (Weiss and Donlea, 2021b). On the other hand, no synaptic changes were detected in PNs or DANs. The analysis of specific KC output synapses onto the sleep inducing MBONg2α’1 using GFP reconstitution across synaptic partners (GRASP) reported a decrease on the connectivity between those neuron types after sleep deprivation (Aso et al., 2014b). This can reflect a decrease on the input weights from the MB to the MBON, but it could also support the idea that, although sleep-inducing, the specific neural pathway involving MBONg2α’1 and the FB is not involved in sleep homeostasis (Dag et al., 2019). It seems, however, that the effects of sleep deprivation in synaptic densities is different depending on the specific cell types involved in those synapses.
Nevertheless, there are lines of evidence supporting the beneficial effects of sleep in synaptic pruning, and eventually favoring memory acquisition. Exposure to complex social interactions leads to synaptic upscaling in LNvs and increased sleep, which is dependent on genes involved in synaptic plasticity (Ganguly-Fitzgerald et al., 2006). However, if flies are subjected to memory training paradigms shortly after social enrichment, they fail to display long-term memory, perhaps showcasing a synaptic saturation incompatible with memory encoding. Supporting the hypothesis of synaptic homeostasis, sleep induction by FB activation immediately after social enrichment restores the memory phenotype (Donlea et al., 2011).
Sleep deprivation during development can lead to long-term changes in synaptic plasticity (Seugnet et al., 2011). In fact, there seems to be a critical period in development where both sleep and LTM emerge at the same time (Poe et al., 2022). During the second instar larvae stage (L2) sleep is not under circadian control (Szuperak et al., 2018). The connections between clock neurons and arousal promoting neurons are formed in the early third instar stage (L3), which brings arousal under clock control to drive circadian sleep (Poe et al., 2022). Interestingly, L2 larvae do not exhibit LTM, but L3 show strong LTM, consistent with the fact that LTM depends on deep sleep, which is not induced until the neural circuits mediating circadian sleep are functional (Poe et al., 2022).
3 MEMORY IMPAIRMENTS ARE RESCUED BY SLEEP
Considering the discussed effects of sleep facilitating memory formation, one exciting possibility is that induced sleep could in fact rescue sleep defects in pathological conditions. Two classical memory mutants, the phosphodiesterase mutant dunce (dnc) and the adenylyl cyclase mutant rutabaga (rut), display generalized impaired learning and memory (Duerr and Quinn, 1982; Folkers, 1982; Livingstone, 1985; Han et al., 1992; Wustmann and Heisenberg, 1997). It is important to highlight that these mutants do not seem to display sleep phenotypes, however, inducing sleep can rescue memory in rut and dnc mutants (Dissel et al., 2015; Dissel et al., 2020). Three independent strategies were used to induce sleep: activating the dorsal FB, increasing expression of Fatty acid binding protein (dFabp) and administering GABA-A agonist 4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridine-3-ol (THIP) (Dissel et al., 2015). Each of these strategies increased sleep in wild-type and mutant flies, and, in turn, rescued rut and dnc learning impairments in APS and courtship conditioning tasks (Dissel et al., 2015). Learning impairments seen in rut mutants during the spatial learning heat maze task can also be rescued by THIP-induced sleep (Melnattur et al., 2021). Importantly, THIP-induced sleep in wild-type flies does not enhance STM in the APS further than the baseline performance (Dissel et al., 2015). Both dnc and rut mutants showed impaired memory during a heat-box place learning task in which flies learn to avoid an area in a box previously associated with high temperatures (Dissel et al., 2020). Induced sleep via THIP rescued performance in rut mutants, however, the performance index for dnc mutants remained low even after THIP-induced sleep (Dissel et al., 2020). These differences could be due to the particular requirements of cAMP-mediated signalling in a specific task; the circuits that control behavioural performance for different types of memory are different, and they might rely of different genes for different functions (Dissel et al., 2020).
The report that sleep can restore memory defects in mutants that display relative normal sleep phenotypes opened the possibility that sleep could in fact be used for therapeutical purposes in cases of complex disorders that are difficult to treat. This idea has been proposed in clinical settings (Mander et al., 2016). Many neurodegenerative conditions such as Alzheimer’s disease (AD) are associated with both memory defects and sleep disturbances. The Drosophila mutant Presenilin is used as a model of familial AD. since it recapitulates age-dependent cognitive deficits (Dissel et al., 2015). Young Presenilin mutants display normal sleep patterns and intact long-term memory, assessed in courtship conditioning; however, 30-day-old mutant flies have impaired LTM (Dissel et al., 2015). Inducing sleep by administering THIP 2 days prior to and 24 h following training in these aged mutants was sufficient to reverse the LTM deficits in this AD model (Dissel et al., 2015). However, one of the hallmarks of AD in humans is the intercellular accumulation of Aβ plaques (Turner et al., 2003; Zheng and Koo, 2011), therefore several AD models in Drosophila aim to replicate this cellular phenotype. Expression of the human Aβ42 peptide in flies leads to the development of key features of AD, like age-dependent learning impairment (Iijima et al., 2004). Interestingly, this model of AD in Drosophila showcased a reciprocal relationship between sleep and Aβ pathology: Aβ expression leads to fragmented and reduced sleep, associated with increased neural excitability, and conversely, sleep deprivation enhances the detrimental effects of Aβ accumulation (Tabuchi et al., 2015; Dissel et al., 2017). Enhancing sleep in this case reduced Aβ deposition (Tabuchi et al., 2015). Ubiquitously co-expressing the human amyloid precursor protein and β-secretase (APP:BACE) in adult flies also results in the accumulation of Aβ peptides and memory impairment (Chakraborty et al., 2011). Induced sleep in APP:BACE 14-day old flies rescued short-term memory impairments in the APS task and long-term courtship conditioning defects. Moreover, 2-days of induced sleep reduced C-terminal Aβ peptide accumulation, and reversed synaptic deficits of APP:BACE flies (Dissel et al., 2017).
It seems then that a better understanding of this relationship between sleep and pathology can advance neurological recovery. It has been previously reported that sleep can benefit memories by decreasing forgetting. In humans it has been proposed that sleep benefits both declarative and non-declarative memories in two very different ways: non-declarative memories, which are independent of hippocampal function, are often enhanced after a period of rapid eye movement (REM) sleep. In this case, the memory performance increases over the initial level. By contrast, hippocampus-dependent declarative memories benefit from sleep by reducing retroactive interference. In other words, there is decreased forgetting during non-REM sleep. This hypothesis has been called the “opportunistic theory of cellular and systems consolidation”. There is evidence of this opportunistic theory in Drosophila, Berry et al. (Berry et al., 2015) recently discovered that a small group of DAN functionally connected to KC mediates the process of active forgetting of olfactory memories. Blocking synaptic output from these cells increases memory retention. Conversely, stimulating their output after learning increases memory loss. Interestingly, these DAN are the same neurons that convey the punishment signal during the acquisition of aversive memory (Schwaerzel et al., 2003; Schroll et al., 2006; Claridge-Chang et al., 2009; Aso et al., 2010; Aso et al., 2012; Berry et al., 2012). Moreover, functional imaging of these DAN demonstrated the presence of chronic calcium activity before and after training. This chronic dopaminergic activity is modulated by the animal's behavioral state (Berry et al., 2015). Strong activity is observed during periods of high locomotion, and little activity is observed during rest or sleep periods. Furthermore, increasing pharmacological or genetic sleep induction decreases chronic dopaminergic activity while enhancing memory retention. Contrarywise, artificial or mechanical increase of arousal stimulates chronic dopaminergic activity and accelerates DA-based forgetting (Berry et al., 2015). Recently, a model of AD in Drosophila mimicked early-stages of the disease by restricting the expression of the Arctic variant of the Aβ42 peptide (AβArctic) to the MB. These genetic modification resulted in normal learning in both aversive and appetitive olfactory associative conditioning tasks, but lead to what could be considered accelerated forgetting (Kaldun et al., 2021). In both STM and LTM olfactory associative conditioning tasks flies expressing AβArctic in MB displayed similar learning scores immediately after training than their controls, but there was a significant memory loss after 2 h in STM tasks, and after 6 h in LTM tasks. Although it is difficult to discard an effect of deficient memory consolidation, this memory phenotype can be reversed by silencing the aforementioned specific DANs involved in the active forgetting process (Berry et al., 2015). Inducing sleep by both activating the FB after training and pharmacologically via THIP ingestion can restore the rate of forgetting in flies expressing AβArctic in the MB (Kaldun et al., 2021). Hence, MB neurons expressing AβArctic could influence the network increasing the activity of forgetting DANs, process that can be suppressed by induced sleep.
4 SLEEP IN MEMORY CONSOLIDATION
Memory consolidation is the process of converting new initially labile memories into robust, long-lasting protein synthesis-dependent memories (Roselli et al., 2021). The consolidated memories are then integrated into a complex memory structure composed of all previous relevant memories. It has been suggested that the consolidation of memories requires the reactivation of neuronal activity patterns within the neural circuits initially active during the acquisition of new memories. The best example of this is the replay of place cells. Lee and Wilson (Lee and Wilson, 2002) showed that firing sequences of place cells during the walking of simple trajectories were replayed in the hippocampus offline. It is plausible that this replay selectively strengthens memory-specific cell assemblies that promote memory consolidation.
Furthermore, the electrical disruption of these offline replay events reduces the learning rate of a spatial memory task (Girardeau et al., 2009; Ego-Stengel and Wilson, 2010). Remarkably, the consolidation process occurs mainly during sleep. The presence of time-compressed versions of place cell sequences that correspond to preceding trajectories of the animals, particularly during sharp-wave ripples, has been reported (Lee and Wilson, 2002; Diba and Buzsaki, 2007; Davidson et al., 2009). It is plausible that the memory consolidation process is favored during the offline time because encoding and retrieval of memories occurs during wake, and they, presumably, could cause catastrophic interference and impede memory consolidation.
In Drosophila, the role of post-learning sleep on memory consolidation has also been documented. Memory consolidation has been better characterized in olfactory memories. During classical olfactory conditioning, the synaptic output of the dorsal paired medial neurons (DPM) is required for memory consolidation (Waddell et al., 2000; Yu et al., 2005; Lee et al., 2011; Pitman et al., 2011; Cervantes-Sandoval and Davis, 2012; Lee et al., 2021; Muria et al., 2021). DPMs are a pair of serotonergic neurons innervating the MB (Lee et al., 2011; Pitman et al., 2011; Cervantes-Sandoval and Davis, 2012). It was first reported that blocking the synaptic output of DPM neurons after learning but before memory retrieval impaired memory consolidation (Keene et al., 2006). Remarkably, DPM neurons showed learning-induced plasticity, characterized by increased calcium responses to odors paired with either electric shock or sugar reward (Yu et al., 2005; Pitman et al., 2011; Cervantes-Sandoval and Davis, 2012). The duration of these changes correlated with the strength of the memory. STM will induce a transient increase in odor responses, whereas LTM will induce lasting changes (Cervantes-Sandoval and Davis, 2012). Optical analysis of DPM anatomy and, more recently, the connectome data, agree with the idea that DPM forms a recurrent feedback loop with KCs in the MB, continual activation of which favors consolidation of memory (Pitman et al., 2011; Takemura et al., 2017; Li et al., 2020). Despite the clear role of DPM neurons and memory consolidation, a link between DPM function and the “need for sleep” for consolidation remained elusive. Later, however, evidence indicated that DPM activity serves as a link between sleep and memory consolidation. Haynes et al., (Haynes et al., 2015), reported that in addition to being serotonergic, DPMs are also inhibitory GABAergic neurons. The authors demonstrated that artificial thermogenetic activation of DPM neurons robustly promotes sleep. Furthermore, they showed that inhibiting both GABA and serotonin synthesis in DPM neurons resulted in decreased nighttime sleep. They demonstrated that DPMs are sleep-promoting by inhibiting the activity of wake-promoting α’/β’ KC neurons. Using functional imaging with SuperClomeleon reporter, it was demonstrated that artificial chemoactivation of DPM neurons induced chloride influx in α’/β’ KC neurons. Furthermore, knocking down the GABA receptor Rdl in α’/β’ KC neurons resulted in decreased sleep.
The neural substrates mediating the effect of sleep in memory consolidation have also been extensively studied in the case of courtship memory in flies. Naïve male flies will actively court both virgins and mated females, while males exposed to and rejected by unreceptive mated females will subsequently become less prone to court receptive virgin females (Siegel and Hall, 1979). This reduction in the courtship index reflects the newly acquired memory, which is dependent on the MB (McBride et al., 1999). Courtship training for shorter times leads to STM that can last hours, whereas longer training sessions will induce protein-synthesis dependent long-term memory. MB KC-γ neurons are essential for the formation of courtship memories (Keleman et al., 2012). Similarly, acute inhibition of MB output neuron MBON-γ5β’2α (also known as M6), which is postsynaptic to KC-γ, both during acquisition and during memory retrieval, impairs memory (Zhao et al., 2018). This potentiation is modulated by dopaminergic input from PAM-γ5 (also known as aSP13). Moreover, MBON-γ5β’2α synapses back into PAM-γ5 (Figure 1). This suggests the presence of a recurrent feedback loop that reactivates the neural learning pathways during memory consolidation. But how does sleep modulate this circuit? Fascinatingly, sleep drive is plastic and is modulated by experience. Males trained with paradigms that form LTM sleep more after learning than untrained controls, or counterparts subjected to STM-inducing protocols (Ganguly-Fitzgerald et al., 2006; Dag et al., 2019), pointing at a demand of sleep after complex learning experiences. This “need for sleep” will enable and engage consolidation mechanisms, as proven by studies showing that sleep deprivation after training abolishes LTM (Ganguly-Fitzgerald et al., 2006; Donlea et al., 2011; Dag et al., 2019). A recently published study identified specific neural circuits mediating this induction of sleep exclusively after LTM-inducing training protocols, and not after shorter training ones. The timing of the serial activation of two MBONs switches on/off sleep driving circuits in the FB (Lei et al., 2022). MBON-γ2α’1 activates sleep-inducing ventral FB (vFB) neurons. The activity of MBON-γ2α’1 increases proportionally with the length of the training session, and synaptic release from this neuron is necessary for both the increase of sleep post-training and the consolidation of memory (Lei et al., 2022). On the other hand, MBON-β’2mp suppresses sleep (Aso et al., 2014b), inhibits vFB neurons, and displays higher activity levels with shorter, STM-inducing training protocols (Lei et al., 2022). These two MBON form a polysynaptic circuit with vFB; they feed directly into SFS neurons which integrate both MBON signals and then convey excitatory input to vFB. These findings lever an elegant model where STM-inducing protocols will recruit MBON-β’2mp, which inhibits the vFB facilitating wakefulness and, on the other hand, LTM-inducing protocols recruit MBON-γ2α’1, which activates the vFB promoting sleep and memory consolidation.
[image: Figure 1]FIGURE 1 | Circuit for sleep-dependent consolidation of courtship memory. (A) Recurrent activation of the microcircuit formed by KCγ, MBON-γ5β’2a and PAMγ5 leads to prolonged activation of the DANs, levering memory formation. (B). MBON-γ2α’1 activates the vFB through SFS neurons, promoting sleep and memory consolidation. vFB projections to KC-γ5 mediate circuit reactivation during sleep. In contrast, the activity of MBON-β’2mpduring STM-inducing protocols inhibits SFS/vFB and promotes wakefulness.
Important studies in the field have identified distinct FB-neural populations that seem to induce post-training sleep with different rules, time scales and circuits. Dorsal FB-neurons (dFB) are involved in sleep homeostasis (Donlea et al., 2011; Donlea et al., 2014) and have been reported in a seminal study to promote sleep and memory consolidation when activated for 4 h immediately after training, even when the males were trained in short-lasting sessions that would not induce LTM normally (Donlea et al., 2011). Importantly, this protocol of dFB activation was not enough to consolidate memory when combined with sleep deprivation, which points to a specific role of dFB driving sleep, and not general activation of the circuit, as the main factor for memory consolidation. More recently, the vFB has been proposed as a key brain area responsible for learning-induced sleep and memory consolidation (Dag et al., 2019). The vFB also induces sleep, and its activation during a specific time window of 5–7 h after the onset of training is sufficient to consolidate memory when the flies where subjected to short training sessions that would not induce LTM normally (Dag et al., 2019). vFB neurons are active after LTM-training during consolidation, and they project to the aforementioned PAMγ5. Interestingly, these dopaminergic neurons have been reported to promote wakefulness and reduce sleep (Sitaraman et al., 2015b; Driscoll et al., 2021), which could reflect the importance of previous experience (mediating pre-existing plasticity) or the activation kinetics of neural activity in subsequent behavioral outputs. Nevertheless, sleep mediated by the vFB is the factor that mediates circuit reactivation during sleep involving the feedback loop between PAMγ5, MBγ neurons and MBON-γ5β’2α (Zhao et al., 2018), which reflects sleep-dependent memory consolidation models in mammals (Diekelmann and Born, 2010). The availability of genetic access to discrete neural subpopulations of the FB and their post-synaptic partners will further enable the dissection of the circuits mediating sleep and courtship memory consolidation with unprecedented resolution.
Altogether this evidence shows that memorable experiences increase the sleep drive. During sleep, there is a reactivation of the neuronal pathways activated during learning. This favors the transition from short-term labile and transient memories into persistent LTM.
5 OLFACTORY APPETITIVE CONDITIONING AND SLEEP-INDEPENDENT CONSOLIDATION
The metabolic state, i.e. satiation or starvation, is paramount for memory formation. Expression of food-associated memory is promoted by hunger and inhibited by satiety (Krashes et al., 2009). Typically, in appetitive conditioning assessments, flies are starved after training to enable memory retrieval (Krashes and Waddell, 2008). It was found, though, that depending on the post-training metabolic state appetitive memory has different requirements for sleep and different neuronal circuits are involved (Figure 2) (Chouhan et al., 2021; Chouhan and Sehgal, 2022). Post-training feeding promotes a sleep-dependent type of learning; while starvation triggers a consolidation mechanism which is sleep-independent (Chouhan et al., 2021). Unexpectedly, it is not the caloric intake of sugar but its sweetness that promotes the switch between sleep-dependent or independent memory. In fact, trained flies kept on arabinose (a sweet but non-nutritious sugar) form sleep-dependent memories (Chouhan et al., 2021), while trained flies kept on sorbitol (a tasteless but nutritious sugar) do not require sleep for memory formation (Chouhan and Sehgal, 2022). Sweet taste signals the presence of food, determines the initial feeding preferences of the animal (Stafford et al., 2012), and may signal reward through the activation of PAM DANs (Chouhan and Sehgal, 2022). It also seems to be responsible for the memories to switch between sleep-dependent and independent consolidation. In fact, enhancing activity of sweet-sensing neurons (Gr64f+) in starved flies induces a switch from sleep-independent to a dependent form of memory (Chouhan and Sehgal, 2022). The opposite is true for fed flies, in which inactivation of sweet-sensing neurons causes the switch from sleep-dependent to independent memory formation.
[image: Figure 2]FIGURE 2 | Sleep-dependent (A) and sleep-independent (B) circuits for appetitive memory. Fed flies form sleep-dependent memory that requires activity in α′/β′ap neurons in association with a circuit comprised of PAM-β′2mp and recurrent connections between PPL1-γ2α′1 DANs and MBON-γ2α″1. In contrast, sleep-independent long-term memory in starved flies is mediated by α′/β′m neurons interacting with PAM-α1 and reciprocal signalling between PPL1-γ1pedc DANs and MBON-γ1pedc. The switch between circuits is mediated by sweet taste signals received by gustatory receptor GR64f in fed flies and hunger signals mediated by NPF in starved flies.
Molecularly the switch is mediated by neuropeptide F (NPF) (Chouhan et al., 2021). NPF is a hunger signal (Wu et al., 2003; Wu et al., 2005), and its expression in neurons is indicative of food deprivation (Krashes et al., 2009). When starved flies, which usually express NPF, have a lack of NPF or its receptor, sleep-dependent memory consolidation is activated (Chouhan et al., 2021), supporting the idea that NPF mediates the switch between sleep-independent to sleep-dependent memories flies.
At circuit level α’/β’ lobes of the MB are known to be required for appetitive memory (Krashes and Waddell, 2008) and to drive wakefulness (Haynes et al., 2015; Sitaraman et al., 2015b). In fed flies, sleep-dependent consolidation of memory is mediated by α’/β’ anterior-posterior (α’/β’ap) neurons, which increase sleep when active. While in starved flies sleep-independent memory consolidation is mediated by α’/β’medial (α’/β’m) neurons, which reduces sleep when active (Chouhan et al., 2021). Interestingly, inactivation of both neuronal subtypes, before training, doesn’t affect sleep, maybe because both those neuronal subtypes induce sleep in the specific context of appetitive conditioning. As expected, sleep loss in fed flies reduces Ca2+ signal in α’/β’ap neurons, while blocking α’/β’ap neuronal transmission post-training decreases sleep amount and bout length (Chouhan et al., 2021), arguing that α’/β’ap are required for post-training sleep increase in fed flies, while α’/β’m neurons are dispensable.
Consolidation of appetitive memories requires, at least, two other neuronal populations: DANs and MBONs (Aso et al., 2014b; Musso et al., 2015; Aso and Rubin, 2016). Sleep-dependent and independent consolidation activates and requires distinct neuronal circuits for memory formation. Sleep-independent consolidation occurs in animals that are starved post-training and requires α’/β’ m, PPL1-γ1ped (also known as MB-MP1) (Musso et al., 2015), PAM-α1 (Ichinose et al., 2015) and MBON-γ1pedc (Pavlowsky et al., 2018). Sleep-dependent consolidation of memory, on the other hand, requires the synergistic action of α’/β’ap neurons and the recurrent circuit PPL1-γ2α’1 MBON-γ2α’1 PPL1-γ2α’1. PPL1-γ2α’1 (also known as MB-MV1), projects to the sleep-promoting neurons MBON-γ2α’1 (Felsenberg et al., 2017; Berry et al., 2018), which subsequently recruits PAM-β’2mp, essential for LTM in fed flies (Chouhan and Sehgal, 2022). Interestingly, PAM-β’2mp project to the aforementioned MBON-γ1pedc which are essential for memory in starved animals (Aso et al., 2014b; Li et al., 2020).
As a mechanism, it is proposed that sweet taste activates PAM-β’2mp as reward signal. PAM-β’2mp then engage with MBON-γ2α’1 to establish sleep-dependent memory. On the other hand, PAM-β’2mp response might also be modulated by MBON-γ1pedc. MBON-γ1pedc might inhibit PAM-β’2mp to allow PAM-α1 to form sleep-independent memories (Chouhan and Sehgal, 2022).
6 CONCLUSION
Memory can be affected by numerous biological processes, and sleep might be one of the most relevant ones, due to its universality and drastic effects. As reviewed here, memory is impaired by sleep deprivation, and memory defects can be rescued by inducing sleep in models of pathological neurodegeneration, such as AD. These findings support potential therapeutic benefits to mechanistically understanding the interaction between memory and sleep. It will be interesting to assess how general this beneficial function of sleep is in neurological processes, and if and how it could enhance cognitive brain function in cases of acquired damage, for example.
Recent studies have tremendously advanced our understanding of the circuit motifs that mediate sleep dependent memory consolidation. In-depth analysis of the neural subpopulations of the FB with new and better drivers will continue to decipher the specific contributions of the vFB and peripheral neurons with emerging described roles in sleep to cognitive processes with unprecedented resolution. Similarly, circuit dissection strategies can unravel the mechanisms of sleep independent memory consolidation and how general they are. It will also be interesting to establish the role glia has in the interaction between sleep and memory, particularly in models of AD.
However, there is evidence of large variability on the effect of sleep in memory in Drosophila (Weiss and Donlea, 2021a), depending on the metabolic state, genetic background or the specific type of memory. With the appropriate technical development, it is critical to perform sleep deprivation experiments using devices that keep the animals awake while imparting the least stress and mechanical damage as possible. By doing so, we now know that there is a wide variety of sleep duration between individuals, with some flies showing as little as 4 min of spontaneous sleep per day (Geissmann et al., 2019). In this study, it was found that even when subjecting flies to life-long sleep deprivation there is no evidence of a difference in lifespan between these sleep deprived flies and the control group (Geissmann et al., 2019). It will be exciting to investigate spontaneous short sleeping flies and sleep deprived ones to establish whether they suffer from cognitive defects such as memory impairments, and to assess if they can undergo canonical processes of memory consolidation.
AUTHOR CONTRIBUTIONS
KM, CR, IC-S, and TB wrote the manuscript; KM and TB performed final edits.
FUNDING
KM is supported by Trinity College Dublin Provost’s PhD Project Award, TB is funded by the Sleep Research Association Career Development Award 033-JP-22 and the Wellcome Trust-SFI-HRB co funded Institutional Strategic Support Fund (ISSF) managed by the Trinity College Institute of Neuroscience.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Amin H., Apostolopoulou A. A., Suárez-Grimalt R., Vrontou E., Lin A. C. (2020). Localized inhibition in the Drosophila mushroom body. Elife 9, e56954. doi:10.7554/eLife.56954
 Andreani T., Rosensweig C., Sisobhan S., Ogunlana E., Kath W., Allada R. (2022). Circadian programming of the ellipsoid body sleep homeostat in Drosophila. Elife 11, e74327. doi:10.7554/eLife.74327
 Andretic R., Van Swinderen B., Greenspan R. J. (2005). Dopaminergic modulation of arousal in Drosophila. Curr. Biol. 15 (13), 1165–1175. doi:10.1016/j.cub.2005.05.025
 Andretic R., Kim Y.-C., Jones F. S., Han K.-A., Greenspan R. J. (2008). Drosophila D1 dopamine receptor mediates caffeine-induced arousal. Proc. Natl. Acad. Sci. 105 (51), 20392–20397. doi:10.1073/pnas.0806776105
 Artiushin G., Zhang S. L., Tricoire H., Sehgal A. (2018). Endocytosis at the Drosophila blood-brain barrier as a function for sleep. Elife 7, e43326. doi:10.7554/eLife.43326
 Aso Y., Rubin G. M. (2016). Dopaminergic neurons write and update memories with cell-type-specific rules. Elife 5, e16135. doi:10.7554/eLife.16135
 Aso Y., Siwanowicz I., Bracker L., Ito K., Kitamoto T., Tanimoto H. (2010). Specific dopaminergic neurons for the formation of labile aversive memory. Curr. Biol. 20 (16), 1445–1451. doi:10.1016/j.cub.2010.06.048
 Aso Y., Herb A., Ogueta M., Siwanowicz I., Templier T. Friedrich A. B., et al. (2012). Three dopamine pathways induce aversive odor memories with different stability. PLoS Genet. 8 (7), e1002768. doi:10.1371/journal.pgen.1002768
 Aso Y., Hattori D., Yu Y., Johnston R. M., Iyer N. A. Ngo T. T., et al. (2014a). The neuronal architecture of the mushroom body provides a logic for associative learning. Elife 3, e04577. doi:10.7554/eLife.04577
 Aso Y., Sitaraman D., Ichinose T., Kaun K. R., Vogt K. Belliart-Guerin G., et al. (2014b). Mushroom body output neurons encode valence and guide memory-based action selection in Drosophila. Elife 3, e04580. doi:10.7554/eLife.04580
 Baltruschat L., Prisco L., Ranft P., Lauritzen J. S., Fiala A. Bock D. D., et al. (2021). Circuit reorganization in the Drosophila mushroom body calyx accompanies memory consolidation. Cell Rep. 34 (11), 108871. doi:10.1016/j.celrep.2021.108871
 Berry J. A., Cervantes-Sandoval I., Nicholas E. P., Davis R. L. (2012). Dopamine is required for learning and forgetting in Drosophila. Neuron 74 (3), 530–542. doi:10.1016/j.neuron.2012.04.007
 Berry J. A., Cervantes-Sandoval I., Chakraborty M., Davis R. L. (2015). Sleep facilitates memory by blocking dopamine neuron-mediated forgetting. Cell 161 (7), 1656–1667. doi:10.1016/j.cell.2015.05.027
 Berry J. A., Phan A., Davis R. L. (2018). Dopamine neurons mediate learning and forgetting through bidirectional modulation of a memory trace. Cell Rep. 25 (3), 651–662.e5. doi:10.1016/j.celrep.2018.09.051
 Blum I. D., Keleş M. F., Baz E. S., Han E., Park K. Luu S., et al. (2021). Astroglial calcium signaling encodes sleep need in Drosophila. Curr. Biol. 31 (1), 150–162.e7. doi:10.1016/j.cub.2020.10.012
 Borbély A. A. (1982). A two process model of sleep regulation. Hum. Neurobiol. 1 (3), 195–204.
 Boto T., Stahl A., Zhang X., Louis T., Tomchik S. M. (2019). Independent contributions of discrete dopaminergic circuits to cellular plasticity, memory strength, and valence in Drosophila. Cell Rep. 27 (7), 2014–2021.e2. doi:10.1016/j.celrep.2019.04.069
 Boto T., Stahl A., Tomchik S. M. (2020). Cellular and circuit mechanisms of olfactory associative learning in Drosophila. J. Neurogenet. 34 (1), 36–46. doi:10.1080/01677063.2020.1715971
 Bushey D., Huber R., Tononi G., Cirelli C. (2007). Drosophila Hyperkinetic mutants have reduced sleep and impaired memory. J. Neurosci. 27 (20), 5384–5393. doi:10.1523/JNEUROSCI.0108-07.2007
 Bushey D., Tononi G., Cirelli C. (2011). Sleep and synaptic homeostasis: structural evidence in Drosophila. Science 332 (6037), 1576–1581. doi:10.1126/science.1202839
 Busto G. U., Cervantes-Sandoval I., Davis R. L. (2010). Olfactory learning in Drosophila. Physiology 25 (6), 338–346. doi:10.1152/physiol.00026.2010
 Cervantes-Sandoval I., Davis R. L. (2012). Distinct traces for appetitive versus aversive olfactory memories in DPM neurons of Drosophila. Curr. Biol. 22 (13), 1247–1252. doi:10.1016/j.cub.2012.05.009
 Cervantes-Sandoval I., Phan A., Chakraborty M., Davis R. L. (2017). Reciprocal synapses between mushroom body and dopamine neurons form a positive feedback loop required for learning. Elife 6, e23789. doi:10.7554/eLife.23789
 Chakraborty R., Vepuri V., Mhatre S. D., Paddock B. E., Miller S. Michelson S. J., et al. (2011). Characterization of a Drosophila alzheimer's disease model: pharmacological rescue of cognitive defects. PloS one 6 (6), e20799. doi:10.1371/journal.pone.0020799
 Chouhan N. S., Sehgal A. (2022). Consolidation of sleep-dependent appetitive memory is mediated by a sweet-sensing circuit. J. Neurosci. 42 (18), 3856–3867. doi:10.1523/JNEUROSCI.0106-22.2022
 Chouhan N. S., Griffith L. C., Haynes P., Sehgal A. (2021). Availability of food determines the need for sleep in memory consolidation. Nature 589 (7843), 582–585. doi:10.1038/s41586-020-2997-y
 Claridge-Chang A., Roorda R. D., Vrontou E., Sjulson L., Li H. Hirsh J., et al. (2009). Writing memories with light-addressable reinforcement circuitry. Cell 139 (2), 405–415. doi:10.1016/j.cell.2009.08.034
 Crittenden J. R., Skoulakis E. M., Han K.-A., Kalderon D., Davis R. L. (1998). Tripartite mushroom body architecture revealed by antigenic markers. Learn. Mem. 5 (1), 38–51. doi:10.1101/lm.5.1.38
 Dag U., Lei Z., Le J. Q., Wong A., Bushey D., Keleman K. (2019). Neuronal reactivation during post-learning sleep consolidates long-term memory in Drosophila. Elife 8, e42786. doi:10.7554/eLife.42786
 Davidson T. J., Kloosterman F., Wilson M. A. (2009). Hippocampal replay of extended experience. Neuron 63 (4), 497–507. doi:10.1016/j.neuron.2009.07.027
 Davis R. L. (2005). Olfactory memory formation in Drosophila: from molecular to systems neuroscience. Annu. Rev. Neurosci. 28, 275–302. doi:10.1146/annurev.neuro.28.061604.135651
 De Backer J. F., Grunwald Kadow I. C. (2022). A role for glia in cellular and systemic metabolism: insights from the fly. Curr. Opin. Insect Sci. 53, 100947. doi:10.1016/j.cois.2022.100947
 de Tredern E., Rabah Y., Pasquer L., Minatchy J., Plaçais P. Y., Preat T. (2021). Glial glucose fuels the neuronal pentose phosphate pathway for long-term memory. Cell Rep. 36 (8), 109620. doi:10.1016/j.celrep.2021.109620
 Dethier V. G. (1976). The hungry fly: A physiological study of the behavior associated with feeding. Cambridge, MA: Harvard University Press. 
 Diba K., Buzsaki G. (2007). Forward and reverse hippocampal place-cell sequences during ripples. Nat. Neurosci. 10 (10), 1241–1242. doi:10.1038/nn1961
 Diekelmann S., Born J. (2010). The memory function of sleep. Nat. Rev. Neurosci. 11 (2), 114–126. doi:10.1038/nrn2762
 Dissel S., Angadi V., Kirszenblat L., Suzuki Y., Donlea J. Klose M., et al. (2015). Sleep restores behavioral plasticity to Drosophila mutants. Curr. Biol. 25 (10), 1270–1281. doi:10.1016/j.cub.2015.03.027
 Dissel S., Klose M., Donlea J., Cao L., English D. Winsky-Sommerer R., et al. (2017). Enhanced sleep reverses memory deficits and underlying pathology in Drosophila models of Alzheimer's disease. Neurobiol. Sleep Circadian Rhythms 2, 15–26. doi:10.1016/j.nbscr.2016.09.001
 Dissel S., Morgan E., Duong V., Chan D., van Swinderen B. Shaw P., et al. (2020). Sleep restores place learning to the adenylyl cyclase mutant rutabaga. J. Neurogenet. 34 (1), 83–91. doi:10.1080/01677063.2020.1720674
 Dissel S. (2020). Drosophila as a model to study the relationship between sleep, plasticity, and memory. Front. Physiol. 11, 533. doi:10.3389/fphys.2020.00533
 Donlea J. M., Thimgan M. S., Suzuki Y., Gottschalk L., Shaw P. J. (2011). Inducing sleep by remote control facilitates memory consolidation in Drosophila. Science 332 (6037), 1571–1576. doi:10.1126/science.1202249
 Donlea J. M., Pimentel D., Miesenbock G. (2014). Neuronal machinery of sleep homeostasis in Drosophila. Neuron 81 (6), 1442. doi:10.1016/j.neuron.2014.03.008
 Donlea J. M., Pimentel D., Talbot C. B., Kempf A., Omoto J. J. Hartenstein V., et al. (2018). Recurrent circuitry for balancing sleep need and sleep. Neuron 97 (2), 378e374–389. doi:10.1016/j.neuron.2017.12.016
 Driscoll M., Buchert S., Coleman V., McLaughlin M., Nguyen A., Sitaraman D. (2020). Dopamine neurons promotes wakefulness via the DopR receptor in the Drosophila mushroom body. Biorxiv . doi:10.1101/2020.04.29.069229
 Driscoll M., Buchert S. N., Coleman V., McLaughlin M., Nguyen A., Sitaraman D. (2021). Compartment specific regulation of sleep by mushroom body requires GABA and dopaminergic signaling. Sci. Rep. 11 (1), 20067. doi:10.1038/s41598-021-99531-2
 Dubowy C., Sehgal A. (2017). Circadian rhythms and sleep in Drosophila melanogaster. Genetics 205 (4), 1373–1397. doi:10.1534/genetics.115.185157
 Duerr J. S., Quinn W. G. (1982). Three Drosophila mutations that block associative learning also affect habituation and sensitization. Proc. Natl. Acad. Sci. 79 (11), 3646–3650. doi:10.1073/pnas.79.11.3646
 Ego-Stengel V., Wilson M. A. (2010). Disruption of ripple-associated hippocampal activity during rest impairs spatial learning in the rat. Hippocampus 20 (1), 1–10. doi:10.1002/hipo.20707
 Farca Luna A. J., Perier M., Seugnet L. (2017). Amyloid precursor protein in Drosophila glia regulates sleep and genes involved in glutamate recycling. J. Neurosci. 37 (16), 4289–4300. doi:10.1523/jneurosci.2826-16.2017
 Faville R., Kottler B., Goodhill G. J., Shaw P. J., van Swinderen B. (2015). How deeply does your mutant sleep? Probing arousal to better understand sleep defects in Drosophila. Sci. Rep. 5, 8454. doi:10.1038/srep08454
 Felsenberg J., Barnstedt O., Cognigni P., Lin S., Waddell S. (2017). Re-evaluation of learned information in Drosophila. Nature 544 (7649), 240–244. doi:10.1038/nature21716
 Felsenberg J., Jacob P. F., Walker T., Barnstedt O., Edmondson-Stait A. J. Pleijzier M. W., et al. (2018). Integration of parallel opposing memories underlies memory extinction. Cell 175 (3), 709–722.e15. doi:10.1016/j.cell.2018.08.021
 Fiala A. (2007). Olfaction and olfactory learning in Drosophila: recent progress. Curr. Opin. Neurobiol. 17 (6), 720–726. doi:10.1016/j.conb.2007.11.009
 Folkers E. (1982). Visual learning and memory of Drosophila melanogaster wild type C.S and the mutants dunce1, amnesiac, turnip and rutabaga. J. Insect Physiol. 28 (6), 535–539. doi:10.1016/0022-1910(82)90034-8
 Galili D. S., Dylla K. V., Lüdke A., Friedrich A. B., Yamagata N. Wong J. Y. H., et al. (2014). Converging circuits mediate temperature and shock aversive olfactory conditioning in Drosophila. Curr. Biol. 24 (15), 1712–1722. doi:10.1016/j.cub.2014.06.062
 Ganguly-Fitzgerald I., Donlea J., Shaw P. J. (2006). Waking experience affects sleep need in Drosophila. Science 313 (5794), 1775–1781. doi:10.1126/science.1130408
 Geissmann Q., Garcia Rodriguez L., Beckwith E. J., French A. S., Jamasb A. R., Gilestro G. F. (2017). Ethoscopes: An open platform for high-throughput ethomics. PLoS Biol. 15 (10), e2003026. doi:10.1371/journal.pbio.2003026
 Geissmann Q., Beckwith E. J., Gilestro G. F. (2019). Most sleep does not serve a vital function: Evidence from Drosophila melanogaster. Sci. Adv. 5 (2), eaau9253. doi:10.1126/sciadv.aau9253
 Gilestro G. F. (2021). Sleep: Imaging the fly brain reveals new paradoxes. Curr. Biol. 31 (3), R140–R142. doi:10.1016/j.cub.2020.12.019
 Girardeau G., Benchenane K., Wiener S. I., Buzsaki G., Zugaro M. B. (2009). Selective suppression of hippocampal ripples impairs spatial memory. Nat. Neurosci. 12 (10), 1222–1223. doi:10.1038/nn.2384
 Guo C., Du Y., Yuan D., Li M., Gong H. Gong Z., et al. (2015). A conditioned visual orientation requires the ellipsoid body in Drosophila. Learn. Mem. 22 (1), 56–63. doi:10.1101/lm.036863.114
 Guven-Ozkan T., Davis R. L. (2014). Functional neuroanatomy of Drosophila olfactory memory formation. Learn. Mem. 21 (10), 519–526. doi:10.1101/lm.034363.114
 Han P.-L., Levin L. R., Reed R. R., Davis R. L. (1992). Preferential expression of the Drosophila rutabaga gene in mushroom bodies, neural centers for learning in insects. Neuron 9 (4), 619–627. doi:10.1016/0896-6273(92)90026-a
 Haynes P. R., Christmann B. L., Griffith L. C. (2015). A single pair of neurons links sleep to memory consolidation in Drosophila melanogaster. Elife 4, e03868. doi:10.7554/eLife.03868
 Heisenberg M., Borst A., Wagner S., Byers D. (1985). Drosophila mushroom body mutants are deficient in olfactory learning. J. Neurogenet. 2 (1), 1–30. doi:10.3109/01677068509100140
 Hendricks J. C., Finn S. M., Panckeri K. A., Chavkin J., Williams J. A. Sehgal A., et al. (2000). Rest in Drosophila is a sleep-like state. Neuron 25 (1), 129–138. doi:10.1016/s0896-6273(00)80877-6
 Hige T., Aso Y., Modi M. N., Rubin G. M., Turner G. C. (2015). Heterosynaptic plasticity underlies aversive olfactory learning in Drosophila. Neuron 88 (5), 985–998. doi:10.1016/j.neuron.2015.11.003
 Hu W., Peng Y., Sun J., Zhang F., Zhang X. Wang L., et al. (2018). Fan-shaped body neurons in the Drosophila brain regulate both innate and conditioned nociceptive avoidance. Cell Rep. 24 (6), 1573–1584. doi:10.1016/j.celrep.2018.07.028
 Ichinose T., Aso Y., Yamagata N., Abe A., Rubin G. M., Tanimoto H. (2015). Reward signal in a recurrent circuit drives appetitive long-term memory formation. Elife 4, e10719. doi:10.7554/eLife.10719
 Iijima K., Liu H.-P., Chiang A.-S., Hearn S. A., Konsolaki M., Zhong Y. (2004). Dissecting the pathological effects of human Aβ40 and Aβ42 in Drosophila: a potential model for alzheimer's disease. Proc. Natl. Acad. Sci. 101 (17), 6623–6628. doi:10.1073/pnas.0400895101
 Iliadi K. G., Boulianne G. L. (2010). Age-related behavioral changes in Drosophila. Ann. N. Y. Acad. Sci. 1197 (1), 9–18. doi:10.1111/j.1749-6632.2009.05372.x
 Jefferis G. S., Potter C. J., Chan A. M., Marin E. C., Rohlfing T. Maurer C. R., et al. (2007). Comprehensive maps of Drosophila higher olfactory centers: spatially segregated fruit and pheromone representation. Cell 128 (6), 1187–1203. doi:10.1016/j.cell.2007.01.040
 Joiner W. J., Crocker A., White B. H., Sehgal A. (2006). Sleep in Drosophila is regulated by adult mushroom bodies. Nature 441 (7094), 757–760. doi:10.1038/nature04811
 Jones J. D., Holder B. L., Eiken K. R., Vogt A., Velarde A. I. Elder A. J., et al. (2022). A Split-GAL4 screen identifies novel sleep-promoting neurons in the Ventral Nerve Cord of Drosophila. bioRxiv . doi:10.1101/2022.02.02.478882
 Kaldun J. C., Lone S. R., Humbert Camps A. M., Fritsch C., Widmer Y. F. Stein J. V., et al. (2021). Dopamine, sleep, and neuronal excitability modulate amyloid-β–mediated forgetting in Drosophila. PLoS Biol. 19 (10), e3001412. doi:10.1371/journal.pbio.3001412
 Keene A. C., Krashes M. J., Leung B., Bernard J. A., Waddell S. (2006). Drosophila dorsal paired medial neurons provide a general mechanism for memory consolidation. Curr. Biol. 16 (15), 1524–1530. doi:10.1016/j.cub.2006.06.022
 Keene A. C., Duboue E. R., McDonald D. M., Dus M., Suh G. S. Waddell S., et al. (2010). Clock and cycle limit starvation-induced sleep loss in Drosophila. Curr. Biol. 20 (13), 1209–1215. doi:10.1016/j.cub.2010.05.029
 Keleman K., Vrontou E., Kruttner S., Yu J. Y., Kurtovic-Kozaric A., Dickson B. J. (2012). Dopamine neurons modulate pheromone responses in Drosophila courtship learning. Nature 489 (7414), 145–149. doi:10.1038/nature11345
 Kim Y.-C., Lee H.-G., Han K.-A. (2007). D1 dopamine receptor dDA1 is required in the mushroom body neurons for aversive and appetitive learning in Drosophila. J. Neurosci. 27 (29), 7640–7647. doi:10.1523/JNEUROSCI.1167-07.2007
 Kirkhart C., Scott K. (2015). Gustatory learning and processing in the Drosophila mushroom bodies. J. Neurosci. 35 (15), 5950–5958. doi:10.1523/jneurosci.3930-14.2015
 Krashes M. J., Waddell S. (2008). Rapid consolidation to a radish and protein synthesis-dependent long-term memory after single-session appetitive olfactory conditioning in Drosophila. J. Neurosci. 28 (12), 3103–3113. doi:10.1523/JNEUROSCI.5333-07.2008
 Krashes M. J., DasGupta S., Vreede A., White B., Armstrong J. D., Waddell S. (2009). A neural circuit mechanism integrating motivational state with memory expression in Drosophila. Cell 139 (2), 416–427. doi:10.1016/j.cell.2009.08.035
 Kume K., Kume S., Park S. K., Hirsh J., Jackson F. R. (2005). Dopamine is a regulator of arousal in the fruit fly. J. Neurosci. 25 (32), 7377–7384. doi:10.1523/JNEUROSCI.2048-05.2005
 Le Bourg É., Buecher C. (2002). Learned suppression of photopositive tendencies inDrosophila melanogaster. Animal Learn. Behav. 30 (4), 330–341. doi:10.3758/bf03195958
 Lebestky T., Chang J.-S. C., Dankert H., Zelnik L., Kim Y.-C. Han K.-A., et al. (2009). Two different forms of arousal in Drosophila are oppositely regulated by the dopamine D1 receptor ortholog DopR via distinct neural circuits. Neuron 64 (4), 522–536. doi:10.1016/j.neuron.2009.09.031
 Lee A. K., Wilson M. A. (2002). Memory of sequential experience in the hippocampus during slow wave sleep. Neuron 36 (6), 1183–1194. doi:10.1016/s0896-6273(02)01096-6
 Lee P. T., Lin H. W., Chang Y. H., Fu T. F., Dubnau J. Hirsh J., et al. (2011). Serotonin-mushroom body circuit modulating the formation of anesthesia-resistant memory in Drosophila. Proc. Natl. Acad. Sci. U. S. A. 108 (33), 13794–13799. doi:10.1073/pnas.1019483108
 Lee W. P., Chiang M. H., Chang L. Y., Shyu W. H., Chiu T. H. Fu T. F., et al. (2021). Serotonin signals modulate mushroom body output neurons for sustaining water-reward long-term memory in Drosophila. Front. Cell Dev. Biol. 9, 755574. doi:10.3389/fcell.2021.755574
 Lei Z., Henderson K., Keleman K. (2022). A neural circuit linking learning and sleep in Drosophila long-term memory. Nat. Commun. 13 (1), 609. doi:10.1038/s41467-022-28256-1
 Li X., Yu F., Guo A. (2009). Sleep deprivation specifically impairs short-term olfactory memory in Drosophila. Sleep 32 (11), 1417–1424. doi:10.1093/sleep/32.11.1417
 Li F., Lindsey J. W., Marin E. C., Otto N., Dreher M. Dempsey G., et al. (2020). The connectome of the adult Drosophila mushroom body provides insights into function. Elife 9, e62576. doi:10.7554/eLife.62576
 Lin A. C., Bygrave A. M., De Calignon A., Lee T., Miesenböck G. (2014). Sparse, decorrelated odor coding in the mushroom body enhances learned odor discrimination. Nat. Neurosci. 17 (4), 559–568. doi:10.1038/nn.3660
 Liu X., Davis R. L. (2009). The GABAergic anterior paired lateral neuron suppresses and is suppressed by olfactory learning. Nat. Neurosci. 12 (1), 53–59. doi:10.1038/nn.2235
 Liu G., Seiler H., Wen A., Zars T., Ito K. Wolf R., et al. (2006). Distinct memory traces for two visual features in the Drosophila brain. Nature 439 (7076), 551–556. doi:10.1038/nature04381
 Liu C., Plaçais P.-Y., Yamagata N., Pfeiffer B. D., Aso Y. Friedrich A. B., et al. (2012). A subset of dopamine neurons signals reward for odour memory in Drosophila. Nature 488 (7412), 512–516. doi:10.1038/nature11304
 Liu Q., Liu S., Kodama L., Driscoll M. R., Wu M. N. (2012). Two dopaminergic neurons signal to the dorsal fan-shaped body to promote wakefulness in Drosophila. Curr. Biol. 22 (22), 2114–2123. doi:10.1016/j.cub.2012.09.008
 Liu S., Liu Q., Tabuchi M., Wu M. N. (2016). Sleep drive is encoded by neural plastic changes in a dedicated circuit. Cell 165 (6), 1347–1360. doi:10.1016/j.cell.2016.04.013
 Livingstone M. S. (1985). Genetic dissection of Drosophila adenylate cyclase. Proc. Natl. Acad. Sci. 82 (17), 5992–5996. doi:10.1073/pnas.82.17.5992
 Mander B. A., Winer J. R., Jagust W. J., Walker M. P. (2016). Sleep: a novel mechanistic pathway, biomarker, and treatment target in the pathology of alzheimer's disease?Trends Neurosci. 39 (8), 552–566. doi:10.1016/j.tins.2016.05.002
 Mao Z., Davis R. L. (2009). Eight different types of dopaminergic neurons innervate the Drosophila mushroom body neuropil: anatomical and physiological heterogeneity. Front. Neural Circuits 3, 5. doi:10.3389/neuro.04.005.2009
 Margulies C., Tully T., Dubnau J. (2005). Deconstructing memory in Drosophila. Curr. Biol. 15 (17), R700–R713. doi:10.1016/j.cub.2005.08.024
 Martin F., Boto T., Gomez-Diaz C., Alcorta E. (2013). Elements of olfactory reception in adult Drosophila melanogaster. Anatomical Rec. 296 (9), 1477–1488. doi:10.1002/ar.22747
 Masek P., Keene A. C. (2016). Gustatory processing and taste memory in Drosophila. J. Neurogenet. 30 (2), 112–121. doi:10.1080/01677063.2016.1185104
 Masek P., Worden K., Aso Y., Rubin G. M., Keene A. C. (2015). A dopamine-modulated neural circuit regulating aversive taste memory in Drosophila. Curr. Biol. 25 (11), 1535–1541. doi:10.1016/j.cub.2015.04.027
 Matsuno M., Horiuchi J., Ofusa K., Masuda T., Saitoe M. (2019). Inhibiting glutamate activity during consolidation suppresses age-related long-term memory impairment in Drosophila. iScience 15, 55–65. doi:10.1016/j.isci.2019.04.014
 McBride S. M., Giuliani G., Choi C., Krause P., Correale D. Watson K., et al. (1999). Mushroom body ablation impairs short-term memory and long-term memory of courtship conditioning in Drosophila melanogaster. Neuron 24 (4), 967–977. doi:10.1016/s0896-6273(00)81043-0
 Melnattur K., Morgan E., Duong V., Kalra A., Shaw P. J. (2020). The sleep nullifying apparatus: A highly efficient method of sleep depriving Drosophila. J. Vis. Exp. (166), e62105. doi:10.3791/62105
 Melnattur K., Kirszenblat L., Morgan E., Militchin V., Sakran B. English D., et al. (2021). A conserved role for sleep in supporting Spatial Learning in Drosophila. Sleep 44 (3), zsaa197. doi:10.1093/sleep/zsaa197
 Muria A., Musso P. Y., Durrieu M., Portugal F. R., Ronsin B. Gordon M. D., et al. (2021). Social facilitation of long-lasting memory is mediated by CO2 in Drosophila. Curr. Biol. 31 (10), 2065–2074.e5. doi:10.1016/j.cub.2021.02.044
 Murphy K. R., Deshpande S. A., Yurgel M. E., Quinn J. P., Weissbach J. L. Keene A. C., et al. (2016). Postprandial sleep mechanics in Drosophila. Elife 5, e19334. doi:10.7554/eLife.19334
 Musso P. Y., Tchenio P., Preat T. (2015). Delayed dopamine signaling of energy level builds appetitive long-term memory in Drosophila. Cell Rep. 10 (7), 1023–1031. doi:10.1016/j.celrep.2015.01.036
 Neuser K., Triphan T., Mronz M., Poeck B., Strauss R. (2008). Analysis of a spatial orientation memory in Drosophila. Nature 453 (7199), 1244–1247. doi:10.1038/nature07003
 Owald D., Felsenberg J., Talbot C. B., Das G., Perisse E. Huetteroth W., et al. (2015). Activity of defined mushroom body output neurons underlies learned olfactory behavior in Drosophila. Neuron 86 (2), 417–427. doi:10.1016/j.neuron.2015.03.025
 Pan Y., Zhou Y., Guo C., Gong H., Gong Z., Liu L. (2009). Differential roles of the fan-shaped body and the ellipsoid body in Drosophila visual pattern memory. Learn. Mem. 16 (5), 289–295. doi:10.1101/lm.1331809
 Parisky K. M., Agosto J., Pulver S. R., Shang Y., Kuklin E. Hodge J. J., et al. (2008). PDF cells are a GABA-responsive wake-promoting component of the Drosophila sleep circuit. Neuron 60 (4), 672–682. doi:10.1016/j.neuron.2008.10.042
 Pavlowsky A., Schor J., Placais P. Y., Preat T. (2018). A GABAergic feedback shapes dopaminergic input on the Drosophila mushroom body to promote appetitive long-term memory. Curr. Biol. 28 (11), 1783–1793. doi:10.1016/j.cub.2018.04.040
 Perisse E., Owald D., Barnstedt O., Talbot C. B., Huetteroth W., Waddell S. (2016). Aversive learning and appetitive motivation toggle feed-forward inhibition in the Drosophila mushroom body. Neuron 90 (5), 1086–1099. doi:10.1016/j.neuron.2016.04.034
 Pitman J. L., Huetteroth W., Burke C. J., Krashes M. J., Lai S. L. Lee T., et al. (2011). A pair of inhibitory neurons are required to sustain labile memory in the Drosophila mushroom body. Curr. Biol. 21 (10), 855–861. doi:10.1016/j.cub.2011.03.069
 Poe A. R., Zhu L., McClanahan P. D., Szuperak M., Anafi R. C. Thum A. S., et al. (2022). Developmental emergence of sleep rhythms enables long-term memory capabilities in Drosophila. bioRxiv . doi:10.1101/2022.02.03.479025
 Prisco L., Deimel S. H., Yeliseyeva H., Fiala A., Tavosanis G. (2021). The anterior paired lateral neuron normalizes odour-evoked activity in the Drosophila mushroom body calyx. Elife 10, e74172. doi:10.7554/eLife.74172
 Riemensperger T., Völler T., Stock P., Buchner E., Fiala A. (2005). Punishment prediction by dopaminergic neurons in Drosophila. Curr. Biol. 15 (21), 1953–1960. doi:10.1016/j.cub.2005.09.042
 Roselli C., Ramaswami M., Boto T., Cervantes-Sandoval I. (2021). The making of long-lasting memories: A fruit fly perspective. Front. Behav. Neurosci. 15, 662129. doi:10.3389/fnbeh.2021.662129
 Satterfield L. K., De J., Wu M., Qiu T., Joiner W. J. (2022). Inputs to the sleep homeostat originate outside the brain. J. Neurosci. 42 (29), 5695–5704. doi:10.1523/jneurosci.2113-21.2022
 Schroll C., Riemensperger T., Bucher D., Ehmer J., Voller T. Erbguth K., et al. (2006). Light-induced activation of distinct modulatory neurons triggers appetitive or aversive learning in Drosophila larvae. Curr. Biol. 16 (17), 1741–1747. doi:10.1016/j.cub.2006.07.023
 Schwaerzel M., Monastirioti M., Scholz H., Friggi-Grelin F., Birman S., Heisenberg M. (2003). Dopamine and octopamine differentiate between aversive and appetitive olfactory memories in Drosophila. J. Neurosci. 23 (33), 10495–10502. doi:10.1523/JNEUROSCI.23-33-10495.2003
 Seidner G., Robinson J. E., Wu M., Worden K., Masek P. Roberts S. W., et al. (2015). Identification of neurons with a privileged role in sleep homeostasis in Drosophila melanogaster. Curr. Biol. 25 (22), 2928–2938. doi:10.1016/j.cub.2015.10.006
 Séjourné J., Plaçais P.-Y., Aso Y., Siwanowicz I., Trannoy S. Thoma V., et al. (2011). Mushroom body efferent neurons responsible for aversive olfactory memory retrieval in Drosophila. Nat. Neurosci. 14 (7), 903–910. doi:10.1038/nn.2846
 Seugnet L., Suzuki Y., Vine L., Gottschalk L., Shaw P. J. (2008). D1 receptor activation in the mushroom bodies rescues sleep-loss-induced learning impairments in Drosophila. Curr. Biol. 18 (15), 1110–1117. doi:10.1016/j.cub.2008.07.028
 Seugnet L., Suzuki Y., Donlea J. M., Gottschalk L., Shaw P. J. (2011). Sleep deprivation during early-adult development results in long-lasting learning deficits in adult Drosophila. Sleep 34 (2), 137–146. doi:10.1093/sleep/34.2.137
 Shafer O. T., Keene A. C. (2021). The regulation of Drosophila sleep. Curr. Biol. 31 (1), R38–R49. doi:10.1016/j.cub.2020.10.082
 Shaw P. J., Cirelli C., Greenspan R. J., Tononi G. (2000). Correlates of sleep and waking in Drosophila melanogaster. Science 287 (5459), 1834–1837. doi:10.1126/science.287.5459.1834
 Siegel R. W., Hall J. C. (1979). Conditioned responses in courtship behavior of normal and mutant Drosophila. Proc. Natl. Acad. Sci. U. S. A. 76 (7), 3430–3434. doi:10.1073/pnas.76.7.3430
 Silva B., Mantha O. L., Schor J., Pascual A., Plaçais P. Y. Pavlowsky A., et al. (2022). Glia fuel neurons with locally synthesized ketone bodies to sustain memory under starvation. Nat. Metab. 4 (2), 213–224. doi:10.1038/s42255-022-00528-6
 Sitaraman D., Aso Y., Jin X., Chen N., Felix M. Rubin G. M., et al. (2015a). Propagation of homeostatic sleep signals by segregated synaptic microcircuits of the Drosophila mushroom body. Curr. Biol. 25 (22), 2915–2927. doi:10.1016/j.cub.2015.09.017
 Sitaraman D., Aso Y., Rubin G. M., Nitabach M. N. (2015b). Control of sleep by dopaminergic inputs to the Drosophila mushroom body. Front. Neural Circuits 9, 73. doi:10.3389/fncir.2015.00073
 Stafford J. W., Lynd K. M., Jung A. Y., Gordon M. D. (2012). Integration of taste and calorie sensing in Drosophila. J. Neurosci. 32 (42), 14767–14774. doi:10.1523/JNEUROSCI.1887-12.2012
 Strauss R. (2002). The central complex and the genetic dissection of locomotor behaviour. Curr. Opin. Neurobiol. 12 (6), 633–638. doi:10.1016/s0959-4388(02)00385-9
 Su C.-Y., Menuz K., Carlson J. R. (2009). Olfactory perception: receptors, cells, and circuits. Cell 139 (1), 45–59. doi:10.1016/j.cell.2009.09.015
 Szuperak M., Churgin M. A., Borja A. J., Raizen D. M., Fang-Yen C., Kayser M. S. (2018). A sleep state in Drosophila larvae required for neural stem cell proliferation. Elife 7, e33220. doi:10.7554/eLife.33220
 Tabuchi M., Lone S. R., Liu S., Liu Q., Zhang J. Spira A. P., et al. (2015). Sleep interacts with aβ to modulate intrinsic neuronal excitability. Curr. Biol. 25 (6), 702–712. doi:10.1016/j.cub.2015.01.016
 Takemura S. Y., Aso Y., Hige T., Wong A., Lu Z. Xu C. S., et al. (2017). A connectome of a learning and memory center in the adult Drosophila brain. Elife 6, e26975. doi:10.7554/eLife.26975
 Tanaka N. K., Tanimoto H., Ito K. (2008). Neuronal assemblies of the Drosophila mushroom body. J. Comp. Neurol. 508 (5), 711–755. doi:10.1002/cne.21692
 Tononi G., Cirelli C. (2003). Sleep and synaptic homeostasis: a hypothesis. Brain Res. Bull. 62 (2), 143–150. doi:10.1016/j.brainresbull.2003.09.004
 Tully T., Quinn W. G. (1985). Classical conditioning and retention in normal and mutantDrosophila melanogaster. J. Comp. Physiol. A 157 (2), 263–277. doi:10.1007/BF01350033
 Turner P. R., O’Connor K., Tate W. P., Abraham W. C. (2003). Roles of amyloid precursor protein and its fragments in regulating neural activity, plasticity and memory. Prog. Neurobiol. 70 (1), 1–32. doi:10.1016/s0301-0082(03)00089-3
 Turner G. C., Bazhenov M., Laurent G. (2008). Olfactory representations by Drosophila mushroom body neurons. J. Neurophysiol. 99 (2), 734–746. doi:10.1152/jn.01283.2007
 Ueno T., Tomita J., Tanimoto H., Endo K., Ito K. Kume S., et al. (2012). Identification of a dopamine pathway that regulates sleep and arousal in Drosophila. Nat. Neurosci. 15 (11), 1516–1523. doi:10.1038/nn.3238
 Vogt K., Schnaitmann C., Dylla K. V., Knapek S., Aso Y. Rubin G. M., et al. (2014). Shared mushroom body circuits underlie visual and olfactory memories in Drosophila. Elife 3, e02395. doi:10.7554/eLife.02395
 Waddell S., Armstrong J. D., Kitamoto T., Kaiser K., Quinn W. G. (2000). The amnesiac gene product is expressed in two neurons in the Drosophila brain that are critical for memory. Cell 103 (5), 805–813. doi:10.1016/s0092-8674(00)00183-5
 Wang Z., Pan Y., Li W., Jiang H., Chatzimanolis L. Chang J., et al. (2008). Visual pattern memory requires foraging function in the central complex of Drosophila. Learn. Mem. 15 (3), 133–142. doi:10.1101/lm.873008
 Weiss J. T., Donlea J. M. (2021a). Roles for sleep in neural and behavioral plasticity: Reviewing variation in the consequences of sleep loss. Front. Behav. Neurosci. 15, 777799. doi:10.3389/fnbeh.2021.777799
 Weiss J. T., Donlea J. M. (2021b). Sleep deprivation results in diverse patterns of synaptic scaling across the Drosophila mushroom bodies. Curr. Biol. 31 (15), 3248–3261.e3. doi:10.1016/j.cub.2021.05.018
 Wiggin T. D., Hsiao Y., Liu J. B., Huber R., Griffith L. C. (2021). Rest is required to learn an appetitively-reinforced operant task in Drosophila. Front. Behav. Neurosci. 129, 681593. doi:10.3389/fnbeh.2021.681593
 Wu Q., Wen T., Lee G., Park J. H., Cai H. N., Shen P. (2003). Developmental control of foraging and social behavior by the Drosophila neuropeptide Y-like system. Neuron 39 (1), 147–161. doi:10.1016/s0896-6273(03)00396-9
 Wu Q., Zhao Z., Shen P. (2005). Regulation of aversion to noxious food by Drosophila neuropeptide Y- and insulin-like systems. Nat. Neurosci. 8 (10), 1350–1355. doi:10.1038/nn1540
 Wu C.-L., Xia S., Fu T.-F., Wang H., Chen Y.-H. Leong D., et al. (2007). Specific requirement of NMDA receptors for long-term memory consolidation in Drosophila ellipsoid body. Nat. Neurosci. 10 (12), 1578–1586. doi:10.1038/nn2005
 Wustmann G., Heisenberg M. (1997). Behavioral manipulation of retrieval in a spatial memory task for Drosophila melanogaster. Learn. Mem. 4 (4), 328–336. doi:10.1101/lm.4.4.328
 Wustmann G., Rein K., Wolf R., Heisenberg M. (1996). A new paradigm for operant conditioning of Drosophila melanogaster. J. Comp. Physiol. A 179 (3), 429–436. doi:10.1007/BF00194996
 Yamagata N., Ichinose T., Aso Y., Plaçais P.-Y., Friedrich A. B. Sima R. J., et al. (2015). Distinct dopamine neurons mediate reward signals for short-and long-term memories. Proc. Natl. Acad. Sci. 112 (2), 578–583. doi:10.1073/pnas.1421930112
 Yamagata N., Hiroi M., Kondo S., Abe A., Tanimoto H. (2016). Suppression of dopamine neurons mediates reward. PLoS Biol. 14 (12), e1002586. doi:10.1371/journal.pbio.1002586
 Yu D., Keene A. C., Srivatsan A., Waddell S., Davis R. L. (2005). Drosophila DPM neurons form a delayed and branch-specific memory trace after olfactory classical conditioning. Cell 123 (5), 945–957. doi:10.1016/j.cell.2005.09.037
 Zhang Z., Li X., Guo J., Li Y., Guo A. (2013). Two clusters of GABAergic ellipsoid body neurons modulate olfactory labile memory in Drosophila. J. Neurosci. 33 (12), 5175–5181. doi:10.1523/JNEUROSCI.5365-12.2013
 Zhao X., Lenek D., Dag U., Dickson B. J., Keleman K. (2018). Persistent activity in a recurrent circuit underlies courtship memory in Drosophila. Elife 7, e31425. doi:10.7554/eLife.31425
 Zheng H., Koo E. H. (2011). Biology and pathophysiology of the amyloid precursor protein. Mol. Neurodegener. 6 (1), 27–16. doi:10.1186/1750-1326-6-27
GLOSSARY
AD Alzheimer’s Disease
APP β-Amyloid Precursor Protein
Appl β-Amyloid Precursor Protein-like
APS Aversive Phototaxic Suppression
BACE β-Site Amyloid precursor protein Cleaving Enzyme
DA1 D1-dopamine receptor
DAN Dopaminergic Neuron
DART Drosophila ARousal Tracking system
dEaat1 drosophila Excitatory amino acid transporter 1
dFabp drosophila Fatty Acid Binding Protein
DPM Dorsal Paired Medial
EB Ellipsoid Body
FB Fan-shaped Body
GRASP GFP Reconstitution Across Synaptic Partners
L2 Second instar larva
L3 Third instar larva
LNvs Small Ventral Lateral Neurons
LTM Long-Term Memory
MBON Mushroom Body Output Neuron
NPF Neuropeptide F
PAM Protocerebral Anterior Medial
PDF Pigment Dispersing Factor
PER Proboscis Extension Reflex
PPL1 Protocerebral Posterior Lateral 1
PPL2 Protocerebral Posterior Lateral 2
REM Rapid Eye Movement SEZ: Subesophageal Zone
SLIDE Sleep Interrupting Device
SNAP Sleep Nullifying Apparatus
STM Short-term Memory
THIP GABA-A agonist 4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridine-3-ol (Gaboxadol).
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