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Abstract

MicroRNAs (miRs) are small non-coding RNAs that regulate protein expression through post-

transcriptional mechanisms. They participate in broad aspects of biology from the control of 

developmental processes to tumorigenesis. Recent studies in Drosophila show that they also 

regulate activity-dependent and sensory-specific protein expression and support olfactory memory 

formation. Among the hundreds of miRs described, several have been demonstrated to be required 

for normal learning, memory, or for the development of neuronal circuits that support memory 

formation. Fly models of human diseases offer promise of identifying miRs whose expression 

becomes dysregulated and part of the pathological state, providing models for understanding brain 

disorders and drug discovery.
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INTRODUCTION

MicroRNAs (miRs) are small (~22 nt) non-coding RNAs that provide post-transcriptional 

regulation of gene expression [1,2]. They have been implicated in many different aspects of 

biology, from development to tumorigenesis [3–5]. Recent studies extend their influence into 

the biology of memory formation and memory disorders [6–8•], with miRs being offered as 

early biomarkers of Alzheimer disease (AD) [9] and as potential therapeutic targets [10,11].

MiRs are usually transcribed from the genome as long primary miR hairpins (pri-miRs) by 

RNA polymerase II (Figure 1) [12]. In some cases, miRs are spliced-out from introns by the 

spliceosome and termed ‘miRtrons’ [13]. Pri-miRs are then processed in the nucleus by the 

Drosha/Pasha microprocessor complex into ~70 nt long precursor-miRs (pre-miRs). 

Exportin5 actively (with Ran-GTP) translocates pre-miRs to the cytoplasm where they 

undergo the next processing step by the Dicer/Loquatious complex to produce a mature 
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duplex composed of a guide strand and its passenger. The guide strand is preferentially 

inserted in a protein complex [14] called the RNA-induced silencing complex (RISC), made 

up of a member of the Argonaute (Ago) family of proteins and multiple other 

ribonucleoproteins (RNP). RISC guides the miR to the mRNA target based on sequence 

complementarity between the miR recognition element (MRE) in the 3′UTR of the mRNA, 

and a ‘seed region’ (nt 2 to 8) at the 5′ end of the miR [15]. RISC inhibits mRNA 

translation or triggers degradation depending on the degree of complementarity between the 

miR and the mRNA [16], thereby producing post-transcriptional control over the gene 

expression.

From a pure conceptual viewpoint, miRs are attractive molecular candidates for influencing 

memory formation [6,7,17]. On the one hand, they might quickly release sequestered 

“memory mRNAs” for translation, either centrally or locally, in response to relevant neural 

activity [6–8•,17,18]. The release of mRNAs for translation could be particularly important 

for modifying the function and structure of synapses tagged for memory formation [19–21]. 

This would enable miRs to physiologically influence the dynamics of synaptic mRNA 

expression for intermediate- or long-term memory formation. Given that long-term memory 

sparks changes in nuclear gene expression [22–25], miRs might also influence the quality or 

quantity of mRNAs translated at the soma to marshal the required cellular differentiation for 

this form of memory. On the other hand, miRs regulate nervous system development [6,26] 

and this provides an instructive role in building the neuronal circuits involved in memory 

formation [27]. Roles for miRs in neurodevelopmental [10,28,29], neurodegenerative [30], 

and neuropsychiatric disorders have been established [17,28]. These disorders usually 

present with associated symptoms of learning disability and/or memory loss [8•,

10,28,29,31,32].

The fruit fly, Drosophila melanogaster, offers a facile organism to dissect the roles of miRs 

in memory formation. This model system provides simple and quantifiable behaviors to 

study memory, including olfactory classical conditioning [33] and long-term odor 

habituation [34,35]. The fly’s olfactory nervous system (Figure 2A), the brain region 

principally involved in olfactory memory, has been extensively characterized with a 

relatively detailed description of its neuronal circuits and constituent cell types [36–40]. 

Moreover, there exists very significant homology between the insect and the mammalian 

olfactory nervous system [41], such that conceptual insights made from the fly are easily 

extended to mammalian olfactory memory formation. In addition, the fly offers an extensive 

genetic toolset that includes genomic mutants, RNAi libraries, overexpression constructs and 

methodology for temporal and cell type-specific control of transgene expression [42–44]. As 

one example, “sponge technology”, when combined with specific Gal4 drivers, allows cell 

type-specific and temporal inhibition of individual miRs [45,46] to test their importance in 

memory formation [47••,48••,49••].

There are many important questions to answer concerning the roles for miRs in Drosophila 
olfactory memory: (i) Which individual miRs are involved in memory formation? (ii) Where 

in the memory neural circuit does each miR function? (iii) When during the life cycle of the 

fly is each miR required? (iv) What specific phases of olfactory memory – short-, 

intermediate-, or long-term memory - are under the influence of individual miRs? (v) What 
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specific aspects of neuronal physiology are affected by miR regulation? (vi) What are the 

target mRNAs for the miRs that are involved in olfactory memory formation? (vii) Does the 

dysregulation of miR expression always cause poor learning and memory, or can certain 

miRs be classed as memory suppressor whose normal function is to constrain memory 

formation? These and many related questions are tractable using the fly as the model system.

THE RISC PATHWAY IS INVOLVED IN OLFACTORY MEMORY FORMATION

The antennal lobe (AL, Figure 2A) is the first relay center for olfactory information in the 

fly brain [41]. At the synaptic regions of the AL – the glomeruli – the axons of olfactory 

receptor neurons (ORn) transmit sensory information to the dendrites of projection neurons 

(Pn) and local interneurons (Ln). Pn then convey olfactory information to the mushroom 

body neurons (MBn) and neurons of the lateral horn (LH). The AL has been well studied 

because of its role in processing and coding olfactory information for evaluation by higher 

order centers including the MB [50,51].

Ashraf et al. (2006) [52••] demonstrated the importance of miR processing proteins in the Pn 

for long-term olfactory memory. They showed that mutants of Armitage, a component of the 

RISC pathway [53], exhibit normal levels of memory performance immediately after 

olfactory classical conditioning but are impaired in LTM generated by spaced conditioning. 

They further demonstrated that the Armitage protein is rapidly degraded in certain AL 

glomeruli in an activity-dependent and odorant-specific way and that the level of local 

protein synthesis is increased. Local protein synthesis was assayed using a reporter for 

synaptically-localized calcium/calmodulin-dependent protein kinase II (CaMKII). 

Interestingly, the 3′UTR of the CaMKII mRNA contains putative binding sites for miR-280 
and miR-289. These observations were combined into a model positing that neuronal 

activity due to odor-specific conditioning leads to degradation of RISC activity and the 

subsequent release of miR-dependent inhibition of synaptic protein synthesis necessary for 

LTM (Figure 2B).

Long-term habituation (LTH) is another form of LTM requiring plasticity in the AL between 

Ln and Pn [34,35] (Figure 2B). This behavior is induced by sustained exposure to an odorant 

resulting in a reduced sensitivity to the odor as measured by odor-avoidance in a Y-maze 

[39]. McCann et al. have shown that Ataxin 2 (atx2) is necessary in odorant-activated Pn for 

LTH and an associated growth of the glomeruli responsive to the odorant [54••]. In addition, 

atx2 mutation suppresses the reduced calcium signaling normally provoked by LTH in the 

responsive Pn. Interestingly, Atx2 associates with GW182 and Ago1, two core proteins of 

the miRISC-pathway. Double heterozygous mutants for atx2 and ago1 show no LTH, further 

indicating functional interaction between those genes. Moreover, the authors showed in 

mitotic clones of atx2 mutant cells that the expression of miR-dependent translational GFP 

reporters is released [54••]. The same group later showed that dFmr1 is also necessary in Pn 

for LTH and its associated reduction in calcium-response with odor application [55•]. Fmr1, 

when mutated, causes the Fragile X syndrome (FXS), the most common form of inherited 

intellectual disability (see below and [28,31]). Notably, dFmr1 has been shown to interact 

with Ago2, Dicer and miRs [56]. Sudhakaran et al. [55•] showed that dFmr1 also interacts 

with Atx2, Me31B and Ago1 and represses CaMKII expression. CaMKII mRNA is a clear 
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target of miR-dependent translational control, however, the underlying cellular pathways 

controlling habituation remain elusive and still need to be explored [39]. Nevertheless, the 

results presented above lead us to propose the model shown in Figure 2B. In basal 

conditions (Figure 2B, left panel), odorant stimulation induces Ach release from ORn, 

producing Ca2+ response in the Pn underlying odorant perception. In these conditions, 

RISC, RISC-interacting proteins (Atx2, PABP and Me31b) and miRs inhibit the majority of 

dendritic protein synthesis in the Pn. In case of sustained odorant stimulations (right panel, 

ii), repeated activations of Pn by Ach and inhibition by GABA reduce calcium entry, as 

recorded with decreased Ca2+ signaling, and thus lead to diminished CaMKII activation. An 

alternative possibility is that miR-controlled translation of CaMKII is further inhibited, 

relative to the basal situation, by repeated exposure to the odorant. However, a reduction in 

the expression of CaMKII following repeated odorant exposure has not yet been shown to 

occur. In either case, reduced activity of CaMKII or of its expression seems to be required 

for LTH given that translational release of its inhibition strengthens synaptic efficacy.

Taken together, results from the research described above show that the RISC complex is 

involved in two distinct types of olfactory memory that require opposite forms of plasticity 

and behavioral outputs. LTH leads to decreased odor avoidance while LTM leads to 

increased odor avoidance. Interestingly, each form of plasticity seems to require proper 

control of CaMKII expression (Figure 2B) – controlled by the miR pathway – with elevated 

levels of CaMKII expression favoring increased synaptic transmission at odorant-activated 

synapses and reduced expression weakening the efficacy of synaptic transmission.

MiRs INVOLVED IN MEMORY FORMATION

Beyond the speculated involvement of miR-280 and its regulated mRNAs including CaMKII 

in the Pn, Li et al. were the first to show that an individual miRNA, miR-276a, modulates 

memory formation through its regulation of dopamine receptor (DopR) expression [47••]. 

DopR is a central actor in olfactory memory formation, currently thought to convey the 

signal for the unconditioned stimulus (electric shocks) to the MBn [57]. Li and co-workers 

showed that partial miR-276a inhibition in the MBn using the “sponge” technique produces 

a deficit in LTM, which was reversed by removing one genomic copy of the DopR gene. The 

LTM deficit was associated with an increase in DopR expression and led to the model that 

overexpression of DopR resulting from miR-276a inhibition impairs LTM. The authors also 

reported reduced odor avoidance due to miR-276a inhibition, but this effect was mapped to 

the ellipsoid body, outside of the MBn olfactory learning center. These results stress the 

possibility that a complete loss of a miR expression may produce pleiotropic effects due to 

regulation of different sets of mRNAs in distinct regions and the compartmentalized 

functions among various brain circuits [6,10,28,30].

There are more than 1000 miRs in the human and although the number is less in the fly (256 

sequences with 150 of high confidence; www.miRBase.org), it is still sufficiently large given 

the enormous regulatory potential of this class of molecules. Moreover, miR sequences are 

strikingly conserved from C. elegans to human [58]. Thus, it would be extremely valuable to 

investigate a large set of miRs in one organism to obtain a global view of the spectrum of 

miRs that are involved in producing a single phenotype.
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A recent genetic screen surveyed 134 miRs individually using sponge technology for their 

potential involvement in intermediate-term memory (ITM, [48••]). In essence, a sponge 

transgene for each of the 134 miRs was expressed using a pan-neuronal Gal4 driver and 

memory at 3h after olfactory classical conditioning was measured. Five different miRNAs 

(miR-9c, miR-31a, miR-305a, miR-974 and miR-980) were implicated in memory formation 

from the initial screen and re-screens. Two of these were analyzed for their effects on 

memory with expression in different subsets of neurons in the olfactory nervous system. 

This initial screen prompted several important questions regarding the function of individual 

miR players: (1) What specific neuronal populations require normal miR expression for 

memory formation? (2) Does each miR alter the development of the olfactory nervous 

system leading to memory dysfunction, or does it alter the physiology of neurons in adult 

animals? (3) Does each miR broadly affect all temporal phases or memory (STM, ITM, 

LTM), or are some miRs involved in temporally and mechanistically-distinct forms of 

memory? (4) Is each implicated miR involved in acquisition (learning), memory 

consolidation, or active forgetting? (5) What is the set of mRNAs targeted by each miR for 

regulating memory formation?

Of the five identified miRs, miR-980 captured the initial interest because its inhibition pan-

neuronally increased memory performance rather than decreasing it! Similar to tumor-

suppressor genes, some genes in the genome constrain memory formation and are classified 

as memory suppressors [49••]. Even more striking was the discovery that miR-980 inhibition 

in nearly all types of neurons in the olfactory nervous system increases memory 

performance, pointing to a shared mechanism across different set of neurons (Figure 3A). 

The mechanism identified was that miR-980 inhibition increases neuronal excitability. This 

provides an explanation for the increased memory: the hyperexcitable state of any of the 

neurons involved in conveying the relevant sensory information leads to increased salience 

of the sensory stimuli presented during conditioning. Moreover, the data argued that a 

primary target of miR-980 is the autism-and epilepsy-susceptibility gene, A2bp1 [59]. Four 

lines of evidence supported this conclusion: (1) A2bp1 mRNA has multiple MREs for 

miR-980 in its 3′ UTR, (2) A2bp1 protein levels vary inversely with the level of, miR-980 
expression (3) the behavioral consequences of modulating A2bp1 expression varies inversely 

with those of miR-980 modulation, and (4) miR-980 sponge expression fails to produce the 

enhanced memory effects when co-expressed with A2bp1 RNAi, suggesting that A2bp1 is 

functionally downstream of miR-980.

Proper wiring of neurons involved in olfactory memory formation is required for normal 

behavior [60,61]. Impairments in neuronal wiring are thought to underlie 

neurodevelopmental disorders including intellectual disability and autism [6,8• 26,27]. 

Kucherenko et al. [62••] found that let-7 miR loss-of-function perturbs normal MB 

development and produces a learning impairment (Figure 4A). In physiological conditions, a 

peak of ecdysone hormone induces let-7 expression in MBn during the larval to pupae 

transition. Let-7 inhibits the Abrupt (Ab) transcription factor and in turn promotes the 

expression of the cell adhesion molecule FasII, a molecule that influences the differentiation 

of the αβ MBn. Insults to this pathway produce structural alterations in the αβ MBn that are 

critical for memory retrieval [63] explaining the STM defect (Figure 4A). Interestingly let-7 
is involved in neuronal differentiation in other systems and in disease states such as 
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Parkinson’s disease [64,65], showing the diverse roles for individual miRs depending on the 

cell type and time during development.

Similarly, miR-iab8-3p, a Hox miR gene involved in fertility and specification of segment 

identity [66–68] was recently shown to be required for proper development of the MBn 

[69•]. MiR-iab8-3p inhibition in αβ MBn led to cell soma hypertrophy, a decrease in 

volume occupied by their axonal projections and a reduced size of the α branch (Figure 4B). 

These structural deficits are correlated with learning deficits later leading to memory 

impairments. A possible mRNA target for this miR was identified as a ceramide 

phosphoethanolamine synthase, whose inhibition, as predicted by the model, significantly 

increases memory performance. This study further highlights the importance of miR 

regulation for proper development of neural circuits for adult cognitive functions 

[6,10,28,29,65,70].

FROM DISEASE MODELS TO MicroRNAs

An alternative approach for identifying miRNAs that may function in memory formation is 

to identify miRs that are dysregulated in fly models of human diseases linked with memory 

deficits. Several fly models for human disease have been developed and characterized 

[31,42,43,71].

Kong et al. [72•] overexpressed Aβ throughout the nervous system as a fly model of 

Alzheimer’s disease [73] and identified 17 miRs that were dysregulated in fly heads (8 

increased/9 decreased). Performance after olfactory conditioning is impaired in this model 

along with lifespan and locomotion. Noteworthy among the dysregulated miRs are 

miR-276a (see above, [47••]) and let-7 [62••], implicated in LTM and learning, respectively, 

as discussed above. Bioinformatic analyses suggest that numerous biochemical pathways are 

likely dysregulated with such broad miR dysfunction, including the MAPK pathway, 

sphingolipid metabolism, and fatty acid biosynthesis. Which of these insults might be 

related to the measured learning impairment remains unclear. The same group later found 

that pan-neuronal expression of both wild-type or mutant Aβ42 resulted in reduced miR-124 
expression [74•]. This is consistent with the well-documented role for miR-124 in neuronal 

plasticity and memory [8• 32], first described in Aplysia [75]. Kong et al. [74•] also 

demonstrated that miR-124 loss-of-function causes shorter lifespan, reduced climbing 

ability, and impaired olfactory learning. Additional experiments indicated that the 

dysregulated miR-124 in the Aβ overexpressing flies causes a learning deficit by regulating 

the Notch signaling pathway, supported by the observations that RNAi inhibition of the 

Notch ligand, Delta, and overexpression of miR-124 ameliorated the learning impairment in 

Aβ overexpressing flies. However, a number of control experiments including testing the 

effect of miR-124 expression itself remains to be completed.

Khanna et al. [76•] employed a similar approach to identify genes that are dysregulated in 

the MBn of mutants of Drosophila β-amyloid protein precursor-like (Appl), the ortholog of 

the human β–amyloid protein precursor through microarray studies. Surprisingly, they found 

that non-protein coding genes were the largest group affected by appl loss-of-function, 

including miR genes. They detected changes in the expression of 11 miRs genes including 
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miR-9c, which is of particular interest because the human homolog is reported to be 

dysregulated in Alzheimer’s and Huntington’s disease [30], and recently found to be 

necessary for memory formation in the fly [48••].

Fragile X syndrome (FXS) is due to mutation of the fmr1 gene and characterized by 

behavioral phenotypes that include learning disability [31,77]. A fly model of FXS has been 

made by knocking-down dFmr1, the fly homolog of Fmr1 [31,78]. As described above, the 

dFMR protein has been shown to interact with Ago1, Ago2, Dicer and some specific miRs 

[31,56,79•], and generally thought to negatively regulate protein translation [79•]. dFmr1 
potentially regulates memory formation in two separate ways. First, it causes defects in the 

development of the αβ MBn, which underlie learning impairment [77,79•,80]. Second, 

dFMR1 interacts with RISC and specific miRs to regulate protein expression at the synapse 

[79•]. For instance, dFMR1 regulates miR-124a expression (see above and [81]). The fact 

that dFMR1 is required for both the normal brain development and during adult memory 

formation physiologically [79•,80] adds complexity to the study of dFMR1 function with 

miRs and other miR-associated proteins which blurs the somewhat artificial distinction 

between the molecular mechanisms of development and adult physiology.

CONCLUSION

MicroRNAs provide a rapid cellular mechanism by modulating the expression of clusters of 

genes at post-transcriptional level. These features, along with the regulation they offer in 

synaptic compartments make them a particularly attractive class of molecules for modulating 

memory formation. Past research has clearly shown that the molecular machinery required 

for the biosynthesis of miRs is critical for normal LTM formation. In addition, several 

individual Drosophila miRs, including miR-276a, miR-980, and let-7, are required in certain 

brain regions for normal memory formation. Notably, their roles range from the normal 

development of the neural circuits that mediate memory formation, roles in the physiology 

of cells necessary for STM and ITM to an involvement in LTM through regulating synaptic 

protein synthesis. Identifying the mRNAs that are regulated by the relevant miRs and 

confirming their functional involvement in memory formation remains a challenge. 

Nevertheless, the tools and strategies to pursue these questions are available and Drosophila 
remains as arguably the best model system for such systematic investigations. Given the 

conservation of biological processes including memory formation across species, such 

investigations using the fly promise to identify the importance and logic of miR-mediated 

gene regulation in cognitive processes.
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Highlights

RISC is required for activity-dependent and sensory-specific protein translation.

RISC and associated proteins are required for olfactory long-term habituation.

MiR-276a regulates long-term memory by controlling dopamine receptor 

expression.

Let-7 is necessary for normal development of αβ MBn and learning in adult flies.

MiR-980, a memory suppressor, regulates memory formation through A2bp1.
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Figure 1. Biogenesis of microRNAs
MiR gene expression is regulated in ways similar to protein coding genes. Neuronal activity 

(depolarization, neurotrophins, sensory stimuli, etc.) can induce miR expression [12,17,82]. 

MiR-132, for example, possesses a CRE sequence in its promoter allowing CREB to 

regulate its activity. The NMDA receptor, CaMKII and the MAPK-ERK pathway are known 

to control miR-132 expression although different upstream signaling pathways that may 

regulate other miR genes [12]. There are two miR biogenesis pathways in the nucleus, the 

canonical and the ‘miRtrons’ pathway. In the canonical pathway, RNA polymerase II 

transcribes miR genes into pri-miRs that are further processed into pre-miRs by the Pasha/

Drosha microprocessor complex. In the miRtron pathway, miRs are spliced from introns by 

the spliceosome to pre-miRs. Exportin5 along with Ran-GTP actively transports pre-miRs to 

the cytoplasm. Dicer/Loquacious complex further processes the pre-miRs in the cytoplasm 

to mature duplexes - with a guide strand (miR) and its passenger (miR*). A member of the 

Argonaute family of proteins (Ago1 or Ago2 depending on the pathway) loads one of the 

strands into the miRISC complex (lower right corner). The complex includes the Gw182 

protein and other auxiliary proteins such as dFmr1. This outcome leads to mRNA 

degradation or translational inhibition depending on the match quality of miR/mRNA 

hybrid. In rare cases (upper right corner), duplexes with a very high level of 

complementarity between strands are sorted to an alternative pathway using Dicer2, leading 

to mRNA degradation by Ago2 and inducing competition between the processing pathways 

[83]. Neural activity, genetic manipulations or disorders have been shown to positively or 

negatively influence the processing enzymes involved in miRNA biogenesis (grey squares 

with red and green arrows) [12,82,84].
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Figure 2. MiRs and RISC machinery are involved in antennal lobe-associated olfactory memory
(A) Schematic diagram of the olfactory nervous system in the right hemisphere of the adult 

fly brain. Olfactory receptor neurons (ORn, blue) project their axons through the antennal 

nerve (AN) to terminate in antennal lobe (AL) glomeruli: discrete, spherical, neuropil 

structures containing synaptic connections. In the AL, the ORn pre-synaptic terminals 

connect with and stimulate projection neurons (Pn, orange) and local interneurons (Ln, 

purple) using acetylcholine as a neurotransmitter (panel B). Pn send their axons through the 

antennal cerebral tract (ACT) to the calyx (C) of the mushroom bodies where they stimulate 

the dendrites of the mushroom body neurons (MBn, yellow). The Pn axons continue on to 

also synapse in an area of the brain called the lateral horn (LH). The axons of the MBn 

bundle together to form the peduncle (P) which projects in an anterior direction into the L-

shaped neuropil of MB lobes. This neuropil structure is further divided into the vertical 

lobes (α and α′) and the horizontal lobes (β, β′, γ). The orientation guide for the panel 

indicates dorsal (D), anterior (A) and medial (M).

(B, left panel) In the dendritic terminals of Pn, RISC with associated miRs (miR-280?) may 

be complexed under basal conditions with unidentified mRNAs (CaMKII?) required for 

normal memory formation. Each odorant activates specific glomeruli that can be recorded by 

monitoring calcium signaling [50,85].

(Right panel) During memory formation, (i) when the odorant is closely associated with 

mild electric shocks, probably mediated by the Ach and DA coincident activation of Pn, it 

induces the synthesis of CaMKII with an odorant-specific pattern and the degradation of 

Armitage by the proteasome following the same spatial pattern. The level of CaMKII 

expression seems to be crucial for the odorant-induced response in Pn. The calcium response 

to the odorant is increased with a glomerulus-specific pattern. Flies avoid the odorant 

associated with the shocks for an extended period of time. This is the behavior revealing 

long-term memory of the association. (ii) Repeated odorant stimulation of Pn, by Ach and 

GABA together, decreases the odorant-induced calcium signal in Pn and potentially 

diminishes CaMKII activation (1) leading to long-term reduced avoidance through unknown 

cellular mechanisms. An alternative hypothesis (2) is that specific mRNAs, including 

CaMKII, are inhibited beyond the basal level of inhibition following repeated stimulation by 

the RISC in specific glomeruli. As shown by Sudhakaran et al. [55•], repression is 

dependent on multiple proteins including Ago1, Atx2 and dFmr1. The adaptive behavior 
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persistent for an extended period of time is called long-term habituation. RISC associated 

proteins are not shown on the right panel for simplicity.
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Figure 3. MiR-980 impacts MB excitability to influence memory formation
In adult flies, miR-980 controls A2bp1 expression in most of the neuronal populations 

involved in olfactory memory formation, including olfactory receptor neurons (ORn), 

projection neurons (Pn), and mushroom body neurons (MBn) (Figure 2A). MiR-980 
inhibition releases A2bp1 repression producing an increase in neuronal excitability and 

calcium responses induced by odor presentation to the fly. The increase in A2bp1 expression 

leads to an increase in memory performance. MiR-980 over-expression or A2bp1 inhibition 

produces the opposite phenotype of memory impairment. This is associated with decreased 

neuronal excitability and calcium signaling.
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Figure 4. Individual miRs impact MB development to influence memory formation
(A) At the larval to pupal transition during development, a peak of ecdysone leads to an 

increase of miR let-7 expression. Let-7 blocks the expression of the inhibitory transcription 

factor Abrupt (Ab). Abrupt inhibition releases the expression of the cell adhesion molecule 

FasII, with FasII being involved in the differentiation of αβ MBn. Let-7 loss-of-function 

reduces the volume of the MB αβ lobes producing an associated learning deficit of about 

40%.

(B) MiR-iab8-3p is necessary in MBn during development. Its inhibition in αβ neurons 

induces structural alterations including cell soma hypertrophy, a volume decrease of the αβ 
MB lobe and a length decrease of the primary segment of the alpha axonal branch. Those 

alterations lead to learning disabilities and memory deficits in adult flies. The deficits may 

be caused by miR-iab8-3p targeting of CG4585, a gene coding for an enzyme with ceramide 

phosphoethanolamine synthase activity and whose inhibition strongly increases memory.
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