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SUMMARY

MicroRNAshavebeenassociatedwithmanydifferent
biological functions, but little is known about their
roles in conditioned behavior. We demonstrate that
Drosophila miR-980 is a memory suppressor gene
functioning in multiple regions of the adult brain.
Memory acquisition andstabilitywereboth increased
by miR-980 inhibition. Whole cell recordings and
functional imaging experiments indicated that miR-
980 regulates neuronal excitability. We identified
the autism susceptibility gene, A2bp1, as an mRNA
target for miR-980. A2bp1 levels varied inversely
with miR-980 expression; memory performance was
directly related to A2bp1 levels. In addition, A2bp1
knockdown reversed the memory gains produced
by miR-980 inhibition, consistent with A2bp1 being
a downstream target of miR-980 responsible for
the memory phenotypes. Our results indicate
that miR-980 represses A2bp1 expression to tune
the excitable state of neurons, and the overall state
of excitability translates to memory impairment or
improvement.
INTRODUCTION

MicroRNAs (miRNAs) are small (21–23 nt), non-coding RNAs

that repress gene expression to regulate cellular develop-

ment and physiology (Ambros, 2004). A short seed sequence

(6–8 nt) located at the 50 end of miRNAs binds to comple-

mentary sequences in the 30-UTR of target mRNAs to

repress mRNA expression by blocking translation and/or

promoting degradation of the mRNA target (Lee et al., 1993;

Wightman et al., 1993; Bartel and Chen, 2004; Bartel, 2009;

McNeill and Van Vactor, 2012). Thus, miRNAs offer a rela-

tively rapid, analog, and cell-type-specific control mecha-

nism for the epigenetic expression of genomic information in

both time and space (Kosik, 2006; McNeill and Van Vactor,

2012).
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One aspect of miRNA function that remains understudied con-

cerns the roles for thesemolecules in learning andmemory, a pri-

mary adaptive function of the CNS. Prior studies revealed that

broad insults to the miRNA processing pathway impairs memory

formation in both Drosophila and the mouse (Ashraf et al., 2006;

Konopka et al., 2010; Schaefer et al., 2010; Bredy et al., 2011).

Although eukaryotic genomes encode hundreds of distinct

miRNAs and they are generally expressed at high levels in the

CNS, only a handful of specific miRNAs have been studied

and implicated in memory formation through roles in neuronal

maturation, connectivity, and synaptic plasticity (Bredy et al.,

2011; McNeill and Van Vactor, 2012; Li et al., 2013; Saab and

Mansuy, 2014).

To identify the miRNAs that participate in the biology of

memory formation, we conducted a large scale, comprehensive

screen using a transgenic approach to systematically inhibit

134 different miRNAs (Busto et al., 2015), using a ‘‘microRNA

sponge’’ technique (Ebert et al., 2007; Loya et al., 2009). We sur-

veyed the influences of 134 miRNAs for effects on intermediate

term (ITM, i.e., at 3 hr after conditioning), olfactory aversivemem-

ory. From this screen, we identified several new miRNAs that

function to inhibit or promote memory formation at this time

point (Busto et al., 2015). MiR-980, when inhibited, was shown

to enhance memory formation. Thus, MiR-980, a member of

the miR-22 family of vertebrate miRNAs (Ruby et al., 2007), was

classified as having a memory suppressor function.

Here, we characterize the memory suppressing function of

miR-980. Among the mRNA targets for miR-980, we demon-

strate that the autism-susceptibility gene, Ataxin2 binding pro-

tein 1 (A2bp1, also known as Rbfox-1, Fox-1) is a primary target

responsible for miR-980-directed memory suppression. A2bp1

is a known RNA binding protein involved in alternative splicing

of a network of critical neuronal genes during development and

in adults (Lee et al., 2009; Fogel et al., 2012) and in addition to

autism (ASD), is associated with intellectual disability and epi-

lepsy (Bhalla et al., 2004; Martin et al., 2007; Sebat et al., 2007;

Mikhail et al., 2011; Davis et al., 2012). Opposite to the role for

miR-980, we identify A2bp1 as a memory-promoting gene. Our

combined data advance our understanding of themiR-22 family

of miRNAs, showing that inDrosophila the magnitude of memory

formation is a direct function of miR-980 abundance and of its

primary mRNA target for this function, A2bp1.
ors

mailto:rdavis@scripps.edu
http://dx.doi.org/10.1016/j.celrep.2016.01.040
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2016.01.040&domain=pdf


C D

BA Figure 1. MiR-980 Inhibition Enhances Ol-

factory Memory by Potentiating Acquisition

and Memory Stability

(A) MiR-980 inhibition enhances 3 hr aversive

memory. The miR-980 targeting sponge contains

sequence mismatches to prevent RNA-interfer-

ence-mediated degradation of the sponge RNA

(Ebert et al., 2007). Two independent UAS-miR-

980SP insertions, in the attP40 (second chromo-

some) and attP2 (third chromosome) sites, and the

hypomorphic miR-980 mutant NP3544 improve

3 hr memory. The UAS-miR-980 sponge expres-

sion was driven by the pan-neuronal c155-GAL4

element; transgenic lines containing scrambled

sequences (UAS-scrambled) were used as con-

trols. PI, performance index. Statistics: experi-

mental and control groups were compared by the

two-tailed, two-sample Student’s t test. p < 0.01

for attP40 and NP3544 line, p < 0.05 for attP2

insert. PIs are the mean ± SEM with n R 6.

(B) Decay of aversive olfactory memory. miR-980

inhibition enhances 3 min, 1 hr, and 3 hr memory.

3min, 1 hr, 3 hr, 9 hr, and 24 hr memory was tested

for UAS-miR-980SP and UAS-scrambled flies

containing the c155-GAL4 driver. Statistics: the

c155-GAL4>UAS-miR-980SP PI at each time

point was compared to the c155-GAL4>UAS-

scrambled PI on different days and compared

using a two-tailed, two-sample Student’s t tests

for each time point. p < 0.05. PIs are the mean ±

SEM with n R 6.

(C)MiR-980 inhibition enhances memory acquisition. Three-minute memory of c155-GAL4>UAS-scrambled and c155-GAL4>UAS-miR-980SP flies was tested

after 1, 2, 3, 4, 6, and 12 shock training with a 1min CS+ odor presentation. Shock delivery is schematized below each condition. Statistics: PIs for each shock

treatment were tested on different days and were analyzed by two-tailed, two-sample Student’s t tests for each condition. p < 0.05 for 2, 3, 4, and 12 shock

treatments. PIs are the mean ± SEM with n = 8.

(D)MiR-980memory retention with a normalized initial PI. Three min PIs of scrambled andmiR-980SP flies were normalized with six or four shocks, respectively

during CS+ odor exposure. Memory was tested at 3 min, 1 hr, 3 hr, 9 hr, and 24 hr on different days. Statistics: PIs were compared using two-tailed, two-sample

Student’s t tests for each time point. p < 0.05 for 3 hr memory. PIs are the mean ± SEM with n = 8.

See also Figure S1.
RESULTS

MiR-980 Inhibition Enhances Olfactory Learning and
Memory Stability
We recently tested 3 hr olfactory memory of 134 Drosophila

miRNA sponge lines (Fulga et al., 2015) using the pan-neuronal

driver c155-GAL4 (Busto et al., 2015). Expression of the miR-

980 targeting sponge (UAS-miR-980SP) surprisingly enhanced

the memory performance index (PI) (Figure 1A) by �40%

compared to the UAS-scrambled control flies, without signifi-

cantly altering odor or shock avoidance (Figure S1A). Two sepa-

rate miR-980SP transgenes, one inserted at the attP40 locus

(second chromosome) and the other at the attP2 locus (third

chromosome), both significantly enhanced 3 hr PIs compared

to their respective UAS-scrambled controls (Figure 1A). We

also tested NP3544 flies, which have a P-element in the miR-

980 gene reducing its expression by 64% in fly heads as

measured by qRT-PCR (Marrone et al., 2012; and data not

shown) (p < 0.01, n = 3). The NP3544 hypomorph also enhanced

3 hr memory compared to the wCS10 control flies without

altering odor and shock avoidance (Figure S1B); reinforcing the

conclusion thatmiR-980 normally functions in memory suppres-

sion (Figure 1A).
Cell R
Memory time course experiments showed that expression of

miR-980SP enhanced 3 min, 1 hr, and 3 hr memory but not

9 hr or 24 hr memory (Figure 1B). The effect on immediate

performance after conditioning suggested that miR-980SP

expression might enhance learning. To test acquisition, flies

were trained with an increasing number of shock pulses during

a 1 min CS+ odor presentation followed by a 1 min CS� odor

(Figure 1C). Memory tested immediately after training with two,

three, or four shocks was enhanced, consistent with the conclu-

sion that inhibition of miR-980 improves the acquisition of the

odor:shock contingency (Figure 1C). We also normalized initial

PI scores for scrambled and miR-980SP groups by training

the former with six and the latter with four shocks (Figure 1D).

Although initial performance was similar between the two

groups, memory expressed bymiR-980SP flies was significantly

enhanced at 3 hr, revealing an additional role in the suppression

of memory stability (Figure 1D).

MiR-980 Enhances Memory When Inhibited during
Adulthood in Multiple Areas of the CNS
To distinguish whether miR-980 inhibition enhances memory

due to developmental changes or roles in adult physiology, we

restricted the temporal expression of the miR-980SP transgene
eports 14, 1698–1709, February 23, 2016 ª2016 The Authors 1699
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Figure 2. Memory Enhancement Occurs

from Inhibiting miR-980 in Multiple Areas

of the CNS during Adulthood

(A) Memory enhancement occurs from miR-980

inhibition during adulthood. The c155-GAL4

expression was modulated during develop-

ment and adulthood using tub-GAL80ts, with

temperature shifts schematized below the bar

graph. Flies expressing the scrambled control

sequence using c155-GAL4;tub-GAL80ts were

used as the control for 3 hr aversive memory.

Statistics: PIs were analyzed by two-tailed,

two-sample Student’s t tests for each condition.

p < 0.01 for flies kept at 18�C during devel-

opment and 30�C during adulthood and for

flies kept at 30�C during both development

and adulthood. PIs are the mean ± SEM with

n R 10.

(B) MiR-980SP spatial mapping. The UAS-

scrambled and UAS-miR-980SP flies were

crossed to a battery of GAL4 lines that drive

expression in specific populations of neurons.

The c155-GAL4 driver was used as the positive

control. The GAL4 drivers used and their

abbreviated expression domains are shown

below the graph. ORn, olfactory receptor neu-

rons; Pn, projection neurons; APLn, anterior

paired lateral neuron; MBn, mushroom body

neurons; DPMn, dorsal paired medial neuron;

DAn, dopaminergic neurons; CC, central com-

plex; MB-V2n, mushroom body V2 neuron;

In, inhibitory neurons; OLn, optic lobe neurons.

Statistics: PIs were analyzed by two-tailed, two-

sample Student’s t tests for each driver

compared to the scrambled crosses. p < 0.05 for

miR-980SP crossed to GH146-GAL4, c316-

GAL4, TH-GAL4, MZ604-GAL4; p < 0.01 for

c155-GAL4, Or83b-GAL4, NP2492-GAL4; and

p < 0.0001 for OK107-GAL4. PIs are the mean ±

SEM with n R 16.

(C) MiR-980SP expression in the MB using

another GAL4 driver, R13F02-GAL4, improved

3 hr memory consistent withOK107-GAL4 results.

Flies were conditioned with three shocks during

the 1min CS+ odor representation to avoid ceiling

scores. Statistics: PIs were analyzed by two-

tailed, two-sample Student’s t test. p < 0.05. PIs

are the mean ± SEM with n = 8.

(D) Overexpression ofmiR-980 in MB impairs 3 hr memory. Statistics: 3 hr olfactory memory of R13F02-GAL4>UAS-miR-980 flies was compared to GAL4-only

and UAS-only controls using one-way ANOVA followed by Bonferroni’s post hoc tests. PIs are the mean ± SEM with n = 12. p < 0.01.

See also Figures S1 and S2.
using the TARGET system (McGuire et al., 2003). With this sys-

tem, GAL4 function is repressed in the presence of a tempera-

ture-sensitive GAL80 protein (tub-GAL80ts) at the permissive

temperature (18�C) and derepressed at the restrictive tempera-

ture (30�C). There was no difference in memory scores between

control and experimental flies maintained at 18�C throughout the

experiment (Figure 2A). Similarly, miR-980 inhibition only during

development produced no difference between control and

experimental groups (Figure 2A). In contrast, miR-980 inhibition

throughout development and adulthood—or only during adult-

hood—produced the enhanced memory phenotype (Figure 2A).

Therefore, the enhancement of memory occurs frommiR-980SP

expression during adulthood.
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Many types of neurons within theDrosophila olfactory nervous

system mediate memory acquisition, consolidation, forgetting,

and retrieval (Guven-Ozkan and Davis, 2014). Olfactory receptor

neurons (ORn) detect the odorants (CS+/CS�) and transmit this

olfactory information to the antennal lobe (AL). Projection neu-

rons (Pn) originating within the AL then convey the information

to the mushroom body neurons (MBn). Neuromodulatory neu-

rons, like dopamine neurons (DAn) are thought to convey the

US (shock) stimulus to MBn. The CS and US stimuli are inte-

grated in the MBn, one ‘‘center’’ for olfactory memory (Davis,

2005, 2011). Other MB extrinsic neurons that modulate memory

formation include the anterior paired lateral neurons (APLn),

dorsal paired medial neurons (DPMn), neurons in the central
ors



complex (CC), and MB-V2n (Guven-Ozkan and Davis, 2014). We

employedGAL4 lines that promote expression in these and other

neurons to identify the sets of neurons that respond to miR-980

inhibition by enhancing memory. Surprisingly,miR-980 inhibition

improved 3 hr memory using all GAL4 lines tested except for

Gad-GAL4, which drives expression in GABAergic inhibitory

neurons, and R31F10-GAL4, which drives expression in optic

lobe neurons (Figure 2B). To avoid a possible masking effect

due to a ceiling on memory performance, miR-980 inhibition us-

ing Gad-GAL4 and R31F10-GAL4 was tested using a milder

training protocol, but this failed to improve memory scores (Fig-

ures S2A and S2B). These data indicate that miR-980 functions

as a memory suppressor gene in multiple areas of the adult brain

and more specifically, in excitatory neurons that generally are

part of the olfactory nervous system.

We tested odor and shock avoidance of miR-980 inhibition

using various drivers including GH146-GAL4, OK107-GAL4,

238Y-GAL4, and R13F02-GAL4 (Figures S1C–S1F; data not

shown). Many of the drivers we tested with miR-980SP showed

enhanced sensitivity to odors or shock. A MB-specific driver,

R13F02-GAL4 that also enhances memory (Figure 2C), was the

only driver identified other than c155-GAL4 with no significant

odor and shock avoidance difference between the control and

the sponge-expressing flies (Figure S1F). One explanation

for the memory enhancement with broad spatial miR-980

suppression along with increased overall odor and shock sensi-

tivity is that neurons in the experimental flies may be more

excitable. This hypothesis was tested with experiments pre-

sented below.

MiR-980 Overexpression in the Mushroom Bodies
Impairs 3 Hr Memory
Since reducing miR-980 expression enhanced memory expres-

sion, we wondered whether its overexpression might impair

expression. MiR-980 overexpression using c155-GAL4 pro-

duced pupal lethality. Therefore, we tested the effects of

increasing miR-980 expression by driving UAS-miR-980 with

the more specific MBn driver, R13F02-GAL4 (Bejarano et al.,

2012). Opposite to and consistent with the phenotype observed

withmiR-980 inhibition, overexpression in the MBn impaired 3 hr

memory relative to the GAL4-only and UAS-only controls (Fig-

ure 2D). Memory impairment observed upon overexpression of

miR-980 cannot be attributed to impaired odor or shock percep-

tion (Figure S1G). Thus, we conclude that MiR-980 expression

has a bidirectional influence on memory performance.

MiR-980 Bidirectionally Influences Naive Odor
Responses of Mushroom Body Neurons and Neuronal
Excitability
MB responses to odors presented to the fly can be detected by

monitoring calcium influx into these neurons (Wang et al., 2001;

Yu et al., 2006; Turner et al., 2008). To test whether miR-980

expression might influence the response of MBn when odorants

are presented to the fly, we recorded Ca2+ responses using

GCaMP3 in naive flies exposed to octanol (oct) or benzaldehyde

(ben), the two odorants we used for conditioning. The Ca2+ re-

sponses to octanol and benzaldehyde were increased in both

the vertical and horizontal lobes of the MBn of the miR-980SP-
Cell R
expressing flies, and decreased in the miR-980-overexpressing

flies compared to the UAS-scrambled control (Figure 3A). These

results reveal that the quantitative representation of odors in the

MB is inversely related to miR-980 expression. This relationship

is consistent with the hypothesis that miR-980 normally sup-

presses neuronal excitability.

To evaluate the effect of miR-980 on neuronal excitability,

whole cell recordings were performed using adult brain projec-

tion neurons (Pn). Pn of 2-day-old adult female flies expressing

scrambled, miR-980SP, and miR-980 with the GH146-GAL4

driver were recorded blind with respect to genotype. Depolariz-

ing current injections were used to measure the intrinsic firing

properties in the presence of the synaptic blockers curarine

and picrotoxin with all cells held at�65 mV. There was no signif-

icant difference in holding current, input resistance, or cell

capacitance in the scrambled control, miR-980SP, and miR-

980 overexpression flies.

Supra-threshold current injections evoked depolarizations

capped by a train of small amplitude spikelets characteristic of

sodium-dependent action potentials (Figure 3B). The spikelet

frequency in the scrambled control was consistent with that of

wild-type Pn (Iniguez et al., 2013). The mean firing frequency

was significantly different among the scrambled control, miR-

980SP, and miR-980 overexpression lines. The miR-980SP Pn

exhibited a significantly higher firing frequency than the scram-

bled control at current steps between 80–100 pAs. The mean

firing frequency was not significantly different between the miR-

980 overexpression and the scrambled control Pn (Figure 3B),

although there was a clear difference in the shape of the input-

output curve andmiR-980 overexpressing Pn exhibited a strong

trend for lower mean firing frequency at 40–50 pA, which may

indicate a role in inhibiting excitability. Nonetheless, miR-980SP

data demonstrate that miR-980 modulates the excitability of Pn

with a clearly increased excitability when miR-980 is inhibited,

consistent with the GCaMP3 imaging experiments.

The Autism-Susceptibility Gene, A2bp1, Is a Target of
miR-980

We used bioinformatic prediction software to obtain insights into

the potential mRNA targets ofmiR-980 and then tested the func-

tional relevance of those genes to memory formation, initially

using an RNAi knockdown approach. Using TargetScan (http://

Targetscan.org) and microRNA.org (http://microRNA.org) bioin-

formatics tools, we identified 95 mRNA targets with a possible

role in themiR-980 phenotype. Fifty-eight of the predicted target

genes with an available RNAi line from the VDRC KK library (Di-

etzl et al., 2007) were previously tested for 3 hr memory using

nSyb-GAL4, a pan-neuronal driver (Table S1) (Walkinshaw

et al., 2015). Given the bidirectional regulation of memory perfor-

mance with overexpression or inhibition of miR-980, it seemed

possible that RNAi knockdown of true targets might expose

a memory phenotype. A direct relationship between miRNA

expression level, target mRNA expression level, and phenotype

predicts that knockdown of a repressive miRNA by a miRNA-SP

transgene should produce an elevated level of mRNA target. The

phenotype obtained by RNAi knockdown of an authentic mRNA

target may thus be opposite to that obtained with a miRNA-SP

transgene and in the same direction asmiR-980 overexpression.
eports 14, 1698–1709, February 23, 2016 ª2016 The Authors 1701
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Figure 3. MiR-980 Expression Modulates the Excitable State of Neurons

(A) Recording of odor evoked Ca2+ influx in the vertical and horizontal MB lobes. GCaMP3 fluorescence was recorded while 3 s of octanol (oct)- or benzaldehyde

(ben)-laced air was applied to R13F02-GAL4>UAS-scrambled, R13F02-GAL4>UAS-miR-980SP, and R13F02-GAL4>UAS-miR-980 overexpressing flies. The

graphs show the sliding mean of the DF/Fo as a function of time, with the SEM represented as the shaded outline. Group data quantifying the peak response from

baseline are shown as insets. Oct and ben responses in the vertical and horizontal lobes were normalized and averaged. The R13F02-GAL4>UAS-miR-980SP

flies exhibited elevated odor evoked Ca2+ responses compared to the UAS-scrambled control. The R13F02-GAL4>UAS-miR-980 overexpression flies exhibited

impaired odor evoked Ca2+ responses. Statistics: responses were analyzed using one-way ANOVA followed by Bonferroni’s post hoc tests. Results are the

mean ± SEM with n = 12. p < 0.0001.

(B) MiR-980 modulates the excitability of projection neurons (Pn) in adult antennal lobes. Representative current clamp recordings of GH146-GAL4>UAS-

scrambled control, GH146-GAL4>UAS-miR-980SP and GH146-GAL4>UAS-miR-980 overexpression Pn are shown. Spikelet frequency is plotted as a function

of the current step. The firing frequency frommiR-980SP Pnwas significantly higher than the scrambled control at higher current steps. Themean firing frequency

from miR-980 overexpression Pn was not significantly different with the scrambled control Pn, although a strong trend was observed at 40–50 pA. Statistics:

mean firing frequencies were analyzed using two-way ANOVA followed by Bonferroni’s post hoc tests. Results are the mean ± SEM with n = 21 for scrambled,

n = 19 for miR-980SP and miR-980 overexpression. p < 0.001.
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Figure 4. RNAi Screen for PotentialmiR-980 Target Genes Identified

the Autism-Susceptibility Gene, A2bp1

(A) Three of the miR-980 predicted target genes impair 3 hr memory using an

RNAi approach. Predicted miR-980 target genes were screened using RNAis

expressed in the MB with R13F02-GAL4;UAS-dcr-2. Three-hour memory

scores for three of the final hits compared to the R13F02-GAL4>UAS-dcr-2

control are shown. Statistics: PIs were analyzed by two-tailed, two-sample

Student’s t tests. p < 0.01 for A2bp1 RNAi, p < 0.05 for CG3630 and Cp38

RNAi. PIs are the mean ± SEM with n = 10.

(B) Schematic diagram of the A2bp1 mRNA showing the location of three

predicted miR-980 binding sites in the 30 UTR. Sequences that are comple-

mentary between miR-980 and A2bp1 30 UTR are illustrated.

Cell R
Eighteen of the lines tested had potential memory functions

(Table S2). These lines, along with two additional lines that failed

to produce progeny with nSyb-GAL4, were further tested with

the MBn driver R13F02-GAL4. This two-step screening strategy,

first with a pan-neuronal GAL4 driver followed by aMBn-specific

GAL4 driver, identified three RNAi lines that produced a memory

phenotypewithMB expression (Figure 4A). The three candidates

include A2bp1, a gene encoding a known RNA binding protein

involved in alternative splicing (Lee et al., 2009; Fogel et al.,

2012); CG3630, a gene encoding a protein containing a Costars

domain but with a previously unknown biological function (http://

flybase.org); and Cp38, a gene encoding a chorion protein

necessary for eggshell formation (Spradling et al., 1980). Among

the three candidate genes, A2bp1 was the strongest candidate

due to its three predictedmiR-980 binding sites in its 30 UTR (Fig-

ure 4B). Furthermore, logic offered A2bp1 as the most likely

choice among the three with a possible authentic role in the

biology of memory formation. Memory impairment in A2bp1

RNAi in MBs was not due to defects in odor and shock percep-

tion (Figure S3C). We thus focused on A2bp1 as potential target

for miR-980-based memory phenotypes.

A2bp1 Is Expressed in the Nuclei of Most Brain Neurons
Immunostaining of the Drosophila brain with an A2bp1 antisera

(Tastan et al., 2010) showed that A2bp1 is expressed broadly in

the fly brain (Figure 4C). We marked the cell membranes by ex-

pressing mCD8::GFP (Lee and Luo, 1999) and labeled the brains

with anti-GFP, anti-A2bp1, andDAPI. High-magnification images

showed that the A2bp1 and GFP signals were distinct from one

another, and that the A2bp1 signal overlapped with DAPI stain-

ing. This nuclear localization of Drosophila A2bp1 is consistent

with a role for the protein in alternative splicing as demonstrated

for other organisms (Jin et al., 2003; Nakahata and Kawamoto,

2005; Underwood et al., 2005; Fogel et al., 2012).

MiR-980 Represses A2bp1 Protein Expression
We tested the effect of the A2bp1-RNAi on A2bp1 expression

by immunostaining nSyb-GAL4>UAS-A2bp1 RNAi;UAS-dcr-2

brains (Figure 5A) and quantifying the mean signal intensity

from the central brain compared to control brains. We measured

an �50% reduction in signal from RNAi knockdown brains

compared to the no-RNAi control (Figure 5A). We confirmed

this estimate using western blotting of adult heads with the

same antibody (Tastan et al., 2010), identifying a protein exhibit-

ing strong immunoreactivity with an apparent mass of�105 kDa

(Figure S3A). The western blot signal from the �105 kDa

A2bp1 protein in RNAi knockdown flies was reduced by �50%
(C) A2bp1 is broadly expressed and primarily localized to nuclei in the

Drosophila brain. Representative maximum intensity projection images of anti-

A2bp1 (green) and anti-GFP (magenta) immunostaining of the central brain of

c155-GAL4>mCD8::GFP flies. The bottom panel shows the merged image for

the anti-A2bp1 and anti-GFP images. Scale bar, 50 mm. The panels to the right

show high-magnification images of a 3-mm single slice of the brain area

identified by the white-bordered square in the merged image. Anti-A2bp1

(green), anti-GFP (magenta), DAPI (blue) and the merged image (bottom)

indicate that the A2bp1 signal is primarily nuclear. Scale bar, 10 mm.

See also Figure S3 and Tables S1 and S2.
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Figure 5. MiR-980 Inhibits A2bp1 Expression by Associating with A2bp1 mRNA

(A) Maximum projection images of the central brain from nSyb-GAL4>UAS-dcr-2 and nSyb-GAL4>UAS-A2bp1-RNAi;UAS-dcr-2 flies (top row); and c155-

GAL4>scrambled and c155-GAL4>miR-980SP flies (bottom row) stained with anti-A2bp1 antisera. Each brain is outlined with a yellow dotted line. The mean

signal intensity from the central brain is quantified in the adjacent histogram. Expression of the A2bp1-RNAi reduced the signal by �50% compared to the no-

RNAi control (n R 11, p < 0.0001). Expression ofmiR-980SP increased the signal by �25% compared to the scrambled control (nR 20, p < 0.0001). Statistics:

data were analyzed by two-tailed, two-sample Student’s t tests. Scale bar, 50 mm. Results are the mean ± SEM.

(B) Representative anti-A2bp1 and anti-a-tubulin western blots using: (1) nSyb-GAL4>UAS-dcr-2, (2) nSyb-GAL4>UAS-A2bp1-RNAi;UAS-dcr-2 (3), c155-

GAL4>scrambled, and (4) c155-GAL4>miR-980SP fly heads. The signal from the A2bp1 band was first normalized to the a-tubulin signal in its own lane, and then

the control sampleswere then normalized to 1.0 to calculate the fold change in the experimental groups.A2bp1-RNAi expression reduced protein levels by�50%

compared to the no-RNAi control. Expression of miR-980SP increased A2bp1 by �25% compared to the scrambled control. Statistics: data were analyzed by

one-sample Student’s t test. Results are the mean ± SEM with n = 8. p < 0.0001 for A2bp1 RNAi and p < 0.01 for miR-980SP.

(C) Overexpression of miR-980 in MB represses A2bp1 expression. Single section images of the central brain stained with anti-A2bp1 (green) and anti-Dmef2

(magenta) antibodies. R13F02-GAL4/+ and UAS-miR-980/+ brains were used as controls for the R13F02-GAL4>UAS-miR-980 genotype. MBn as defined by

Dmef2 immunoreactivity are outlined with yellow dotted lines and mean signal intensity for the region of interest was measured. OverexpressingmiR-980 in MBn

decreased the anti-A2bp1 �25%. Statistics: the data were analyzed by one-way ANOVA followed by Bonferroni’s post hoc tests. Results are the mean ± SEM

with n = 15–17. p < 0.01. Scale bar, 50 mm.

See also Figure S3.
compared to control flies (Figures 5B and S4A). The western

blots resolved a less abundant isoform of�125 kDa that also re-

sponded to A2bp1 RNAi expression. The significant decrease in

A2bp1 protein upon RNAi knockdown provides molecular sup-

port for the effect of the A2bp1 RNAi on behavior (Figure 4A).

Using the same antibody, we tested whether expression of

A2bp1 is altered when miR-980SP is expressed. Inhibiting
1704 Cell Reports 14, 1698–1709, February 23, 2016 ª2016 The Auth
miR-980 with miR-980SP expression using the pan-neuronal

c155-GAL4 driver significantly increased A2bp1 protein by

�25% as detected by both immunostaining (Figure 5A) and

western blotting (Figures 5B and S4A).

We also tested the effect ofmiR-980 overexpression onA2bp1

protein level. MiR-980 overexpression using the pan-neuronal

c155-GAL4 driver produced pupal lethality. Therefore, we tested
ors
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Figure 6. Overexpression of A2bp1 Potentiates Memory;

Decreasing A2bp1 Reverses the Memory Enhancement Due tomiR-

980SP Expression

(A) Adult-specific overexpression of the A2bp1RN isoform increases 3 hr

memory. MB-specific expression of UAS-A2bp1RN was driven by R13F02-

GAL4 in the presence of Gal80ts to restrict transgene expression to adulthood.

Flies were kept at 18�C throughout development and adulthood (left) or at

18�C during development and switched to 30�C after hatching (right) to induce

UAS-A2bp1 overexpression. A2bp1 overexpression in the MB significantly

improved memory compared to UAS-only and GAL4-only controls. Statistics:

PIs were analyzed using one-way ANOVA followed by Bonferroni’s post hoc

tests. PIs are the mean ± SEM with n = 20. p < 0.01.

(B) Adult-specific overexpression of the A2bp1RE isoform increases 3 hr

memory. MB-specific expression of a second A2bp1 isoform, UAS-

A2bp1(RE), during adulthood also enhanced 3 hr memory. Statistics: PIs were

analyzed using one-way ANOVA followed by Bonferroni’s post hoc tests. PIs

are the mean ± SEM with n = 15. p < 0.01.

Cell R
the effects of overexpression using the MBn-specific driver

R13F02-GAL4 and identified the cell bodies of MBn with

Dmef2 co-labeling (Figure 5C). We measured the anti-A2bp1

mean signal intensity in the MBn for R13F02-GAL4>UAS-

miR-980, UAS-only, and GAL4-only genotypes. Opposite to

the results obtained with miR-980 inhibition, elevating miR-

980 in MBn significantly decreased A2bp1 expression by

�25% (Figure 5C). These results show that miR-980 represses

the expression of the A2bp1 protein.

Overexpression of A2bp1 in the Adult Mushroom Bodies
Enhances Memory
The current annotation of theA2bp1 gene predicts eight different

protein isoforms, ranging in size from 547 to 962 amino acids,

produced by eight RNAs due to transcription from two transcrip-

tional start sites and alternative splicing (http://flybase.org). It is

unknown which of the isoforms dominate expression in the adult

head. We designed primers to amplify RNA transcripts from the

largest transcriptional unit by PCR using head cDNA and recov-

ered six new splice variants, none of which corresponded to the

largest previously annotated isoforms, RH and RL (Figure S3B).

We picked one of the two most abundant splice variants and

generated UAS-A2bp1 overexpression flies that lack miR-980

binding 30 UTR sites in the transgene. We named the new splice

variant RN. It differs from the annotated form, RH, only by the

exclusion of exon 6.

If an increased expression of A2bp1 is the primary reason for

the enhancedmemory observed inmiR-980-inhibited flies due to

inadequate repression by miR-980, then overexpressing UAS-

A2bp1 should enhance memory. Driving UAS-A2bp1RN with

R13F02-GAL4 resulted in embryonic lethality due to unknown

developmental defects. We therefore tested whether overex-

pression, limited to the MB during adulthood, would enhance

memory. Restricting A2bp1 expression in adult MB using

R13F02-GAL4;tub-GAL80ts resulted in an�3- to 4-fold increase

in A2bp1 abundance measured by western blotting and immu-

nohistochemistry (Figures S4B and S4C). Importantly, A2bp1

overexpression in the adult MB without the constraints imposed

by miR-980 repression mimicked the effects of miR-980 inhibi-

tion, with a significant memory improvement measured at 3 hr

compared to UAS-only and GAL4-only controls without altering

odor and shock perception (Figures 6A and S3D). We also tested

a second A2bp1 isoform, RE in adults (Usha and Shashidhara,

2010), and observed the same memory enhancement (Figures

6B and S3D). These results support the model that enhanced
(C) A2bp1 is genetically downstream of miR-980. The UAS-A2bp1 RNAi and

UAS-miR-980SP transgenes were combined with a UAS-scrambled trans-

gene in order to obtain flies with the same number of UAS-elements as in the

UAS-A2bp1 RNAi;UAS-miR-980SP experimental group. The UAS-scrambled

transgenes inserted at the attP40 and attP2 siteswere combined together and

used as the control. Expression was driven by c155-GAL4. Three-hour PIs of

UAS-A2bp1 RNAi;UAS-miR-980 SP expressing flies were significantly lower

than the scrambled control and miR-980SP-expressing flies, but not signifi-

cantly different from A2bp1 RNAi-expressing flies. Statistics: scores were

analyzed using one-way ANOVA followed by Bonferroni’s post hoc tests. PIs

are themean ±SEMwith n = 36 for the double scrambled control and n = 21 for

all other groups. p < 0.0001.

See also Figures S3 and S4.

eports 14, 1698–1709, February 23, 2016 ª2016 The Authors 1705

http://flybase.org


memory occurring frommiR-980 inhibition results predominantly

from the dysregulation in the MBn of the miR-980 target, A2bp1

mRNA. Since overexpression of both isoforms of A2bp1 pro-

duced the same memory enhancement, the results also reveal

that exons 2, 11, and 13 are unimportant for this function.

MicroRNAs as regulators ofmRNA expression are, in essence,

upstream of themRNA targets in the molecular signaling within a

cell. To test the predicted genetic interaction between miR-980

and A2bp1, we performed an epistasis experiment combining

in the same fly the expression ofUAS-miR-980SP that promotes

memory, with the expression of the UAS-A2bp1 RNAi transgene

that inhibits memory. We compared the memory scores of this

experimental group to UAS-A2bp1 RNAi or UAS-miR-980SP

controls. The A2bp1 RNAi;miR-980SP double transgenic flies

had memory scores significantly lower than both miR-980SP

and scrambled controls, indicating that miR-980SP expression

loses its normal memory enhancing effect when A2bp1 is

reduced (Figure 6C). In addition, the memory scores of the

A2bp1 RNAi; miR-980SP double transgenic flies were not

different statistically from those of flies expressing A2bp1 RNAi

alone. Thus, the observed change in A2bp1 protein abundance

by altering miR-980 levels, the improvement of memory with

miR-980 inhibition and A2bp1 overexpression, and results from

epistasis experiments are consistent with the model that the

normal memory suppressing effects of miR-980 occur through

its regulation of the memory-promoting gene, A2bp1.

DISCUSSION

MicroRNAs are highly expressed in the vertebrate and inverte-

brate brain and contribute to fine-tuning of gene expression dur-

ing development and during physiological events in cells. Never-

theless, their functional roles in the neuronal plasticity underlying

learning and memory remains largely unexplored. We previously

conducted a behaviorally based ‘‘miRNA sponge screen’’ to sys-

tematically identify the miRNAs involved in Drosophila olfactory

aversive learning and memory (Busto et al., 2015). The results

presented here offer fivemajor advances in our knowledge about

the function of this class of regulatory molecules: (1) miR-980

functions to suppress memory formation by acting in multiple

types of neurons within the olfactory nervous system; (2) miR-

980 works as a suppressor of acquisition and memory stability;

(3) miR-980 suppresses the excitability of excitatory neurons;

(4) the memory suppressor functions of miRNA-980 are medi-

ated largely by the inhibition of the autism-susceptibility gene,

A2bp1; and (5) A2bp1, itself, is a memory-promoting gene.

One surprising observation made in our study was that inhibi-

tion of miR-980 in multiple neurons within the olfactory nervous

system enhances memory performance, as we anticipated

finding a single cellular focus for its effects. Initially, it was difficult

to understand how a single microRNA could modify behavioral

memory when altered in one of many different types of neurons.

This was reconciled by showing that excitability of Pns is

enhanced with inhibited miR-980 function, offering the explana-

tion that increased signaling, in general, within the olfactory ner-

vous system enhances behavioral memory. This model provides

a general explanation for the effects of miR-980 that function in

multiple classes of excitable neurons.
1706 Cell Reports 14, 1698–1709, February 23, 2016 ª2016 The Auth
We propose that the role of miR-980 in excitability accounts

for the increased acquisition when themiRNA is inhibited. An in-

crease in excitable state may simply enhance the signaling

through different neuron types within the olfactory nervous sys-

tem as the organism integrates sensory information into mem-

ory. A corollary of this idea is that normal acquisition is a com-

posite effect of multiple neurons within the circuit conveying

the sensory information being learned. Although it is possible

that increased acquisition also accounts for the increased mem-

ory performance observed when immediate performance scores

were normalized, an alternative possibility is that miR-980

may have distinct roles in acquisition and memory stability.

For instance, although we attribute the increased acquisition

to increased neuronal excitability, the increased memory after

acquisition may be due to altered regulation of molecules

involved in synaptic transmission.

MiR-980 belongs to the miR-22 family of miRNAs found in

mammals (Ruby et al., 2007). Within the nervous system, the

miR-22 family has been reported to participate in neuroprotec-

tion (Yu et al., 2015; Jovicic et al., 2013), neurodegeneration

(Lee et al., 2011), neuroinflammation (Parisi et al., 2013; Siegel

et al., 2012), neurodevelopment (Volvert et al., 2014; Berenguer

et al., 2013), and neuroplasticity (Chen et al., 2013). Thus,

although this family appears to have multiple roles in the nervous

system and disease, our current studies identify members of this

family as specifically involved in the suppression of memory

formation. Given the functional association between miR-980

and A2bp1 shown here, it is also tempting to speculate that

the miR-980/miR-22 family of miRNAs might be associated

with ASD. No evidence for this possibility has yet been reported,

but the expression of miR-22 is reduced in attention deficit

hyperactivity disorder (ADHD) (Kandemir et al., 2014) and is

genetically associated with panic disorder and anxiety in hu-

mans (Muiños-Gimeno et al., 2011). Thus, there are neuropsy-

chiatric links to miR-22, which could potentially be through a

role in excitability. Moreover, miR-22 represses the tumor sup-

pressor gene PTEN in transformed human bronchial epithelial

cells (Liu et al., 2010), and PTEN is known to be involved in Cow-

den syndrome and ASD in humans (Goffin et al., 2001).

Our behavioral, molecular, cellular, and genetic data together

argue that A2bp1 is a primary target of miR-980 for memory

suppression. First, A2bp1 is broadly expressed in the fly brain,

consistent with a broad nervous system requirement for miR-

980. Second, there are three miR-980 binding sites in A2bp1

30 UTR making it a strong candidate mRNA target for miR-980

regulation. Third, we performed an in vitro mRNA binding exper-

iment using biotinylated mature miR-980 as bait and success-

fully captured eight times more A2bp1 mRNA using wild-type

miR-980 versus a form mutated for the seed region (data not

shown). Fourth, A2bp1 shows the precise abundance/behavior

relationship predicted as a direct target of miR-980. Overex-

pression of A2bp1 increases memory; miR-980 suppression

increases memory. A2bp1 knockdown impairs memory;

miR-980 overexpression impairs memory. Fifth, A2bp1 protein

abundance varies as expected by manipulation of miR-980

levels. Overexpression of miR-980 decreases A2bp1 protein

abundance and miR-980 suppression increases A2bp1 protein

abundance. Finally, reducing A2bp1 levels using RNAi in
ors



miR-980-inhibited flies reversed the memory improvement. This

finding is consistent with the model that A2bp1 is genetically

downstream ofmiR-980 and a major mediator of the phenotype.

However, we cannot exclude the possibilities that there may be

additional miR-980 targets that participate in memory suppres-

sion and miR-980 regulation of A2bp1 could be indirect. Our

simple model for miR-980/A2bp1 interactions and function

seem to be at odds with an observation made about A2bp1

using mammalian models. In the mouse (Gehman et al., 2011),

neuronal-specific knockout of A2bp1 increases excitability in

the dentate gyrus, a result opposite of that predicted by our

model. This difference might reflect species or cell type differ-

ences, the complexity of the gene with its dozens of isoforms,

or the multiple layers of regulation on A2bp1 expression. Bioin-

formatics analyses predict multiple miRNAs as binding to the

A2bp1 30 UTR and regulating its expression. Thus, its basal or

regulated expression level due to changes in physiological state

could be a composite of many different regulatory molecules.

A2bp1 is associated with autism and epilepsy in human pa-

tients (Bhalla et al., 2004; Martin et al., 2007; Sebat et al.,

2007; Mikhail et al., 2011; Davis et al., 2012) functioning presum-

ably by regulating alternative splicing during both development

and in adults (Lee et al., 2009; Fogel et al., 2012). Corominas

et al. (2014) proposed that changes in gene-splicing alter the

relative abundance of protein isoforms, which remodels protein

networks and increases the risk for autism. Consistent with this

thought, transcriptome analyses from ASD brains identified

A2bp1 as one hub gene that is dysregulated in patients with

autism (Voineagu et al., 2011). A2bp1 was originally identified

through its interaction with Ataxin-2 (Shibata et al., 2000).

Pn-specific knockdown of Ataxin-2 impairs long-term olfactory

habituation-associated structural and functional plasticity

by regulating the miRNA pathway (McCann et al., 2011). Future

studies will shed light on whether memory phenotypes of

A2bp1 are dependent on Ataxin-2.

It is intriguing that our studies show that adult stage-specific

increases in A2bp1 abundance improve aversive olfactory mem-

ory, independent of any developmental function for the protein,

and human ASD is a spectrum brain disorder that is associated

with poor to extraordinarily robust learning and memory capac-

ities (Grzadzinski et al., 2013). We speculate that the different

protein interaction networks that form due to varying levels of

A2bp1 function account for the range of intellectual abilities

observed in ASD. Drosophila may prove to be a much speedier

and simpler system to dissect the specific effect of A2bp1 abun-

dance on the emergence of protein interaction networks and

their influence on cognitive abilities.
EXPERIMENTAL PROCEDURES

Fly Stocks and Behavior

Flies were cultured using standard methods. One- to 4-day-old flies were used

for the behavioral experiments. Approximately 30 min before training, flies

were transferred and maintained in the behavior room (dim red light, 25�C,
�70% humidity). For conditioning,�50–60 flies were trained using a standard

two-odor discriminative aversive conditioning paradigm (Berry et al., 2012) by

exposing flies to 1 min of CS+ odor paired with 12 electric shock pulses fol-

lowed by 30 s of air and 1 min of the CS� odor. Memory was tested using a

T-maze, which delivers CS+ from one arm and CS� from the other. Additional
Cell R
details about the fly stocks utilized in this study and behavioral tests are pro-

vided in the Supplemental Experimental Procedures.

In Vivo Ca2+ Imaging

Flies were mounted onto recording chamber as described previously (Berry

et al., 2012). Briefly, a single fly was aspirated, without anesthesia, into a

custom-designed recording chamber. The head was immobilized by gluing

the eyes to the chamber with myristic acid and the proboscis similarly immo-

bilized. A small area of dorsal cuticle was removed to provide optical access to

the brain. Fresh saline (103 mMNaCl, 3 mMKCl, 5 mMHEPES, 1.5 mMCaCl2,

4 mM MgCl2, 26 mM NaHCO3, 1 mM NaH2PO4, 10 mM trehalose, 7 mM su-

crose, and 10 mM glucose [pH 7.2]) was perfused across the brain to prevent

desiccation and ensure the health of the fly. We recorded the responses in MB

using a 253water-immersion objective. Odorants were diluted 1:10 in mineral

oil and spread on a 1 cm2 filter paper in a scintillation vial. Pressurized air was

passed through the vial to deliver a 3-s pulse of air lacedwith oct vapor at a rate

of 200 ml/min, followed 3 min later by a second pulse of air laced with ben va-

por. Images were acquired at 4 frames/s at a resolution of 256 3 256 pixels

from both MB vertical and horizontal lobes. The image data were analyzed

as described previously (Yu et al., 2005; Cervantes-Sandoval et al., 2013).

For statistical analysis, DF/Fo responses from vertical and horizontal lobes

were normalized to the scramble control. Significance was determined using

one-way ANOVA followed by Bonferroni’s post hoc tests.

Whole Cell Recordings from Projection Neurons in Isolated Adult

Brain

Brains were obtained from adult female flies 2 days after eclosion. The entire

brain was removed from the head and mounted in the recording chamber with

the anterior face of the brain up (Gu and O’Dowd, 2006, 2007). Recordings

were made from projection neurons (Pn) in the dorsal neuron cluster using 8–9

MU resistance pipettes. All voltages reported refer to pipette potentials at the

soma. Depolarization-evoked action potentials were recorded using a pipette

solution containing (in mM) 102 potassium gluconate, 0.085 CaCl2, 1.7 MgCl2,

17 NaCl, 0.94 EGTA, 8.5 HEPES, and 4.5 ATP. The pH was adjusted to 7.2

and osmolarity to 234–236 mOsM. The chamber was continuously perfused at

0.5 ml/min with recording solution that contained (in mM) 120 NaCl, 1.8 CaCl2,

0.8MgCl2, 3KCl, 5 glucose, 10HEPES, aswell as the synaptic receptor blockers

D-turbocurarine (20 mM) and picrotoxin (10 mM). The pHwas adjusted to 7.2 and

osmolarity to 250–253 mOsM. Data shown were corrected for the 5 mV liquid

junction potential generated in these solutions. For examination of the evoked

firing properties, the membrane potential was held at�65mV by injection of hy-

perpolarizingholdingcurrent.DatawereacquiredwithaPatchClampL/M-EPC7

amplifier (List Medical), a digidata 1322A D-A converter (Molecular Devices), a

Dell computer (Dimension 8200), and pClamp9 software (Molecular Devices).

Bioinformatics and Statistical Analyses

Putative mRNA targets for miR-980 were predicted using online tools

TargetScan (http://Targetscan.org) and microRNA.org (http://microRNA.org).

TargetScan predicts 70mRNA targets formiR-980.We identified 25 additional

and non-overlapping candidates from microRNA.org (Enright et al., 2003;

Kheradpour et al., 2007; Ruby et al., 2007). Prism was used for statistical an-

alyses. Two sample, two-tailed Student’s t tests were used to compare two

conditions. To compare one group to a normalized control group, a one sam-

ple, two-tailed, Student’s t test was used. For multiple group comparisons,

one-way ANOVA followed by Bonferroni’s post hoc tests were used.

Immunohistochemistry

Two- to 5-day-old female fly brains were dissected in 13 PBS and transferred

to 1% paraformaldehyde in PBS. We followed the protocol described by Fly

Light Project (Jenett et al., 2012). Additional details are found in the Supple-

mental Experimental Procedures.

ACCESSION NUMBERS

The accession number for the A2bp1RN (cDNA sequence) reported in this

paper is GenBank: KU315475.
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