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Two Components of Aversive Memory in Drosophila,
Anesthesia-Sensitive and Anesthesia-Resistant Memory,
Require Distinct Domains Within the Rgk1 Small GTPase

Satoshi Murakami,' Maki Minami-Ohtsubo,' “Ryuichiro Nakato,> Katsuhiko Shirahige,> and “Tetsuya Tabata'
"Laboratory of Neuroscience, Institute of Molecular and Cellular Biosciences, University of Tokyo, Tokyo 113-0032, Japan, and 2Laboratory of Genome
Structure and Function, Research Center for Epigenetic Disease, Institute of Molecular and Cellular Biosciences, University of Tokyo, Tokyo 113-0032,
Japan

Multiple components have been identified that exhibit different stabilities for aversive olfactory memory in Drosophila. These compo-
nents have been defined by behavioral and genetic studies and genes specifically required for a specific component have also been
identified. Intermediate-term memory generated after single cycle conditioning is divided into anesthesia-sensitive memory (ASM) and
anesthesia-resistant memory (ARM), with the latter being more stable. We determined that the ASM and ARM pathways converged on the
Rgk1 small GTPase and that the N-terminal domain-deleted Rgk1 was sufficient for ASM formation, whereas the full-length form was
required for ARM formation. Rgk1 is specifically accumulated at the synaptic site of the Kenyon cells (KCs), the intrinsic neurons of the
mushroom bodies, which play a pivotal role in olfactory memory formation. A higher than normal Rgkl level enhanced memory
retention, which is consistent with the result that Rgkl suppressed Rac-dependent memory decay; these findings suggest that rgkl
bolsters ASM via the suppression of forgetting. We propose that Rgk1 plays a pivotal role in the regulation of memory stabilization by

serving as a molecular node that resides at KC synapses, where the ASM and ARM pathway may interact.
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ignificance Statement

Memory consists of multiple components. Drosophila olfactory memory serves as a fundamental model with which to investigate
the mechanisms that underlie memory formation and has provided genetic and molecular means to identify the components of
memory, namely short-term, intermediate-term, and long-term memory, depending on how long the memory lasts. Intermediate
memory is further divided into anesthesia-sensitive memory (ASM) and anesthesia-resistant memory (ARM), with the latter
being more stable. We have identified a small GTPase in Drosophila, Rgk1, which plays a pivotal role in the regulation of olfactory
memory stability. Rgkl is required for both ASM and ARM. Moreover, N-terminal domain-deleted Rgk1 was sufficient for ASM
formation, whereas the full-length form was required for ARM formation.
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Introduction
Drosophila olfactory learning and memory, in which an odor is
associated with stimuli that induce innate responses such as aver-
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sion (Quinn et al., 1974; Tully and Quinn, 1985), has served as a
useful model with which to elucidate the molecular basis of
memory (Dudai, 1985; Davis, 1993, 1996; Waddell and Quinn,
2001; Heisenberg, 2003; Davis, 2005; Margulies et al., 2005;
McGuire et al., 2005; Keene and Waddell, 2007). Olfactory mem-
ory is divided into several temporal components (Quinn and Dudai,
1976; Folkers et al., 1993; Tully et al., 1994; Heisenberg, 2003; Isabel
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etal., 2004; Trannoy et al., 2011; Placais et al., 2012; Bouzaiane et
al., 2015) and the intermediate-term memory (ITM) generated
after single cycle conditioning is further classified into two dis-
tinct phases, anesthesia-sensitive memory (ASM) and anesthesia-
resistant memory (ARM) (Quinn and Dudai, 1976). Evidence
has suggested that ASM and ARM are distinctly regulated at the
neuronal level (Lee etal.,2011; Wu etal., 2013; Zhanget al., 2013;
Bouzaiane et al., 2015) and at the molecular level (Dudai, 1988;
Folkers et al., 1993; Schwaerzel et al., 2007; Knapek et al., 2010;
Knapek et al., 2011; Scheunemann et al., 2012).

Mushroom bodies (MBs) represent the principal mediator
of olfactory memory (Dubnau et al., 2003; Heisenberg, 2003;
McGuire et al., 2005; Busto et al., 2010; Davis, 2011; Guven-
Ozkan and Davis, 2014; Hige et al., 2015a; Owald and Waddell,
2015; Barnstedt et al., 2016). Kenyon cells (KCs) are the intrinsic
neurons of MBs, which are bilaterally located clusters of neurons
that project anteriorly to form characteristic lobe structures and
are a platform of MB-extrinsic neurons that project onto or out of
the MBs (Tanaka et al., 2008; Aso et al., 2014). To elucidate the
molecular mechanisms that underlie olfactory memory, screen-
ings for MB-expressing genes have been a useful strategy (Han et
al., 1992; Skoulakis et al., 1993). A technique used to examine
gene expression in a small amount of tissue samples has enabled
the investigation of the expression profile in MBs with a substan-
tial dynamic range of expression levels and high sensitivity (Tang
et al., 2009; Wang et al., 2009; Wang and Navin, 2015), thereby
representing a promising approach with which to identify novel
genes responsible for memory. We deep sequenced RNA isolated
from adult MBs and identified rgkI as a KC-specific gene.

The RGK protein family, for which Drosophila Rgkl exhibits
significant protein homology, belongs to the Ras-related small
GTPase subfamily, which is composed of Kir/Gem, Rad, Rem,
and Rem2. Their roles include the regulation of Ca*" channel
activity (Béguin et al., 2001; Finlin et al., 2003) and the reorgani-
zation of cytoskeleton (Pan etal., 2000; Leone et al., 2001; Piddini
et al., 2001; Ward et al., 2002). Notably, mammalian REM2 is
expressed in the brain (Finlin et al., 2000) and has been shown to
be important for synaptogenesis (Ghiretti and Paradis, 2011;
Moore et al., 2013), as well as activity-dependent dendritic com-
plexity (Ghiretti and Paradis, 2014; Ghiretti et al., 2014). These
findings raise the possibility that RGK proteins may have a role in
the synaptic plasticity that underlies memory formation. Dro-
sophila has several genes that encode proteins homologous to the
RGK family, including rgkI (Puhl et al., 2014). Therefore, based
on the ample resources available in Drosophila for the investiga-
tion of neuronal morphology and functions (Keene and Waddell,
2007), Drosophila Rgk proteins will provide a good opportunity
to elucidate the function of RGK family proteins.

Here, we describe the analysis of Drosophila rgkl, which ex-
hibited specific expression in KCs. Rgk1 accumulated at synaptic
sites and was required for olfactory aversive memory, making the
current study the first to demonstrate the role of an RGK family
protein in behavioral plasticity. Our data suggest that Rgk1 sup-
ports ASM via the suppression of Rac-dependent memory decay,
whereas the N-terminal domain has a specific role in ARM for-
mation. Together, these findings indicated that Rgk1 functions as
a critical synaptic component that modulates the stability of ol-
factory memory.

Materials and Methods

Expression analysis of MBs with RNA-seq. Expression screening was de-
signed to identify genes that are enriched in adult MBs. The RNA-seq
analysis (subsequently described in detail) yielded a list of genes that were
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expressed in the MBs. We selected candidate genes for subsequent anal-
ysis with the following criteria: (1) genes highly expressed in the MBs,
(2) genes that had not been reported previously to function in memory,
and (3) genes that encode proteins that are homologous to mammalian
proteins reported to regulate neuronal functions.

cDNA preparation for RNA-seq. Female flies that expressed green flu-
orescent protein (GFP) in KCs with OK107-Gal4 were maintained at
25°C before dissection. The flies were dissected under a fluorescent mi-
croscope in ice-cold PBS-BSA solution to isolate the MBs with tweezers.
The isolated MBs were immediately lysed with XB buffer (PicoPure RNA
isolation Kit; Thermo Fisher Scientific) at 42°C for 30 min and were
subsequently maintained at —80°C until RNA purification. After total
RNA extraction and DNasel treatment, the RNA quality was assessed
with the Experion automated electrophoresis system (Bio-Rad). cDNA
was generated from these RNA samples with a Superscript IIT kit (Invit-
rogen) and amplified following a previously described protocol (Ku-
rimoto et al., 2007; Tang et al., 2009). The qualities of the final products
were determined via qPCR with primers for gapdh, damb, and staufen.

RNA-seq analysis. cDNA samples were processed for RNA-seq analysis
according to the manufacture’s standard protocol (Applied Biosystems
SOLID Library Preparation protocol) and were sequenced on Applied
Biosystems SOLiD platforms (SOLiD4 and 5500) to generate single-end
50 bp reads. Sequenced RNA reads were aligned to FlyBase mRNA data-
base using Bowtie version 0.12.5 with the “—v3 —m10” option, which
allows three mismatches in the first 28 bases and discards reads having
>10 reportable alignments. Multiply aligned reads were divided equally
among all locations (N-times matched reads were weighted as 1/N reads)
and aligned transcript reads were merged for a single gene. The expres-
sion level of each gene was calculated in reads per kilobase per million
reads. RNA-seq data have been deposited to Sequence Read Archive with
the accession number SRP093518.

cDNA preparation for gPCR. Female flies were anesthetized with CO,
and, after decapitation, they were dissected in ice-cold PBS buffer that
contained BSA to isolate the brains. After total RNA extraction, cDNA
was synthesized with a Superscript III kit (Invitrogen).

qPCR analysis. qPCR analysis was conducted with SYBR Green
(Roche) on a Light Cycler 480 (Roche). For the quantification of rgkl
isoforms in the brain, cDNAs of wild-type CS10 brains were used and
qPCR assay was conducted with the following primers: 5'-TGATTA
GCAGCGTCTCGACTG and 5'-TCTACAAGCGCATCTGCCG for the
RA and RC isoforms and 5'-AGCAGCGTCTCGACTGTATTG and 5'-
ATCAACGTGACCGCGAATCC for the RB isoform.

FISH. DIG-labeled RNA probes were used for the FISH assay. The
target sequence of the RNA probe spanned several gkl exons (from 4175
to 4782 bp in the rgkI-RB isoform). A fragment of the rgkl gene was
amplified with the primers 5'-TGTCTGCCCCAGCAGAGATCCA and
5'-TGCCTTCTGGGCGATGTTCTGA using ExTaq (Takara) from the
adult female brain cDNA and cloned into a Topo cloning vector (Ta-
kara). After a sequence check, the in vitro translation was conducted
using Sp6 or T7 RNA polymerase (Roche) and a DIG-labeling kit
(Roche). The resultant probe was purified using QuickSpin columns for
RNA (Roche). Fluorescent signals were generated using HNPP and Fas-
tRed (Roche). The signal recording was conducted using an LSM710
confocal microscope (Zeiss). The antibody for Dachshund (Develop-
mental Studies Hybridoma Bank; DSHB) was used to label KC bodies.

Antiserum generation. A rabbit polyclonal antibody for Rgk1-PB was
created by injecting rabbits with an HPLC-purified synthetic peptide,
PGGTATTRSRGARA, which represented a portion of the N-terminal
region that is only present in Rgkl-PB (74—87). Another rabbit poly-
clonal anti-Rgk1 (anti-Rgk1-C) was generated using two HPLC-purified
peptides, GKELVARKRNSQQL (925-938) and PGSAQSSPRKYRGS
(1334-1348), which correspond to a C-terminal region of the Rgk1 pro-
teins. We confirmed that the sera recognized exogenously expressed
Rgkl in the adult brain.

Generation of transgenic flies (UAS-rgk1-RB). The entire length of the
rgk1-RB was amplified using PrimeStar (Takara) from cDNA, which was
synthesized from total RNA extracted from female CS10 brains. The
following primers were used: 5'-CACAGATCTGCTTGGTCTGCATGA
CTGCCGATCCCAT ATCGTTGTGC and 5'-CACTCTAGAGGATAA
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TCTCTGTGCTTAGAGTACATG CAGATTCTCG. Theresultant fragment
was cloned into the pUAST vector using the BglII and Xbal sites. Ligation
was conducted with T4 ligase (Takara). The entire construct was verified
by sequencing. Injections were applied onto a CS10 background by Best-
Gene using standard P-element-mediated germline transformation.

Generation of transgenic flies (UAS-rgk1-RB fused with GFP). GFP-
fused UAS-Rgk1 constructs, full-length or truncated forms, were generated
using the in-fusion technique (In-Fusion HD Cloning Kit; Clontech). The
AC construct lacks the sequence from tyrosine 1121 through the end of
Rgk1-PB, which encompasses the entire GTPase domain. The AN con-
struct lacks the protein sequence from A.A.161 to 797, including the
entire DUF2967 domain. Briefly, the pAcGFP fragment and each
rgk1-RB fragment (full, AN, or AC) were amplified using primers with
linker sequences and linked using In-Fusion. GFPs were fused to the
N-terminal of the Rgkl constructs. The pAcGFP1 vector (Clontech) and
UAS-rgk1-RB (previously described) were used as templates for the am-
plifications. The resultant GFP-fused Rgkl fragments were cloned using
Xhol and Xbal sites into pJFRC7-20XUAS-IVS-mCD8::GFP (Addgene)
after it was cut with Xhol and Xbal to remove mCD8::GFP and provide
room for the fragments. The entire construct was checked via sequenc-
ing. Injections were performed by BestGene in flies that possessed the
attP site on the second chromosome (attP40).

Generation of transgenic flies (UAS-rgkl-S1134N). UAS-GFP-rgkl-
S1134N was generated using UAS-GFP-rgkI-RB as a template. A point
mutation (AGT to AAT conversion) was introduced at serine 1134 to
convert it to asparagine using In-Fusion with the following primer sets:
5'-CGGCCGCGGCTC GAGCAACATGACTGCCGATCCCATATCG
and5’-GAGCGAATTCTTGCCCACCGCAGGACCT;5 -GGCAAGAAT
TCGCTCGTCTCGCAGTTCAT and 5'-ACAAA GATCCTCTAGATTA
CTTGTACAGCTCATCCATGCCG. The entire constructs were checked
via sequencing. Injections were performed by BestGene in flies with the
attB site on the second chromosome (attP40).

Generation of the deletion allele. The P element was excised by crossing
the KG00183 allele with the A2-3 strain, which has a P transposase (Rob-
ertson et al., 1988). The occurrences of imprecise excision and resultant
deletions were determined via PCR with the following primers: 5'-
ATGCGCCTCGCCTGTTTCTCGGGAAAATCTCCA and 5'-AAGCTA
AGACCGA GGGAGCGTGACCCCAACCAC. The deletion of exons of
the RA and RC isoforms was checked via PCR with the following primers:
5'-CGTTATATGTCCGTAAGGCACCGC and 5'-ATAGAGAGCCAT
CCGAAAGCAAA GC. For rgkl-RB check: 5'-TCCTCAATGGTGAGC
GTGTTG and 5'-CATCGCGC AAGAACTCCAAG. For gapdh check:
5'-ACGCCAAGGCTGGCATTTCG and 5'-AGGTCGATGACGCGGT
TGGAG (see Fig. 2A). To determine the deleted gene region in the Argk!
allele, a part of rgkI-RB was amplified from the female brain cDNA of
Argk1 and sequence analysis indicated a frameshift in rgk1-RB at 3405 bp,
which causes a change in the resultant translated peptide, that is, QYV
(765-767) to HPR followed by a stop codon. This change resulted in an
open reading frame that encodes a truncated Rgkl devoid of the entire
homologous GTPase domain.

Generation of UAS-rgk1-sh. rgk1-short hairpin (rgkI-sh) was achieved follow-
ing the online protocol available from the TRip website of Harvard Medical
School  (http://fgr.hms.harvard.edu/files/fly/files/2ndgenprotocol.pdf).
The following target oligos were designed using an online design tool
DSIR (http://biodev.extra.cea.fr/DSIR/DSIR html) (Vert et al., 2006).
The top strand was oligo 5'-CTAGCAGTGACCATGGATACACCGA
AATGTAGTTATATTCAAGCATACA TTTCGGTGTATCCATGGTCG
CG-3'; the bottom strand was oligo 5'-AATTCGCGA CCATGGATA
CACCGAAATGTATGCTTGAATATAACTACATTTCGGTGTATCCA
TGGTCACTG-3'. Oligos were synthesized (outsourced to operon) with
Nhel and EcoRI sites on each side and inserted into the VALIUM20 vector.
After the sequence check, vectors were injected into the attP40 sites (Best-
Gene). The insertion of the construct in the genome was checked by ampli-
fying the construct from the extracted genome and sequencing it.

Immunohistochemistry. Adult female flies were anesthetized with CO,.
Brains were dissected in ice-cold PBS solutions and fixed in 4% formal-
dehyde/PBS solutions for 20 min at room temperature, with the excep-
tion of the experiments that used anti-N-Rgk1-PB or anti-Rgk1-C, which
required a shorter (8 min) room temperature fixation time to obtain
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signals. After 30 min of blocking with 5% normal donkey serum (NDS;
Jackson Laboratories) in PBS solution with 0.15% Triton X-100 (PBT),
the brains were incubated at 4°C in a PBT solution that contained pri-
mary antibodies together with 1% NDS overnight. After the wash in PBT
solution, the samples were incubated with a secondary antibody for 1 d at
4°C. The antibody concentrations were as follows: anti-Rgkl-PB-N
1:200, anti-Rgk1-C 1:200, anti-Trio (9.4A; DSHB) 1:20, anti-Bruchpilot
(Brp) (nc82; DSHB) 1:20, anti-Dlg (4F3; DSHB) 1:20, anti-Dachshund
(mAbdac2-3; DSHB) 1:20, rat-anti-GFP (1A5, sc-101536; Santa Cruz
Biotechnology) 1:50, goat anti-rat IgG-FITC (sc-2011) 1:200, rabbit-Cy3
1:200, and mouse-Cy3 1:200.

Imaging. Images were acquired with an LSM710 confocal microscope
(Zeiss) using a 40X objective and were processed with Image]J software.
The images were adjusted for the brightness and contrast with Adobe
Photoshop.

Fly stocks. Flies were maintained under a 12/12 h light-dark cycle on
standard food at 25°C and 50-60% humidity. The strains used for the
memory assays were outcrossed to CS10 at least six times with the excep-
tion of dnc', which was outcrossed to the Canton-S strain at least six
times. When the white gene was not available as a marker to verify out-
crossing, we checked the presence of mutations or transgenes via PCR or
the Gal4 presence by crossing them with UAS-GFP and determining
the GFP expression in each outcrossing cycle. The fly stocks included the
following: ¢739-Gal4 (O’Dell et al., 1995), mb247-Gal4 (Zars et al.,
2000), elav[c155]-Gal4 (Lin et al., 1994), rutabaga®°*°, dnc'. NP5225-
Gal4 (Hayashi et al., 2002), KG00183 (Bellen et al., 2004). CS10, hsflp;
AYGal4 (Ito et al., 1997), tubGal80" (McGuire et al., 2004). OK107-Gal4
(Connolly et al., 1996), Df(2R)BSC26 (Parks et al., 2004), and UAS-
racV'? (Luo et al., 1994). The Gal4 lines 1993-Gal4 and 2765-Gal4 were
originally generated and identified as MB-specific drivers in our labora-
tory (Abe et al., 2014).

Behavioral assays. Mixed populations of males and females were used
for the assay unless otherwise noted. The CS10 strain was used as a
control for the memory assay. Single sessions of olfactory aversive con-
ditioning and the calculations of performance index were conducted
according to previously described protocols (Tully and Quinn, 1985)
using a semiautomated conditioning device (Murakami et al., 2010) with
a modification that replaced odor cups with 25 ml X 2 cups, which had
been originally designed for 10 ml odor. Memory tests were performed
using a T-maze paradigm (Tully and Quinn, 1985). For all conditioning
assays and tests, a 4-methylcyclohexanol (Fluka) dilution of 1:1000 in
mineral oil and a 3-octanol (Fluka) dilution of 1:1000 in mineral oil were
used. In a session of olfactory aversive conditioning, electric shock pulses
of 1.5 s duration were applied 12 times with 5 s interpulse intervals. The
conditioned flies were immediately tested or placed in empty vials to rest
for 2 or 3 h before the memory test. To correct for a bias toward an odor,
two groups of independent populations were reciprocally conditioned
and tested to compensate for the innate preference to one of the odors.

Odor and shock avoidance. Olfactory acuity and shock reactivity were
assayed in untrained flies using methods described previously (Berry et
al., 2012). For odor avoidance, the avoidance index was calculated as the
fraction of flies that avoided the odor minus the fraction of flies that did
not. For shock avoidance, the avoidance index was calculated as the
fraction of flies that avoided the electrified grid minus the fraction of flies
that did not. The side with the odor or the side that is electrified was
alternated to correct for side bias of the T maze.

Cold shock application. To anesthetize flies by cold shock, empty vials
that contained flies were immersed in ice-cold water for 2 min, followed
by a rest at 25°C until the test. Cold shocks were applied 2 h after the
conditioning and the flies were tested after resting for 1 h at 25°C.

Statistical analysis. One-way ANOVA and Student’s ¢ test analyses were
performed with Kareidagraph (Synergy Software) and Excel (Microsoft).
Post hoc tests were conducted with Fisher’s least significant difference
(LSD) tests after ANOVA to determine pairs of significance. The sample
sizes are indicated on each bar in the graphs. All data are presented as the
mean * SEM.
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Figure1.  Exclusive expression of the rgk7 gene and Rgk1 protein in the KCs. 4, Schematic representation of the rgk7 gene locus. Red arrowheads indicate primer sites used to generate probes for
RNA in situ hybridization assay. Green boxes represent first exons. B, Conserved domains of the Rgk1-PB protein encoded by the rgk7-RB isoform. Regions are indicated that are recognized by Rgk1
antibodies. €, Quantification of the amount of shorter isoforms (rgk7-RA and RC) and the longer isoform (rgk7-RB) in the adult brain measured via qPCR (t test, ***p = 0.00069). Signals were
normalized to the gapdh level. D, lllustrations indicating the structure of MBs in the adult brain. KC bodies located at the posterior region of the brain extend dendrites locally to form the calyx (top
left) and extend axons anteriorly to form lobe structures (top right and bottom left). The lobes are divided into three major cell types, /3, ’/[3’, and -y (bottom right). E, Expression of the rgk7
transcriptin the adult brain. The image indicates a brain hemisphere. Expression was strong and specificin the KCs (arrow). E”, KCsignal was not detected with the rgk7 sense probe. F, G, Polyclonal
antibodies (anti-Rgk1-PB-N and anti-Rgk1-C) exclusively stained the MB lobes in the adult brain. F’, G’, MB signals were absent in animals that expressed rgk7-specific miRNA in the KCs.
H,H’, Dorsal perspective of the adult brain stained with anti-Rgk1-PB-N (H ) and anti-DIg (H"). Signals were predominantly identified in the lobes (arrows) and were weakin the calyx and cell bodies
(arrowheads) of the KCs. I, I’, Different sections of a brain sample present ccand o’ (1) and B, B', and ~y lobes (I"). The Rgk1-PB signal was weakin ««' /3" neurons (circled by dotted lines) labeled
with anti-Trio. J, Rgk1 protein (green) localization in the MB lobe (-y lobe). Rgk1 proteins formed puncta and exhibited a range of signal intensities. Anti-Brp was used to label synaptic active zones
(magenta). K—K", Magnified image of a part of J. Rgk1 puncta were determined to be colocalized to the Brp signal (arrows) or resided next to the Brp signal (arrowheads). L, Single-cell analysis of
RgkT localization in a KC neuron. GFP-fused Rgk1and HA-tagged synaptotagmin (SytHA) were induced in a single KC axon with hsflp and AYGal4. GFP-fused Rgk1 signal and SytHA signal colocalized
(arrows) or resided next to each other (arrowheads). Scale bars: E-H, 100 wm; I, I, 50 wm; J, L, 5 wm; K, 1 um.
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indicate where the images were combined. Scale bar, 100 wem. F, rgk7-sh expression was conditionally induced using the TARGET system. Adult-stage-specific induction of rgk7-sh was sufficient to
cause a2 h memory defect (17°C: F 5 .5, = 0.082, p = 0.969; 29°C: F 5 35 = 11.18,p << 0.0001; Fisher's LSD test, tubGal80 **;0K107>rgk7-sh vs wild-type or UAS-rgk7-sh control ***p < 0.0001,
tubGal0 *;0K107>>rgk1-sh vs tubGal80 *;0K107 control ***p = 0.0001). Adult flies were maintained at 17°C before they were shifted to 29°C for the 3 d induction. G, Cessation of rgk7-sh induction
alleviated the memory defect (ttest, **p = 0.00385). The genotype was UAS-rgk-sh;tubGal80 *;0K107. One population was kept at 17°Cfor 3 d, followed by the incubation at 29°Cfor 3 d. Another population
was kept at 29°Cfor 3 d, followed by the incubation at 17°Cfor 3 d. The data are presented as the mean == SEM. A, 5 min and 2h memory; B, , G, 2h memory. P, Performance index; STM, short-term memory.

Results have been reported previously to be expressed preferentially in
Rgk1 was exclusively expressed in the adult KCs and the MBs (Steele et al., 1992; Grams and Korge, 1998).
accumulated at KC synaptic sites rgkl encodes three isoforms, RA, RB, and RC (Fig. 1A4), ac-

We identified rgk1 in a screening to identify genes that are highly cording to the flybase (http://flybase.org/reports/FBgn0264753.
expressed in the KCs of the MBs (refer to details in the Materials ~ html). The RB isoform differs from the other two isoforms in that
and Methods). Among the candidate genes, putative regulatory it encodes a protein that has an additional N-terminal sequence,
genes of neuronal functions were further examined for KC ex-  as well as a common region that contains the putative GTPase
pression using an RNA in situ hybridization assay. Twenty-six ~ domain (Fig. 1B); RB was the most abundant isoform in the brain
genes were examined and eight genes exhibited a preferential  (Fig. 1C).

expression in the adult KCs, including the mushroom-body ex- KCs are localized to the posterior side of the brain and extends
pressed (mub) and retinal degeneration C (rdgC) genes, which  axons anteriorly to form lobe structures (Fig. 1D). Among the
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Table 1. 0dor and shock avoidance for major genotypes and controls
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Genotype Shock MCH ocT

0K107/+ 0.687 + 0.029 0505 =+ 0.017 0.598 + 0.033
UAS-rgk1-sh/+;0K107/+ 0.744 =+ 0.030 0.553 == 0.045 0.642 = 0.031
2765-Gald/+ 0.819 = 0.050 0.660 = 0.025 0.593 = 0.035
UAS-rgk1-sh/+;2765-Gal4/ + 0.818 == 0.034 0.604 + 0.034 0.615 * 0.043
(739-Gald/+ 0.750 = 0.034 0.458 =+ 0.047 0.599 + 0.062
UAS-rgk1-sh/c739-Gal4 0.726 + 0.019 0.532 = 0.063 0.669 = 0.027
NP5225-Gal4/ -+ 0.801 == 0.047 0.524 *+ 0.038 0.563 = 0.032
UAS-rgk1-sh/NP5225-Gal4 0.740 =+ 0.036 0.485 =+ 0.035 0.577 + 0.034
1993-Gald/+ 0.740 = 0.046 0.654 =+ 0.022 0.635 = 0.026
UAS-rgk1-sh/+;1993-Gal4/ + 0.784 = 0.032 0.717 *+ 0.046 0.596 = 0.045
247-Gal4/+ 0.777 *+ 0.043 0.681 =+ 0.026 0.628 = 0.031
UAS-rgk1-sh/+;247-Gal4/+ 0.726 *+ 0.038 0.729 = 0.028 0.695 * 0.047
UAS-rgk7-sh/+ ;tubGal80 */+;0K107/+ 17°C 0.777 = 0.052 0.575 = 0.030 0.540 * 0.040
UAS-rgk1-sh/+ ;tubGal80 */ +;0K107/+ 29°C 0.735 =+ 0.026 0.540 =+ 0.024 0.499 + 0.050
(510 0.785 = 0.018 0.536 =+ 0.043 0.479 + 0.061
Argk1/Argkl 0.804 + 0.032 0.588 + 0.033 0.519 + 0.027
Df(2R)BSC26/+ 0.779 *+ 0.023 0.639 = 0.036 0.562 = 0.035
Df(2R)BSC26/Argk1 0.739 = 0.032 0.612 + 0.034 0.542 = 0.037
Argk1/ArgkT;0K107 0.764 *+ 0.038 0.526+0.041 0.522 + 0.043
Argk1,UAS-rgkT#2/ Argk1;0K107 0.792 = 0.049 0.494 + 0.040 0.505 * 0.033
Argk1,UAS-rgkT#2/ Argk7;tubGald0 **/+;0K107/+ 17°C 0.788 =+ 0.025 0.542 + 0.034 0.535 = 0.040
Argk1,UAS-rgkT#2/ Argk7;tubGal0 */+;0K107/+ 29°C 0.812 = 0.012 0.494 = 0.030 0.484 + 0.043
0K107/+ 0.750 = 0.039 0.528 = 0.056 0.613 = 0.045
UAS-rgk1#1/+;0K107/+ 0.772 % 0.045 0.472 = 0.040 0.569 = 0.044
UAS-rgkT#2/+;0K107/+ 0.752 == 0.063 0.536 =+ 0.044 0.588 * 0.028
Argk1, <739-Gald/Argk1 0.756 =+ 0.048 0.592 + 0.046 0.584 + 0.039
Argk1, UAS-rgk1#2/ Argk1 0.738 = 0.026 0.526 = 0.052 0.622 = 0.048
Argk1, 739-Gald/Argk1, UAS-rgk1#2 0.713 = 0.024 0.558 =+ 0.046 0.640 * 0.021
elav-Gal4; Argk1/Argk1 0.758 = 0.029 0.633 =+ 0.036 0.604 = 0.056
elav-Gal4; Argk1/Argk1, UAS-rgk 142 0.708 = 0.047 0.574 =+ 0.042 0.559 * 0.039
Argk1/ArgkT;0K107/+ 0.779 == 0.039 0.545 = 0.038 0.549 + 0.044
Argk1,UAS-GFP-rgk7-full/ ArgkT;0K107/+ 0.800 = 0.018 0.561 = 0.040 0592 == 0.028
Argk1,UAS-GFP-rgk1-AN/Argk7;0K107/+ 0.773 = 0.038 0.569 =+ 0.042 0.580 = 0.037
Argk1,UAS-GFP-rgk1-AC/Argk1;0K107/+ 0.794 = 0.037 0.507 *+ 0.036 0.574 *+ 0.035
Argk1,UAS-GFP-rgk1-51134N/Argk1 0.758 = 0.014 0.553 == 0.042 0.667 = 0.042
Argk1,UAS-GFP-rgk1-51134N/Argk7;0K107/+ 0.754 =+ 0.031 0.529 =+ 0.033 0.632 == 0.029
dnc'/Y 0.735 = 0.027 0.470 *+ 0.029 0.535 == 0.029
dnc/Y;Argk1/Argk1 0.763 = 0.040 0.533 = 0.041 0.563 = 0.040
rut 280y 0.765 = 0.027 0.512 + 0.022 0.496 * 0.023
ut*%/Y; Argk1/Argk1 0.729 = 0.032 0.502 = 0.033 0.503 = 0.026
tubGal80 */UAS-rac "'%,0K107/+ 17°C 0.641 == 0.054 0.563 = 0.040 0.525 == 0.028
tubGald0 */UAS-rac'%,0K107/+ 29°C 0.701 = 0.039 0.558 = 0.036 0.566 = 0.040
UAS-GFP-rgkT-full/+;tubGal80 */UAS-rac"'%0K107/+ 17°C 0.659 + 0.043 0.601 = 0.039 0.533 == 0.054
UAS-GFP-rgk7-full/+;tubGal80 */UAS-rac"';0K107/+ 29°C 0.726 == 0.041 0.532 == 0.041 0.498 == 0.045
UAS-GFP-rgk1-AN/+;tubGal80 */UAS-rac "'%,0K107/4 17°C 0.650 = 0.065 0.612 = 0.052 0.502 = 0.050
UAS-GFP-rgk1-AN/+;tubGal80 */UAS-rac "'%,0K107/4 29°C 0.661 = 0.054 0.615 = 0.054 0.579 = 0.044
UAS-GFP-rgk7-AC/+;tubGal80 /UAS-rac V'%,0K107/+ 17°C 0.693 == 0.046 0.531 = 0.033 0.583 == 0.030
UAS-GFP-rgk1-AC/+;tubGal80 “/UAS-rac "%,0K107/+ 29°C 0.727 *+ 0.031 0.556 = 0.032 0.522 =+ 0.048
Argk1/+ ;tubGal80 */UAS-UAS-racV'%,0K107/+ 17°C 0.665 * 0.050 0.579 =+ 0.055 0.561 == 0.034
Argk1/+ ;tubGal80 */UAS-UAS-racV1%,0K107/+ 29°C 0.696 == 0.053 0.569 == 0.042 0.572 == 0.066

No significant differences were detected for any of the genotypes compared with the relevant controls (listed as pairs or groups) by Student’s ¢ test or one-way ANOVA (n = 6 per genotype). Avoidance of MCH and OCT were tested at 0.1%

dilutions and electric shock at 60 V. Data are presented as mean == SEM.
MCH, Methylcyclohexanol; OCT, 3-octanol.

identified genes in the screening, rgkI exhibited strong and nearly
exclusive expression in the adult KCs (Fig. 1E).

To examine the expression of Rgkl protein in the brain, poly-
clonal antibodies were raised against a region near the N-terminal
of Rgk1-PB or two sites in the C-terminal region of Rgkl (Fig.
1B). The anti-Rgkl-PB-N recognizes only Rgkl-PB. Both sera
exclusively stained the MBs (Fig. 1F,G). These MB signals were
virtually absent in the flies that expressed rgkI-specific miRNA in
the KCs (Fig. 1F',G’), which suggests that the staining signals
reflected Rgkl protein expression. Rgkl exhibited a polarized
localization pattern in the KCs, including strong signals in the

lobes and weaker signals in the calyx and KC bodies, as is evident
when viewed from a dorsal perspective (Fig. 1 H,H"). Rgk1-PB
exhibited a cell-type specificity in the KCs, which are classified
into three major populations, including «/B, a'/B', and 7y neu-
rons; the expression was strong in the /f and y neurons and
weak in the o'/’ KCs (Fig. 11,I'). We also determined that the
transgenic rgkl induction with pan-neural elav-Gal4 did not in-
crease signals outside of the MBs, which suggests a regulatory
mechanism that restricts Rgkl to the KCs (data not shown).
Overall, these findings indicate that Rgk1 is specifically expressed
in KCs.
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Figure 3.

Genomic deletion mutant of rgk7 exhibited learning and memory defects. A, Schematic representation of the rgk7 gene locus. Primer sites for PCR analysis (B,() are indicated (red

arrowheads). Imprecise excision of the P-element from the KG00183 allele resulted in the deletion of a part of the rgk7 gene (indicated by the blue region). B, C, PCR analysis of the brain cDNAs
indicated that the first exons of the RA and RCisoforms were absentin Argk7 (B) and that a part of rgk7-RB mRNA was deleted in Argk7 (C). DNA ladderin B, 100 bp DNA ladder (Takara); DNA ladder
in €, 1kb massladder (Toyobo). D, D’, Rgk1signal in the MB was absent in the Argk7 homozygous mutant (arrows). Scale bar, 100 pm. E, F, Homozygous mutant of Argk7 exhibited memory defects
at5min (E, short-term memory, STM) (F, ,,) = 6.34, p = 0.00703; Fisher’s LSD test, Argk7vs KG00183 **p = 0.0046, Argk1 vs (510**p = 0.007) and 2h memory (F, ITM) (F 5 ,5) = 22.55.p <
0.0001; Fisher's LSD test, Argk7 vs (510 or KG00183 ***p << 0.0001) after the olfactory aversive conditioning. G, A 2 h memory impairment was identified in trans-hetero animals of Argk7 and
Df(2R)BSC26, which lacks a genomic region including the entire rgk7 gene locus (F s 55, = 19.11. p << 0.0001; Fisher's LSD test, Argk7/DfBSC26 vs each of the controls ***p << 0.0001). E, 5 min
memory; F, G, 2 h memory. The data are presented as the mean = SEM. STM, Short-term memory.

We subsequently determined whether Rgkl is present at KC
output synapses, a site that is thought to be central in olfactory
memory formation (Dubnau et al., 2001; McGuire et al., 2001;
Schwaerzel et al., 2003; Barnstedt et al., 2016). We examined the
distribution of Rgk1 in the ylobes with the Rgk1 antibody, as well
as anti-Brp, an active zone marker of synapses (Wagh et al,
2006). Rgkl formed puncta that were intermingled with the Brp
signal (Fig. 1]). Moreover, Rgkl puncta were colocalized with the
Brp signal or resided next to the signal (Fig. 1K-K"). However,
MB lobes consist not only of intrinsic KCs but also extrinsic
neurons, so it is difficult to determine whether Rgkl puncta lo-
calize to KC synapses in these immunostaining experiments.
We subsequently expressed GFP-fused Rgkl stochastically and
sparsely using hsflp and AYGal4 (Ito et al., 1997) in KCs, as well as
a synaptic marker HA-tagged synaptotagmin (Robinson et al.,
2002), to examine the Rgkl localization in a single KC. We again

identified two-tiered localization patterns: Rgk1 colocalized with
syt-HA signals or next to syt-HA signals (Fig. 1L). We conclude
that the localization of Rgk1 is closely associated with the presyn-
apses of KCs.

miRNA-mediated knockdown of rgkl in KCs caused

memory defects

To examine the role of the rgkl gene in olfactory learning and
memory, we used an RNAi technique to knock down rgkI func-
tion in KCs, which is also useful to determine the neurons in
which rgkI acts. An rgkl-specific miRNA was generated accord-
ing to the TRiP protocol (Ni et al., 2011) and was placed under
the control of an upstream activating sequence (UAS) for target
expression (Brand and Perrimon, 1993). We confirmed that the
Rgkl expression in the KCs was inhibited when UAS-rgk1-sh was
crossed with OK107-Gal4, which is a KC-specific driver (Con-



Murakami et al. @ Rgk1 Plays Multiple Roles in Memory Stability

J. Neurosci., May 31,2017 - 37(22):5496 -5510 + 5503

IT™
100 -, i C o
80 - % 80 T sk ok Kok ok
Kokk  kkk  kokok %
60 -] 60 1
= = - ns. ns. ——
40 A 40 A
20 A 20 -
0 SRIEBILE 0 12([6 [[6 || 8 12|| 12| 8| &
OK107-Gald | - | + | - | + | tybGal8OtsOK107| - | + | - | + N I I
UASrgk1-RB#2| - | - | + | + | UASrgkl-RB#2 | - | - | + | + o I
Argk1/Argkl I R I Argkl/Argkl| - | + | + | + N R R
OK107>rgk1-RB#2 17°C 29°C
D E
IT™M STM
100 _*** * %k ¥ * % 100 - —
dokok kokok Kok ok 1 A
80 % % 80 = = = =
60 - 60 A
= B
40 40 A
20 - 20 -
0 8 |[16/| 6 || 8|| 8|| 8 0 9llaflolle6]|l9]lle6
OK107-Gal4 |- |+ |- |- |*|* S EIEE R E:
UASrgkl1-RB | - | - [#1[#2|#1|#2 - | - [#1|#2|#1|#2
IT™
IT™M G n.s. ns. *
F 80 T *r n.IS *I* *T* 80 N I I I Kokk  kkk
60 '%} % ok kkk ok 60 ‘-{— % +
= _I_ =
40 A 40 -
20 A 20 -
0 18 || 6 6 6 ||12||14||12 || 16 0 12| 8 8 8 8 8
c739-Gal4 S IR R T R S T elav-Gal4 S (T T I R
UASrgk1-RBH#2| _ | &+ | - | +| - |+ |- |+ UASrgk1-RBH#2 | - | - |+ | - | + | +
Argkl/Argkl | _ | | _ | S+l 4+ | + |+ Argk1/Argkl S [P I IR T
Figure 4. Rescue of the Argk7 memory phenotype with rgk7-RB transgenes. A, A, Transgene induction with the 0K107-Gal4 driver restored Rgk1 expression in the KCs. Scale bar, 100 m.

B, Memory defect of Argk7 was rescued by transgene induction with OK107 (F 5 ,5) = 24.72, p < 0.00071; Fisher's LSD test, Argk7 with OK107/UAS-rgkT vs Argk1 with 0K107 or Argk7 with
UAS-rgk1**¥*p << 0.0001). C, rgk1-RB transgene was conditionally induced at the adult stage with the TARGET system, which was sufficient for the rescue of the Argk7 memory phenotype (F; 55 = 41.35,
p < 0.0001; Fisher's LSD test, Argk7 with UAS-rgk7;tubGal80",0K107 29°C vs Argk7 with tubGal80';0K107 29°C or Argk7 with UAS-rgk7 29°C ***p << 0.0001). (Figure legend continues.)
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nolly et al., 1996; Fig. 1F',G"). Memory performance was mea-
sured with an olfactory aversive conditioning assay (Tully and
Quinn, 1985; Murakami et al., 2010). We determined that 2 h
memory was severely affected in the rgkl-sh animals (Fig. 2A).
Five-minute memory was also mildly affected in the rgkI-sh ani-
mals (Fig. 2A). The olfactory acuity and responses to electric
shocks were intact in the rgk1-sh animals (Table 1), as well as the
morphology of the MBs (data not shown). Therefore, these find-
ings suggest that the KC-expressing rgkl gene was required for
olfactory memory.

To further determine the subset of KCs that require rgkl,
UAS-rgkI-sh was crossed with MB-Gal4 drivers expressed in a
subset of KCs (Fig. 2B-E). All Gal4s with the exception of 1993-
Gal4, which is specifically expressed in a'/B’, exhibited impair-
ments in memory performance (Fig. 2B), which suggests that
rgkl is required in a/f and y neurons, but not in a’/B" neurons.
This finding is consistent with the expression pattern of Rgk1-PB
protein (Fig. 1LI') in the adult MBs in which «'/B’ neurons
exhibited weaker Rgk1-PB expression. This expression pattern
was also identified in the expression of NP5225-Gal4 (Hayashi et
al., 2002; Fig. 2E), which has a gal4-reporter insertion 14 bp up-
stream of the transcription start site of the rgkI gene.

To determine whether rgkI is required for the development or
physiological function of KCs, rgk1-sh was conditionally induced
only during the adult stage using the TARGET system (McGuire
etal.,, 2004). A temporarily restricted induction of the hairpin in
the adult KCs caused a memory defect (Fig. 2F), which suggests
that rgkl is required at the adult stage, likely at the time when
memory is formed. To gain further insights into the transient
nature of rgkl function, rgk-sh induction was terminated after 3 d
and memory performance was measured. The memory defect
was alleviated after the cessation of the hairpin induction (Fig.
2G), which suggests that gkl loss does not cause unrecoverable
damage to neurons. Therefore, rgkI may act as a signaling mole-
cule that regulates transient changes in neurons.

Genomic disruption of rgkl causes memory defects

To obtain an independent genetic confirmation that the rgkl
gene is required for olfactory memory, a genomic deletion allele
was generated by imprecisely excising the P-element from the
KG00183 allele that has a P insertion in the rgkI gene locus (Bel-
len et al., 2004; Fig. 3A). The excision removed the first exons of
the RA and RC isoforms (Fig. 3B) and partially deleted an exon of
the RB isoform (Fig. 3C). The homozygote of the resultant ArgkI
allele was devoid of the Rgkl signal in the MB, which was con-
firmed with a polyclonal antibody that targeted the C-terminal
region of Rgkl (Fig. 3D, D"). The target region of the antibody is
present in all rgk1 isoforms, so this finding indicates that Argkl is

<«

(Figure legend continued.) Adult flies were maintained at 17°C before they were shifted to 29°C
for the 3 dinduction. D, When expressed with 0K107-Gal4, rgkT transgene enhanced 2 h mem-
ory in the wild-type (Fi5 s, = 11.26, p << 0.0001; Fisher’s LSD test, 0K107>>UAS-rgk7#1 vs
wild-type or OK107 control ***p << 0.0001, OK107>UAS-rgk7#1 vs UAS-rgk7#1 control
**¥%p = 0.0002, 0K107>UAS-rgk7#2 vs wild-type or 0K107 control ***p << 0.0001,
0K107>UAS-rgkT#2 vs UAS-rgk7#2 control **p = 0.0013). E, Enhancement was not identi-
fied in short-term memory (Fs ,,) = 0.8096, p = 0.549). F, Rescue of memory phenotype was
also observed with o/ B-specific (739-Gal4 (F; g,) = 25.44, p << 0.0001; Fisher's LSD test,
Argk1 with <739/UAS-rgk vs ArgkT with <739 or Argk? with UAS-rgkT or Argk1-alone
**¥p <0.0001). G, Full rescue of the ArgkT memory defect was identified with pan-neuronal
elav-Gal4 (F s 45) = 21.79, p < 0.0007; Fisher's LSD test, Argk7 with elavGald;UAS-rgkT vs
Argk1 with elavGal4 or elavGald;UAS-rgkT ***p << 0.0001). B-D, 2 h memory. E, 5 min mem-
ory. F, G, 2 h memory. The data are presented as the mean == SEM. STM, Short-term memory.
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devoid of products of all gkl isoforms. The morphology of the
MBs was intact in the deletion allele. The Argkl homozygous
mutants were viable, which enabled us to measure their memory
performance at the adult stage. The original line KG00183 did not
exhibit memory defects, whereas the ArgkI homozygous mutants
exhibited an impairment in 2 h memory, as well as slight de-
creases in the scores 5 min after the olfactory aversive training
(Fig. 3E,F), thereby reproducing the results of the miRNA-
mediated knockdown experiment. The memory defect of Argkl
was not complemented by the deletion allele Df(2R)BSC26,
which lacks the entire rgkl gene (Fig. 3G). The olfactory acuity
and responsiveness to electric shock were indistinguishable be-
tween the wild-type and Argkl (Table 1). Therefore, these find-
ings indicate that the rgk1 gene is necessary for olfactory memory.

Argkl memory phenotype was rescued by rgkl transgene
induction in KCs

To further confirm the role of KC-expressing rgkI in olfactory
memory, UAS-rgkI-RB was generated to determine whether ex-
ogenous expression of the rgkl transgene in KCs rescues the
Argkl memory phenotype. We confirmed that the expression of
Rgkl was restored in the KCs in flies that possessed the UAS-
rgk1-RB and KC-Gal4 drivers (Fig. 4A and data not shown). The
memory performance was rescued by transgene induction with
OK107-Gal4 (Fig. 4B) or by conditionally expressing the rgk1-RB
transgene at the adult stage with the TARGET system that used
OK107-Gal4 (Fig. 4C). Therefore, rgkl is required in KCs for
olfactory memory at the adult stage, which is compatible with the
results of the adult-specific induction of rgkI-miRNA (Fig. 2E).

We identified a memory enhancement in rescued flies (Fig.
4B, C). The 2 h memory score was significantly increased in flies
that expressed transgenic rgkl in the MBs (F; 55y = 24.72, p <
0.0001. Fisher’s LSD test, rescued flies vs wild-type flies **p =
0.0074, Fig. 4B; F; 5, = 37.56, p < 0.0001; Fisher’s LSD test,
rescued flies vs wild-type flies 29°C **p = 0.0058; Fig. 4C). There-
fore, we aimed to determine whether rgkl overexpression could
enhance memory in the wild-type flies. When rgk-RB was over-
expressed in the KCs of wild-type, 2 h memory was enhanced
(Fig. 4D). The enhancement was observed with two independent
UAS-rgkI-RB lines, but was not observed in short-term memory
(Fig. 4E), which suggests that gkl has a critical role in ITM and
potentially in memory retention.

The rescue of the memory performance was also observed
with ¢739-Gal4 or the pan-neuronal elav-Gal4 driver (Fig. 4 F, G),
but the enhancement was not obvious with these Gal4 lines. This
might be due to the difference in the strength and/or the cell-type
specificity of the Gal4 expression. Experiments with more Gal4
drivers will be required to test this possibility.

C- and N-terminal regions of Rgk1 have distinct roles

in memory

rgkI-RB encodes a putative GTPase domain that exhibits homol-
ogy to mammalian Ras and RGK proteins, as well as a domain
specific to Drosophila (DUF2967), the function of which is
unknown (Fig. 5A). Considering the conserved nature of the
GTPase domain, it is of particular interest whether the putative
GTPase domain is indispensable for the function of rgkI in mem-
ory. Therefore, to gain insights regarding the function of these
domains, partially deleted rgkI constructs were generated (Fig.
5A). GFP was attached to the N-terminus of the constructs. To
minimize the possible negative effect of tagging the protein with
GFP (Hanson and Ziegler, 2004), we avoided the C-terminal of
Rgk1 as the GFP-fusion site because the C-terminal motif is highly
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Figure5. Requirement of Rgk1 protein regions in memory. A, Schematic representations of GFP-fused transgenes that encode

full-length and truncated forms of Rgk1 or Rgk1 with an amino acid substitution in the putative GTPase domain. Digits denote the
position in the protein sequence. B, Transgene that lacked the C-terminal region (AC) failed to rescue the Argk7 memory
phenotype, whereas the full-length and AN constructs exhibited full rescues (F ; ;,) = 37.13,p << 0.0001; Fisher's LSD test, Argk?
with UASrgk1-full;0K107 vs ArgkT with UASrgk7-full or ArgkT with 0K107 ***p << 0.0001, Argk7 with UASrgk7AN;0K107 vs
Argk1 with UASrgk7AN or Argk7 with 0K107 ***p << 0.0001, Argk with UASrgkTAC,0K107 vs ArgkT with UASrgkTAC**p =
0.0049, Argk with UAS-rgkTAC,0K107 vs Argk7 with 0K107 p = 0.209). C, Transgene that had a single amino acid substitution
in the putative GTPase domain (51134 to N) failed to rescue the Argk7 memory phenotype (F 5 55 = 6.39.p = 0.00194; Fisher's
LSD test, Argk7 with UASrgk7-S1134N;0K107 vs Argk7 with UASrgk7-51134N p = 0.199, ArgkT with UASrgk7-S1134N;0K107 vs
Argk1with 0K107 p = 0.258). D, Rescue experiments with the application of cold shock anesthesia. After the cold shock, only the
full-length transgene rescued the ArgkT phenotype, in contrast to Rgk1AN and RgkTAC (F, 43) = 6.72. p = 0.00027; Fisher’s
LSD test, ArgkT with UASrgkT-full;,0K107 vs Argk1 with 0K107 ***p < 0.0001, ArgkT with UASrgk1-full;0K107 vs wild-type
p = 0.274, ArgkT with UASrgk1AN;0K107 vs ArgkT with 0K107 p = 0.315, ArgkT with UASrgk7AN;0K107 vs wild-type *p =
0.0443, Argk1 with UASrgkTAC,0K107 vs ArgkT with 0K107 p = 0.505, Argk7 with UASrgkTAC,0K107 vs wild-type *p =
0.021). B-D, 3 h memory. The data are presented as the mean = SEM.

conserved among RGK family proteins and is unique to RGK pro-
teins (Puhl et al., 2014), implicating the importance of this re-
gion. We found no obvious differences between Rgk1l and GFP-
Rgkl in the distribution within the KCs or the localization to

and ARM
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synaptic sites (data not shown). The
constructs were tested using an olfactory
aversive memory assay for their ability to
rescue the Argkl memory phenotype. The
results presented so far indicated that
Rgk1 is important for the modulation of
the ITM. We sought to focus the subse-
quent analysis on ITM, especially on the
roles of Rgkl in ASM and ARM. Because
previous studies typically measured ITM
3 h after the training (Shuai et al., 2010;
Knapek et al., 2011; Bouzaiane et al., 2015;
Cervantes-Sandoval et al., 2016), we de-
cided to use 3 h memory in the subsequent
ITM examinations. The full-length and
AN constructs (A160-797) rescued the
3 h memory defect, in contrast to the AC
construct (A1120-1380 in Rgkl-PB; Fig.
5B); these findings indicate that the
C-terminal region, which includes a puta-
tive GTPase domain, is critical for mem-
ory. The substitution of serine 17 for
asparagine in Ras™'” inhibits the activa-
tion of Ras (Farnsworth and Feig, 1991)
and has been used as a dominant-negative
form of Ras (Feig and Cooper, 1988). The
sequence near Serine 17 of Ras is highly
conserved in Drosophila Rgkl. To deter-
mine whether the homologous GTPase
domain in Rgk1 is important for memory,
we generated a transgene that mimicked
Ras™'”, which has a single amino acid
substitution (S1134 to N) at the corre-
sponding position to that of Ras™'”. We
determined that UAS-rgkl-S1134N was
not able to rescue the Argkl memory
phenotype (Fig. 5C), which suggests the
importance of the GTPase domain for
memory.

In rescue experiments using the dele-
tion constructs, we aimed to determine
whether Rgkl domains have specific roles
in ASM and ARM. The full-length Rgk1,
but not the AN construct, rescued the
Argkl memory defect after the cold
shock application (Fig. 5D), which sug-
gests that the full-length Rgkl is re-
quired to express both ASM and ARM,
whereas Rgk1AN is sufficient to express
ASM but not ARM. It is intriguing that
the rescue with the Rgk1AN construct
apparently restored ITM as well as the
full-length construct (Fig. 5B) despite
the fact that it failed to support ARM
(Fig. 5D). These findings suggest that
the Rgk1AN overexpression may some-
how enhance ASM and compensate for
its inability to form ARM.

Genetic analysis suggests that rgkl is required for both ASM

The previously described results suggest that rgkl maintains
memory through both ASM and ARM. To further confirm the
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Figure6. Requirementofrgk7in ASMand ARM. 4, Memory scores of rut, dnc, and rgk7 mutants with or without cold shock. Although rut exhibited a significant difference in the 3 h memory scores

from dnc after the cold shock, rgk7 did not exhibit a significant difference from rut or dnc (without cold shock: i, ;) = 23.37, p << 0.0001; Fisher's LSD test, rut vs rgk1 p = 0.688, rut vs dncp =
0.257, rgk1vs dncp = 0.142; with cold shock: F 5 5, = 13.0, p << 0.00071; Fisher's LSD test, rut vs rgkp = 0.111, rut vs dnc**p = 0.003, rgk7 vs dncp = 0.092). B, C, Removal of rgk in rut or dnc
mutants further decreased the 3 h memory scores of rut or dnc mutants (the double mutant for dnc and rgk7: f 5 ,5) = 51.31, p << 0.00071; Fisher's LSD test, dnc vs dnc;rgk1 ***p << 0.0001, rgk1 vs
dnc;rgk1***p < 0.0001; the double mutant for rut and rgkT: F 5 ,5) = 29.19, p << 0.0001; Fisher's LSD test, rut vs rut;rgk7***p << 0.0001, rgkT vs rut;rgk7 ***p << 0.0001). The data are presented

as the mean = SEM. A—C, 3 h memory.

notion that rgkl acts for both ASM and ARM, we compared the
phenotype of rgkl with known genes specific for ASM or ARM:
rutabaga and dunce have been shown to be specifically required
for ASM and ARM, respectively (Scheunemann et al., 2012).
Three-hour memory was affected to similar degrees in the rgkl,
rut, and dnc mutants (Fig. 6A). However, after the cold shock
application that eliminates only ASM, a significant difference in
the memory scores was observed between rut and dnc as reported
previously (Scheunemann etal., 2012), but not between rgk! and
each of the two mutants (Fig. 6A); these findings suggest that rgk1
does not act in the rut or dnc pathway to modulate ASM or ARM
specifically. Instead, rgk1 is required for both ASM and ARM. The
further removal of the rgkI function from the rut or dnc mutant
also confirmed this finding; the removal of rgkl function de-
prived the residual memory component that remained in the rut
or dnc mutant; that is, the ASM component from dnc and the
ARM component from rut (Fig. 6 B,C).

Rgk1 suppressed Rac-dependent memory decay

A small GTPase, Rac, has been established as the facilitator of
forgetting in olfactory memory. Rac acts on ASM and the inhibi-
tion of Rac activity leads to memory enhancement (Shuai et al.,
2010). In addition, both Rac and RGK proteins regulate cytoskel-
etal remodeling (Luo, 2000; Etienne-Manneville and Hall, 2002).
Therefore, we aimed to assess the potential interplay between
Rgkl and Rac by examining whether rgkl overexpression sup-
presses the Rac-dependent memory decay. We determined that
the memory defect caused by adult-specific induction of Rac"'?
was suppressed by coexpression of Rgkl transgenes (Fig. 7A).

The suppressive effect was identified with the Rgk1AN construct
as well as the full-length construct. In contrast, the AC construct
did not suppress the memory defect, which suggests that the
C-terminal region of Rgk1-PB (1120-1380) is necessary to coun-
teract Rac-dependent memory decay. We also investigated
whether endogenous rgkl has a role in the suppression of Rac-
dependent memory decay. When one copy of rgkl was removed,
the Rac'*-dependent memory decay was enhanced (Fig. 7 B, C),
which suggests that gkl suppresses Rac'? activity. These find-
ings indicate that Rgkl functions, at least in part, through the
suppression of Rac-dependent forgetting to maintain memory.

Discussion

Our genetic analysis demonstrates that rgkI plays a pivotal role in
Drosophila olfactory aversive memory. We propose that the [TM
is genetically divided into three components: the rut-, dnc-, and
rgkI-dependent pathways. The rut and dnc pathway act specifi-
cally for ASM and ARM, respectively, whereas rgkl acts for both
ASM and ARM, albeit partially. Consistent with this notion, it is
noteworthy that the ASM and ARM pathways converge on Rgk1,
yet the functional domains may be dissected; the full-length form
of Rgk1 is required for ARM, whereas the molecule that lacks the
N-terminal domain is capable of generating ASM, which suggests
that the protein(s) required for ARM formation may interact
with the N-terminal domain of Rgkl.

Our data suggested that Rgkl acts for both ASM and ARM,
whereas the rgkl deletion mutant, which was shown to be a pro-
tein null, exhibited only a partial reduction in ITM; these findings
imply that Rgkl regulates an aspect of each memory component.
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also by the ellipsoid body that loca-
lizes outside of the MBs (Zhang et al.,
2013). dnc-dependent ARM requires an-
tennal lobe local neurons (Scheunemann
et al., 2012) and octopamine-dependent
ARM requires o'/B" KCs (Wu et al,
2013), in neither of which was Rgkl de-
tected. Therefore, Rgkl may support a spe-
cific part of memory components that
exists in a subset of KCs.

The specific expression of Rgkl in KCs
suggests its dedicated role in MB function.
Rgk1 exhibited cell-type specificity in KCs
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from anatomical and functional points of
view. Rgkl is strongly expressed in o/f3
and y KCs and weakly expressed in a'/3’
KCs and the expression of the rgkI-sh
transgene in o/ 3 and 'y KCs was sufficient
to disrupt memory. Several genes required
for memory formation have been shown
to be expressed preferentially in the KCs
and the notable genes include dunce, ruta-
baga, and DCO (Nighorn et al., 1991; Han
et al., 1992; Skoulakis et al., 1993; Davis,
2005; Keene and Waddell, 2007). Al-
though a recent study in KC dendrites
showed that the modulation of neurotrans-
mission into the KCs affects memory
strength (Gai et al., 2016), KC synapses are
thought to be the site in which memory is
formed and stored (Dubnau et al., 2001;
McGuire et al., 2001; Schwaerzel et al.,
2003; Hige et al., 2015b; Barnstedt et al.,
2016). Our analyses with immunostaining
and GFP fusion transgenes indicated that
Rgk1 is localized to synaptic sites of the
KC axons, which raises the possibility that
Rgkl may regulate the synaptic plasticity
that underlies olfactory memory. Among
the RGK family proteins, Rem?2 is highly
expressed in the CNS and regulates syn-
apse development through interactions
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Figure7. Rgk1 suppressed Rac"'“-induced memory decay. A, When conditionally induced at the adult stage, Rac " '* severely
disrupted 3 h memory (Shuai et al., 2010). Coexpression of full-length Rgk1 and Rgk1AN canceled the effect of Rac "' in contrast
to the coexpression of the AC construct (17°C: Fy ,5) = 0.552, p = 0.699, 29°C: f ; 55) = 24.22, p < 0.0001; Fisher’s LSD test,
UASrgk1-full;UASrac""?/tubGal80 ;0107 vs UASrac "'/tubGal80 ™;0K107 ***p << 0.0001, UASrgkAN;tubGal80 */UASrac "%
0K107 vs UASrac""%/tubGal80 *;0k107 ***p = 0.0005, UASrgk7AGUASrac"'2/tubGal80;0K107 vs UASrac""?/tubGal80®;
0K107 p = 0.341). GFP-fused rgk7 constructs (Fig. 54) were used for the experiment. B, Removal of one copy of rgk7 enhanced the
3 h memory decay induced by rac"? (F5 0 = 25.99, p < 0.0001; Fisher's LSD test, UASrac""*/tubGal80 *;0K107 17°C vs
Argk1/+;UASrac¥"?/tubGal80 *;0k107 17°C p = 0.793, UASrac""%/tubGal80 *;0K107 17°C vs UASrac""%/tubGal80 *;0k107
29°C ***p < 0.0001, UASrac""2/tubGal80'; OK107 29°C vs Argk1/~;UAS-rac ""*/tubGal80;0k107 29°C **p = 0.0015).
C, Temperature shift did not affect the memory performance of Argk7/+ animals (F5 4y = 1.18, p = 0.328). Transgene
inductions were conducted for 3 d (A) or 2 d (B) at 29°C; A—C, 3 h memory. The data are presented as the mean = SEM.

with 14-3-3 proteins (Finlin et al., 2000;
Ghiretti and Paradis, 2011), which have
been shown to be localized to synapses
(Zhou et al., 1999) and are required for
hippocampal long-term potentiation and
associative learning and memory (Qiao et
al., 2014). In Drosophila, 14-3-3{ is en-
riched in the MBs and is required for ol-
factory memory (Philip et al, 2001;
Messaritou et al., 2009). In addition, the
C-terminal region of Drosophila Rgkl

This idea may be explained by the expression pattern of Rgkl.
Rgkl exhibited exclusive expression and cell-type specificity in
the KCs, whereas the memory components have been shown to
be regulated by the neuronal network spread outside of the MBs
and are encoded by multiple neuronal populations (Berry et al.,
2008; Scheunemann et al., 2012; Scholz-Kornehl and Schwarzel, 2016).
For example, two parallel pathways exist for ARM (Lee et al,,
2011; Wu et al., 2013) and ASM is modulated, not only by MB-
extrinsic neurons (Waddell et al., 2000; Keene et al., 2006), but

contains serine and threonine residues
that exhibit homology to binding sites for 14-3-3 proteins in
mammalian RGK proteins (Puhl et al., 2014). Therefore, Rgkl
and 14-3-3¢ may act together in the synaptic plasticity that un-
derlies olfactory memory.

The roles of RGK family proteins in neuronal functions have
been investigated extensively. Our data, when combined with the
accumulated data on the function of RGK family proteins, pro-
vide novel insights into the mechanism that governs two distinct
intermediate-term memories, ASM and ARM. Regarding the reg-
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ulation of ASM, our data showed that Rgkl suppressed the for-
getting that was facilitated by Rac. Rac is a major regulator of
cytoskeletal remodeling (Luo, 2000; Etienne-Manneville and
Hall, 2002). Similarly, mammalian RGK proteins participate in
the regulation of cell shape through the regulation of actin and
microtubule remodeling (Piddini et al., 2001; Ward et al., 2002).
Rgkl may affect Rac activity indirectly by sharing an event in
which Rac also participates because there have been no reports
showing that RGK proteins regulate Rac activity directly; further,
we determined that rgkI transgene expression did not affect the
projection defect of KC axons caused by RacV'? induction during
development (data not shown). Therefore, we suggest that Rgkl
signaling and Rac signaling may merge at the level of downstream
effectors in the regulation of forgetting. A member of the mam-
malian RGK1 proteins, Gem, has been shown to regulate Rho
GTPase signaling (Correll et al., 2008) through interactions with
Ezrin, Gimp, and Rho kinase (Aresta et al., 2002; Ward et al.,
2002; Hatzoglou et al., 2007). Rho kinase is a central effector for
Rho GTPases (Van Aelst and D’Souza-Schorey, 1997; Hall, 1998;
Mackay and Hall, 1998; Kaibuchi et al., 1999) and has been shown
to phosphorylate LIM-kinase (Maekawa et al., 1999). In Drosophila, the
Rho-kinase ortholog DRok has been shown to interact with LIM-
kinase (Verdier et al., 2006). Furthermore, Rac regulates actin
reorganization through LIM kinase and cofilin (Yanget al., 1998)
and the PAK/LIM-kinase/cofilin pathway has been postulated to
be critical in the regulation of memory decay by Rac (Shuai et al.,
2010). It was shown recently that Scribble scaffolds a signalosome
consisting of Rac, Pak3, and Cofilin, which also regulates mem-
ory decay (Cervantes-Sandoval et al., 2016). Therefore, Rgkl may
counteract the consequence of Rac activity (i.e., memory decay)
through the suppression of the Rho-kinase/LIM-kinase pathway.
DRok is a potential candidate for further investigation of the molec-
ular mechanism in which Rgk1 acts to regulate memory decay.

Our data indicated that Rgk1 is required for ARM in addition
to ASM. It has been shown that Synapsin and Brp specifically
regulate ASM and ARM, respectively (Knapek et al., 2010; Kna-
pek et al.,, 2011). The functions of Synapsin and Brp may be
differentiated in a synapse by regulating distinct modes of neu-
rotransmission (Knapek et al., 2011). The exact mechanism has
not been identified for this hypothesis; however, the regulation of
voltage-gated calcium channels may be one of the key factors that
modulate the neurotransmission (Catterall and Few, 2008; Naka-
mura et al., 2015). Voltage-gated calcium channels are activated
by membrane depolarization and the subsequent Ca** increase
triggers synaptic vesicle release (Catterall and Few, 2008). The
regulation of voltage-gated calcium channels has been shown to
be important in memory; a B-subunit of voltage-dependent
Ca’* channels, Ca, 33, negatively regulates memory in rodents
(Jeon et al., 2008). Importantly, Brp regulates the clustering of
Ca?" channels at the active zone (Kittel et al., 2006). Moreover, it
has been demonstrated extensively that mammalian RGK family
proteins regulate voltage-gated calcium channels. Kir/Gem and
Rem? interact with the Ca*>* channel B-subunit and regulate
Ca?" channel activity (Béguin et al., 2001; Finlin et al., 2003;
Yang and Colecraft, 2013). In addition, the ability to regulate
Ca** channels has been shown to be conserved in Drosophila
Rgkl (Puhl et al., 2014). Therefore, both Brp and Rgkl may reg-
ulate ARM through the regulation of calcium channels, the for-
mer through the regulation of their assembly and the latter
through the direct regulation of their activity. Our finding that
Rgk1 localized to the synaptic site and colocalized with Brp lends
plausibility to the scenario that Rgk1 regulates voltage-gated cal-
cium channels at the active zone.

Murakami et al. @ Rgk1 Plays Multiple Roles in Memory Stability

Several memory genes identified in Drosophila, including
rutabaga, PKA-R, and CREB, have homologous genes that have
been shown to regulate behavioral plasticity in other species (Wu
etal., 1995; Abel et al., 1997; Davis, 2005; Kida and Serita, 2014).
The identification of Drosophila rgkl as a novel memory gene
raises the possibility for another conserved mechanism that governs
memory. There is limited research regarding the role of RGK pro-
teins at the behavioral level in other species; however, the extensively
documented functions of RGK proteins with respect to the regula-
tion of neuronal functions, combined with our data presented here
regarding Drosophila Rgkl, raise the possibility of an evolutionally
conserved function for RGK family proteins in memory.

Note Added in Proof: During the proof processing, a close
scrutiny of the entire data revealed several errors in posting dur-
ing the statistical analysis (Fig. 24, Fig. 4C—F, Fig. 6A), as well as in
a brain image processing (Fig. 3D). These errors have been cor-
rected appropriately. None of them changed any conclusions.
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