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Abstract

Associative olfactory memory in Drosophila has two components called labile anesthesia-
sensitive memory and consolidated anesthesia-resistant memory (ARM). Mushroom body
(MB) is a brain region critical for the olfactory memory and comprised of 2000 neurons that
can be classified into a3, o’f’, and y neurons. Previously we demonstrated that two parallel
pathways mediated ARM consolidation: the serotonergic dorsal paired medial (DPM)—af3
neurons and the octopaminergic anterior paired lateral (APL)—a’B’ neurons. This finding
prompted us to ask how this composite ARM is retrieved. Here, we showed that blocking
the output of a3 neurons and that of o'’ neurons each impaired ARM retrieval, and blocking
both simultaneously had an additive effect. Knockdown of radish and octB2R in a and o/p’
neurons, respectively, impaired ARM. A combinatorial assay of radish mutant background
rsh” and neurotransmission blockade confirmed that ARM retrieved from a’p’ neuron output
is independent of radish. We identified MBON-B23'2a and MBON-f'2mp as the MB output
neurons downstream of a§ and o'’ neurons, respectively, whose glutamatergic transmis-
sions also additively contribute to ARM retrieval. Finally, we showed that o/’ neurons could
be functionally subdivided into o/f’'m neurons required for ARM retrieval, and o’f’ap neu-
rons required for ARM consolidation. Our work demonstrated that two parallel neural path-
ways mediating ARM consolidation in Drosophila MB additively contribute to ARM
expression during retrieval.

Author Summary

One of tantalizing questions in neuroscience is how the brain processes memory. Studies
in animal models such as fruit fly have brought innovations addressing the general princi-
ples underlying memory processing such as acquisition, consolidation, and retrieval. Here,
we revealed an additive expression of aversive consolidated memory through fly
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mushroom body (MB) subsets. By thermogenetic blockade of neurotransmission, we iden-
tified the necessity of MB of and o/ B’ neurons, and their respective downstream neurons,
for consolidated memory retrieval. We also showed that MB of and o/’ neurons harbor
distinct signaling pathways for memory consolidation by genetic manipulation. Notably,
the combinatorial assays of neurotransmission blockade and genetic manipulations con-
firmed the independency between the two sets of double-layered parallel circuits. Our
work, together with previous finding of two respective modulatory neurons upstream of
of} and o/ B’ neurons, favor the notion that memory is consolidated in different brain
regions/circuits in parallel and later additively retrieved for behavioral outcome.

Introduction

Memory expression requires sequential processing such as acquisition, consolidation, and
retrieval. The fruit fly (Drosophila melanogaster) is of great interest to neuroscientists studying
memory because of its short lifespan, relatively simple brain, and powerful genetic tools. In fly
aversive olfactory conditioning, the association between the electric shock and odor identity is
first registered in odor-responsive MB y neurons by dopamine signaling [1]. After acquisition,
memory can be dichotomized to anesthesia-sensitive memory (ASM) and anesthesia-resistant
memory (ARM) depending on the susceptibility to retrograde amnesia, and 3-h memory com-
prises equal extent of ASM and ARM [2-4]. ARM has been seen as a stable consolidated mem-
ory less costly than long-term memory and can be assessed by cold-induced anesthetization
[4-6]. Many lines of evidence from gene mutation, RNA interference (RNAi)-mediated knock-
down, and manipulation of neuronal activity support a model in which ASM and ARM consti-
tute two independent types of memory that record the same episode [7, 8]. Here, we focus on
deciphering the ARM processing.

The Drosophila MB, a paired neuropil structure that consists of ~2000 neurons, can be
divided into subsets of neurons that comprise the o, o/ B/, and y lobes [9, 10]. The cell bodies
of the MB neurons reside near the dorsal posterior surface of the protocerebrum. The dendrites
of MB neurons form the calyx, where they receive olfactory input from the antennal lobe and
transform it into a sparse neural code that benefits the establishment of associations between
conditioned and unconditioned stimuli [11-14]. The axons of MB neurons project anteriorly
to form a stalk-like pedunculus before branching into the vertical and horizontal lobes. The
bifurcated axons of the of neurons form the o and P lobes of the vertical and horizontal lobes,
respectively, and those of the o/ B’ neurons form their corresponding o/ and ' lobes. In con-
trast, the axons of the y neurons constitute the horizontal y lobe. According to the laminar
zones within each MB lobes, 0/f lobes have been further divided into core, surface, and poste-
rior strata, while o//B’ lobes have been divided into anterior, middle, and posterior strata [15].
Recently, Aso et al. used split-GAL4 screen and single-cell imaging to divide the MB neurons
into seven cell types: ofip, ofs, ofic, o/ p'ap, o' B'm, ymain, and yd [16, 17].

ARM requires bruchpilot expression in oy neurons and acute radish expression right before
training [2, 18, 19]. Two pairs of MB modulatory neurons, dorsal paired medial (DPM) and
anterior paired lateral (APL) neurons, broadly innervating the MB also contribute to ARM for-
mation by the serotonergic neurotransmission toward o neurons and the octopaminergic
toward o/ B’ neurons, respectively [15, 20-22], suggesting the presence of two parallel circuits
for ARM consolidation in the MB. Here, we found that the outputs from both o and o/p’ neu-
rons were required for complete ARM retrieval, suggesting two parallel ARM consolidation cir-
cuits additively contribute to retrieval. By RNAi-mediated knockdown experiments, the
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functional roles of radish and octopamine signaling in ARM consolidation were segregated in
of and o/ B’ neurons. Based on the segregation, we utilized the rsh’ mutant background to
remove radish-dependent ARM that is consolidated in o/ neurons. In these rsh! mutant flies,
blocking output from off neurons during ARM retrieval failed to further impair the ARM
expression, whereas blocking output from o/’ neurons did, indicating the radish-independent
ARM is mainly retrieved by the output of o’ neurons. We also showed that two MB output
neurons downstream of off and o’ neurons, the MBON-B23'2a and MBON-B'2mp neurons,
respectively, mediated the ARM retrieval via glutamatergic transmission, supporting the model
that two MB subsets, the o and o’ neurons, additively contribute to ARM consolidation and
retrieval. Finally, we characterized the GAL4 lines expressing in all or subsets of MB o/ B neu-
rons [17], and functionally divided the o/ ' neurons into o/ f’'m neurons and o f’ap neurons,
whose outputs are required for ARM retrieval and ARM consolidation, respectively.

Results
Outputs from MB af and o/’ neurons are required for 3-h ARM retrieval

We first adopted a collection of GAL4 lines that represent specific subsets of MB neurons:
1471-GAL4 and VT44966-GAL4 for y neurons (Fig 1A and 1C); C739-GAL4 and VT49246-
GALA4 for o neurons (Fig 1E and 1G); and VT30604-GAL4 and VT57244-GAL4 for o/’ neu-
rons (Fig 11 and 1K). We expressed the temperature-sensitive dominant-negative dynamin
mutant transgene, shibire (UAS-shi") [23], using each of these GAL4 lines. Flies were trained
to associate the electric shock and odor using classical conditioning protocol at 23°C, and a
2-min cold shock 2 hours after training was applied to assess 3-h ARM [4, 24]. We tested
which MB subset output is required for 3-h ARM retrieval by shifting the temperature to 31°C
15 min prior to and during the test. Following previous studies that both of and y neurons
were required for 3-h memory retrieval [25, 26], we found that the output from aff neurons is
also required for 3-h ARM, a component of 3-h memory (Fig 1F and 1H) whereas the output
from y neurons is not (Fig 1B and 1D), suggesting that y neurons might exclusively mediate
retrieval of the other component, the ASM. This was confirmed by the observation that block-
ing the output from y neurons using VT44966-GAL4 impaired 3-h memory, instead of ARM,
retrieval (S1 Fig). However, in contrast to the previous finding that o’ neurons are not
required for 3-h memory retrieval [27], we found that blocking output from o’ neurons dur-
ing retrieval using VT130604-GAL4 or VT57244-GAL4 impaired 3-h ARM (Fig 1] and 1L).
This is a perplexing finding. Since 3-h ARM is a component of 3-h memory, any neural mech-
anism required for 3-h ARM should also be required for 3-h memory. This discrepancy
prompted us to examine expression pattern of the GAL4 lines and eventually led to an expla-
nation (see below).

We have used two independent GAL4 lines to reveal the functional role of o and o’ neu-
rons in 3-h ARM retrieval. Next, we wonder whether there is an additive effect when blocking
both MB subsets simultaneously. Although VT49246-GAL4 line has more restricted expression
pattern than C739-GAL4 line, we only can use the double GAL4 line C739-GAL4; VT30604-
GAL4 expressing in both o and o/ B’ neurons (Fig 1M) for shibire manipulation due to the
genetic feasibility (see the materials and methods). Indeed, we found an additive effect in
which 3-h ARM retrieval was reduced further in C739-GAL4; VT30604-GAL4 > UAS-shi"” flies
than in C739-GAL4 > UAS-shi” or VT30604-GAL4 > UAS-shi” flies (Fig 1N). This data indi-
cated that outputs from of and o/ B’ neurons additively contribute to 3-h ARM retrieval. All
groups of flies showed no memory deficit at the permissive temperature and normal avoidance
of odor or shock at the restrictive temperature (S2 Fig).
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Fig 1. Outputs from MB ap and o'’ neurons are required for 3-h ARM retrieval. (A) Preferential expression of 1471-GAL4 in MB y neurons (green).
The brain was immunostained with DLG antibody (magenta). Scale bars represent 50 pm. Genotype was as follows: 1471-GAL4/UAS-mCD8::GFP;
+/UAS-mCD8::GFP. (B) Output from 7471-GAL4-expressing neurons is not required for 3-h ARM retrieval. Each value represents mean + SEM

(P =0.4394, N = 6 for each bar, ANOVA). Genotypes were as follows: (1) +/+, (2) 1471-GAL4/+; +/+, (3) +/+; +/UAS-shi®®, (4) 1471-GAL4/+; +/UAS-shi®.
(C) Preferential expression of VT44966-GAL4 in MB y neurons (green). The brain was immunostained with DLG antibody (magenta). Scale bars
represent 50 pm. Genotype was as follows: +/UAS-mCD8::GFP; VT44966-GAL4/UAS-mCD8::GFP. (D) Output from VT44966-GAL4-expressing
neurons is not required for 3-h ARM retrieval. Each value represents mean + SEM (P = 0.3179, N = 8 for each bar, ANOVA). Genotypes were as follows:
(1) +/+, (2) +/+; VT44966-GAL4/+, (3) +/+; +/UAS-shi*, (4) +/+; VT44966-GAL4/UAS-shi®. (E) Preferential expression of C739-GAL4 in MB af neurons
(green). The brain was immunostained with DLG antibody (magenta). Scale bars represent 50 um. Genotype was as follows: C739-GAL4/UAS-mCDS8::
GFP; +/UAS-mCD8::GFP. (F) Output from C739-GAL4-expressing neurons is required for 3-h ARM retrieval. Each value represents mean +SEM (*P =
0.0072, N = 12 for each bar, ANOVA followed by Tukey’s test). Genotypes were as follows: (1) +/+, (2) C739-GAL4/+; +/+, (3) +/+; +/UAS-shi®, (4)
C739-GAL4/+; +/UAS-shi®. (G) Preferential expression of VT49246-GAL4 in MB af neurons (green). The brain is immunostained with DLG antibody
(magenta). Scale bars represent 50 um. Genotype was as follows: +/UAS-mCD8::GFP; VT49246-GAL4/UAS-mCD8::GFP. (H) Output from
VT49246-GAL4-expressing neurons is required for 3-h ARM retrieval. Each value represents mean + SEM (*P = 0.0141, N = 12 for each bar, ANOVA
followed by Tukey’s test). Genotypes were as follows: (1) +/+, (2) +/+; VT49246-GAL4/+, (3) +/+; +/UAS-shi®®, (4) +/+; VT49246-GAL4/UAS-shi*. (1)
Preferential expression of VT30604-GAL4 in MB o'’ neurons (green). The brain is immunostained with DLG antibody (magenta). Scale bars represent
50 pm. Genotype was as follows: +/UAS-mCD8::GFP; VT30604-GAL4/UAS-mCD8::GFP. (J) Output from VT30604-GAL4-expressing neurons is
required for 3hr ARM retrieval. Each value represents mean + SEM (*P = 0.0004, N = 8 for each bar, ANOVA followed by followed by Tukey’s test).
Genotypes were as follows: (1) +/+, (2) +/+; VT30604-GAL4/+, (3) +/+; +/UAS-shi®, (4) +/+; VT30604-GAL4/UAS-shi*s. (K) Preferential expression of
VT57244-GAL4 in MB o'’ neurons (green). The brain is immunostained with DLG antibody (magenta). Scale bars represent 50um. Genotype was as
follows: +/UAS-mCD8::GFP; VT57244-GAL4/UAS-mCD8::GFP. (L) Output from VT57244-GAL4-expressing neurons is required for 3hr ARM retrieval.
Each value represents mean + SEM (*P < 0.0001, N = 8 for each bar, ANOVA followed by followed by Tukey'’s test). Genotypes were as follows: (1) +/+,
(2) +/+; VT57244-GAL4/+, (3) +/+; +/UAS-shi®, (4) +/+; VT57244-GAL4/UAS-shi®. (M) Preferential expression of C739-GAL4;VT30604-GAL4 in MB aB
and o'’ neurons (green). The brain is immunostained with DLG antibody (magenta). Scale bars represent 50um. Genotype was as follows: C739-GAL4/
UAS-mCD8::GFP; VT30604-GAL4/UAS-mCD8::GFP. (N) An additive effect of ARM deficiency in blocking synaptic transmissions from MB a3 and o'’
neurons during memory retrieval. Each value represents mean + SEM, N = 10 for each bar (C739/shi's: *P = 0.0029 as compared to +/+ and +/shi’®
groups, ANOVA followed by followed by Tukey’s test; VT30604/shi*: *P = 0.0042 as compared to +/+ and +/shi®® groups, ANOVA followed by Tukey’s
test; C739;VT30604/shi*: *P = 0.0254 as compared to C739/shi* and VT30604/shi* groups, ANOVA followed by followed by Tukey’s test; NS, not
significant: P = 0.7220 for +/+ and +/shi*®, P = 0.9619 for C739/shi*® and VT30604/shi", t-test). Genotypes were as follows: (1) +/+, (2)+/+; +{UAS-shi",
(3) C739-GAL4/+; +/UAS-shi's, (4) +/+; VT30604-GAL4/UAS-shi, (5) C739-GAL4/+; VT30604-GAL4/UAS-shi®.

doi:10.1371/journal.pgen.1006061.g001

RADISH in MB af8 neurons and octopamine signaling in o'’ neurons
mediate 3-h ARM consolidation

The radish gene encodes a protein that is required for ARM formation and is preferentially
immunolabeled in the o, B, and y lobes as well as the calyx and ellipsoid body [19]. A previous
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study showed that feeding rsh’ mutant flies with serotonin synthesis inhibitor had no effect on
3-h memory, suggesting that RADISH and serotonergic DPM-o neurons circuit are in the
same pathway for ARM consolidation [21]. Also, our previous study showed an additive effect
on ARM deficit when combining knockdown of octopamine synthesis gene in APL neurons
with serotonin synthesis inhibitor or with rsh’ mutant background, suggesting that octopami-
nergic APL-o/B’ neurons and radish-dependent serotonergic DPM-0o neurons circuits inde-
pendently mediate ARM consolidation [22]. However, all the radish-related studies are mainly
based on rsh’ mutant background, and the subset of MB neurons in which radish functions for
ARM consolidation has not been identified. We used an inducible RNAi-mediated knockdown
strategy to suppress radish expression in the adult stage. Flies with the tubulin promoter-driven
temperature-sensitive GAL4 repressor GAL8O (tub-GAL80") were raised at 18°C and trans-
ferred to 30°C for 7 days after eclosion. Inducible RNAi-mediated knockdown of radish (see
S3A and S3B Fig for validation by quantitative PCR) in of neurons using V149246-GAL4, but
not in o/f’ neurons using VT30604-GAL4, caused a significant deficit (Fig 2A), suggesting that
RADISH mediates ARM consolidation in of neurons. Normal radish expression in y neurons
is not required for 3-h ARM (S3C Fig). We also used a combinatorial assay to confirm that the
octopamine signaling for ARM consolidation in o}’ neurons is independent of radish. In the
rsh' mutant background, RNAi-mediated knockdown of oct2R in o/ B/ neurons, but not in o
neurons, further impaired ARM (Fig 2B). Taken together, these data showed that RADISH in
off neurons and octopamine signaling in o/ B’ neurons mediated ARM consolidation in parallel.

Output from o’p’ neurons mediates radish-independent ARM retrieval

To further demonstrate the independency between two parallel neural pathways/circuits
expressing ARM, we conducted an experiment in which gene for memory consolidation and
neurotransmission for retrieval were manipulated in the same flies. We first confirmed that
blocking neurotransmission during retrieval in either o neurons using V749246-GAL4 or o'}/
neurons using VT30604-GAL4 impaired ARM expression (Fig 2C, left panel). After switching
the genetic background to rsh” to disrupt radish-dependent ARM consolidation, only neuro-
transmission blockade in o/’ neurons, but not in off neurons, during retrieval caused further
reduction of ARM expression (Fig 2C, right panel). All shibire-expressing flies in rsh’ back-
ground showed normal avoidance of odor or shock at the restrictive temperature (S3D Fig).
These data indicate that the output from o/ f’ neurons mediates radish-independent ARM
retrieval while the output from of neurons, not surprisingly, mediates radish-dependent ARM
retrieval.

Glutamatergic MB output neurons downstream of a8 and o'’ neurons
are required for 3-h ARM retrieval

MBON-f2'2a and MBON-B'2mp neurons are two pairs of MB output neurons for of and
o/ B’ neurons, respectively [17, 28, 29] (see also Fig 3A and 3B). The dendrites of the MBON-
B2p'2a neuron were marked by Dscam::GFP in the B lobe tips, whereas the dendrites of the
MBON-B"2mp neuron were found only in the middle stratum of the ' lobe (Fig 3C and 3D),
albeit sparse DenMark-positive signals were additionally seen in the p'2a region for the
MBON-B2f/2a neuron (S4A Fig)[17]. Blocking neurotransmission from MBON-B2p/2a or
MBON-f'2mp neurons during the test, but not the first hour after training, impaired ARM
expression (Fig 3E and 3F), indicating that the outputs from these neurons are required for
ARM retrieval. All shibire-expressing flies showed normal avoidance of odor or shock at the
restrictive temperature (S4B Fig). It has been shown that both MBON-f2p'2a and MBON-
B'2mp neurons are vesicular glutamate transporter- (VGlut-) antibody immunopositive, which
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Fig 2. RADISH in aff neurons and octopamine signaling in o'’ neurons additively contribute to 3-h ARM consolidation. (A) Adult-stage-
specific knockdown of radiish in MB af but not o’ 3’ neurons impaired ARM. Each value represents mean + SEM (left panel: P =0.9199, N = 6, ANOVA;
right panel: *P = 0.0005, N = 8, ANOVA followed by followed by Tukey’s test). Genotypes were as follows: (1) +/+, (2) +/UAS-radish™439931); +/+,
(3) tub-GAL8O™/+; VT49246-GAL4/+, (4) tub-GAL8O™/+; VT30604-GAL4/+, (5) tub-GAL80™/UAS-radish™*(v39931); VT49246-GAL4/+, (6) tub-
GALB8O0™/UAS-radish™4iv39931); VT30604-GAL4/+. (B) In rsh” background, knockdown of octB2R in MB o’ B’ but not a neurons further impaired 3-h
ARM. In all tests, ASM was removed by cold-induced anesthesia. Each value represents mean + SEM (rsh’; +; VT30604/octB2R™NA: *p = 0.0075 as
compared to all rsh” background controls, N = 8 for each bar, ANOVA followed by followed by Tukey’s test). Genotypes were as follows: (1)+/+, (2)
rsh’; +/+; +/UAS-octB2R™N4(/104524), (3) rsh’; +/+; VT49246-GAL4/+, (4) rsh; +/+; VT30604-GAL4/+, (5) rsh’; +/+; VT49246-GAL4/UAS-
octB2RAN4(/104524), (6) rsh’; +/+; VT30604-GAL4/UAS-octB2RN4(,104524). (C) In radish mutant (rsh”) background, blocking neurotransmission
from MB o’B’ but not a neurons during memory retrieval further impaired 3-h ARM. Each value represents mean + SEM (VT749246/shi"*: *P = 0.0002
as compared to +/+ and +/shi' controls, N = 14 for each bar, ANOVA followed by followed by Tukey’s test; VT30604/shi's: *P = 0.0008 as compared
to +/+ and +/shi® controls, N = 14 for each bar, ANOVA followed by Tukey’s test; rsh’;+;VT30604/shi®: *P = 0.0124 as compared to rsh’;+;+/shi* and
rsh’;+;VT49246/shi*, N = 16 for each bar, ANOVA followed by Tukey’s test). Genotypes were as follows: (1) +/+, (2) +/+; +/UAS-shi®®, (3) +/+;
VT49246-GAL4/UAS-shi®, (4) +/+; VT30604-GAL4/UAS-shi®, (5) rsh; +/+; +/UAS-shi's, (6) rsh’; +/+; VT49246-GAL4/UAS-shi®, (7) rsh’; +/+;
VT30604-GAL4/UAS-shi®

doi:10.1371/journal.pgen.1006061.g002

is indicative of glutamatergic neuron in Drosophila melanogaster [28,30]. To determine
whether glutamatergic transmission mediates the retrieval, we knocked down VGlut expression
in MBON-B2f/2a or MBON-'2mp neurons by RNAi (see S5A Fig for validation of UAS-
VGlut*™*' by quantitative PCR) and tested the flies for 3-h ARM. VT0765-GAL4 > UAS-
VGIut™4 and VT41043-GAL4 > UAS-VGIut™*' flies showed 3-h ARM deficit (Fig 3G). Fur-
thermore, knockdown of VGlut in both MBON-B2f/2a and MBON-B'2mp neurons showed an
additive effect on ARM deficit (Fig 3H). Consistent with the additive contributions of o and
o’ neurons to 3-h ARM retrieval, this additive effect suggests that glutamatergic MBON-
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Fig 3. Glutamatergic MB af and o'f’ output neurons are required for 3-h ARM retrieval. (A) The expression
pattern of VT0765-GAL4 (green) which specifically labels MBON-B2f'2a neurons. The brain was immunostained
with DLG antibody (magenta). Arrowheads indicate the somata of MBON-B23'2a neurons. The scale bar
represents 50 um. Genotype was as follows: +/UAS-mCD8::GFP; VT0765-GAL4/UAS-mCD8::GFP. (B) The
expression pattern of VT41043-GAL4 (green) which specifically labels the MBON-B'2mp neurons. The brain is
immunostained with DLG antibody (magenta). Arrowheads indicate the somata of MBON-f'2mp neurons. The
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scale bar represents 50 pm. Genotype was as follows: +/UAS-mCD8::GFP; VT41043-GAL4/UAS-mCD8::GFP.
(C) Sub-regional dendritic distributions of MBON-B2p'2a and MBON-B'2mp neurons with Dscam::GFP positive
signals (green). Brains were counterstained with DLG antibody (magenta). The scale bar represents 10 ym.
Genotypes: (1) +/UAS-Dscam([17.1]::GFP; +/+; VT0765-GAL4/+, (2) +/UAS-Dscam[17.1]::GFP; +/+;
VT41043-GAL4/+. (D) Sagittal and frontal views of dendritic distributions of MBON-f3’2mp neurons. The left panel
indicates the regions selected for analyses. The brain was counterstained with DLG antibody (magenta). The
scale bar represents 10 pm. Genotype: +/UAS-Dscam[17.1]::GFP; +/+; VT41043-GAL4/+. (E) Neurotransmission
from MBON-B323'2a neurons is required for retrieval but not consolidation of 3-h ARM. Each value represents
mean + SEM (left panel: P = 0.3772, N = 8, ANOVA; middle panel: *P < 0.0001, N = 8, ANOVA followed by
Tukey’s test; right panel: P = 0.7412, N = 12, ANOVA). Genotypes were as follows: (1) +/+, (2) +/+;
VT0765-GAL4/+, (3) +/+; +/UAS-shis, (4) +/+; VT0765-GAL4/UAS-shi®. (F) Neurotransmission from MBON-
’2mp neurons is required for retrieval but not consolidation of 3-h ARM. Each value represents mean + SEM (left
panel: P =0.6024, N = 9 for each bar, ANOVA; middle panel: *P =0.0058, N = 8, ANOVA followed by Tukey’s
test; right panel: P = 0.8746, N = 10 for each bar, ANOVA). Genotypes were as follows: (1) +/+, (2) +/+;
VT41043-GAL4 [+, (3) +/+; +/UAS-shi', (4) +/+; VT41043-GAL4/UAS-shi®. (G) Knockdown of VGlut in MBON-
32p'2a or MBON-B'2mp neurons impaired 3-h ARM. Each value represents mean + SEM, N = 8 for each bar
(VT0765/VGIut™ ™ ' *P = 0.0007 as compared to VT0765/+ and +/VGIu™N* controls, ANOVA followed by Tukey’s
test; VT41043/VGIut™A: *P = 0.0022, as compared to VT41043/+ and +/VGIu™ controls, ANOVA followed by
Tukey’s test). Genotypes were as follows: (1) +/+; VT0765-GAL4/+, (2) +/+; VT41043-GAL4/+, (3) +/UAS-
VGIUt™N4(/104324); +/+, (4) +/UAS-VGIut™ (1 104324); VT0756-GAL4/+, (5) +/UAS-VGIut™ (v 104324);
VT41043-GAL4/+. (H) An additive effect of ARM deficiency in knockdown of VGlut in MBON-B2@'2a and MBON-
B'2mp neurons. Each value represents mean + SEM, N = 14 for each bar (VT0765/VT41043; VGlut™ 4.

*P = 0.0148 as compared to VT0765/VGlut™* and VT4 1043/VGIL™™ controls, ANOVA followed by Tukey’s
test; NS: not significant). Genotypes were as follows: (1) +/+, (2) +/UAS-VGIut™ (v 104324); VT0765-GAL4/+,
(3) +/UAS-VGIut™ (v 104324); VT41043-GAL4/+, (4) +/UAS-VGIut™ (v 104324); VT0765-GAL4/
VT41043-GALA4.

doi:10.1371/journal.pgen.1006061.9003

B2p'2a and MBON-B'2mp neurons also additively contribute to ARM retrieval, although
blocking output from the former alone was sufficient to abolish 3-h ARM. Since these experi-
ments adopted chronic knockdown of VGlut that may provoke secondary effects, we intro-
duced tub-GAL80" for inducible VGlut knockdown in the adult stage (S5B Fig), confirming
that losing VGlut itself in MBON-B2p'2a or MBON-P'2mp neurons impaired ARM. In sum-
mary, our data draw two sets of double-layered parallel circuits additively expressing 3-h ARM
in the fruit fly.

Characterization of GAL4 lines expressing in o'’ neurons

Krashes et al. used C305a-GAL4 and C320-GAL4 lines to conclude that the output from o/
neurons was required for 3-h memory acquisition and consolidation but not for 3-h memory
retrieval [27](see also S6D1-S6D2 and S6E1-S6E2 Fig). Since 3-h memory can be dissected
into ASM and ARM, a neural mechanism required for 3-h ARM should intuitively be required
for 3-h memory. However, the output from o/’ neurons was shown to be required for the
retrieval of 3-h ARM in our study (Fig 1] and 1L), arguing that the output from o/’ neurons
should be required for the retrieval of 3-h memory. In order to reconcile this conflict, we
closely revisited the GAL4 expression pattern and found that although C305a-GAL4 expresses
in both o/f’ap and o/ f'm subsets, the marked GFP signal did not occupied the whole region of
each stratum of o'/’ lobes in magnified horizontal, sagittal, and frontal sections (S6B1-S6B4
Fig), especially the middle stratum. The other more restricted C320-GAL4 expresses mainly in
o/ B'ap neurons and has no noticeable GFP signal in the middle stratum, either (S6C1-S6C4
Fig). In contrast, VT30604-GAL4 and VT57244-GAL4 expression patterns occupied strongly
and comprehensively all strata of the o/’ lobes (Fig 4B1-4B4 and 4C1-4C4), suggesting that
these two VT lines express in most if not all o/ ' neurons, while C305a-GAL4 and C320-GAL4
express weakly in a subpopulation that has few o/ 'm subset neurons. Consistently, cell-count-
ing data showed that VT30604-GAL4 or V157244-GAL4 expresses in about twice as many MB
neurons as C305a-GAL4 or C320-GAL4 does (Table 1). This conclusion derived from imaging
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Fig 4. Characterization of GAL4 lines expressing in o'’ neurons. (A1-A4) The MB structure indicating
the regions selected for analyses (A1), and high-magnification single horizontal (A2), sagittal (A3), and frontal
(A4) confocal cross sections of the MB lobes counterstained with DLG antibody (magenta). Yellow arrows
indicate the orientation of the brain: M, medial; P, posterior; A, anterior; D, dorsal. (B1-B4) Preferential
expression of VT30604-GAL4 in MB o f’ap and o’ B’'m neurons (green). Genotype was as follows: +/UAS-
mCD8::GFP; VT30604-GAL4/UAS-mCD8::GFP. (C1-C4) Preferential expression of VT57244-GAL4 in MB
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o'f’ap and o’'B’'m neurons (green). Genotype was as follows: +/UAS-mCD8::GFP; VT57244-GAL4/UAS-
mCD8::GFP. (D1-D4) Preferential expression of VT50658-GAL4 in MB o’ 3’ap neurons (green). Genotype
was as follows: +/UAS-mCD8::GFP; VT50658-GAL4/UAS-mCD8::GFP. (E1—E4) Preferential expression of
VT37861-GAL4 in MB o'’ap neurons (green). Genotype was as follows: +/UAS-mCD8::GFP;
VT37861-GAL4/UAS-mCD8::GFP. (F1-F4) Preferential expression of R42D07-GAL4 in MB o’3’m neurons
(green). Genotype was as follows: +/UAS-mCD8::GFP; R42D07-GAL4/UAS-mCD8::GFP. (G1-G4)
Preferential expression of R26E01-GAL4 in MB o’ 3’'m neurons (green). Genotype was as follows: +/UAS-
mCD8::GFP; R26E01-GAL4/UAS-mCD8::GFP. The scale bars represent 50 ymin G1 and 10 ym in G4.

doi:10.1371/journal.pgen.1006061.g004

observation led to a speculation that using C305a-GAL4 or C320-GAL4 for shibire manipula-
tion, which requires high enough expression level to perturb synaptic transmission [23], cannot
reflect the full functional role of o/ B’ neurons, instead a skewed role for o/ ’ap subset. Hence,
we sought specific GAL4 lines expressing in the subsets of o/’ neurons to decisively address
this issue. By visually screening the Vienna Tile (VT) library and Janelia collection, we identi-
fied the VT50658-GAL4 and VT37861-GAL4 lines for o/ 'ap neurons (Fig 4D1-4D4 and 4E1-
4E4) as well as the R42D07-GAL4 and R26E01-GAL4 lines for o f'm neurons (Fig 4F1-4F4 and
4G1-4G4). Take counts of MB neurons labeled by these GAL4 lines into consideration

(Table 1), we decided VT30604-GAL4, VT37861-GAL4, and R42D07-GAL4 as good single-
transgene GAL4 lines to study o', o/ B'ap, and o f'm neurons, respectively.

Different roles of a’’ap and o’f’'m neurons in ARM

To clarify the functional roles of different subsets of MB oB’ neurons in ARM, we used the
GALA4 lines characterized above for shibire manipulation. Blocking the output from o/ p'ap neu-
rons using VT50658-GAL4 or VT37861-GAL4 during the first hour after training impaired
subsequent ARM expression whereas the same manipulation during retrieval had no effect
(Fig 5A and 5B), suggesting that output from the o §’ap neurons is involved in ARM consolida-
tion. This involvement in 3-h ARM consolidation, but not retrieval, is an analogy to the finding
with the C305a-GAL4 and C320-GAL4 lines, in which output from GAL4-expressing neurons
is required for 3-h memory consolidation but not retrieval [27] (see also S6 Fig). In contrast,
blocking the output from o/ 'm neurons using R42D07-GAL4 or R26E01-GAL4 during
retrieval impaired ARM expression whereas the same manipulation during the first hour after
training had no effect (Fig 5C and 5D), suggesting that the output from ¢/f'm neurons medi-
ates 3-h ARM retrieval, despite the concern that the overall low scores make us hesitate to
exclude the involvement in consolidation (left panels of Fig 5C and 5D). This role of o/ p'm

Table 1. The numbers of genetically labeled MB neurons in different GAL4 lines expressing in o'’
heurons.

GALA4 driver Number of labeled MB neurons
per hemisphere (mean + SEM)

C305a 362.00+13.47

C320 383.75+14.78

VT30604 725.10+15.53

VT57244 900.00+22.14

VT50658 183.38+6.56

V137861 376.25+13.77

R42D07 405.25+7.77

R26E01 342.75+4.05

The numbers of labeled MB neurons were counted from 5-day old flies for both genders. Values represent
mean = SEM (N = 8 for each number).

doi:10.1371/journal.pgen.1006061.t001
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Fig 5. Output from MB o'f’ap is required for 3-h ARM consolidation while output from a’’'m neurons for retrieval. (A) Output from
VT50658-GAL4 expression neurons is required for consolidation but not retrieval of 3-h ARM. Each value represents mean + SEM (left panel:

*P =0.0033, N = 8 for each bar, ANOVA followed by Tukey’s test; right panel: P = 0.4413, N = 10 for each bar, ANOVA). Genotypes were as follows:
(1) +/+, (2) +/+; VT50658-GAL4/+, (3) +/+; +/UAS-shis, (4) +/+; VT50658-GAL4/UAS-shi*. (B) Output from VT37861-GAL4 expression neurons is
required for consolidation but not retrieval of 3-h ARM. Each value represents mean + SEM (left panel: *P = 0.0002, N = 14 for each bar, ANOVA
followed by Tukey’s test; right panel: P = 0.6916, N = 8 for each bar, ANOVA). Genotypes were as follows: (1) +/+, (2) +/+; VT37861-GAL4/+, (3) +/+;
+/UAS-shi", (4) +/+; VT37861-GAL4/UAS-shi. (C) Output from R42D07-GAL4 expression neurons is required for retrieval but not consolidation of
3-h ARM. Each value represents mean + SEM (left panel: P = 0.5023, N = 8 for each bar, ANOVA,; right panel: *P = 0.0094, N = 8 for each bar,
ANOVA followed by Tukey’s test). Genotypes were as follows: (1) +/+, (2) +/+; R42D07-GAL4/+, (3) +/+; +/UAS-shi®®, (4) +/+; R42D07-GAL4/UAS-
shi®. (D) Output from R26E01-GAL4 expression neurons is required for retrieval but not consolidation of 3-h ARM. Each value represents mean + SEM

(left panel: P = 0.9823, N = 8 for each bar, ANOVA,; right panel: *P = 0.0024, N = 8 for each bar, ANOVA followed by Tukey’s test). Genotypes were as
follows: (1) +/+, (2) +/+; R26E01-GAL4/+, (3) +/+; +/UAS-shi’®, (4) +/+; R26E01-GAL4/UAS-shi®.

doi:10.1371/journal.pgen.1006061.g005

neurons is also supported by the dendritic distribution of the MBON-B'2mp neurons, which
exclusively occupied the middle stratum of the ' lobe (Fig 3D). Given that these flies showed
normal avoidance of odor or shock at restrictive temperature (S7A1-S7A4 and S7B Fig), the
data collectively indicate the functional heterogeneity of MB o/’ neurons, where outputs from
the o f'ap and o/ p'm neurons mediate the ARM consolidation and retrieval, respectively.

Discussion

The key finding in our study is the identification of two parallel neural pathways that additively
express 3-h aversive ARM through Drosophila MB off and o/’ neurons. After training, RAD-
ISH in MB aff neurons and octopamine signaling in o/ ' neurons independently consolidate
ARM, which is additively retrieved by af~-MBON-B2p'2a and o f'm~MBON-B'2mp circuits
for memory expression. Five lines of evidence support this scenario. First, the output from o
or o B’ neurons is required for ARM retrieval (Fig 1F, 1H, 1] and 1L), and the effect of blocking
off output and that of blocking o/ B’ output during retrieval are additive (Fig 1N). Second,
knockdown of radish in o neurons, but not in o}’ neurons, impaired ARM (Fig 2A), while
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knockdown of octB2R in o/ B’ neurons further impaired the residual ARM in rsh' mutant flies
(Fig 2B). Third, blocking output from o’ neurons, but not from off neurons, during retrieval
further impaired the residual ARM in rsh’ mutant flies (Fig 2C). Forth, glutamatergic output
from neurons downstream of the o or o f' neurons, i.e., MBON-B2f'2a or MBON-f'2mp
neurons, is required for ARM retrieval, and the effects of knockdown of VGlut are additive (Fig
3). Finally, output from o/ f'm neurons, but not o ’ap neurons, is required for ARM retrieval,
consistent with the dendritic distribution of MBON-B'2mp neurons (Figs 3D and 5).

The parallel pathways for 3-h ARM expression were spatially defined by the requirements
of neurotransmission from two sets of circuits during retrieval, the ap~-MBON-B2'2a neurons
and the o/ f'm-MBON-f'2mp neurons. In addition, blocking neurotransmission from o or
o/ B’ neurons during retrieval reduced ARM expression by about 50% (Fig 1H, 1] and 1L)
whereas simultaneous blockade produced an additive effect that completely abolished ARM
expression (Fig 1N). Similar additive effects were repeatedly observed in experiments that uti-
lize manipulations in both pathways: an rsh’ mutant background plus oct82R RNAi knock-
down (Fig 2B) or plus retrieval blockade in o/ B’ neurons (Fig 2C), and knockdown of VGlut in
MBON-B2f/2a plus MBON-B'2mp neurons (Fig 3H). Thus, total four lines of evidence support
the additive expression of 3-h ARM.

The parallel pathways for 3-h ARM expression shown here differ from the degenerate paral-
lel pathways for the stomatogastric ganglion of the crab or CO, avoidance in the fly [31, 32], as
the latter enable mechanisms by which the network output can be switched between states. In
our study, the two parallel neural pathways additively contribute to the expression of 3-h
ARM. The nature of the ARM parallel pathways may be similar to that for cold avoidance
behavior in the fly, where parallel pathways in the B’ and B circuits additively contribute but
only the B circuit allows age-dependent alterations for potential benefits against aging [29].
Considering the robustness of ARM through the course of senescence [5], it’s unlikely to be
age-dependent alterations in ARM system.

In studies of Drosophila neurobiology, C305a-GAL4 is a common GAL4 line for o B’ neu-
rons [16, 27]. Here, by examining three different zoom-in sections of the MB lobes and count-
ing the cells (S6B1-S6B4 Fig and Table 1), we extensively characterized the following GAL4
lines expressing in o/ B’ neurons: VIT30604-GAL4 and VT57244-GAL4, which cover most o/ p'ap
and o/ f'm neurons; VT37861-GAL4 and VT50658-GAL4, which cover o/ f'ap neurons; and
R42D07-GAL4 and R26E01-GAL4, which cover most o ’'m neurons. In contrast, C305a-GAL4
sporadically expresses in about half as many MB neurons as VT30604-GAL4 or VT57244-
GAL4 does (Table 1). Although covering both subsets of o/ p’ neurons, the expression pattern
of C305a-GAL4 in o f'm neurons is too few and/or weak to lead to a perturbation of synaptic
transmission. This is shown by the data that retrieval of 3-h ARM was disrupted by shibire
manipulation using all-o/ ' neurons driver (Fig 1] and 1L) or o/ f'm-specific driver (right pan-
els of Fig 5C and 5D), but neither o/ p'ap-specific driver (right panels of Fig 5A and 5B) nor
C305a-GAL4 for 3-h memory ([27], see also S6D2 Fig). Please note that our GFP signals were
acquired from flies carrying two copies of 5XUAS-mCD8::GFP reporter and without any
immunostaining-mediated amplification. With the assistance of immunostaining and/or
advanced reporter such as increasing copy number of UAS or incorporating a small intron to
boost expression [33], some studies have shown appreciable GFP signal in most o’ neurons
[16, 27, 34]. Given that shibire-mediated neurotransmission blockade and RNAi-mediated
knockdown require high enough expression level, the imaging method we adopted in this
study can faithfully reflect the regions that were effectively manipulated in our, as well as
Krashes et al’s [27], behavioral assays. Regarding the pervasive use of C305a-GAL4 for shibire
or RNAi manipulation, some functional studies of o/ f’ neurons might need to be carefully
revisited. Here, we showed, by close examination and cell counting, VT30604-GAL4,
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VT37861-GAL4, and R42D07-GAL4 as useful GALA lines to study o/p’, o/ f'ap, and o/ f'm neu-
rons, respectively, especially when split-GAL4 lines that span the second and third chromo-
somes are not genetically feasible [17].

ARM was thought to be diminished in radish mutant flies, in which a truncated RADISH is
expressed [19]. It’s noteworthy that radish mutants still show a residual 3-h ARM with a PI of
roughly 10, which is equal to the 3-h ARM score in wild-type flies fed with an inhibitor of sero-
tonin synthesis to hinder the serotonergic DPM neurotransmission [19, 21, 22]. Interestingly,
feeding radish mutant flies with the drug didn’t make the 3-h memory score worse [21], which
has already implied that RADISH mediates the consolidation of ARM in the serotonergic
DPM-of neurons circuit. Indeed, in this study we took advantage of RNAi-mediated knock-
down to identify o neurons with RADISH-mediated ARM consolidation (Figs 2A and S3C).
However, only the output from o§s neurons among three subsets of o neurons is required for
aversive memory retrieval [35]. Whether the offs neurons are the only aversive ARM substrate
of RADISH remains to be identified.

APL and DPM neurons are two pairs of modulatory neurons broadly innervating the ipsi-
lateral MB, although the DPM neuron’s fiber is lacking in the posterior part of pedunculus
and the calyx [15, 20, 36, 37]. Broad, extensive fiber and non-spiking feature [38] allow these
two pairs of neurons to have multiple functional roles through different types of neurotrans-
mission [20-22, 36, 37, 39-41]. The APL neuron has been shown to receive odor information
from the MB neurons and provide GABAergic feedback inhibition as the Drosophila equiva-
lent of a group of the honeybee GABAergic feedback neurons [14, 42]. This feedback inhibi-
tion has been proposed to maintain sparse, decorrelated odor coding by suppressing the
neuronal activity of MB neurons [14], which can be somewhat linked to the mutual suppres-
sion relation with conditioned odor and the facilitation of reversal learning [36, 43]. Interest-
ingly, Pitman et al. proposed that the feedback inhibition from APL neurons sustains the labile
appetitive ASM based on shibire manipulation [44]. Since shibire manipulation can impact
small vesicle release, and APL neurons have been demonstrated to co-release at least GABA
and octopamine [22, 36], it might worth conducting GABA-specific manipulation in APL neu-
rons to confirm the role in appetitive ASM. For aversive olfactory memory, acute RN Ai-medi-
ated knockdown of Gadl in APL neurons had no effect on 3-h memory [22]. Instead, the
octopamine synthesis enzyme mutant, Th"*'%, knockdown of Th in APL neurons, the octo-
pamine receptor mutant, PBac{WH, JoctB2R™°97° and knockdown of octB2R in o B/ neurons all
phenocopied the 3-h ARM impairment caused by shibire-mediated neurotransmission block-
ade in APL neurons [22] (see also Fig 2B). Together with the serotonergic DPM-0o/f neurons
circuit [21], we favor a model that two sets of triple-layered parallel circuits, octopaminergic
APL-0/p'~-MBON-p'2mp and serotonergic DPM-ap-MBON-f2f'2a, additively contribute to
3-h aversive ARM.

Although our data showed that 3-h ARM consolidation requires recurrent output from
o/ p’ap neurons but not from o/ f'm neurons (Fig 5), RNAi-mediated knockdown of oct32R
in o/p’ap or o/ p'm neurons impaired ARM (Fig 6), suggesting that Oct2R functions for nor-
mal ARM expression in the entire population of o neurons. On the other hand, neuronal
activity during memory consolidation is naturally more quiescent than that during memory
retrieval, and the shibire-mediated neurotransmission blockade requires an exhaustion of
already-docked vesicles. Together with the unfavorable performance for experiments block-
ing the output from o/p’'m neurons during consolidation (left panels of Fig 5C and 5D), we
cannot exclude the possibility that output from op'm neurons is also required for ARM
during consolidation. Alternatively, octopamine signaling may also be involved in ARM
retrieval.
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Fig 6. octB2R expression in both MB o’f’ap and o’f’m neurons is required for 3-h ARM consolidation.
Knockdown of oct82R in MB o’f3’ap or o’ 3’m neurons impaired ARM. Each value represents mean +SEM (N = 16, 16, 10,
8, 8, and 8 from left to right bars; VT50658/octB2RNA': *P = 0.0001 as compared to +/+ and +/octB2R™# controls,
VT37861/octB2RNA: P = 0.0012 as compared to +/+ and +/octB2RFN controls, R42D07/octB2RN4': *P < 0.0001 as
compared to +/+ and +/octB2R™ controls, and R26E01/octB2R™ A *P = 0.0005 as compared to +/+ and +/octB2RNY
controls, ANOVA followed by Tukey’s test; NS, not significant: P = 0.4743 for +/+ and +/ octB2R™ A/ t-test; P = 0.9516 for
VT50658/0ctB2R™A VT37861/octB2R™ R42D07/octB2R™ A and R26E01/octB2R™NA ANOVA). Genotypes were
as follows: (1) +/+, (2) +/+; +/UAS-octB2R™N4(104524), (3) +/+; VT50658-GAL4/UAS-octB2RNA(/104524), (4) +/+;
VT37861-GAL4/UAS-octB2R™A(v104524), (5) +/+; R42D07-GAL4/UAS-octB2R ™A 104524), (6) +/+; R26E01-GAL4/
UAS-octB2R™NA(/104524).

doi:10.1371/journal.pgen.1006061.9g006

Materials and Methods
Fly stocks

Drosophila melanogaster were raised on standard cornmeal food at 25°C and 70% relative
humidity on a 12 h:12 h light:dark cycle. The “Cantonized” w'"'® w(CS10) was used as the wild-
type control. The UAS-shi” line used in this study has multiple insertions on the third chromo-
some. UAS-Dscam/[17.1]::GFP flies were obtained from Tzumin Lee. elav-GAL4+;tub-GAL80™
flies were obtained from Hsueh-Cheng Chiang. The UAS-DenMark flies have been described
[45]. The C305a-GAL4 and C320-GAL4 have also been described [16, 27]. The 1471-GALA4,
C739-GAL4, R42D07-GAL4, R26E01-GAL4, and tub-GAL80" were obtained from the Bloom-
ington Stock Center. VT49246-GAL4, VT37861-GAL4, VT50658-GAL4, VT41043-GAL4, and
VT0765-GAL4 were obtained from the Vienna Drosophila Resource Center, Vienna Tile (VT).
UAS-radish®™ 4 (v39931) and UAS-VGIut™™ 4 (y104324) were obtained from the Vienna Dro-
sophila RNAi Center; VT30604-GAL4, VT57244-GAL4, and UAS-octB2R"*!(v104524) have
been described [22].
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Whole-mount immunostaining

Fly brains were counterstained with the mouse 4F3 anti-discs large (DLG) monoclonal anti-
body to label all neuronal synapses. The brains were dissected in isotonic PBS and immediately
transferred to 4% paraformaldehyde in PBS on ice for a 20-min fixation period. Fixed brain
samples were incubated in PBS containing 2% Triton X-100 and 10% normal goat serum
(NGS) for 2 h. During the 2-h penetration and blocking period, the brain samples were also
subjected to a degassing procedure. Thereafter the brain samples were incubated in a dilution
buffer (PBS containing 0.25% Triton X-100, 1% NGS) containing 1:10 mouse anti-DLG mono-
clonal antibody (Developmental Studies Hybridoma Bank, University of Iowa) at 25°C for one
day. After washing in PBS-T three times, the samples were incubated in 1:200 biotinylated goat
anti-mouse IgG (Molecular Probes) at 25°C for one day. Next, the brain samples were washed
and incubated in 1:500 Alexa Fluor 635 streptavidin or 1:500 Alexa Fluor 488 streptavidin
(Molecular Probes) at 25°C overnight. After extensive washing, the brain samples were cleared
and mounted in FocusClear (CelExplorer) for confocal imaging.

Confocal microscopy

Sample brains were imaged under a Zeiss LSM 700 confocal microscope with either a 40x
C-Apochromat water-immersion objective lens for whole-brain images (N.A. value, 1.2; work-
ing distance, 220 pm) or a 63x glycerine-immersion objective lens for horizontal, sagittal, and
frontal cross sections (N.A. value, 1.4; working distance, 170 um). To overcome the limited
field of view, some samples were imaged twice, one for each hemisphere, with overlap in
between. We then stitched the two parallel image stacks into a single dataset on-line with ZEN
software, using the overlapping region to align the two stacks.

Behavioral assay

Groups of approximately 100 flies were exposed first to one odor (the conditioned stimulus,
CS+; 3-octanol or 4-methyl-cyclohexanol) paired with 12 x 1.5-s pulses of 75-V DC electric
shock presented at 5-s interpulse intervals. This was followed by the presentation of a second
odor (CS-; 4-methyl-cyclohexanol or 3-octanol) without electric shock. In the testing phase,
the flies were presented with a choice between CS+ and CS- odors in a T-maze for 2 min. At
the end of this 2-min period, the flies were trapped in each T-maze arm were anesthetized and
counted. From the distribution of flies between the 2 arms, the performance index (PI) was cal-
culated as the number of flies avoiding the shocked odor (CS+) minus the number avoiding the
non-shocked odor (CS-), divided by the total number of flies and multiplied by 100. If the flies
did not learn, they were distributed equally between the 2 arms; hence, the calculated PI was 0.
However, if all flies avoided the shock-paired odor and were distributed 0:100 between the CS+
and CS- in the T-maze, the PI was 100. To assess learning, performance was measured imme-
diately after training. To evaluate intermediate-term memory, testing was performed 3 h after
training. ARM was assayed as 3-h memory, after a 2-min cold shock was presented at 2 h post-
training (1 h before testing) by placing a plastic vial containing trained flies in ice water. A brief
cold shock, which completely erases short-term memory and labile ASM, leaves only ARM.
For the shi” experiments, flies were kept at 23°C throughout development. After eclosion, flies
were kept at 23°C prior to shifting to 31°C, as indicated by the schematic diagrams above each
behavioral graph in the figures. For the adult-stage-specific RNAi-mediated knockdown of rad-
ish with tub-GAL80", flies were kept at 18°C until eclosion and then shifted to 30°C for 7 days
before training. The 3-h ARM assay was also performed at 30°C. Control flies were kept at
18°C throughout the experiment.
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Statistical analysis

All raw data were analyzed parametrically with Prism 5.0 software (GraphPad). Because of the
nature of their mathematical derivation, performance indices were distributed normally.
Hence, the data with more than two groups were evaluated by one-way analysis of variance
(ANOVA) and Tukey’s multiple comparisons tests. Data with only two groups were evaluated
by paired t-test. Definition of statistical significant difference was set as P < 0.05. All data were
presented as mean + SEM.

MB neuron counting

Equal numbers of males and females for each GAL4 line were used for analysis. GAL4 expres-
sion patterns were reported by two copies of 5XUAS-mCD8::GFP reporter, and the MB struc-
ture was counterstained with DLG antibody. Each MB neuron labeled by GFP was manually
marked with a landmark sphere in the Amira software, and the total number of landmark
spheres in each hemisphere was calculated.

Odor-avoidance and shock-avoidance assays

All flies were shifted to the restrictive temperature of 31°C for 15 min before the odor- and
shock avoidance tests. For odor avoidance, groups of roughly 100 untrained flies received a
2-min test trial in the T-maze. Different groups were given a choice between either OCT or
MCH versus “fresh” room air. The odor avoidance index was calculated as the number of flies
in the fresh room air tube minus the number in the odor tube, divided by the total number of
flies and multiplied by 100. For shock-avoidance, groups of approximately 100 untrained flies
received a 2-min test trial in the T-maze. Each arm of the T-maze contained an electric shock
grid, however, and different groups of flies were given a choice between shock and no shock.
The shock avoidance index was calculated as the number of flies in the non-shocked grid
minus the number in the shocked grid, divided by the total number of flies, and multiplied by
100.

Quantitative PCR (qPCR)

The effectiveness of the UAS-radish™*/(v39931) and UAS-VGIut®™*!(v104324) lines were veri-
tied with qPCR. Flies for qPCR were generated by crossing elav-GAL4 or elav-GAL4; +; tub-
Gal80" virgin flies with either wild type males or UAS-VGlut®™"*" males or UAS-radish"™*'
males. RNA in the isolated heads of adult flies or in whole 3™ instar larvae was extracted with
TRIZOL Reagent (Invitrogen, Life Technologies, USA). The extracted RNA was used to syn-
thesize first-strand cDNA with High-Capacity cDNA Reverse Transcription Kits (Applied Bio-
systems, USA). RNA expression levels were quantified by qPCR (StepOnePlus™ System,
Applied Biosystems). qPCR and quantitative measurements were performed with the SYBR-
Green PCR-Master Mix (Applied Biosystems).

Supporting Information

S1 Fig. Neurotransmissions from MB 7 neurons are required for 3-h anesthesia-sensitive
memory (ASM) retrieval. Neurotransmission was blocked by keeping shi* flies at restrictive
temperature (31°C) starting 15 min prior to and during testing. Each value represents mean
+SEM (left panel: *P < 0.0001, N = 7 for each bar, ANOVA followed by Tukey’s test; right
panel: P=0.3179, N = 8 for each bar, ANOVA).

(TTF)
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S2 Fig. Behavioral control experiments in MB-GAL4s combined with UAS-shi®. (A1-A5)
3-h memory at permissive temperature (23°C) in VT44966-GAL4 > UAS-shi", VT49246-
GAL4 > UAS-shi®, VT30604-GAL4 > UAS-shi®, VT57244-GAL4 > UAS-shi", and
C739-GAL4;VT30604-GAL4 > UAS-shi® flies. Each value represents mean + SEM, N = 8 for
each bar (Al: P=0.7355, ANOVA; A2: P=0.2413, ANOVA; A3: P=0.9157, ANOVA; A4:

P =0.9653, ANOVA; A5: P=0.7587, ANOVA). (B1-B5) Olfactory acuity to 3-octanol (OCT)
or 4-methylcyclohexanol (MCH) at restrictive temperature (31°C) in VT44966-GAL4 > UAS-
shi®, VT49246-GAL4 > UAS-shi®, VT30604-GAL4 > UAS-shi”, VT57244-GAL4 > UAS-shi",
and C739-GAL4;VT30604-GAL4 > UAS-shi® flies. Each value represents mean + SEM, N =6
for each bar (B1: P=0.6771 for OCT and P = 0.7778 for MCH, ANOV A; B2: P = 0.8648 for
OCT and P = 0.9401 for MCH, ANOVA; B3: P = 0.8942 for OCT and P = 0.9609 for MCH,
AVOVA; B4: P=0.7691 for OCT and P = 0.7306 for MCH, ANOVA; B5: P = 0.9846 for OCT
and P = 0.9098 for MCH, ANOVA). (C) Electrical shock avoidance at restrictive temperature
(31°C) in VT44966-GAL4 > UAS-shi®, VT49246-GAL4 > UAS-shi®, VT30604-GAL4 > UAS-
shi®, VT57244-GAL4 > UAS-shi®, and C739-GAL4;VT30604-GAL4 > UAS-shi* flies. Each
value represents mean + SEM (P = 0.7441, N = 6 for each bar, ANOVA).

(TIF)

$3 Fig. Effectiveness of UAS-radish™* and behavioral control experiments of rsh’;+;
VT49246-GAL4 > UAS-shi® and rsh’;+;VT30604-GAL4 > UAS-shi® flies. (A) Effectiveness
of UAS-radish"™*' line used in this study. Quantitative PCR shows that the amount of radish
mRNA in the elav-GAL4 > UAS-radish®™ % (v39931) (elav/rsh®™ %) flies was less than that in
the control elav-GAL4/+ (elav/+) flies. The results were normalized to the relative amount of
60S ribosomal protein L32 (RpL32). Each value represents mean + SEM. (N = 3). Forward and
reverse primers used were 5'-AGTTCCACAACGCTGATATTCC-3' and 5'- GGGGTGGGC
ATAGTGATCTT-3', respectively. (B) Adult-stage-specific knockdown of radish. Flies were
incubated at 18°C until eclosion and then shifted to 30°C for 7 day. Quantitative PCR shows
that the amount of radish mRNA in the elav-GAL4; +; tub-GAL80"™ > UAS-radish®*!(v39931)
(elav;+;tub-GAL80"/rsh®™") flies was not changed at the 3" instar larvae stage but was
reduced at adult stage as compared to the control elav-GAL4; +; tub-GAL80"/+ (elav;+;tub-
GAL80”/+) groups. The results were normalized to the relative amount of 60S ribosomal pro-
tein L32 (RpL32). Each value represents mean + SEM. (N = 13 for larvae and N = 4 for adults).
Forward and reverse primers used were 5'-AGTTCCACAACGCTGATATTCC-3' and 5'-
GGGGTGGGCATAGTGATCTT-3, respectively. (C) Adult-stage-specific knockdown of rad-
ish in MB v neurons did not affect ARM. Flies were incubated at 18°C until eclosion and then
shifted to 30°C for 7 day and performed the experiments at 30°C. Each value represents

mean + SEM (P = 0.4352, N = 8 for each bar, ANOVA). Genotypes were as follows: (1) tub-
GAL80"/+; VT44966-GAL4/+, (2) +/UAS-radish"™*'(v39931); +/+, (3) tub-GAL80"/UAS-
radish®™ 4 (v39931); VT44966-GAL4/+. (D) Olfactory acuity to OCT or MCH and electrical
shock avoidance at restrictive temperature (31°C) in (1) rsh’; +/+; +/UAS-shi", (2) rsh’; +/+;
VT49246-GAL4/+, (3) rsh’; +/+; VT30604-GAL4/+, (4) rsh'; +/+; VT49246-GAL4/UAS-shi",
and (5) rsh’; +/+; VT30604-GAL4/UAS-shi" flies. Each value represents mean + SEM (P =
0.6492 for OCT, P = 0.6765 for MCH and P = 0.8690 for shock response, N = 6 for each bar,
ANOVA).

(TIF)

$4 Fig. Dendritic labeling with DenMark in MBON-B28'2a or MBON-B'2mp neurons and
behavioral control experiments in blocking neurotransmissions from MBON-B28'2a or
MBON-$'2mp neurons. (A) Sub-regional dendritic distributions of MBON-B2p/2a and
MBON-B"2mp neurons with DenMark positive signals (red). Brains were counterstained with
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DLG antibody (green). The scale bar represents 10 pm. Genotypes: (1) +/UAS-DenMark;
VT0765-GAL4/+, (2) +/UAS-DenMark; VT41043-GAL4/+. (B) Olfactory acuity to OCT or
MCH and electrical shock avoidance at restrictive temperature (31°C) in VT10765-GAL4 >
UAS-shi®” and VT41043-GAL4 > UAS-shi” flies. Each value represents mean + SEM

(P =0.8165 for OCT, P = 0.5913 for MCH, and P = 0.9068 for shock response, N = 6 for each
bar, ANOVA).

(TIF)

S5 Fig. Adult-stage-specific knockdown of VGlut in MBON-B2f'2a or MBON-B'2mp neu-
rons disrupted ARM. (A) Quantitative PCR shows that the amount of target mRNA in the
elav-GAL4 >UAS-VGIut®™* (v104324) (elav/VGlut"™ %) flies was less than that in the control
elav-GAL4/+ (elav/+) flies. The results were normalized to the relative amount of 60S ribo-
somal protein L32 (RpL32). Each value represents mean + SEM. (N = 3). Forward and reverse
primers used were 5'-CCTTCGGCATGAGGTGCAATA-3" and 5-CGAGTCCACATGGCT
CTCC-3/, respectively. (B) Inducible RNAi-mediated knockdown of VGlut expression in
MBON-B2'2a or MBON-B'2mp neurons in the adult stage disrupted ARM. Each value
represents mean + SEM. (left panel: P = 0.9391, N = 8 for each bar, ANOVA; right panel:

*P = 0.0028 for VT0765/VGlut"™*; tub-GAL80" and *P = 0.0040 for VT41043/VGlut™*;
tub-GAL80" as compared to the control flies, N = 12 for each bar, ANOVA followed by
Tukey’s test). Genotypes: (1) +/+, (2) +/UAS- VGlut™4i(y104324); +/tub-GAL80", (3) +/+;
VT0765-GAL4/+, (4) +/+; VT41043-GAL4/+, (5) +/UAS-VGlut™ 4 (v104324); VT0765-GAL4/
tub-GAL80", (6) +/UAS-VGIut™4(v104324); VT41043-GAL4/tub-GAL80".

(TTF)

S6 Fig. Blocking neurotransmissions from C305a-GAL4 or C320-GAL4 neurons during 3-h
memory consolidation or retrieval. (A1-A4) The MB structure (A1), and single horizontal,
sagittal, and frontal confocal cross sections of the MB lobes selected for analyses at the level of
yellow lines or red square region (A2-A4). (B1-B4) C305a-GAL4 expresses in MB o/fap and
o/f'm neurons (green). The brain was immunostained with DLG antibody (magenta). Geno-
type was as follows: C305a-GAL4/UAS-mCD8::GFP; +/UAS-mCD8::GFP. (C1-C4) C320-GAL4
expresses in MB o/ B'ap neurons (green). The brain was immunostained with DLG antibody
(magenta). Genotype was as follows: C320a-GAL4/UAS-mCD8::GFP; +/UAS-mCD8::GFP.
Neurotransmission was blocked by keeping shi" flies at restrictive temperature (31°C) for 1 h
immediately after training (D1 and E1) or starting 15 min prior to and during testing (D2 and
E2). Each value represents mean + SEM (D1: *P = 0.0044, N = 8 for each bar, ANOVA followed
by Tukey’s test; D2: P = 0.7603, N = 8 for each bar, ANOVA; E1: *P = 0.0001, N = 6 for each
bar, ANOVA followed by Tukey’s test; E2: P = 0.0575, N = 8 for each bar, ANOVA). Genotypes
for D1 and D2: (1) +/+, (2) C305a-GAL4/+; +/+, (3) +/+; +/UAS-shi", (4) C305a-GAL4/+;
+/UAS-shi”. Genotypes for E1 and E2: (1) +/+, (2) C320-GAL4/+; +/+, (3) +/+; +/UAS-shi",
(4) C320-GAL4/+; +/UAS-shi".

(TTF)

S7 Fig. Behavioral control experiments of MB o/ B’ap- and o'f'm- GAL4s combined with
UAS-shi®. (A1-A4) Olfactory acuity to OCT or MCH at restrictive temperature (31°C) in
VT50658-GAL4 > UAS-shi®, VT37861-GAL4 > UAS-shi*, R42D07-GAL4 > UAS-shi", and
R26E01-GAL4 > UAS-shi” flies. Each value represents mean + SEM, N = 6 for each bar (Al:
P =0.7098 for OCT and P = 0.9220 for MCH, ANOVA; A2: P =0.9418 for OCT and

P =0.2658 for MCH, ANOVA; A3: P=0.9555 for OCT and P = 0.6939 for MCH, ANOV A;
A4: P=0.9372 for OCT and P = 0.7184 for MCH, ANOVA). (B) Electrical shock avoidance at
restrictive temperature (31°C) in VT50658-GAL4 > UAS-shi*, VT37861-GAL4 > UAS-shi",
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R42D07-GAL4 > UAS-shi®, and R26E01-GAL4 > UAS-shi” flies. Each value represents
mean + SEM (P = 0.6855, N = 6 for each bar, ANOVA).
(TIF)

Acknowledgments

We thank Yichun Shuai, Chi-Tin Shih, and Mehrab Modi for their critical comments. We
thank Hsueh-Cheng Chiang, Josh Dubnau, Tzumin Lee, the Bloomington Drosophila Stock
Center, the Vienna Drosophila RNAi Center, and Fly Core in Taiwan for providing fly stocks.

Author Contributions

Conceived and designed the experiments: CLW CHY MFMS. Performed the experiments:
CHY CLW CCC MHC HWS YLT. Analyzed the data: CLW CHY MFMS CCC MHC HWS
YLT. Contributed reagents/materials/analysis tools: ASC TFF. Wrote the paper: CLW MFMS.

References

1. QinH, Cressy M, Li W, Coravos JS, Izzi SA, Dubnau J. Gamma neurons mediate dopaminergic input
during aversive olfactory memory formation in Drosophila. Curr Biol. 2012 Apr 10; 22: 608—614. doi:
10.1016/j.cub.2012.02.014 PMID: 22425153

2. Folkers E, Drain P, Quinn WG. Radish, a Drosophila mutant deficient in consolidated memaory. Proc
Natl Acad Sci U S A. 1993 Sep 1; 90: 8123-8127. PMID: 8367473

3. Quinn WG, Dudai Y. Memory phases in Drosophila. Nature. 1976 Aug 12; 262: 576-577. PMID:
822344

4. Tully T, Boynton S, Brandes C, Dura JM, Mihalek R, Preat T, et al. Genetic dissection of memory forma-
tion in Drosophila melanogaster. Cold Spring Harb Symp Quant Biol. 1990; 55:203-211. PMID:
2132815

5. TamuraT, Chiang AS, lto N, Liu HP, Horiuchi J, Tully T, et al. Aging specifically impairs amnesiac-
dependent memory in Drosophila. Neuron. 2003 Dec 4; 40: 1003—1011. PMID: 14659098

6. Scheunemann L, Jost E, Richlitzki A, Day JP, Sebastian S, Thum AS, et al. Consolidated and labile
odor memory are separately encoded within the Drosophila brain. J Neurosci. 2012 Nov 28; 32:
17163-17171. doi: 10.1523/JNEUROSCI.3286-12.2012 PMID: 23197709

7. Margulies C, Tully T, Dubnau J. Deconstructing memory in Drosophila. Curr Biol. 2005 Sep 6; 15:
R700-713. PMID: 16139203

8. Dubnau J, Chiang AS. Systems memory consolidation in Drosophila. Curr Opin Neurobiol. 2013 Jun 5;
23:84-91. doi: 10.1016/j.conb.2012.09.006 PMID: 23084099

9. Crittenden JR, Skoulakis EM, Han KA, Kalderon D, Davis RL. Tripartite mushroom body architecture
revealed by antigenic markers. Learn Mem. 1998 May-Jun; 5: 38-51. PMID: 10454371

10. Heisenberg M. Mushroom body memoir: from maps to models. Nat Rev Neurosci. 2003 Apr; 4: 266—
275. PMID: 12671643

11. Honegger KS, Campbell RA, Turner GC. Cellular-resolution population imaging reveals robust sparse
coding in the Drosophila mushroom body. J Neurosci. 2011 Aug 17; 31: 11772-11785. doi: 10.1523/
JNEUROSCI.1099-11.2011 PMID: 21849538

12. Masse NY, Turner GC, Jefferis GS. Olfactory information processing in Drosophila. Curr Biol. 2009 Aug
25; 19: R700-713. doi: 10.1016/j.cub.2009.06.026 PMID: 19706282

13. Tumner GC, Bazhenov M, Laurent G. Olfactory representations by Drosophila mushroom body Neu-
rons. J Neurophysiol. 2008 Feb; 99: 734—746. PMID: 18094099

14. Lin AC, Bygrave AM, de Calignon A, Lee T, Miesenbock G. Sparse, decorrelated odor coding in the
mushroom body enhances learned odor discrimination. Nat Neurosci. 2014 Apr; 17: 559-568. doi: 10.
1038/nn.3660 PMID: 24561998

15. Tanaka NK, Tanimoto H, lto K. Neuronal assemblies of the Drosophila mushroom body. J Comp Neu-
rol. 2008 Jun 10; 508: 711-755. doi: 10.1002/cne.21692 PMID: 18395827

16. AsoY, Grubel K, Busch S, Friedrich AB, Siwanowicz |, Tanimoto H. The mushroom body of adult Dro-
sophila characterized by GAL4 drivers. J Neurogenet. 2009 Jan 10; 23: 156—172. doi: 10.1080/
01677060802471718 PMID: 19140035

PLOS Genetics | DOI:10.1371/journal.pgen.1006061 May 19, 2016 19/21


http://dx.doi.org/10.1016/j.cub.2012.02.014
http://www.ncbi.nlm.nih.gov/pubmed/22425153
http://www.ncbi.nlm.nih.gov/pubmed/8367473
http://www.ncbi.nlm.nih.gov/pubmed/822344
http://www.ncbi.nlm.nih.gov/pubmed/2132815
http://www.ncbi.nlm.nih.gov/pubmed/14659098
http://dx.doi.org/10.1523/JNEUROSCI.3286-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23197709
http://www.ncbi.nlm.nih.gov/pubmed/16139203
http://dx.doi.org/10.1016/j.conb.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23084099
http://www.ncbi.nlm.nih.gov/pubmed/10454371
http://www.ncbi.nlm.nih.gov/pubmed/12671643
http://dx.doi.org/10.1523/JNEUROSCI.1099-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.1099-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21849538
http://dx.doi.org/10.1016/j.cub.2009.06.026
http://www.ncbi.nlm.nih.gov/pubmed/19706282
http://www.ncbi.nlm.nih.gov/pubmed/18094099
http://dx.doi.org/10.1038/nn.3660
http://dx.doi.org/10.1038/nn.3660
http://www.ncbi.nlm.nih.gov/pubmed/24561998
http://dx.doi.org/10.1002/cne.21692
http://www.ncbi.nlm.nih.gov/pubmed/18395827
http://dx.doi.org/10.1080/01677060802471718
http://dx.doi.org/10.1080/01677060802471718
http://www.ncbi.nlm.nih.gov/pubmed/19140035

@’PLOS | GENETICS

Additive Expression of Consolidated Memory in Mushroom Body Subsets

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Aso Y, Hattori D, Yu Y, Johnston RM, lyer NA, Ngo T T, et al. The neuronal architecture of the mush-
room body provides a logic for associative learning. eLife 2014 Dec 23; 3.

Knapek S, Sigrist S, Tanimoto H. Bruchpilot, a synaptic active zone protein for anesthesia-resistant
memory. J Neurosci. 2011 Mar 2; 31: 3453-3458. doi: 10.1523/JNEUROSCI.2585-10.2011 PMID:
21368057

Folkers E, Waddell S, Quinn WG. The Drosophila radish gene encodes a protein required for anesthe-
sia-resistant memory. Proc Natl Acad Sci U S A. 2006 Nov 14; 103: 17496—17500. PMID: 17088531

Waddell S, Armstrong JD, Kitamoto T, Kaiser K, Quinn WG. The amnesiac gene product is expressed
in two neurons in the Drosophila brain that are critical for memory. Cell. 2000 Nov 22; 103: 805-813.
PMID: 11114336

Lee PT, Lin HW, Chang YH, Fu TF, Dubnau J, Hirsh J, et al. Serotonin-mushroom body circuit modulat-
ing the formation of anesthesia-resistant memory in Drosophila. Proc Natl Acad Sci U S A. 2011 Aug
16; 108: 13794—-13799. doi: 10.1073/pnas.1019483108 PMID: 21808003

Wu CL, Shih MF, Lee PT, Chiang AS. An octopamine-mushroom body circuit modulates the formation
of anesthesia-resistant memory in Drosophila. Curr Biol. 2013 Dec 2; 23: 2346—2354. doi: 10.1016/.
cub.20183.09.056 PMID: 24239122

Kitamoto T. Conditional modification of behavior in Drosophila by targeted expression of a tempera-
ture-sensitive shibire allele in defined neurons. J Neurobiol. 2001 May; 47: 81-92. PMID: 11291099

Tully T, Quinn WG. Classical conditioning and retention in normal and mutant Drosophila melanoga-
ster. J Comp Physiol [A]. 1985 Sep; 157: 263-277.

Cervantes-Sandoval |, Martin-Pena A, Berry JA, Davis RL. System-like consolidation of olfactory mem-
ories in Drosophila. J Neurosci. 2013 Jun 5; 33: 9846—-9854. doi: 10.1523/JNEUROSCI.0451-13.2013
PMID: 23739981

Xie Z, Huang C, Ci B, Wang L, Zhong Y. Requirement of the combination of mushroom body gamma
lobe and alpha/beta lobes for the retrieval of both aversive and appetitive early memories in Drosophila.
Learn Mem. 2013 Aug 16; 20: 474-481. doi: 10.1101/Im.031823.113 PMID: 23955170

Krashes MJ, Keene AC, Leung B, Armstrong JD, Waddell S. Sequential use of mushroom body neuron
subsets during Drosophila odor memory processing. Neuron. 2007 Jan 4; 53: 103—115. PMID:
17196534

Owald D, Felsenberg J, Talbot CB, Das G, Perisse E, Huetteroth W, et al. Activity of defined mushroom
body output neurons underlies learned olfactory behavior in Drosophila. Neuron. 2015 Apr 22; 86:
417-427. doi: 10.1016/j.neuron.2015.03.025 PMID: 25864636

Shih HW, Wu CL, Chang SW, Liu TH, Lai JS, Fu TF, et al. Parallel circuits control temperature prefer-
ence in Drosophila during aging. Nat Commun. 2015 Jul 16; 6: 7775.PMID: 26178754

Daniels RW, Collins CA, Gelfand MV, Dant J, Brooks ES, Krantz DE, et al. Increased expression of the
Drosophila vesicular glutamate transporter leads to excess glutamate release and a compensatory
decrease in quantal content. J Neurosci. 2004 Nov 17; 24: 10466—-10474. PMID: 15548661

Bargmann CI, Marder E. From the connectome to brain function. Nat Methods. 2013 Jun; 10: 483-490.
PMID: 23866325

Lin HH, Chu LA, Fu TF, Dickson BJ, Chiang AS. Parallel neural pathways mediate CO2 avoidance
responses in Drosophila. Science. 2013 Jun 14; 340: 1338—1341. doi: 10.1126/science.1236693
PMID: 23766327

Pfeiffer BD, Ngo TT, Hibbard KL, Murphy C, Jenett A, Truman J W, et al. Refinement of tools for tar-
geted gene expression in Drosophila. Genetics. 2010 Oct; 186: 735-755. doi: 10.1534/genetics.110.
119917 PMID: 20697123

Pech U, Dipt S, Barth J, Singh P, Jauch M, Thum A S, et al. Mushroom body miscellanea: transgenic
Drosophila strains expressing anatomical and physiological sensor proteins in Kenyon cells. Front Neu-
ral Circuits. 2013 Sep 23; 7: 147. doi: 10.3389/fncir.2013.00147 PMID: 24065891

Perisse E, Yin Y, Lin AC, Lin S, Huetteroth W, Waddell S. Different kenyon cell populations drive
learned approach and avoidance in Drosophila. Neuron. 2013 Sep 4; 79: 945-956. doi: 10.1016/].
neuron.2013.07.045 PMID: 24012007

Liu X, Davis RL. The GABAergic anterior paired lateral neuron suppresses and is suppressed by olfac-
tory learning. Nat Neurosci. 2009 Jan; 12: 53-59. doi: 10.1038/nn.2235 PMID: 19043409

Wu CL, Shih MF, Lai JS, Yang HT, Turner GC, Chen L, et al. Heterotypic gap junctions between two
neurons in the Drosophila brain are critical for memory. Curr Biol. 2011 May 24; 21: 848-854. doi: 10.
1016/j.cub.2011.02.041 PMID: 21530256

Papadopoulou M, Cassenaer S, Nowotny T, Laurent G. Normalization for sparse encoding of odors by
a wide-field interneuron. Science. 2011 May 6; 332: 721-725. doi: 10.1126/science.1201835 PMID:
21551062

PLOS Genetics | DOI:10.1371/journal.pgen.1006061

May 19, 2016 20/21


http://dx.doi.org/10.1523/JNEUROSCI.2585-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21368057
http://www.ncbi.nlm.nih.gov/pubmed/17088531
http://www.ncbi.nlm.nih.gov/pubmed/11114336
http://dx.doi.org/10.1073/pnas.1019483108
http://www.ncbi.nlm.nih.gov/pubmed/21808003
http://dx.doi.org/10.1016/j.cub.2013.09.056
http://dx.doi.org/10.1016/j.cub.2013.09.056
http://www.ncbi.nlm.nih.gov/pubmed/24239122
http://www.ncbi.nlm.nih.gov/pubmed/11291099
http://dx.doi.org/10.1523/JNEUROSCI.0451-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23739981
http://dx.doi.org/10.1101/lm.031823.113
http://www.ncbi.nlm.nih.gov/pubmed/23955170
http://www.ncbi.nlm.nih.gov/pubmed/17196534
http://dx.doi.org/10.1016/j.neuron.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25864636
http://www.ncbi.nlm.nih.gov/pubmed/26178754
http://www.ncbi.nlm.nih.gov/pubmed/15548661
http://www.ncbi.nlm.nih.gov/pubmed/23866325
http://dx.doi.org/10.1126/science.1236693
http://www.ncbi.nlm.nih.gov/pubmed/23766327
http://dx.doi.org/10.1534/genetics.110.119917
http://dx.doi.org/10.1534/genetics.110.119917
http://www.ncbi.nlm.nih.gov/pubmed/20697123
http://dx.doi.org/10.3389/fncir.2013.00147
http://www.ncbi.nlm.nih.gov/pubmed/24065891
http://dx.doi.org/10.1016/j.neuron.2013.07.045
http://dx.doi.org/10.1016/j.neuron.2013.07.045
http://www.ncbi.nlm.nih.gov/pubmed/24012007
http://dx.doi.org/10.1038/nn.2235
http://www.ncbi.nlm.nih.gov/pubmed/19043409
http://dx.doi.org/10.1016/j.cub.2011.02.041
http://dx.doi.org/10.1016/j.cub.2011.02.041
http://www.ncbi.nlm.nih.gov/pubmed/21530256
http://dx.doi.org/10.1126/science.1201835
http://www.ncbi.nlm.nih.gov/pubmed/21551062

@’PLOS | GENETICS

Additive Expression of Consolidated Memory in Mushroom Body Subsets

39.

40.

41.

42.

43.

44.

45.

Liu W, Guo F, Lu B, Guo A. amnesiac regulates sleep onset and maintenance in Drosophila melanoga-
ster. Biochem Biophys Res Commun. 2008 Aug 8; 372: 798-803. doi: 10.1016/j.bbrc.2008.05.119
PMID: 18514063

Haynes PR, Christmann BL, Griffith LC. A single pair of neurons links sleep to memory consolidation in
Drosophila melanogaster. eLife. 2015 Jan 7; 4.

Wu CL, Fu TF, Chou YY, Yeh SR. A single pair of neurons modulates egg-laying decisions in Drosoph-
ila. PloS One. 2015 Mar 17; 10: e0121335. doi: 10.1371/journal.pone.0121335 PMID: 25781933

Grunewald B. Morphology of feedback neurons in the mushroom body of the honeybee, Apis mellifera.
J Comp Neurol. 1999 Feb 1; 404: 114-126. PMID: 9886029

Wu'Y, Ren Q, LiH, Guo A. The GABAergic anterior paired lateral neurons facilitate olfactory reversal
learning in Drosophila. Learn Mem. 2012 Sep 17; 19:478—-486. doi: 10.1101/Im.025726.112 PMID:
22988290

Pitman JL, Huetteroth W, Burke CJ, Krashes MJ, Lai SL, Lee T, et al. A pair of inhibitory neurons are
required to sustain labile memory in the Drosophila mushroom body. Curr Biol. 2011 May 24; 21: 855—
861. doi: 10.1016/j.cub.2011.03.069 PMID: 21530258

Nicolai LJ, Ramaekers A, Raemaekers T, Drozdzecki A, Mauss AS, Yan J, et al. (2010). Genetically
encoded dendritic marker sheds light on neuronal connectivity in Drosophila. Proc Natl Acad Sci U S A.
2010 Nov 23; 107: 20553—20558. doi: 10.1073/pnas.1010198107 PMID: 21059961

PLOS Genetics | DOI:10.1371/journal.pgen.1006061

May 19, 2016 21/21


http://dx.doi.org/10.1016/j.bbrc.2008.05.119
http://www.ncbi.nlm.nih.gov/pubmed/18514063
http://dx.doi.org/10.1371/journal.pone.0121335
http://www.ncbi.nlm.nih.gov/pubmed/25781933
http://www.ncbi.nlm.nih.gov/pubmed/9886029
http://dx.doi.org/10.1101/lm.025726.112
http://www.ncbi.nlm.nih.gov/pubmed/22988290
http://dx.doi.org/10.1016/j.cub.2011.03.069
http://www.ncbi.nlm.nih.gov/pubmed/21530258
http://dx.doi.org/10.1073/pnas.1010198107
http://www.ncbi.nlm.nih.gov/pubmed/21059961

