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Memory formation is a highly complex and dynamic process. It consists of different phases,
which depend on various neuronal and molecular mechanisms. In adult Drosophila it was
shown that memory formation after aversive Pavlovian conditioning includesbbesi des
other formsba labile short-term component that consolidates within hours to a longer-last-
ing memory. Accordingly, memory formation requires the timely controlled action of differ-
ent neuronal circuits, neurotransmitters, neuromodulators and molecules that were initially
identified by classical forward genetic approaches. Compared to adult Drosophila, memory
formation was only sporadically analyzed at its larval stage. Here we deconstruct the larval
mnemonic organization after aversive olfactory conditioning. We show that after odor-high
salt conditioning larvae form two parallel memory phases; a short lasting component that
depends on cyclic adenosine 3'5-monophosphate (CAMP) signaling and synapsin gene
function. In addition, we show for the first time for Drosophila larvae an anesthesia resistant
component, which relies on radish and bruchpilot gene function, protein kinase C activity,
requires presynaptic output of mushroom body Kenyon cells and dopamine function. Given
the numerical simplicity of the larval nervous system this work offers a unique prospect for
studying memory formation of defined specifications, at full-brain scope with single-cell,
and single-synapse resolution.
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Fig 1. Aversiv e olfacto ry memory after odor-hi gh salt conditionin g lasts up to four hours A: Schematic drawing of the
used two odor reciprocal training paradigm. During training, thirty larvae receive the odor n-amylacetate (AM) paired with an
aversive reinforcer (high salt concentration) while benzaldehyde (BA) was presented alone (AMS2"/ BAPU®) (Group 1). Group 2
receives the reverse contingency (AM™Y"® / BAS3Y) The training was three times repeated. During test both odors are presented
on opposite sides. After 5 minutes the number of larvae on each odor side is counted for both reciprocally trained groups and a
performance index (PI) is calculated that quantifies associative olfactory memory. B: Flowchart that summarizes the details of
the behavioral paradigm in an alternative way. This representation is used throughout the manuscript. Note, for simplification the
reciprocally trained group is not shown. C: Larval aversive olfactory memory using three training repetitions was tested in wild
type larvae at different time points after conditioning ranging from 0+300 minutes. The aversive memory is stable up to four hours
(One sample ttest, p 0.05 for t = 0-250min; p !0.05 for t = 300min). The memory decay was fitted into an exponential decay
function (nonlinear regression analysis, R% = 0.257, T = -145.9). Memory performance significantly different from random
distribution (p 0.05) is indicated in black, random distribution (p>0.05) in light grey. Sample size is n = 16 for each group. All data
are given as means “s.e.m.
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Fig 2. Drosophilalarvae establish an anesthes ia resistant type of memory (IARM) Training and different treatment protocols are shown at
the top of each panel. A: Effect of cycloheximide (CXM) on larval aversive olfactory memory of wild type larvae tested directly and 60 minutes
after three cycle standard training. Application of CXM 20 hours before training did neither affect aversive olfactory memory at 0 minutes nor at
60 minutes after training (Two way ANOVA, p = 0.313). B: Expression of a dominant-negative dCREB2-b repressor transgene (lCREB2-b) in
MB KCs via OK107-Gal4 did not affect larval aversive olfactory memory tested 0 and 60 minutes after three cycle standard training (Two way
ANOVA, p = 0.134 between the experimental group OK107-Gal4/UAS-dCREB2-b and both control groups). C: Effect of cold shock application
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on the retention of larval aversive olfactory memory. Directly after training wild type larvae received a one minute cold shock at 4EC The memory
was tested 10, 60, 120 and 180 minutes after three cycle standard training. Cold shock application did not reduce aversive olfactory memory at
any time point (Two way ANOVA, p = 0.403). D: Effect of cold shock treatment on larval aversive olfactory memory tested 60 minutes after three
cycle standard training. Cold shock treatment was applied 0, 10, 20 or 40 minutes after conditioning. Cold shock applied at different time points
did not reduce aversive olfactory memory of wild type larvae tested 60 minutes after three cycle standard training (Two way ANOVA, p = 0.149).
E: Cold shock application administered directly after odor-6 mM quinine training did not reduce aversive olfactory memory in wild type larvae
tested 10 minutes after three cycle standard training (Unpaired t test, p = 0.610). F: Conditioning with 2.0M fructose reward in wild type larvae led
to an appetitive olfactory memory, which is partially sensitive to cold shock treatment (Unpaired t test, p = 0.031). Yet, appetitive olfactory
memory is not completely vanished (One sample t test, p = 0.026). Sample size is n = 16 for each group if not indicated otherwise. In Fig 2E and
2F differences between groups are depicted above the respective box plots, at which ns indicates p>0.05and p 0.05. Grey boxes indicate a
memory performance above chance level (p 0.05). Small circles indicate outliers. In Fig 2A+2D differences between groups are depicted below
the symbols, at which ns indicates p>0.05. Memory performance significantly different from random distribution (p 0.05) is indicated in black.
The data in Fig 2A+2D are shown as means “s.e.m. The datain Fig 2E and 2F are shown as box plots.

doi:10.B71/journal.pge1006378.g0®
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The radish gene is necessary for larval anesthesia resistant learning
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Fig 3. Odor-high salt learning and/or memory depend s on radish gene function Training and temperature
protocols are shown at the top of each panel. A: In contrast to wild type larvae, aversive olfactory learning and/or
memory is impaired in rsh® mutants tested 0 and 60 minutes after three cycle standard training (One sample t test,

p = 0.95 tested at 0 minutes, p = 0.31 tested at 60 minutes). B: Rescue experiment of rsh* learning and/or memory
phenotype using a hs-rsh transgene. The transgene was induced via a heat-shock of 35ECfor 5.5 hours (continuous
line). The control group was kept at 22ECfor 5.5 hours (dashed line). Without heat-shock experimental animals (rsh?,
w,rsh’;hs-rsh) tested O minutes after three cycle standard training distributed randomly (One sample t test, p = 0.09
for rsh?, p = 0.52 for w,rsh’;hs-rsh). Yet, both genetic controls showed an aversive memory (One sample t test,

p 0.0001 for wild type, Wilcoxon signed rank test, p = 0.0001 for w

1118y After heat-shock application only rsh®

mutants distributed randomly (One sample t test, p = 0.25). Yet, ubiquitous induction of rsh expression partially
rescues the learning and/or memory phenotype (One sample t test, p = 0.0009, unpaired t test, p = 0.01 comparing
w,rsht;hs-rsh and w*'8). Both control groups showed a memory performance above chance level (One sample t
test, p 0.0001 for wild type, p 0.0001 for w'''8). Differences between groups are depicted above the respective
box plots, at which ns indicates p>0.05and p 0.05. Grey boxes show memory performance above chance level
(p 0.05), whereas white boxes indicate random distribution (p>0.05). Small circles indicate outliers. Sample size is

n = 16 for each group if not indicated otherwise.

doi:10.131/journal.pged006378.g003
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Fig 4. Presynap tic output of mushroo m body Kenyon cells is necessary for odor-high salt learning and/or memory Training and
temperature shift protocols are shown at the top of each panel. A: Effect of the blockade of presynaptic output of MB KCs via UAS-shi** using
OK107-Gal4 driver line on odor-high salt learning and/or memory using three cycle standard training. Larvae were raised at the permissive
temperature (19EC)and shifted to restrictive temperature during training and testing. In contrast to both genetic controls that show IARM (One
sample ttest, p = 0.01 for OK107-Gal4/+, p = 0.0003 for UAS-shi*/+), shi's! expression driven via OK107-Gal4 leads to a complete loss of
odor-high salt learning and/or memory tested immediately after three cycle standard training (One sample t test, p = 0.64). Note, only the UAS-
shi'sY/+ control but not the OK107-Gal4/+ control was significantly different from the experimental group UAS-shi**/OK107-Gal4 (Tukey post
hoc test, p=0.018 and p = 0.22, respectively). B: The presynaptic protein Synapsin is not involved in IARM formation. syn®” loss-of-function
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mutants showed odor-high salt learning and memory (One sample t test, p 0.0001) and behaved non-distinguishable from the genetic control
group (Unpaired t test, p = 0.96). C: In contrast to both genetic controls (OK107-Gal4/+ and UAS-brp-RNAi®*®), knockdown of the presynaptic
protein brp in the KCs by driving UAS-brp-RNAiP3¢8 via OK107-Gal4 abolishes odor-high salt learning and/or memory (One sample t test,

p = 0.56 for OK107-Gal4/UAS-brp-RNAiI®3“8 p 0.0001 for OK107-Gal4/+, p 0.0001 for UAS-brp-RNAiB3“®). D: Shows a frontal view
projection (left) of a OK107-Gal4/UAS-mCD8::GFP larval brain labeling the entire set of MB KCs (anti-GFP in green and anti-Fasl|, anti-ChAT
neuropil staining in magenta). Additional staining is detectable in the ventral nerve cord (vnc) and neurons that express Drosophila insulin-like
proteins (dilp). On the upper right panel a zoom in of the MB is shown. On the lower right panel only the GFP channel is depicted. Scale bars:
left panels 50 m, right panels 25 m. E: Shows frontal view projections of a wild type brain (left panel) or the syn®” loss-of-function mutant (right
panel) stained with anti-synapsin (magenta). As reported, anti-synapsin was only detected in the wild type brain but completely absent in the
syn®” loss-of-function mutant. Scale bars: 50 m. F: Shows a single section of a frontal view of brain hemispheres of a wild type (left panel) and
an experimental larva (right panel) using anti-nc82 to recognize Brp. In contrast to wild type larvae, no anti-nc82 staining was detectable in the
MB (shown at the peduncle and the medial lobe level by arrows). Scale bars: 25 m. Differences between groups are depicted above the
respective box plots, ns indicates p>0.05. Different lowercase letters indicate statistical significant differences from each other at level p 0.05.
Grey boxes show memory performance above chance level (p 0.05), white boxes indicate random distribution (p>0.05). Small circles indicate
outliers. Sample size is n = 16 for each group if not indicated otherwise

doi:10.131/journal.pged006378.g004
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Fig 5. Odor-high salt learning and/or memory following three cycle standard training is independe nt of the CAMP/PK A
pathway Training protocols are shown at the top of each panel. A: Working hypothesis that links the classical cCAMP/PKA signaling
pathway to the association of the unconditioned (US, high salt) and conditioned stimulus (CS, odor). Joined presentation of US and CS
activates AC through simultaneous activation of Ca®*/CaM and G-protein stimulation. This results in the activation of the cAMP/PKA
pathway. The activation of PKA leads either to the phosphorylation of a variety of downstream targets to change neuronal signaling on
a shorter time scale or to phosphorylate CREB to form long-lasting memory. An arrowhead indicates stimulatory effects, whereas
inhibitory effects are represented as a bar. GPCR: G-protein coupled receptor, VDCC: voltage-dependent calcium channel, ACh:
acetylcholine, DA: dopamine, AC: adenylate cyclase, CaM: calcium/calmodulin-dependent protein kinase, cCAMP: cyclic AMP, PDE:
phosphodiesterase, PKA: protein kinase A, CREB: cyclic AMP response element-binding protein. B: rut®, rut?°®° and dnc® mutant
larvae showed IARM comparable to wild type controls (One way ANOVA, p =0.14). C: DCO encodes for the major catalytic subunit of
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PKA in Drosophila. Adults covering heterozygously the alleles DCO®%/+ and DCO"?/+ show a 50% reduction of PKA activity. DCO®?/
+and DCO"'?/+ heterozygous mutant larvae showed normal IARM (One sample ttest, p = 0.001 and p = 0.004), they performed at the
same level as wild type larvae that served as a genetic control (One way ANOVA, p = 0.84). D: Epidermal growth factor receptor
(EGFR) signaling to a Ras/Neurofibromatosis type | (NFI) pathway was reported to activate PKA. Expression of a dominant-negative
isoform of EGFR (EGFRPM) in the MB KCs via OK107-Gal4 does not affect IARM (One sample t test, p = 0.0017), as the experimental
group performed at the same level as both genetic controls (Kruskal-Wallis, p = 0.14). E: Working hypothesis for an alternative
signaling pathway that allows larvae to form IARM. GPCR activation activates PLC that binds to downstream target elements, which
stimulate PKC. Activation of typical forms of PKC needs also the binding of intracellular Ca®*. An arrowhead indicates stimulatory
effects, whereas inhibitory effects are represented as a bar. GPCR: G-protein coupled receptor, DA: dopamine, PLC: phospholipase
C, PKC: protein kinase C, DAG: diacylglycerol, IP3: inositoltriphosphat. F: Suppression of PKC activity in MB KCs by expressing an
inhibitory pseudosubstrate of PKC (PKCi) under the control of OK107-Gal4 leads to a decrease in odor-high salt learning and/or
memory (Kruskal-Wallis, p = 0.0001). Differences between groups are depicted above the respective box plots, at which ns indicates
p>0.05. Different lowercase letters indicate statistical significant differences at level p 0.05. Grey boxes show memory performance
above chance level (p 0.05), whereas white boxes indicate random distribution (p>0.05). Small circles indicate outliers. Sample size

is n = 16 for each group if not indicated otherwise.

doi:10.B71/journal.pge1006378.g0B
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Fig 6. Dopamine rgic signaling is necessary for odor-high salt learning and/or memory following three cycle standard training
Training and methylphenidate treatment protocols are shown at the top of each panel. A: Odor-high salt learning and/or memory was
reduced in damb as well as in dumb? dopamine (DA) receptor mutants compared to their respective controls (Unpaired t test, p = 0.002 for
damb, Mann-Whitney test, p = 0.001 for dumb?). B: An increase in DA signaling through mutating the dopamine transporter (DAT) in fumin
(fmn) mutant larvae leads to reduction of odor-high salt learning and/or memory compared to control larvae (Unpaired t test, p = 0.015). C:
Effect of methylphenidate (MPH) treatment prior of three cycle standard training on odor-high salt learning and/or memory. Larvae were fed
MPH for one hour in order to impair DAT function. MPH application was done at a concentration of 0.0 (control), 0.5 and 2.0mM. An acute
increase in dopaminergic signaling through a reversible blockage of DAT via MPH application leads to a restoration of odor-high salt
learning and/or memory in rsh® mutants (One sample t test, p = 0.04 for 0.5 mM, p = 0.003 for 2.0 mM). Significant differences between wild
type and rsh® mutants was seen for 0.0 mM and 0.5 mM, but not for 2 mM MPH (Bonferroni post hoc pairwise comparisons, p 0.0001,
p=0.015and p = 0.412, respectively). Sample size is n = 16 for each group if not indicated otherwise. In Fig 6A and 6B differences between
groups are depicted above the respective box plots, at which indicates p 0.05. Grey boxes show memory performance above chance
level (p 0.05). Small circles indicate outliers. In Fig 6C differences between groups are depicted below the symbols, at which ns indicates
p>0.05and p 0.05. Memory performance significantly different from random distribution (p 0.05) is indicated in black, random
distribution (p>0.05) in light grey. The data are shown as means “s.e.m.

doi:10.B71/journal.pge1006378.900
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Fig 7. Aversive olfactory memory after one cycle odor-high salt conditionin g consist of two different

compo nents. Training and cold shock treatment protocols are shown at the top of each panel. A: Aversive olfactory
memory following one cycle training was tested at different time points after conditioning. 60 minutes after training the
memory was still detectable (One sample ttest, p 0.0001 for each group). B: Cold shock application immediately after
one cycle odor-high salt training reduced aversive olfactory learning and/or memory. Yet, the effect was only detectable

PLOS Genetics | DOI:10.1371/journal.pgen.1006378 October 21, 2016 14/32



IARM in Drosophila Larvae

in comparison to control animals when tested 10 minutes after one cycle training (Bonferroni post hoc pairwise
comparisons p 0.05). No difference was seen between both groups 20 and 60 minutes after one cycle training
(Bonferroni post hoc pairwise comparisons p 10.05). C: rsh® mutants compared to wild type control animals showed
reduced or completely impaired aversive olfactory learning and/or memory after one cycle training (p 0.0001, for both).
When tested directly after one cycle training rsh® mutants showed aversive olfactory memory, however, at a lower level
than wild type larvae (Unpaired t test, p 0.0001). D: rut?°®° and dnc* mutants compared to wild type control animals
showed reduced aversive olfactory learning and/or memory tested immediately after one cycle training (Bonferroni post
hoc pairwise comparisons p 0.0001 for both). No difference was detectable for both mutants when tested 20 minutes
after conditioning. Furthermore no differences in the memory performance for the mutants were observable between 0
and 20 minutes (p 0.0001 for each comparison). E: syn®” loss-of-function mutants showed reduced aversive olfactory
learning and/or memory tested immediately after a single-training cycle (Unpaired t test, p 0.0001). However, the
mutation in syn®’ did not completely abolish aversive olfactory learning and/or memory (One sample ttest, p 0.0001). F:
Compared to both genetic controls (OK107-Gal4/+ and UAS-brp-RNAI®3“®), knockdown of the presynaptic protein brp in
MB KCs by driving UAS-brp-RNAIE3C8 via OK107-Gal4 reduced aversive olfactory learning and/or memory tested
immediately after one cycle training (Kruskal-Wallis, p = 0.0001). In contrast to three cycle standard training, abolishment
of aversive olfactory learning and/or memory tested immediately after one cycle training was only partially (One sample t
test, p 0.0001). Sample size is n = 16 for each group if not indicated otherwise. In Fig 7B+7D differences between
groups are depicted below the data; ns indicated p>0.05and p 0.05. Memory performance significant different from
random distribution (p 0.05) is indicated in black, whereas random distribution (p>0.05) was shown in light grey. The
data are shown as means “s.e.m. In Fig 7E and 7F differences between groups are depicted above the respective

box plots; indicates p 0.05. Different lowercase letters indicated statistical significant differences from each other at
level p 0.05. Grey boxes indicate a memory performance above chance level (p 0.05). Small circles indicate outliers.

doi:10.B71/journapgen.100633.9007

7A and S7A Fig.'
$ ' $S7BFig.'
?
) Fig 7B $ $7D Fig.' (
! $!
' N4
( $Fig7B) - 5
5 )+&
B
1!
$S7CFig.) @
rsh brp
A )+&
$Fig7C and 7F)
$Fig3 and Fig 4C)
)+& % rut?®®’ !
sy w7
$Fig7D and 7E) )
$Fig4B and Fig 5B)
A $%&
)&*
Discussion
Drosophila larvae are able to establish an anesthesia resistant form of
memory
&
A @
Aplysia

PLOS Genetics | DOI:10.1371/journal.pgen.1006378 October 21, 2016 15/32



IARM in Drosophila Larvae

de novo .=/13=80
Drosophila (
5)+& &5
.=0
% Drosophila
% & )+& (Fig 8A)
$ S1D Fig.' ) % &
$ ( >
$ ' .14 2/0 D
J+&
% & (Fig8A) )+&
(S7C Fig.)
(Fig 2C-2F) % & & (

Drosophila

Molecular pathway underlying aversive learning and memory in
Drosophila larvae

&
( $ . <1=43==0 )&*A
*C) ( (
)
Aplysia . =40 Drosophila
=8 ==

.=636/0

@ Drosophila B I 210 C .140

% & )&*
rut dnc > .2/0
( .140
" )&* % &
rut dnc  syn (Fig 7D and 7E)
Fig 8B
% &  Drosophila >
(
)J+& -
)+&
)&* (Fig 5B) *C) (Fig 5C),
*C) (Figs 5D and 4B) de-novo (Fig 2A and 2B) $
S1D Fig.' )+& A
rsh (Fig 3) brp (Fig 4C)
(Fig 6) > &- C9 (Fig4A and 4C and S4C-S4E
Fig.)
Drosophila rsh brp
& C9 )+&
./13/8 860 )+&
$ 9% G%
( )+& )+& &-

PLOS Genetics | DOI:10.1371/journal.pgen.1006378 October 21, 2016 16/32



@'PLOS | GENETICS

IARM in Drosophila Larvae

A
Retention time [min]
0 150 300
T
x
i observed memory
o
o
(3]
f=
©
E
£
(]
o
B

Kenyon cells

>
CS—»»>

. | |

2 vesicle .

Presynapse RRP..... R active zone (Brp)
@ L By

Postsynapse

Output neuron

PLOS Genetics | DOI:10.1371/journal.pgen.1006378 October 21, 2016 17/32



IARM in Drosophila Larvae

Fig 8. A molecula r working hypothesis for IARM formation A: Memory formation in Drosophila larvae
occurs through at least two different components, which are genetically and functionally distinct. First, larval
short-term memory (ISTM, light blue) occurs immediately after training, but decays within 20 minutes. Second,
larval anesthesia-resistant memory (IARM, light magenta) also appears immediately after training, but lasts for a
longer period of time. In contrast to ISTM IARM is resistant to anesthetic disruption. At any given time interval
after training the observed memory is the summed output of both components. B: Memory formation in
Drosophila larvae after classical olfactory conditioning depends on protein kinase A (PKA) and protein kinase C
(PKC) function, which are involved in two different signaling pathways. During conditioning MB KCs receive an
olfactory stimulus via cholinergic projection neurons (conditioned stimulus CS) and a punishing stimulus from
dopaminergic neurons (unconditioned stimulus US). In KCs binding of dopamine leads to a dissociation of a G
protein subunit from G-protein coupled receptors (GPCR). The CS is perceived by KCs via acetylcholine
receptors (AChR). Its activation leads to an opening of a voltage-dependent calcium channel (VDCC) and leads
to an intracellular Ca?* influx. This mechanism is thought to be shared between both signaling pathways. In the
classical pathway (left side, molecular elements tested in this study are highlighted in light blue), coincident
stimulation of CS and US leads to an activation of type | adenylyl cyclase (AC) via Ca®*/Calmodulin and
dopamine dependent G protein (G .s) signaling, respectively. Active AC catalyzes the intracellular cAMP
production, which is negatively regulated through a phosphodiesterase (PDE) to maintain CAMP concentrations
at a tolerable level. cCAMP serves as a regulatory signal for PKA, which phosphorylates different substrates like
Synapsin (Syn) or CREB in order to induce short or long-lasting presynaptic plasticity. PKC signaling (right side,
molecular elements tested in this study are highlighted in light magenta) has been shown in different species as
an integral pathway for memory formation. Dopamine receptors were reported to couple to G .q to regulate
phosphalipase C (PLC). Activation of PLC increases intracellular inositol triphosphate (IP3) and diacylglycerol
(DAG) levels. Whereas IP3 stimulates the release of Ca?* from the endoplasmic reticulum, DAG is a
physiological activator of PKC. The downstream elements of PKC are not well described. We suggest that ISTM
formation depends on the classical CAMP/PKA pathway, whereas early IARM formation depends on PKC
signaling rather than on cAMP/PKA signaling. This assumption is based on the analysis of nine different genes
(light purple: IARM phenotype, light blue: ISTM phenotype). In addition, we suggest that PKC can be linked with
Radish (Rsh) and Bruchpilot (Brp) as direct or indirect downstream partners. This is so far hypothetical. Yet, a
structural analysis on Rsh reported that it has several PKC phosphorylation sites. Ultimately, regulation of Brp via
PKC signaling would change the organization of the active zone to provide a molecular substrate for presynaptic
plasticity. DA: dopamine, Ach: Acetylcholine, CaM: Calmodulin, RP: reserve pool, RRP: readily releasable pool.

doi:10.8B71/journal.pge1006378.908
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