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It has been postulated that associative memory is formed by at least two sets of external stimuli, CS and US,
that are transmitted to the memory centers by distinctive conversing pathways. However, whether
associative memory can be induced by the activation of only the olfactory CS and a biogenic amine-mediated
US pathways remains to be elucidated. In this study, we substituted the reward signals with dTrpAl-
mediated thermogenetic activation of octopaminergic neurons and the odor signals by ChR2-mediated
optical activation of a specific class of olfactory neurons. We show that targeted activation of the olfactory
receptor and the octopaminergic neurons is indeed sufficient for the formation of associative olfactory
memory in the larval brain. We also show that targeted stimulation of only a single type of olfactory receptor
neurons is sufficient to induce olfactory memory that is indistinguishable from natural memory induced by
the activation of multiple olfactory receptor neurons.

ppetitive olfactory memory is formed in Drosophila by at least two sets of external stimuli, conditioned

odor stimuli (CS) mediated by the olfactory receptor neurons (ORNs) and unconditioned reward stimuli

(US) mediated by the octopaminergic (OA) neurons. Previous studies demonstrated that neural signaling
of OA neurons is required for the acquisition of appetitive memory in both adult flies and larvae'*. It has also been
shown that induced activation of OA neurons substitutes appetitive US**. Moreover, recent studies suggest that
distinctive sets of DA neurons differentially mediate appetitive and aversive US information during memory
acquisition in the adult flies*”. While these studies have uncovered the functional neural circuitries that mediate
US information during the course of associative memory induction, the contribution of CS pathway in memory
acquisition is yet to be addressed by targeted activation approaches. In particular, whether associative memory
can be induced by targeted activation of only the olfactory CS and the OA-mediated US pathways remains to be
elucidated. Moreover, whether the complex combinatorial signals mediated by the activation of multiple ORNs
are necessary to induce distinctive associative memory has not been addressed so far.

With its simple neuroanatomical design, the larval brain of Drosophila melanogaster can be utilized as an
excellent model system for the elucidation of the neurocircuitry mechanism of memory. The architecture of the
larval brain is a simple extension of the embryonic axonal plan, and the neuronal pathway of olfactory informa-
tion is straightforward without redundancy?®. Using a single-odor paradigm, we described previously that sugar-
reward training produces appetitive olfactory memory that persists medium term in the third instar larvae>’.

In this study, we applied optogenetic and thermogenetic techniques to the analysis of the neurocircuitry
mechanism of memory induction in the larval brain. We substituted sugar reward stimuli by thermogenetic
activation of OA neurons with the dTrpA1 channel™, and odor stimuli by optical activation of a specific class of
olfactory receptor neurons (ORNSs) with Channelrhodopsin-2 (ChR2)''. We show that targeted activation of the
converging memory circuitry with blue light and heat produces associative memory in the transgenic larvae.
Furthermore, we also show that memory thus produced is specific to the odorant determined by the type of the
activated ORNs, and as stable as natural memory produced by the activation of multiple ORNs using a real
odorant.

Results and Discussion

Optogenetic and thermogenetic constructs. The Drosophila larva has simple and straightforward olfactory
system with only 21 olfactory receptors (Ors)®. Odors are sensed by the larval dorsal organ innervated by the
dendrites of ORNs, each of which express one or a small number of Ors and projects to specific glomerulus of the
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Figure 1 | Larval appetitive memory circuit and the transgenic
constructs. (a) Schematic presentation of the larval appetitive memory
circuit. The odor CS sensed by ORNSs is transmitted to specific sets of AL
glomeruli. From there, projection neurons (PN) further convey the
information to the MB calyx. Sucrose reward stimuli sensed by sugar-
responsive gustatory neurons is firstly transmitted to subesophageal
ganglia (SOG) and then transmitted to the AL glomeruli and the calyx of
MB via the modulatory OA neurons. (b) Structures of the Or-ChR2 and
Tdc2-dTrpA1l constructs. Or-ChR2 construct; the coding sequence of
ChR2 is directly placed under the transcriptional promoter sequence of an
Or gene, which is expressed in a specific set of the larval ORNs. Tdc2-
dTrpAl construct; the coding sequence of dTrpAl is fused with the
transcriptional promoter sequence of the Tdc2 gene, which is expressed in
the larval OA neurons.

larval antennal lobe (AL)*>". Olfactory information sensed by
ORNGs is further conveyed by projection neurons to mushroom
body (MB) (Figure la). Previous studies'>'* have elucidated the
21-dimentinal-odor space of fruit fly larvae demonstrating distinc-
tive selectivity of each of the larval receptors for different odorants.
We chose four receptors (Or24a, Or42b, Or82a, Or83b); Or24a and
Or42b show strong affinity for acetophenone and ethyl acetate,
respectively, at low dose while Or82a is activated by geranyl acetate
only at high dose'>". All three odorants are moderate attractants for
Drosophila larvae and have been used effectively as CS in appetitive
conditioning using sucrose’. Or83b is broadly expressed in all types
of ORNs". We made direct fusion constructs that express the coding
sequence of ChR2 under an Or-transcriptional promoter sequence
(Or-ChR2 in Figure 1b) that have been characterized to drive
distinctive expression in a specific set of larval ORNs'>'*'6,

To examine functionality of Or-ChR2 constructs and behavioral
consequences of their stimulation, we tested phototactic responses of
Or-ChR2 larvae on an agar plate with diametrically-opposed quad-
rants illuminated with blue light (468 nm) or red light (625 nm)
(Supplemental Figure 1b). Compared to the w (CS10) control larvae,
all Or-ChR2 larvae showed increased preference for blue light
(Supplemental Figure 2a) resulting in significant suppression of
negative phototaxis (Supplemental Figure 2b). By contrast, Or-
ChR2 larvae showed normal photophobic response toward white
light as did the control larvae (Supplemental Figure 3).

To substitute reward US with artificial stimuli, we made a fusion
construct (Tdc2-dTrpAl in Figure 1b) that expresses dTrpAl-
coding sequence under the promoter of the tyrosine decarboxylase

2 (Tdc2) gene". The Tdc2 promoter sequence utilized in this con-
struct has been characterized to drive specific expression in the larval
OA neurons>'®"’. Whereas control larvae preferred cooler temper-
ature, transgenic larvae carrying the Tdc2-dTrpAl construct showed
positive thermotactic response when assayed on a 21-28°C temper-
ature gradient (Figure 2 and Supplemental Movies 1, 2). By contrast,
transgenic larvae carrying Or-ChR2 but not Tdc2-dTrpAl construct
preferred cooler temperatures exhibiting negative thermotactic RI,
indistinguishable from the w (CS10) control larvae (Supplemental
Figure 4).

Targeted activation of ORNs and OA neurons causes enhanced
larval phototaxis toward blue light. In order to examine the effects
of targeted activation of a specific set of ORNs and OA neurons, we
examined phototactic behaviors of transgenic larvae that carry both
the Or-ChR2 and the Tdc2-dTrpAl constructs. We stimulated the
double-transgenic larvae with blue light for 60 sec on a 28°C agar
plate, and then tested their phototactic behaviors on a agar plate with
diametrically-opposed quadrants illuminated with blue or red light
(Figure 3a). Dual stimulation with blue light and heat resulted in no
alteration for control larvae (Figure 3b, 3c). By contrast, it caused
significant increase in the number of larvae on the blue area for all the
larvae carrying an Or-ChR2 construct (Figure 3b), resulting in sup-
pression of the negative phototactic response indices (Figure 3c).
Only 45 sec stimulation was enough to suppress larval photopho-
bic response while stimulation = 90 sec failed to induce the behavio-
ral alteration probably due to hyper activation (Supplemental
Figure 5a).

To clarify the exact requirements of artificial conditioning, we
stimulated Or-ChR2;Tdc2-dTrpAl larvae for 60 sec with either blue
or red light in combination with cool (21°C) or warm temperature
(28°C) (Figure 4a). The phototactic behavior of the double-trans-
genic larvae was not altered by red light at either temperature
(Figure 4b). By contrast, blue light stimulation at 28°C but not at
21°C caused significant suppression of negative phototaxis toward
blue light. No difference was detected for the w (CS10) control larvae
by either conditioning.

To further confirm the requirements of artificial conditioning, we
then conditioned different transgenic larvae carrying either Or-
ChR2 or Tdc2-dTrpAl or both. We conditioned the larvae with blue
light at 28°C for 60 sec, and examined their behavior on the blue/red
quadrants plate. Compared to the control w (CS10) larvae, no differ-
ence was observed for the transgenic larvae carrying Tdc2-dTrpAl
alone (Figure 4c). Larvae carrying the Or-ChR2 construct alone
showed reduced photophobic response toward blue light as
described above. However, no difference was found between the
naive and trained Or-ChR2 larvae (Supplemental Figure 2).

By contrast, larvae carrying both Or-ChR2 and Tdc2-dTrpAl
transgenes exhibited significant suppression of negative phototaxis
toward blue light compared to the w (CS10) control larvae and to the
transgenic larvae carrying either Tdc2-dTrpAl or Or-ChR2 alone
(Figure 4c). These results thus clearly indicated that the targeted
activation of both the olfactory CS and the appetitive US pathways
is required to alter the larval phototactic behavior on the blue/red
quadrants plate.

Targeted activation of ORNs and OA neurons produces odor-
specific memory. While the above experiments examined associa-
tive requirements of the dual stimuli for larval conditioning, they fail
to exclude the possibility that the combined effect could merely be
caused by general desensitization toward blue light. To exclude such
possibility, we stimulated the Or-ChR2;Tdc2-dTrpAl double trans-
genic larvae with blue light at 28°C, and examined their olfactory
response using a real odorant known to activate each receptor:
acetophenone for Or24a and ethyl acetate for Or42b (Figure 5a).
Similarly to the photophobic responses, only 45 sec was enough to
alter larval olfactory response while stimulation = 90 sec failed to do
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Figure 2 | Thermotactic behaviors of Tdc2-dTrpA1 larvae. (a) Thermotactic behavior test. Thermotactic behavior of larvae was tested on a 2.5% agar
plate with temperature gradient between 21°C and 28°C (shown on the right). Typically, ~50 larvae were aligned along the medial line and the numbers of
animals moved in the warm and cool halves were counted after 3 min. Response index (RI) was calculated as indicated. (b) Thermotactic response indices
of Tdc2-dTrpA1l larvae. While the w (CS10) control larvae preferred cooler temperatures exhibiting negative thermotactic RI, all the larvae carrying the
Tdc2-dTrpAl construct preferred warm temperatures exhibiting positive thermotactic RI. ***p < 0.001 by Mann-Whitney U-test with w (CS10).

Number of sample is indicated in the bar.

so (Supplemental Figure 5b). Consistent with the predicted Or
specificity, dual stimulation of Or24a-ChR2;Tdc2-dTrpAl larvae
resulted in enhanced olfactory response for acetophenone but not
for ethyl acetate. By contrast, dual stimulation of Or42b-ChR2;Tdc2-
dTrpAl larvae resulted in enhanced olfactory response for ethyl
acetate but not for acetophenone (Figure 5b). Associative condi-
tionings at 28°C caused no difference in the olfactory responses of
the larvae carrying the Or24a-ChR2, Or42b-ChR2 or Tdc2-dTrpAl
construct alone (Supplemental Figure 6). These results thus demon-
strated that targeted activation of a specific set of ORNs and the OA
neurons indeed produced distinctive olfactory memory that is
determined by the specificity of the Or promoter introduced into
the test animals.

Artificial olfactory memory persists for medium term. Previous
studies*® showed that larval appetitive conditioning with sucrose
produces associative olfactory memory that persists for two hours.
To determine the stability of artificial olfactory memory produced
with blue light and heat, we analyzed the stability of olfactory

memory of Or24a-ChR2;Tdc2-dTrpAl larvae using acetophenone.
Similarly to the natural conditioning, blue-light stimulation at 28°C
produced olfactory memory that was detected up to 120 min and lost
by 180 min (Figure 5¢). These results thus demonstrate that targeted
activation of ORNs and OA neurons produced olfactory memory
that is as stable as natural memory produced with real odorant and
sucrose.

By the use of a combined optogenetic and thermogenetic tech-
nique, we have demonstrated that targeted activation of a specific set
of olfactory CS and reward US neurons is indeed sufficient to induce
distinctive olfactory memory that is as stable as natural memory.
Since many of the fly Ors are tuned to a variety of odorants, a given
odorant tends to activate multiple types of Ors'>'**°. Consequently,
conventional olfactory conditioning leads to activation of multiple
classes of ORNs transmitting complex combinatorial codes to the
memory centers. By contrast, our results demonstrate that targeted
stimulation of only a single type of ORNs is sufficient to induce
olfactory memory that is indistinguishable from memory induced
by the activation of multiple ORNs. Previous studies showed that
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Figure 3 | Artificial induction of larval memory with blue light and heat.
(a) Dual stimulation and phototaxis test. Transgenic larvae carrying both
Or-ChR2 and Tdc2-dTrpAl were illuminated with blue light for 60 sec on
a28°Cagar plates. Larvae were then transferred to the center of a 21°C agar
plate with diametrically opposed quadrants illuminated with blue

(468 nm) or red (625 nm) light. Typically, ~50 larvae were used and the
numbers of animals moved in the blue and the red areas were counted after
60 sec. Response index (RI) was calculated as indicated. (b) Phototactic
responses of the transgenic larvae on the blue/red quadrants plate. For the
Or-ChR2;Tdc2-dTrpAl larvae, the number of animals moved in the blue
area was significantly increased after dual stimulation (Trained: 60 sec blue
light at 28°C) while no alteration was detected for the w (CSI0) larvae.
*#%p < 0.001 by Mann-Whitney U-test between trained and naive larvae.
Number of sample is indicated in the bar. (c) Phototactic response indices
toward blue light. Dual stimulation with blue light and heat suppressed
negative phototactic response toward blue light for the Or-ChR2;

Tdc2-dTrpAl but not the w (CS10) control larvae. ***p < 0.001 by Mann-
Whitney U-test between trained and naive larvae. Number of sample is
indicated above the bar.

larvae with only single type ORNs are able to exhibit robust chemo-
tactic responses'*. By extending this observation, our results reveal
the minimum elementary circuitry that mediates the induction of
distinctive olfactory associative memory in the larval brain.

It has bee shown that Drosophila larvae exhibit positive chemo-
taxis toward variety of odorants, and associative conditioning with
odor and sucrose produces olfactory memory with enhanced olfact-
ory response to the CS odor>’. Our result that naive larvae carrying a
Or-ChR2 construct exhibit enhanced phototaxis toward blue light is
consistent with the intrinsic response caused by the activation of the
larval ORN. Moreover, the result that associative conditioning with
blue light at 28°C fails to alter phototactic behaviors of transgenic
larvae carrying Or-ChR2 alone (Supplementary Figure 2) argues
against the possibility that the warm temperature itself serves as a
reward for the larvae.

Studies in the adult flies have indicated that signaling of dopamine
neurons is required for the generation of not only aversive memory
but also appetitive memory*~. In the adult flies, the PPLI cluster DA
neurons mediate US information in aversive learning®”*' while the
PAM cluster DA neurons mediate US information in appetitive
learning with sugar and nutrient value**. Studies using mutations
of the D1-DA receptor dDA1 suggest that DA signaling is also
required for both aversive and appetitive learning in larvae*?.
Given that blockade of synaptic transmission from the DA neurons
defined by the TH-GAL4 driver has little effects on appetitive learn-
ing in larvae®, reward signals could also be mediated by larval DA
neurons that are not specified by the TH-GAL4 driver, which covers
the PPL1 but not the PAM cluster in the adult brain**. While activa-
tion of OA neurons by the Tdc2 promoter is sufficient to produce
appetitive memory in larvae (this study and Schroll et al.’), whether
the appetitive information of OA neurons is mediated by another set
of DA neurons in the larval brain is yet to be answered by further
anatomical and behavioral investigations.

In conclusion, we have developed a robust artificial stimulation
technique that allows us to produce distinctive olfactory appetitive
memory in fruit fly larvae by brief conditioning. Given its simplicity,
our technique is applicable for in depth elucidation of the neurocir-
cuitry mechanisms of memory in the fly brain in combination with
other molecular genetic techniques such as the GAL4-UAS, RexA-
lexAop or QF-QUAS expression systems™ that allow targeted ana-
lysis of specific sets of neurons.

Methods

Transgenic fly construction. Or-ChR2 constructs. To make direct fusion between an
Or-promoter and ChR2, we amplified the Or promoter sequences that have been
utilized to construct Or-GAL4 lines and characterized to show Or-specific expression
in the larval brain'*'. The promoter sequence of Or83b (2642 base pairs) was
amplified based on the sequence used in Or83b-GAL4'". The promoter sequences of
Or42b (8039 base pairs), Or24a (8720 base pairs), and Or82a (1865 base pairs) were
amplified based on the sequences used in the respective Or-GAL4 lines™.

We inserted the PCR-amplified ChR2 (H134R)* coding fragment (a gift from Karl
Deisseroth) tagged with HA into a P-element based pUAST vector by replacing the
vector sequence spanning 5x UAS and Hsp70 basic promoter with ChR2 coding
fragment. The Or-promoter fragment was inserted upstream of the ChR2 coding
sequence in the derived vector construct.

Tdc2-dTrpAl construct. Construction of Tdc2-dTrpAl was done according to the
scheme used to construct Tdc2-GAL4". Genomic sequence containing a region from
-3459 to +4530 of the dTdc2 locus was amplified through stepwise PCR and cloned
into pCaSpeR4. Previous studies>'*'> demonstrated that this element drives specific
expression in the larval OA neurons. A 3.6 kb DNA fragment containing the coding
region of dTrpA1' (gift from Paul Garrity) tagged with HA was inserted upstream of
the dTdc2 coding sequence'”.

We verified all the constructs by complete sequencing prior to germinal trans-
formation, which was performed by Genetics Services, Inc. (Sudbury, MA).
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Figure 4 | Induction of associative memory requires both blue light and heat. (a) Larval conditionings and phototaxis test. Or-ChR2;Tdc2-dTrpAl
larvae were conditioned for 60 sec at 28°C or 21°C in combination with blue or red light. Larval phototactic behavior was then tested at 21°C on the blue/
red quadrants plate. Response index (RI) was calculated as indicated. (b) Phototactic responses of transgenic larvae differentially conditioned with blue
light or heat. Only the combined stimulation with blue light and heat caused suppression of negative phototaxis toward blue light for the double
transgenic larvae (Or24a-ChR2;Tdc2-dTrpAl or Or42b-ChR2;Tdc2-dTrpA1l) while no difference was induced with red light at either temperature. None
of the conditionings altered the phototactic response of the w (CS10) control larvae. ***p < 0.001 Kruskal-Wallis ANOVA followed by Dunn’s post hoc
test. Number of sample is indicated above the bar. (c) Phototactic behaviors of single and double transgenic larvae. Larvae carrying either Tdc2-dTrpAl,
Or-ChR?2 or both were conditioned with blue light at 28°C for 60 sec, and then tested on the blue/red quadrants plate at 21°C. Compared to the larvae
carrying either dTrpAl or Or-ChR2 or to the w (CS10) control larvae, the transgenic larvae carrying both Tdc2-dTrpAl and Or-ChR2 exhibited
significant suppression of negative phototaxis toward blue light ***p < 0.001 by Mann-Whitney U-test. Number of sample is indicated above the bar.

Larval assays. A white (w) stock, w (CS10), outcrossed with Canton S at 10 times was
used as the standard stock. To ensure homogeneous genetic background, all the stocks
were outcrossed to the w (CS10) stock at least 5 times. Behavioral experiments were
performed using early third instar larvae (72-76 h after egg laying) raised with 1 mM

all-trans retinal (Sigma) in a standard fly media. Larval thermotactic behavior was
tested on a 2.5% agar plate with temperature gradient between 21°C and 28°C on the
agar surface as measured with an infrared thermometer. Larval olfactory response
was tested as described’.
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Figure 5 | Olfactory responses of transgenic larvae trained with blue light and heat. (a) Associative larval conditioning and olfactory response test.
Transgenic larvae carrying both Or-ChR2 and Tdc2-dTrpAl were conditioned with blue light at 28°C for 60 sec. Larvae were then transferred to an
olfactory test plate at 21°C, on which specific odorant is spotted on one side. After 3 min, the numbers of animals moved in the indicated semicircular
areas were counted. Typically, ~50 larvae were used in a single test. Response index (RI) was calculated as indicated. (b) Odor specificity of artificial
memory induced by the targeted stimulation. 60 sec conditioning with blue light at 28°C resulted in significant increase in the olfactory response of
Or24a-ChR2;Tdc2-dTrpAl larvae toward acetophenoe but not ethyl acetate. Similarly, the artificial stimulation resulted in significant increase in the
olfactory response of Or42b-ChR2; Tdc2-dTrpAl larvae toward ethyl acetate but not acetophenoe. **p < 0.01 by Mann-Whitney U-test between 21°C
and 28°C. Number of sample is indicated in the bar. (c) Stability of artificial olfactory memory. Temporal changes of olfactory response indices of the
conditioned Or24a-ChR2;Tdc2-dTrpAl larvae toward acetophenoe. Larvae were stimulated for 60 sec with blue light at 21°C or 28°C, and then tested at
the indicated time. **p < 0.01, ***p < 0.001, by Mann-Whitney U-test between 21°C and 28°C. Each data point represents RI of independent animal
groups (average of 10-14 experiments).
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Optogenetics. Optogenetic stimulation was performed according to the methods***”

with modifications. For conditioning of larvae, we used an apparatus equipped with
light-emitting diodes (LEDs) (3 Watt each) on dual flexible arms (Twin LED Light,
RELYON, Tokyo). For blue light, 468 nm LEDs were used with a 490 nm short-path
filter. For red light, 625 nm LEDs were used with a 580 nm long-path filter. We
placed larvae on an agar plate set at the bottom of a cylinder-like covering made with
aluminum foil, and illuminated them from 12 cm above the agar surface with the dual
LED apparatus (Supplemental Figure 1a). For conditioning, we placed an agar plate
on a hot plate to have the agar surface temperature either at 28°C or 21°C (without
heating) as determined with an infrared thermometer.

Larval phototactic behaviors were tested on a 2.5% agar plate with diametrically-
opposed quadrants, each illuminated with 22 LEDs (Supplemental Figure 1b). For
blue light, 468 nm LEDs (2,600 mcd) were used with 490 nm short-path filter of 50%
transmission. For red light, 625 nm LEDs (2,600 mcd) were used with 580 nm long-
path filter of 50% transmission.
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