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SUMMARY

Dopaminergic neurons serve multiple functions,
including reinforcement processing during associa-
tive learning [1-12]. It is thus warranted to under-
stand which dopaminergic neurons mediate which
function. We study larval Drosophila, in which only
approximately 120 of a total of 10,000 neurons are
dopaminergic, as judged by the expression of tyro-
sine hydroxylase (TH), the rate-limiting enzyme of
dopamine biosynthesis [5, 13]. Dopaminergic neu-
rons mediating reinforcement in insect olfactory
learning target the mushroom bodies, a higher-
order “cortical” brain region [1-5, 11, 12, 14, 15].
We discover four previously undescribed paired
neurons, the primary protocerebral anterior medial
(pPAM) neurons. These neurons are TH positive
and subdivide the medial lobe of the mushroom
body into four distinct subunits. These pPAM neu-
rons are acutely necessary for odor-sugar reward
learning and require intact TH function in this pro-
cess. However, they are dispensable for aversive
learning and innate behavior toward the odors
and sugars employed. Optogenetical activation of
pPAM neurons is sufficient as a reward. Thus, the
pPPAM neurons convey a likely dopaminergic
reward signal. In contrast, DL1 cluster neurons
convey a corresponding punishment signal [5], sug-
gesting a cellular division of labor to convey dopa-
minergic reward and punishment signals. On the
level of individually identified neurons, this un-
covers an organizational principle shared with adult
Drosophila and mammals [1-4, 7, 9, 10] (but see
[6]). The numerical simplicity and connectomic trac-
tability of the larval nervous system [16-19] now of-
fers a prospect for studying circuit principles of
dopamine function at unprecedented resolution.

RESULTS AND DISCUSSION

Four Paired Tyrosine-Hydroxylase-Positive Neurons of
the Previously Undescribed pPAM Cluster Innervate the
Larval Mushroom Body

Judged by the defects of dopamine receptor mutants, the
dopaminergic system is necessary for aversive and appetitive
olfactory learning [5]. However, although it was revealed that
aversive learning can come about by dopaminergic cells
covered by the TH-Gal4 driver, including those of the DL1 clus-
ter [5], the cellular identity of neurons involved in appetitive
learning of the larva remained clouded. We aimed to reveal
the nature of these cells.

We use an antibody that specifically recognizes the enzyme
tyrosine hydroxylase (TH) to identify neurons as likely to be dopa-
minergic [5, 20], as the TH enzyme specifically catalyzes the rate-
limiting step of dopamine biosynthesis. We confirm the three
previously reported cell clusters (DL1, DL2, and DM; Figure 1A)
[5, 20-22]. We additionally uncover a cluster located anteriorly
and medially, consisting of four pairs of TH-positive neurons
(Figures 1B-11). We termed this cluster the primary-lineage pro-
tocerebral anterior medial (pPAM) cluster and the respective
neurons pPAM1-4. This cluster is not evident in the larval TH-
Gal4 expression pattern and had therefore previously escaped
attention (in flp-out experiments from TH-Gal4, only a faint
expression in pPAM2 was rarely observed [5]).

We then screened the larval expression patterns of the Janelia
collection of Gal4 driver strains [23] for coverage of pPAM neu-
rons and identified the strains R30G08, R58E02, and R64H06
(Figures 2 and S1). These driver strains show specific expression
in two, three, and four pPAM neurons, respectively, per brain
hemisphere (Figures 2A-21 and S1). Analyses of flp-out expres-
sion patterns [24] for each strain show that R30G08 covers the
pPAM1,3 neurons, whereas R58E02 expresses in pPAM1,3,4
and R64HO06 in all four pairs of pPAM cluster neurons (Figure S1).
These pPAM neurons innervate the mushroom body medial lobe
at four distinct tiles (Figures 1E-11 and S1). The flp-out experi-
ments also showed rare expression in the pPAM2 neuron in
the R30G08 and R58EQ2 driver strains (4 out of 97 brains; boxed
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Figure 1. Four Paired Neurons, pPAM1-4, Subdivide the Mushroom Body Medial Lobes into Four Distinct Tiles
(A-D) Anti-TH labeling shows likely dopaminergic neurons (green), and anti-ChAT/Fasll staining reveals the neuropil/axonal tracts (magenta) of partial brain

projections from TH-Gal4;UAS-mCD8::GFP larvae.

(A) In the posterior half of the brain, the three previously identified clusters of TH-positive neurons called DL1, DL2, and DM can be discerned.
(B) In the anterior half of the brain, a paired cluster of four TH-positive neurons is here identified and named primary-lineage protocerebral anteriormedial cluster

(pPPAM1-4, arrows).

(C and D) TH-positive neurons densely innervate the mushroom body, including its vertical lobe (vl), lateral appendix (la), and medial lobe (ml) (only the right brain
hemisphere is shown; the insert in D shows the four cell bodies of the mushroom body-projecting pPAM neurons).

(E-H) Flp-out clones of Gal4 strains (see Figure 2) that cover the pPAM cluster reveal distinct innervation in the tiles of the mushroom body medial lobe, sym-
metrically for both hemispheres. Green labeling shows anti-GFP staining; magenta labeling is as above. For a more detailed anatomical description, see

Figure S1.

(I) Schematic of the tiled organization of the medial lobe of the right brain hemisphere and the innervation by the pPAM1-4 neurons.

Scale bars, 50 um (A and B) and 25 pm (C-H). See also Figure S1.

in gray in Figure S1). Across the large number of animals involved
in behavioral testing, though, such low-probability expression
would be without measurable consequence [25].

Using the dendritic marker DenMark to reveal postsynaptic re-
gions [26] and Synaptobrevin-GFP to label presynaptic regions
[27], we found that presynaptic staining from pPAM cluster neu-
rons was detectable in the medial lobe and postsynaptic labeling
across the lateral and medial protocerebrum and weakly in the
medial lobe (Figures 2J-20).

Taken together, these data suggest that the four paired pPAM
neurons deliver a likely dopaminergic signal to the medial lobe of
the mushroom body and do so individually for separate mush-
room body lobe tiles.

pPAM Neurons Acutely Function for Appetitive, but Not
Aversive, Learning

We crossed the driver strains R30G08, R58E02, and R64H06 for
the expression of the apoptosis proteins Hid and Reaper to
ablate [28, 29] the respective sets of pPAM neurons (Figures
S4A and S4B). These animals were then tested in an odor-sugar
associative memory paradigm [30]. As sugars we used fructose,
arabinose, and sorbitol [31, 32], as they differ in nutritional value

and thus conceivably in the set of sensory neurons that they
activate.

Ablation of only the pPAM1,3 neurons in the R30G08 strain left
the rewarding effect of all three sugars largely unaffected (Fig-
ures 3A-3D); ablating the pPAM1,3,4 neurons in the R58E02
strain reduced only fructose and sorbitol reward learning (Fig-
ures 3E-3H); ablating pPAM1-4 —that is, all neurons of the clus-
ter—in the R64HO06 strain reduced learning for all three sugars
(Figures 3I-3L). By a combinatorial argument, the pPAM4 neuron
thus appears to be required for the full rewarding effects of fruc-
tose and sorbitol, whereas the pPAM2 neuron appears to be
required for the full rewarding effect of arabinose (Figure 3R;
“labeled line hypothesis”). However, acute silencing of synaptic
output from pPAM2 neurons does not impair the rewarding ef-
fect of arabinose (Figures 4C-4H). It therefore seems possible
that ablating progressively more pPAM neurons leads to more
severe reductions in sugar reward learning (Figures 4A and 4B;
“mass action hypothesis”). In any event, in none of the cases
of defective odor-reward learning did we find gross defects in
task-relevant sensory-motor abilities (Figures S3A-S3E).

We next examined the requirement of pPAM neurons for
aversive learning [33-36]. Removal of the pPAM1,3,4 neurons
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using the driver strain R58E02 had no effect on odor-quinine
memory scores (Figure 3M). Use of the driver strain R64H06
that covers all pPAM neurons confirms this result (Figure 3P).
Thus, the pPAM neurons appear dispensable for odor-quinine
learning.

Figure 2. Gal4 Strains Covering pPAM Clus-
ter Neurons

(A, D, and G) The R30G08 driver strain covers two
likely dopaminergic TH-positive neurons, namely
pPAM1,3.

(A and D) The R30G08 driver strain was crossed to
the UAS-mCD8::GFP effector strain. A z projection
of an anterior view of a larval whole-mount brain is
shown using anti-GFP (green) and, as neuropil/
axonal tract markers, anti-ChAT/Fasll (magenta).
The pPAM1,3 neurons are identified based on
expression in their respective tiles of the medial
lobe and by flp-out clones (Figure S1 shows one of
the rare flp-out clones of pPAM2). Asterisks in (D)
highlight the four different subunits of the medial
lobe (same in E and F).

(G) Same genotype as above. Co-labeling of anti-
GFP and anti-TH suggests a likely dopaminergic
nature of the pPAM1,3 neurons covered by the
R30GO08 driver strain.

(B, E, and H) The R58E02 driver strain covers three
likely dopaminergic TH-positive neurons, namely
pPAM1,3,4. Other details are as above. Supporting
flp-out clones are shown in Figure S1 (Figure S1
shows one of the rare flp-out clones of pPAM2).
(C, F, and l) The R64H06 driver strain covers all four
likely dopaminergic TH-positive pPAM1-4 neu-
rons. Note the innervation of the complete medial
lobe. Other details are as above. Supporting flp-
out clones are displayed in Figure S1.

(J-0) Polarity of the pPAM cluster neurons.

(J and M) With R58E02 (J) and R64H06 (M) used as
driver strains, UAS-DenMark was expressed to
mark postsynaptic, input regions (red) and UAS-
nsyb::GFP to mark presynaptic, output regions
(green). Anti-ChAT/Fasll neuropil staining is shown
in blue.

(K and N) The postsynaptic, input regions (shown
in green; neuropil and axonal tracts are shown in
magenta) of the pPAM neurons are mainly located
in the medial and lateral protocerebrum, with
additional sparse signals from the medial lobe.

(L and O) The presynaptic, output regions (shown
in green; neuropil and axonal tracts are shown in
magenta) are limited to the medial lobe of the
mushroom body.

Scale bars, 50 um (A-C) and 25 um (D-0). See also
Figure S1.

We further examined the effects of
acutely blocking synaptic output from
the pPAM neurons. We expressed a tem-
perature-sensitive dynamin (Shibire') in
the pPAM1,3,4 neurons to block their syn-
aptic output only during the experiment;
this is sufficient to reveal their acute
requirement for appetitive learning using
fructose as sugar reward (Figure 3N).

This manipulation left task-relevant sensory-motor function
intact (Figures S3F-S3H).

To test whether the impairment in fructose reward learning
upon disabling the pPAM neurons is related to dopamine func-
tion, we knocked down the dopamine-synthetizing TH enzyme
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Figure 3. pPAM Neurons Mediate Reward Signals

In all panels (except D, H, L, and R), associative performance indices are shown for tests immediately after associative, classical conditioning. The three pPAM-

specific driver strains R30G08, R58E02, and R64H06 were crossed to the effector UAS-hid, rpr to induce apoptosis (A-M and P), to UAS-shi®® to acutely block
(leaend continued on next paae)
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by RNAI, using the driver R64H06 covering all pPPAM neurons.
This manipulation led to a reduction in fructose reward learning
(Figure 3Q), whereas task-relevant sensory-motor function re-
mained intact (Figures S3I-S3K). This result also makes it un-
likely that non-pPAM neurons covered in R64H06 contribute to
the phenotype, as these do not express TH.

Based on the results so far, we suspected that optogenetic
activation of pPAM neurons by transgenic Channelrhodopsin2
expression might substitute for reward stimulation [8]. Activation
of the pPAM1,3,4 neurons as covered by the R58E02 driver was
sufficient for such reward substitution (Figure 30, left), provided
that retinal was fed to the larvae to enable Channelrhodopsin2
function (Figure 30, right). Notably, this rewarding effect was
strong enough to overcome the otherwise slightly punitive effect
of the light needed to activate Channelrhodopsin2 (see genetic
controls in Figure 30).

We conclude that the pPAM neurons mediate a likely dopami-
nergic appetitive reinforcement signal toward the mushroom
body.

Reinforcement Signaling in Larval Drosophila
Our discovery of the four paired pPAM neurons as mediators of
an appetitive reinforcement signal in larval Drosophila comple-
ments earlier work showing that a distinct set of likely dopami-
nergic neurons, included in the TH-Gal4 expression pattern, is
sufficient as an aversive reinforcement signal in these animals
[8]. Such division of labor uncovers an organizational principle
shared with adult Drosophila, though at massively reduced cell
numbers, a principle that may hold true in mammals, as well
[1-4,7,9, 10, 37] (but see [6]).

Given that all four pPAM neurons innervate the medial lobes of
the mushroom bodies, our study points to the medial lobe as site
of odor-reward memory trace formation. Regarding aversive

learning, the likely dopaminergic inputs to other regions could
provide this function [5]. This situation, again at much reduced
cell numbers, uncovers a principle shared with adult Drosophila
(Figure S4) [1-4, 10, 15, 38, 39].

Likewise similar to the situation in adults [2], activation of a set
of likely octopaminergic/tyraminergic neurons is sufficient to
mediate an appetitive reinforcement effect, too [8]. In honey-
bees, activation of a single, unpaired and likely octopaminergic
neuron, the VUM,x1 neuron, is sufficient to signal appetitive rein-
forcement [40]. Within the mushroom body, this neuron inner-
vates the olfactory input regions in the calyx. A similar type of
neuron exists in adult and larval Drosophila [41, 42]. The way in
which the dopaminergic and the octopaminergic/tyraminergic
systems jointly organize appetitive reinforcement signaling is a
fascinating issue. These systems may differentially convey nutri-
tional and non-nutritional aspects of reward and/or different
kinds of reward [2, 11, 31, 41, 43].

Thus, reinforcement processing in the larval and the adult
Drosophila brain follows similar principles of circuit organiza-
tion—however, with strikingly reduced cell numbers in the larval
case. The larval pPAM cluster features only four neurons,
whereas in the adult there are about 30 times more of these neu-
rons [1, 2, 15]. Although this may allow for the representation of
more kinds of “valuables” in the adult (Figure S4) [11, 44, 45], the
numerical simplicity of the larval nervous system, together with
the ongoing efforts toward its complete connectome [19], might
bring a full-brain, single-cell, and single-synapse understanding
of memory into reach for the larva.

EXPERIMENTAL PROCEDURES
Fly Strains

Flies were reared under standard conditions unless mentioned otherwise.
UAS-mCD8::GFP (w*;;P{20XUAS-IVS-mCD8::GFPattP2; Bloomington Stock

synaptic output (N), to UAS-ChR2 to artificially activate them (O), or to UAS-TH-RNAI to knock down TH function (Q). Box plots represent the median as the middle
line and 25%/75% and 10%/90% as box boundaries and whiskers, respectively. Sample size in each case is n = 16. Differences between groups are depicted
below the respective box plots. Small circles indicate outliers. n.s., p > 0.05; *p < 0.05.

(A-C) With R30G08 used as driver strain to ablate the pPAM1,3 neurons, associative performance indices are not robustly decreased for any of the three sugar
rewards. That is, in no case were associative performance indices upon pPAM1,3 ablation lower than in both genetic controls.

(D) Schematic of medial lobe innervation by the pPAM1,3 neurons. Solid fill indicates the ablation, and light fill indicates the presence of the cell innervating the
respective tile.

(E-G) Using R58EQ2 as driver strain to ablate the pPAM1,3,4 neurons leads to an impairment in odor-fructose (both p < 0.05) and odor-sorbitol (both p < 0.05)
learning, but not for arabinose as reward (both p > 0.05).

(H) Schematic of medial lobe innervation by the pPAM1,3,4 neurons.

(I-K) Ablation of all four pPAM neurons using R64HO06 as a driver strain leads to an impairment for all three sugar rewards (all p < 0.05).

(L) Schematic of medial lobe innervation by the pPAM1-4 neurons.

(M) Aversive olfactory learning using quinine as punishment is not decreased upon ablation of pPAM1,3,4 using R58E02 as driver (all p > 0.05).

(N) To test for the acute function of the pPAM1,3,4 neurons, we expressed a temperature-sensitive dynamin using UAS-shi* from the R58E02 driver. An acute
block of synaptic output from these neurons, at restrictive temperature, strongly reduces odor-fructose associative function (both p < 0.05). At a permissive
temperature, synaptic output remains intact in the experimental and the control genotypes, and no difference in associative function is detectable between
strains (both p > 0.05).

(O) To test whether optogenetic activation of the pPAM1,3,4 neurons is sufficient to substitute for a reward, we used the R58E02 driver in combination with UAS-
ChR2 to express Channelrhodopsin2. The behavioral experiment then is the same as above, except that the sugar reward is replaced by light-activation of the
pPAM1,3,4 neurons. That is, one odor is presented together with light stimulation and thus with activation of pPAM1,3,4, whereas the second odor is presented in
darkness. Only larvae of the experimental genotype, but not of the genetic controls, show an associative difference in preference between these groups (left; @
retinal; both p < 0.05). This shows that activation of the pPAM1,3,4 neurons is sufficient to mediate a reward signal. Without feeding retinal, which is required for
Channelrhodopsin2 function, no such appetitive learning is observed in any genotype (right; @ no retinal; both p > 0.05).

(P) Aversive olfactory learning using quinine as punishment is not decreased even upon ablation of the entire pPAM cluster using R64H06 as driver (both p > 0.05).
(Q) Knockdown of TH function in all four pPAM neurons using R64H06 as driver strain leads to impaired learning using fructose as a reward (both p < 0.05).
(R) Labeled line hypothesis. The defects in associative function upon ablating subsets of pPAM neurons as shown in Figure 3 could be explained by a combi-
natorial argument suggesting that pPAM4 is essential for a fructose/sorbitol reward signal, whereas pPAM2 is essential for an arabinose reward signal.

See also Figures S2, S3, and S4.
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Figure 4. Alternative Hypothesis of Reward
Processing in the pPAM Neurons

. (A) Mass action hypothesis. The number, rather

. than the identity, of pPAM neurons may matter for
reward function, such that defects in associative

o function are the more likely to be observed the

. - more pPAM neurons are affected. The figure il-

lustrates that all pPAM neurons may thus be
involved in mediating the reward function of all
three sugars.

(B) Semi-schematical presentation of the decrease
in associative function upon ablating two pPAM
neurons (in R30G08), three pPAM neurons (in
R58E02), or all four pPAM neurons (in R64H06);
each data point refers to the median performance
index (PI) for either one of the three sugars. This
plot suggests that defects get stronger the more
pPAM neurons are ablated.

Center no. 32194) and y, w, hsp70-flp; Sp/CyO; UAS>CD2y*>
mCD8::GFP/TM6b [24] were used to analyze the morphology of the pPAM
cluster. UAS-nsyb::GFP; UAS-DenMark (w'""; L1/CyO; P{UAS-DenMark}3,
P{UAS-syt.eGFP}3; Bloomington Stock Center no. 33065) was used to label
pre- and postsynaptic terminals [26]. The Gal4 strains R30G08/TMé6b,
R58E02, and R64H06/TM6b (w'’8; P{GMR30G08-GAL4}attP2/TM6; w'''é;
P{GMR58E02-GAL4jattP2; w''"S; P{GMR64H06-GAL4jattP2/TM6; Bloo-
mington Stock Center nos. 48101, 41347, 49608) were identified by screening
the database of [23]. The Gal4 strains NP7139 and NP7231 (w[] P{w
[+mW.hs] = GawB}; Kyoto Stock Center nos. 114098 and 114162) were iden-
tified by screening the NP collection. UAS-hid,rpr; (v, w''’6, P{UAS-hid}, P
{UAS-rpr}) was used to ablate neurons [28, 29, 46]; UAS-shi®® (w'?"8; P{UAS-
shi'"}; Bloomington Stock Center no. 44222) [47] was used to acutely block
synaptic output; and UAS-ChR2 (w*;;P{UAS-ChR2.S}3; Bloomington Stock
Center no. 9681) allows activation of neurons by blue light [8]. UAS-TH-RNAI
was used to interfere specifically with TH gene function (TriP JFO1813; Bloo-
mington Stock Center no. 25796) [48]. The strains were not isogenized before
the experiments.

Immunostaining

Third-instar larvae were put on ice and dissected in PBS [5, 41]. Brains were
fixed in 3.6% formaldehyde (Merck) in PBS for 30 min. After eight rinses in
PBT (PBS with 3% Triton X-100; Sigma-Aldrich), brains were blocked with

UAS-shi!

2 @ restricitve temperature (C-H) Within the mushroom bodies, the driver
5 strains NP7139 and NP7231 cover only the pPAM2
“g g " neuron. (C, D, F, and G) Driver strains were crossed
’a o —— to the UAS-mCD8::GFP effector strain. z pro-
2 g _— == jections are shown, either of the entire brain (C and
g B F) or of the mushroom body (D and G), with an
S v anterior view using anti-GFP (green) and, as neu-
E < n.s. ropil/axonal tract markers, anti-ChAT/Fasll
- o n.s. (magenta). Use of NP7139 (C-E) or NP7231 (F-H)
'f NP7130/ T as driver strains to block synaptic output from the
UAS-shpsr  NPT139/+ UAS-shi'/+ pPAM2 neuron does not impair learning with
arabinose as reward (all p > 0.05); this does not
H % support the labeled line hypothesis (Figure 3R).
P — A_r_abinose Asterisks highlight the four different subunits of the
5 - @ restricitve temperature medial lobe in (D) and (G). Box plots represent the
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8 o | = l - tively. Scale bars, 25 um (C, D, F, and G).
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- I 5% normal goat serum (Vector Laboratories) in
: NPT7231/

NPT231/+ UAS-shi*i/+ PBT for 2 hr and incubated for 2 days with primary
antibodies at 4°C. Before application of the sec-
ondary antibodies for 2 days at 4°C, brains were
washed eight times with PBT. After secondary
antibody incubation, brains were washed eight times with PBT, mounted in
Vectashield (Vector Laboratories) and stored at 4°C in darkness. Images
were taken with a Zeiss LSM 510M confocal microscope with 25x or 40x
glycerol objectives. The resulting image stacks were projected and analyzed
with Image J (NIH; http://imagej.nih.gov/ij). Contrast and brightness adjust-
ment, rotation, and arrangement of images were performed in Photoshop
(Adobe Systems).

For the single-cell staining y, w, hsp70-flp; Sp/CyO; UAS>CD2y*>
mCD8::GFP/TM6b virgins were crossed to R30G08, R58E02, or R64H06
males. A single heat shock of 37°C was applied for 18 min by placement of
the vials in a water bath. For the onset of heat shock, we chose different times
from 0 to 200 hr after egg laying.

Antibodies

For analysis of Gal4 expression patterns and individual neurons a rabbit anti-
GFP antibody (A6455; Molecular Probes; 1:1000) and two different mouse an-
tibodies for staining the cholinergic neuropil (ChAT4B1; DSHB; 1:150) and
axonal tracts (1d4 anti-Fasciclinll; DSHB; 1:50) were applied [5, 41]. DA neu-
rons were visualized with a polyclonal antibody against TH (1:800) [5]. Pre-
and postsynaptic structures were identified using the conjugated goat GFP
FITC antibody (ab 6662; Abcam; 1:1000) to label the UAS-nsyb.:GFP effector
and rabbit anti-DsRed (632496; Clonetech; 1:200) to visualize the UAS-
DenMark effector.
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As secondary antibodies, goat anti-rabbit IgG Alexa Fluor 488 (A11008; Mo-
lecular Probes; 1:200), goat anti-mouse IgG Alexa Fluor 647 (A21235; Molec-
ular Probes; 1:200), goat anti-mouse IgG Cy3 (A10521; Molecular Probes;
1:200) and goat anti-rabbit IgG Cy5 (A10523; Molecular Probes; 1:200) were
used.

Odor-Sugar Learning

Experiments were conducted on assay plates filled with a thin layer of 2.5%
agarose containing either pure agarose (Sigma Aldrich cat. no. A5093; CAS
no. 9012-36-6) or agarose plus D-fructose (Sigma Aldrich cat. no. 47740;
CAS no. 57-48-7), D-arabinose (Sigma Aldrich cat. no. A3131; CAS no.
10323-20-3), or D-sorbitol (Sigma Aldrich cat. no. W302902; CAS no. 50-70-
4) at a concentration of 2 M [30, 31]. As olfactory stimuli, we used 10 pul amyl
acetate (AM; Fluka 46022; CAS no. 628-63-7; diluted 1:250 in paraffin oil, Fluka
76235; CAS no. 8012-95-1) and benzaldehyde (BA; undiluted; Fluka 12010;
CAS no. 100-52-7). Odorants were loaded into custom-made Teflon con-
tainers (4.5 mm diameter) with perforated lids [30]. A first group of 30 animals
was exposed to AM while crawling on agarose medium containing in addition
sugar as a positive reinforcer. After 5 min, larvae were transferred to a fresh,
pure-agarose Petri dish and exposed to BA (AM+/BA). This cycle of training tri-
als was repeated two more times. A second group of larvae received recip-
rocal training (AM/BA+). Then larvae were transferred onto test plates contain-
ing pure agarose on which AM and BA were presented on opposite sides. After
5 min, individuals were counted as located on the AM side (# AM), the BA side
(# BA), orin a 10 mm neutral zone. We determined a preference index for each
training group as follows (these preference indices are documented in
Figure S2):

Prefav. sa = (# AM — # BA)/# Total (Equation 1A)

Prefav/eas = (# AM — # BA)/ # Total (Equation 1B)

To measure specifically the effect of associative learning, we then calculated
the associative performance index (Pl) as the difference in preference between
the reciprocally trained larvae:

Pl= (Prefam. /sa — Prefaw/sas ) /2 (Equation 2)

Negative Pls thus represent aversive associative learning, whereas positive
Pls indicate appetitive associative learning. Division by 2 ensures scores are
bound within (—1; 1). The sequence of training trials (i.e., AM+/BA or BA/
AM+) was alternated across repetitions of the experiment.

Odor-Quinine Learning

Odor-quinine learning was performed as described above for odor-sugar
learning [33], except that instead of sugar 6 mM quinine (quinine-hemisulfate;
Sigma Aldrich cat. no. Q1250; CAS no. 207671-44-1) was used with 1%
agarose [49]. Given that learned aversive behavior is a form of learned escape,
the testing situation needs to actually warrant escape; therefore, quinine needs
to be added to the test plate [33].

Substitution Experiment

To substitute an actual sugar reward by remotely activating neurons, we
used UAS-ChR2 [8]. Fly strains were reared on standard Drosophila me-
dium that included retinal (100 mM final concentration; Sigma Aldrich cat.
no. R2500; CAS no. 116-31-4) at 25°C in darkness. A group of 30
feeding-stage third-instar larvae were placed onto plates containing 2.5%
agarose and exposed to either AM or BA. During the presentation of the
first odor, the larvae were exposed to blue light (470 nm; ~20 000 lux)
for 5 min. The second odor was then presented in darkness. As described
for odor-sugar learning, training was performed reciprocally and the
sequence of training trials was alternated across repetitions of the experi-
ment. Data were then scored as above.

Acutely Blocking Synaptic Output with shibire®s

To acutely block synaptic output, we used UAS-shi®® [47]. The larvae were
incubated for 2 min in a water bath at 37°C. The behavioral experiments
were then performed as described before, at a restrictive temperature of about

35°C. Control experiments were performed with incubation at room tempera-
ture and at a permissive temperature of about 23°C.

Statistical Methods

Kruskal-Wallis tests were performed and, in case of significance, followed by
Wilcoxon rank-sum tests; Holm-Bonferroni corrections were used for multiple
comparisons as applicable. Likewise, Wilcoxon signed-ranked tests were
used to compare values against chance level.

All statistical analyses were performed with R version 2.14.0 and Windows
Excel 2010. Figure alignments were done with Adobe Photoshop. The behav-
ioral data are presented as boxplots (middle line, median; box boundaries,
25%/75% quantiles; whiskers, 10%/90% quantiles; circles, outliers). Asterisks
and “n.s.” indicate p > 0.05 and p < 0.05, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online
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