
Copyright © 2020 the authors

Research Report: Regular Manuscript

Identification of dopaminergic neurons that can
both establish associative memory and acutely
terminate its behavioral expression

https://doi.org/10.1523/JNEUROSCI.0290-20.2020

Cite as: J. Neurosci 2020; 10.1523/JNEUROSCI.0290-20.2020

Received: 6 February 2020
Revised: 14 April 2020
Accepted: 19 May 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

Identification of dopaminergic neurons that can both establish associative 1 

memory and acutely terminate its behavioral expression 2 

 3 

Short title: Dopamine neurons terminating memory recall 4 

 5 

Michael Schleyer1*, Aliće Weiglein1, Juliane Thoener1, Martin Strauch2, Volker 6 

Hartenstein3, Melisa Kantar Weigelt1, Sarah Schuller1, Timo Saumweber1, Katharina 7 

Eichler4,5,6, Astrid Rohwedder4,7, Dorit Merhof2, Marta Zlatic5,7, Andreas S. Thum4,8, 8 

Bertram Gerber1,9,10* 9 

 10 
1 Leibniz Institute for Neurobiology (LIN), Department Genetics of Learning and 11 

Memory, Brenneckestraße 6, 39118 Magdeburg, Germany 12 
2 RWTH Aachen University, Imaging and Computer Vision, Kopernikusstraße 16, 13 

52074 Aachen, Germany 14 
3 University of California, Department of Molecular, Cell and Developmental Biology, 15 

610 Charles E. Young Drive, CA 90095-1606, Los Angeles, USA 16 
4 University of Konstanz, Institute for Biology, Universitätsstraße 10, 78464 17 

Konstanz, Germany 18 
5 HHMI Janelia Research Campus, Helix Drive 19700, Ashburn, VA 20147, USA 19 
6 University of Puerto Rico Medical Science Campus, Institute of Neurobiology, 201 20 

Blvd. del Valle, Old San Juan, PR 00901 21 
7 University of Cambridge, Department of Zoology, Downing Street, Cambridge CB2 22 

3EJ, UK 23 
8 University Leipzig, Institute for Biology, Talstraße 33, 04103 Leipzig, Germany 24 
9 Centre for Behavioural Brain Sciences (CBBS), Magdeburg, Germany 25 
10 Otto von Guericke University Magdeburg, Institute for Biology, Universitätsplatz 26 

2, 39106 Magdeburg, Germany 27 

 28 

*Corresponding authors: 29 

michael.schleyer@lin-magdeburg.de 30 

bertram.gerber@lin-magdeburg.de 31 

 32 

Number of pages: 39 33 

Number of figures: 10 34 



 

 2 

Number of extended data items: 4 35 

Abstract: 224 words; Introduction: 634 words; Discussion: 1381 words 36 

 37 

The authors declare no conflicts of interest. 38 

 39 

Keywords: Reinforcement, dopamine, optogenetics, exploration-exploitation, 40 

mushroom body, olfaction, taste, search 41 

 42 

Acknowledgements 43 

This study received institutional support from the Otto von Guericke Universität 44 

Magdeburg, the Wissenschaftsgemeinschaft Gottfried Wilhelm Leibniz (WGL), the 45 

Leibniz Institute for Neurobiology (LIN), HHMI Janelia Research Campus and the 46 

HHMI Janelia Visiting Scientist Program, as well as grant support from the Deutsche 47 

Forschungsgemeinschaft (DFG) (GE 1091/4-1 to BG and MS; FOR 2705 Mushroom 48 

body to BG; TH1584/1-1 and TH1584/3-1 to AST; ME3737/3-1 to DM), the 49 

Zukunftskolleg of the University of Konstanz (to AST), and the Elite Program of the 50 

Baden-Württemberg Stiftung (to AST). Experimental contributions of T. Hübner, C. 51 

Jahn, J. Saumweber, N. Schieting, M. Thane, A. Voigt and M. Wurth, technical 52 

assistance by M. Dombach, M. Paisios and F. Unterstab, support with fly strains and 53 

reagents from C. Eschbach and J.W. Truman, as well as discussions with Y. Aso, C. 54 

König, Y. Lozano Navarro, N. Mancini, G. Rubin, P. Tovote, N. Toshima and A. Yarali, 55 

are gratefully acknowledged. We thank R.D.V. Glasgow (Zaragoza, Spain) for 56 

language editing. 57 

58 



 

 3 

Abstract 59 

An adaptive transition from exploring the environment in search of vital resources 60 

to exploiting these resources once the search is successful is important to all 61 

animals. Here we study the neuronal circuitry that allows larval Drosophila 62 

melanogaster of either sex to negotiate this exploration-exploitation transition. We 63 

do so by combining Pavlovian conditioning with high-resolution behavioral tracking, 64 

optogenetic manipulation of individually identified neurons, and EM-data-based 65 

analyses of synaptic organization. We find that optogenetic activation of the 66 

dopaminergic neuron DAN-i1 can both establish memory during training, and 67 

acutely terminate learned search behavior in a subsequent recall test. Its activation 68 

leaves innate behavior unaffected, however. Specifically, DAN-i1 activation can 69 

establish associative memories of opposite valence upon paired and unpaired 70 

training with odor, and its activation during the recall test can terminate the search 71 

behavior resulting from either of these memories. Our results further suggest that 72 

in its behavioral significance DAN-i1 activation resembles but does not equal sugar 73 

reward. Dendrogram analyses of all the synaptic connections between DAN-i1 and 74 

its two main targets, the Kenyon cells and the mushroom body output neuron 75 

MBON-i1, further suggest that the DAN-i1 signals during training and during the 76 

recall test could be delivered to the Kenyon cells and to MBON-i1, respectively, 77 

within previously unrecognized, locally confined branching structures. This would 78 

provide an elegant circuit motif to terminate search upon its successful completion. 79 

 80 

Significance Statement 81 

In the struggle for survival animals have to explore their environment in search of 82 

food. Once food is found, however, it is adaptive to prioritize exploiting it over 83 

continuing a search that would now be as pointless as searching for the glasses you 84 

are wearing. This exploration-exploitation trade-off is important for animals and 85 

humans, as well as for technical search devices. We investigate which of the only 86 

10,000 neurons of a fruit fly larva can tip the balance in this trade-off, and identify a 87 

single dopamine neuron called DAN-i1 that can do so. Given the similarities in 88 

dopamine neuron function across the animal kingdom, this may reflect a general 89 

principle of how search is terminated once it is successful.  90 



 

 4 

Introduction 91 

An animal exploring its environment may use past experience to guide its search for 92 

food. When food is found, however, it is adaptive to terminate search and instead 93 

exploit the food source. Here we study the circuits that allow larval Drosophila 94 

melanogaster to negotiate this exploration-exploitation transition. The numerical 95 

simplicity of the larval brain combined with cell-specific transgene expression and 96 

knowledge of its synaptic connectivity (Pfeiffer et al., 2010; Li et al., 2014; Eichler et 97 

al., 2017; Saumweber et al., 2018; Eschbach et al., 2020) allows this to be 98 

investigated at the level of individually identified neurons. 99 

D. melanogaster larvae readily associate odors with food reward (Scherer et 100 

al., 2003; Gerber and Hendel, 2006; Schipanski et al., 2008; Rohwedder et al., 2012; 101 

Apostolopoulou et al. 2014; Kudow et al., 2017, 2019). Critically, learned behavior 102 

based on these odor-food associations ceases if during a recall test the reward is 103 

present (Fig. 1A). Learned behavior can therefore be viewed as a search, which is 104 

adaptively terminated by the sought-for outcome, i.e. by the reward (Schleyer et al., 105 

2011, 2013, 2015a). Innate olfactory behavior is not likewise affected (Fig. 1B), 106 

suggesting that such innate behavior is organized in a reflex-like manner (Schleyer 107 

et al., 2011, 2013, 2015a, 2015b). Thus natural rewards can induce two effects: 108 

during the training they provide a reward signal that can be associated with cues 109 

that subsequently guide reward search; and during the recall test they can acutely 110 

terminate this learned search, preventing the animals from drifting away from a 111 

resource once it is found. This transition thus reflects a switch in the strategy for 112 

obtaining reward, not a change in motivation, i.e. not a loss of interest in the 113 

reward. 114 

In vertebrates and invertebrates alike, dopaminergic neurons (DANs) provide 115 

reinforcing signals for associative learning (Waddel, 2013; Schultz, 2015; Kaun and 116 

Rothenfluh, 2017). In D. melanogaster distinct sets of DANs convey appetitive and 117 

aversive reinforcement, respectively (larvae: Schroll et al., 2006; Rohwedder et al., 118 

2016; Saumweber et al., 2018; Eschbach et al., 2020, adult flies: Schwaerzel et al., 119 

2003; Claridge-Chang et al., 2009; Liu et al., 2012) (a similar scenario may be 120 

emerging in vertebrates too: Lammel et al., 2012; Groessl et al., 2018; Menegas et 121 

al., 2018). Establishing a compartmental structure, these DANs intersect the parallel 122 

fibers of Kenyon cells (KCs), the intrinsic neurons of the highest-order olfactory 123 

center of the insects, called the mushroom body. Respecting this same 124 
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compartmental structure, mushroom body output neurons (MBONs) collect 125 

information across the KCs and send it towards efferent circuitry (Fig. 2A-D) (larvae: 126 

Selcho et al., 2009; Pauls et al., 2010; Eichler et al., 2017; Saumweber et al., 2018; 127 

Eschbach et al., 2020, adults: Sejourne et al., 2011; Placais et al., 2013; Aso et al., 128 

2014a, 2014b; Owald and Waddell, 2015; Takemura et al., 2017). Notably, a recent 129 

electron microscope reconstruction revealed that DANs have two main targets: the 130 

KCs and the MBONs (Fig. 2B) (larvae: Eichler et al., 2017; adults: Takemura et al., 131 

2017). 132 

In larval D. melanogaster, activation of DANs from the pPAM cluster can exert 133 

a rewarding effect during training (Rohwedder et al., 2016). From the four DANs of 134 

this cluster, two can individually confer such a rewarding effect (DAN-h1 and DAN-135 

i1) (Saumweber et al., 2018). Here, we chose to focus on DAN-i1 because it has 136 

previously been analyzed in more detail (Saumweber et al., 2018) and because it 137 

yields a more robust rewarding effect than DAN-h1 (Saumweber et al., 2018, and 138 

unpublished data). We first provide a detailed account of the spatial arrangement of 139 

all synapses between DAN-i1 and both its major output partners, MBON-i1 and the 140 

KCs. Then, we ask whether optogenetic activation of DAN-i1 can mediate not only a 141 

reward signal during training, but also a signal to acutely terminate learned search 142 

for the reward during the recall test. 143 

 144 

Materials & Methods 145 

Experimental model and subject details 146 

Third-instar feeding-stage larvae of both sexes (Drosophila melanogaster), aged 5 147 

days after egg laying, were used throughout. Flies were maintained on standard 148 

medium, in mass culture at 25 °C, 60-70 % relative humidity and a 12/12 hour 149 

light/dark cycle. We took a spoonful of food medium from a food vial, randomly 150 

selected the desired number of larvae, briefly rinsed them in tap water, and started 151 

the experiment. 152 

We used transgenic larvae to express the ChR2-XXL light-gated ion channel in 153 

DANs. To this end, the effector strain UAS-ChR2-XXL (Dawydow et al., 2014, kindly 154 

provided by R. Kittel, University Würzburg) was crossed to one of two driver strains: 155 

either 58E02-Gal4 (Pfeiffer et al., 2008; Liu et al., 2012; Rohwedder et al., 2016; 156 

Bloomington Stock Center no. 41347) or the split-Gal4 driver strain SS00864 (Eichler 157 

et al., 2017; Saumweber et al., 2018) to obtain double-heterozygous offspring. As 158 
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driver controls the driver strains were crossed to a local copy of w1118 (Bloomington 159 

Stock Center no. 3605, 5905, 6326). As effector controls a strain carrying the landing 160 

sites used for the Gal4 (attP2) or the split-Gal4 (attP40/attP2), yet without a Gal4 161 

domain inserted (“empty”) (Pfeiffer et al., 2010), was crossed to UAS-ChR2-XXL. We 162 

confirmed the expression pattern of 58E02 and SS00864 by crossing them to pJFRC-163 

10xUAS-IVS-mCD8::GFP (Pfeiffer et al., 2010; Bloomington Stock Center no. 32185). 164 

Because ChR2-XXL is sensitive enough to be activated by daylight (not shown), flies 165 

were raised in vials constantly darkened by black cardboard wrapping. For the 166 

experiment presented in Fig. 8E, UAS-ChR2 (Schroll et al., 2006) was crossed to 167 

58E02-Gal4. 168 

 169 

Experimental setup 170 

For behavioral experiments, larvae were trained in Petri dishes of 9 cm inner 171 

diameter and tested in Petri dishes of either 9 or 15 cm inner diameter (both from 172 

Sarstedt, Nümbrecht, Germany) as mentioned in the figure legends, filled with 1 % 173 

agarose (electrophoresis grade; Roth, Karlsruhe, Germany). As the odor, we used n-174 

amyl acetate diluted 1:20 in paraffin oil (AM; CAS: 628-63-7; Merck, Darmstadt, 175 

Germany), and in some cases additionally undiluted 1-octanol (OCT; CAS: 111-87-5; 176 

Merck, Darmstadt, Germany). 177 

Experiments were performed inside a 43 x 43 x 73 cm surrounding box 178 

equipped with a custom-made light table featuring a 24 x 12 LED array (470 nm; 179 

Solarox, Dessau-Roßlau, Germany) and a 6 mm thick diffusion plate of frosted 180 

plexiglass on top to ensure uniform blue light for ChR2-XXL activation (120 181 

μW/cm²). Petri dishes were placed directly on top of the diffusion plate. The Petri 182 

dishes were surrounded by a polyethylene diffusion ring; behind the diffusion ring 183 

30 infrared LEDs (850 nm; Solarox, Dessau-Roßlau, Germany) were mounted to 184 

provide illumination that was invisible to the larvae, yet allowed the recording and 185 

tracking of their behavior for offline analysis. To this end, a camera (Basler 186 

acA204090umNIR; Basler, Ahrensburg, Germany) equipped with an infrared-pass 187 

filter was placed above the Petri dish. For additional details regarding the 188 

experimental setup, see (Saumweber et al., 2018). 189 

 190 

Associative odor-sugar learning 191 
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Learning experiments followed established protocols (Michels et al., 2017). Odor 192 

containers were prepared by adding 10 μl of odor substance to custom-made Teflon 193 

containers (5 mm inner diameter with a lid perforated with 7 holes of 0.5 mm 194 

diameter each). Petri dishes were covered with modified lids perforated in the 195 

center by 15 holes of 1 mm diameter each to improve aeration. 196 

For odor-sugar training, about 20 larvae were placed in the middle of a Petri 197 

dish filled with agarose that contained 2 mol/L D-fructose (CAS: 57-48-7; Roth, 198 

Karlsruhe, Germany) as reward (+), and equipped with two odor containers on 199 

opposite sides, both filled with AM (AM+). After 2.5 min, the larvae were displaced 200 

onto a fresh Petri dish with plain, tasteless agarose, equipped with two empty 201 

containers (EM), where they also spent 2.5 min. Three such ‘paired’ training cycles 202 

were performed, in each case using fresh Petri dishes. In half of the cases training 203 

started with reward-containing Petri dishes as indicated (AM+/EM), whereas in the 204 

other half of the cases the sequence was reversed (EM/AM+). For each cohort of 205 

larvae trained AM+/EM (or EM/AM+), a second cohort was trained reciprocally, i.e. 206 

by ‘unpaired’ presentations of odor and reward (AM/EM+, or EM+/AM, 207 

respectively). 208 

Following training, the larvae were transferred to the middle of a test Petri 209 

dish and tested for their odor preference. Importantly, the recall test was carried 210 

out either on a plain Petri dish to assess memory-based search behavior, or on a 211 

reward-containing Petri dish to determine whether the presence of reward 212 

terminated the memory-based search. In either case, one side of the test Petri dish 213 

was equipped with an AM container, and the other side with an EM container. The 214 

number of larvae (#) on either side was determined from the camera image at 3 min 215 

after the test had started. From these numbers, an odor preference was calculated 216 

as: 217 

(1)  = # ##  218 

Thus, odor preference values are constrained between 1 and -1, with positive values 219 

indicating a preference for and negative values indicating avoidance of AM.  220 

From two reciprocally trained cohorts of animals we calculated an associative 221 

performance index (PI) as: 222 

(2) =   ( )   ( ) 223 

Thus, PI values can range from 1 to -1, with positive values indicating that the larvae 224 

preferred the odor more after paired than unpaired training. Positive PI values 225 
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accordingly indicate an appetitive associative memory that is best interpreted as 226 

memory-based search behavior. Negative PI values, by contrast, indicate aversive 227 

associative memory. 228 

 229 

Associative learning by optogenetic DAN activation 230 

For optogenetic experiments, training and test were performed in an analogous 231 

way. However, all Petri dishes were filled with plain agarose, i.e. no rewarding 232 

tastants were used. Instead, for paired training, AM was paired with continuous 233 

blue light stimulation to activate either 58E02-DAN or 864-DAN for 2.5 min, 234 

followed by 2.5 min of darkness without an odor (AM+/EM). For unpaired training, 235 

odor presentation and light stimulation occurred separately (AM/EM+). Note that 236 

for the experiment presented in Fig. 8E odor and light were presented for 5 min 237 

each; that experiment otherwise followed the procedures described in Rohwedder 238 

et al. (2016). 239 

After three such training cycles, the recall test was carried out, and odor 240 

preference and PI were calculated as described. Critically, the recall test was carried 241 

out either without blue light activation to determine whether the DANs mediate a 242 

reward signal during training, or with blue light activation to determine whether in 243 

addition the DANs can mediate a signal to terminate search. 244 

Variations on this protocol are indicated in the figure legends. 245 

 246 

Innate olfactory behavior 247 

Odor containers and Petri dishes were prepared as described above. Cohorts of 248 

about 20 larvae were collected from the vial, briefly washed in tap water, and 249 

placed onto a Petri dish with an AM container on one side and an empty container 250 

on the other side. After 3 minutes, the innate odor preference was determined 251 

according to equation (1). This preference test was carried out either in the absence 252 

or in the presence of sugar, or in the absence or in the presence of blue light 253 

activation, to determine whether these test conditions alter innate olfactory 254 

behavior. 255 

 256 

Analysis of behavioral modulations after training with 864-DAN activation 257 
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Larval behavior was video-tracked and analyzed as described in detail in Paisios et 258 

al. (2017). In brief, two aspects of larval chemotaxis were analyzed. Firstly, the 259 

modulation of head cast (HC) rate (HC per second) (HC/s) was calculated as: 260 

(3)  - = # ⁄  (  ) # ⁄  (  )# ⁄  (  ) # ⁄  (  )  261 

This measure yields positive scores for attraction, i.e. when larvae systematically 262 

perform more HCs while heading away from the odor (i.e. when odor concentration 263 

decreases) than while heading towards it (i.e. when odor concentration increases). 264 

Conversely, it yields negative scores for aversion. 265 

Secondly, the modulation of HC direction was measured by the 266 

reorientation per HC: 267 

(4)   = (   ) − (   ) 268 

In this measure, the heading angle (HA) describes the orientation of the animal’s 269 

head relative to the odor, with absolute heading angles (abs(HA)) of 0° or 180°, for 270 

example, indicating that the odor is to the front or to the rear of the larvae, 271 

respectively. This measure thus yields positive scores for attraction, i.e. when the 272 

head cast directs the larvae towards rather than away from the odor target, 273 

whereas it yields negative scores for aversion. 274 

 275 

Immunohistochemistry 276 

Larval brains were dissected in Ca2+-free saline solution and fixed in Bouin’s solution 277 

diluted 1:2 with Ca2+-free saline solution for 7 minutes. Three washing steps (each 278 

10 min) in PBST (0.3 % Triton-X in PBS) were followed by incubation with the 279 

primary antibodies overnight at 4 °C. After three washes (each 10 min) in PBS, the 280 

tissue was incubated with the secondary antibodies for 1h at room temperature. 281 

After three final washing steps in PBS (each 10 min), samples were mounted in 282 

Vectashield (Vector Laboratories Inc.). Preparations were examined under a DM 283 

6000 CS confocal microscope (Leica). 284 

As antibodies, we either used monoclonal anti-FASII mouse antibody (DSHB, 285 

diluted 1:50 in blocking solution containing 4% normal goat serum) and anti-GFP 286 

rabbit antibody (A11122, Invitrogen, diluted 1:1000 in blocking solution containing 287 

4% normal goat serum) as primary antibodies and Cy3 anti-mouse antibody (715-288 

165-150, Jackson ImmunoResearch Laboratories) and Alexa-488 anti-rabbit 289 

antibody (A11034, Invitrogen), both diluted 1:200 in PBS, as secondary antibodies; 290 

or we used monoclonal anti-ChR2 mouse antibody (ProGen Biotechnik) diluted 291 



 

 10 

1:100 in 0.3% PBST as primary antibody, Cy3 anti-mouse antibody (715-165-150, 292 

Jackson ImmunoResearch Laboratories), diluted 1:300 in 0.3% PBST, as secondary 293 

antibody, and Alexa-488 anti-horseradish peroxidase (Jackson ImmunoResearch), 294 

diluted 1:300 in 0.3% PBST, for counterstaining. 295 

 296 

Dendrogram analysis 297 

The neuron dendrograms are 2D sketches of the 3D neuron reconstructions from 298 

Eichler et al. (2017). As ‘linearized’, flattened versions of morphologically complex 299 

neurons, the dendrograms are compact visualizations that serve to display the 300 

spatial distribution of synapses. Details of the dendrogram drawing algorithm are 301 

described in Strauch et al. (2018). Briefly, the dendrograms are topologically correct 302 

neuron sketches with a dominant primary branch drawn as a straight line, and 303 

shorter side branches deflected at stereotypical angles and pointing upwards and 304 

downwards in an alternating fashion to avoid overlap. They are drawn such that 305 

cable length distances and synapse positions are approximately correct. Slight 306 

modifications to improve readability involve an automatic rearrangement of 307 

synapse symbols to resolve clutter and overlap (Strauch et al., 2018). 308 

For the analysis of synaptic organization, we computed a (synapse x synapse) 309 

distance matrix containing geodesic distances (i.e. the distance as “cable length” 310 

along the neuron) between the locations of all synapses on the neuron. The 311 

geodesic distances were computed as Euclidean distances in the 3D coordinates of 312 

the reconstructed neuron by traversing along the neuron’s branches. We clustered 313 

the synapse locations with divisive analysis clustering (DIANA, Kaufman and 314 

Rousseeuw, 2005) operating on the geodesic distance matrix. Based on silhouette 315 

score analysis, we set the number of clusters per neuron to 10. Clusters that did not 316 

contain all four synapse classes of interest (KC DAN-i1, DAN-i1 KC, DAN-317 

i1 MBON-i1 left, DAN-i1 MBON-i1 right) were removed from the analysis. For 318 

each cluster, a central point was defined as the most central synapse of the cluster 319 

as determined by partitioning around medoids clustering (PAM with k = 1 cluster, 320 

Kaufman and Rousseeuw, 2005) based on the geodesic synapse distances within the 321 

cluster. Finally, we determined the geodesic distances between all synapses and the 322 

cluster’s central point. 323 

 324 

Experimental design and statistical analysis 325 
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Two-tailed non-parametric tests were used and statistical assumptions for these 326 

tests were met throughout. When multiple comparisons were performed within 327 

one analysis, a Bonferroni-Holm correction was applied to keep the experiment-328 

wide error rate below 5 % (Holm, 1979). All the performed statistical tests and their 329 

results are reported in the extended data file Fig. 1-1 along with the source data. 330 

For all behavioral experiments, values were compared across multiple groups 331 

with Kruskal-Wallis tests (KW tests). In case of significance, subsequent pair-wise 332 

comparisons used Mann-Whitney U-tests (MWU tests). To test whether values of a 333 

given group differed from zero, one-sample sign tests were used (OSS tests).  334 

The experiments in Figures 1, 6C-F and 8 followed a two group-design, 335 

comparing two testing conditions for the experimental genotype. Both groups were 336 

compared with a MW test, and their significance from zero was tested by OSS tests. 337 

The experiments in Figure 6A-B followed a six-group design, with three 338 

genotypes (experimental genotype expressing ChR2-XXL, driver and an effector 339 

control) and two test conditions. First, a KW test was performed across all groups. In 340 

case of significance, we performed pairwise MWU tests between the experimental 341 

genotype and each of the genetic controls of the same test condition, as well as 342 

between the test conditions for the experimental genotype (total five MWU tests). 343 

Each group was tested for its significance from zero by OSS tests. 344 

The experiments in Figure 7 followed a three-group design with animals of 345 

the experimental genotype expressing ChR2-XXL. After an initial KW test across all 346 

groups, we performed pairwise MWU tests for the group without blue light 347 

exposure after training and both the other groups. Significance from zero was 348 

tested for each group (OSS tests). 349 

The experiments in Figures 9 and 10 followed a four-group design with 350 

animals of the experimental genotype expressing ChR2-XXL. After an initial KW test 351 

across all groups, we performed pairwise MWU tests between groups that had 352 

received paired and unpaired training within the same test condition, and between 353 

test conditions for a given kind of training (total four MWU tests). No OSS tests were 354 

performed. 355 

We present behavioral data as box plots with the median as the middle line 356 

and 25 %/ 75 % and 10 %/ 90 % as box boundaries and whiskers, respectively. 357 

Outliers are not displayed. Experimenters were blind to genotype and regarding the 358 

absence or presence of sugar reward during the recall test, if applicable. Sample 359 
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sizes (biological replications) were chosen based on previous studies revealing 360 

moderate to mild effect sizes (Paisios et al., 2017; Saumweber et al., 2018) and are 361 

displayed in the figure legends. A sample size of n = 1 included about 20 animals of 362 

both sexes for all innate preference experiments, and 2 x 20 animals (20 for each 363 

reciprocally trained group) of both sexes for all learning experiments. 364 

To compare synapse numbers between the ipsilateral and contralateral side 365 

of the MBON-i1 neurons (Fig. 3A), we tested for their distribution using Chi square 366 

tests, separately for KC MBON-i1 synapses and DAN-i1 MBON-i1 synapses. To 367 

compare the distances of synapses to the center of their respective center-surround 368 

structure on the DAN-i1 neuron (Fig. 4C-D), we performed KW tests across all 369 

synapse types, as well as pairwise MWU tests between all synapse types (total 6 370 

MWU tests), separately for the left and the right DAN-i1 neuron. 371 

 372 

Results 373 

Spatial arrangement of synapses in a DAN-KC-MBON matrix 374 

The recent electron microscope reconstruction of a complete larval mushroom body 375 

circuit has provided a connectome of the DANs, KCs and MBONs based on the 376 

numbers of chemical synapses between them (Eichler et al., 2017). The axonal 377 

branches of individual DANs and the dendritic branches of individual MBONs are 378 

each confined to, and overlap within, specific compartments along the KC axon 379 

bundles (larvae: Pauls et al., 2010; Eichler et al., 2017; Saumweber et al., 2018; 380 

Eschbach et al., 2020; adults: Aso et al., 2014a; Takemura et al., 2017). DAN-i1 381 

innervates the i-compartment of the mushroom body medial lobe (sometimes 382 

called the upper toe of the medial lobe). The reconstruction revealed that it not 383 

only signals to KCs, but actually has two main targets: the KCs and MBON-i1 (Fig. 2A-384 

B) (Eichler et al., 2017). Correspondingly, MBON-i1 has two main upstream partners: 385 

the KCs and DAN-i1. A similar organization of DANs and MBONs is found across 386 

mushroom body compartments (larvae: Eichler et al., 2017; adults: Takemura et al., 387 

2017). Specifically, for DAN-i1 about 75 % and 21 % of its output synapses in the 388 

mushroom body connect to KCs and MBON-i1, respectively, and MBON-i1 receives 389 

about 74 % and 14 % of its input synapses in the mushroom body from KCs and 390 

DAN-i1, respectively (Eichler et al., 2017; Saumweber et al., 2018). Although such 391 

analyses are informative in many ways, they do not consider the spatial 392 

arrangement of synapses along the neurons. To shed light on this arrangement in 393 
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the i-compartment, we use dendrograms that allow us to display the complex, 394 

three-dimensional Gestalt of a neuron as a two-dimensional sketch that captures its 395 

branching structure, preserves branch lengths, and identifies synapse location along 396 

the branches (Strauch et al., 2018). Such detailed analyses surpass the resolution by 397 

which neurons can presently be manipulated in freely behaving animals (Aso and 398 

Rubin, 2020). Still, they offer a glimpse of the actual complexity of the neurons 399 

under study, and of the computational implications of the circuit motifs they are 400 

part of (see also Bilz et al. 2020). From our analyses we highlight the following 401 

points (high-resolution images of the DAN-i1 and MBON-i1 neurons from both 402 

hemispheres as well as of all mature KCs are available in the extended data files Fig. 403 

2-1, 2-2 and 2-3, respectively): 404 

 Both DAN-i1 and MBON-i1 harbor massive inter-hemispheric connections. This is 405 

remarkable given how little inter-hemispheric crosstalk is otherwise observed 406 

along ascending pathways, including the KCs (Fig. 2A) (Berck et al., 2016; Eichler et 407 

al., 2017; Saumweber et al., 2018; Thum and Gerber, 2019). Specifically, both 408 

DAN-i1 neurons are reciprocally connected with most mature KCs, in both 409 

hemispheres. Moreover, the DAN-i1 neurons provide output to both MBON-i1 410 

neurons, both ipsilaterally and contralaterally (Fig. 2E; for high-resolution images 411 

of both DAN-i1 neurons, see the extended data file Fig. 2-1). This implies that each 412 

MBON-i1 neuron in turn receives input from both DAN-i1 neurons, both 413 

ipsilaterally and contralaterally (Fig. 2F; for high-resolution images of both MBON-414 

i1 neurons, see the extended data file Fig. 2-2). Likewise, the MBON-i1 neurons 415 

receive input from most mature KCs, in both hemispheres (Eichler et al., 2017), 416 

and provide output outside the mushroom body, also in both hemispheres. The 417 

dendrograms more specifically reveal that the outputs from DAN-i1 onto the 418 

MBON-i1 neuron of the ipsi- and contralateral hemisphere are intermingled, as are 419 

the inputs to MBON-i1 from the DAN-i1 neuron of the ipsi- and the contralateral 420 

hemisphere (Fig. 2E-F). Notably, MBON-i1 is not hemispherically symmetrical in 421 

terms of the number of synapses it receives in the mushroom body: both MBON-i1 422 

neurons receive more synapses in the hemisphere contralateral to their cell bodies 423 

(Fig. 2F, Fig. 3A-B); nevertheless, both MBON-i1 neurons receive information of 424 

the complete sensory input space in either hemisphere (Fig. 3D).  425 

 The branching patterns of both DAN-i1 and MBON-i1 are structured into few 426 

major regions. For DAN-i1, three such major regions can be identified. Starting 427 
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from the cell body, in the first region DAN-i1 receives input from its partners from 428 

outside the mushroom body (marked with 1 in Fig. 2C-E) (Eschbach et al., 2020), 429 

whereas the second and third region coincide with the i-compartment of the ipsi- 430 

and contralateral mushroom body, respectively (marked with 2 and 3 in Fig. 2C-F). 431 

In the mushroom body, DAN-i1 is reciprocally connected to KCs and provides 432 

output towards MBON-i1. The primary neurite of MBON-i1 crosses the midline, 433 

and the neuron then innervates the i-compartment of the mushroom body 434 

contralateral to its cell body (region marked with 3 in Fig. 2C-F); here, it mainly 435 

receives input from KCs and DAN-i1. Then, MBON-i1 crosses back over the midline 436 

and likewise innervates the mushroom body ipsilateral to its cell body (region 437 

marked with 2 in Fig. 2C-F). In addition, MBON-i1 features several small branches 438 

in both hemispheres that connect to partners close to but immediately outside the 439 

mushroom body. 440 

 Within these regions, compartment-like divisions that are recognizable in the 441 

DAN-i1 and in the MBON-i1 neurons of both hemispheres cannot be identified 442 

(Fig. 2E-F, extended data files Fig. 2-1 and Fig. 2-2). However, for the DAN-i1 443 

neurons, multiple, laterally ‘idiosyncratic’ synapse-rich center-surround structures 444 

are apparent (Fig. 4). Towards their center all the above-mentioned types of 445 

synapse of the DAN-KC-MBON matrix are found, whereas their surround features 446 

almost exclusively KC DAN synapses (Fig. 4). Notably, any given KC usually 447 

establishes all its synapses in only one or two of those center-surround structures 448 

(extended data file Fig. 1-1). 449 

 Regarding mature KCs, 86 % and 88 % of them establish synapses with the left and 450 

right DAN-i1 neuron, respectively, and 78 % and 74 % with the left and right 451 

MBON-i1 neuron, respectively. Individual KCs have medians of 4 KC DAN-i1, 4 452 

DAN-i1 KC and 5 KC MBON-i1 synapses (Eichler et al., 2017, for more details on 453 

DAN-i1 see Saumweber et al., 2018). According to the dendrograms of all the 454 

individual KCs, the KC DAN-i1, DAN-i1 KC and KC MBON-i1 synapses appear 455 

to be intermingled with no apparent divisions across the array of KCs, as do the 456 

synapses with the left and the right DAN-i1 neuron, and the left and the right 457 

MBON-i1 neuron (extended data file Fig. 2-3).  458 

Together, these analyses reveal the detailed spatial organization of the DAN-KC-459 

MBON matrix of the i-compartment. Of note is that the synapses of DAN-i1 with its 460 

two main targets, the KCs and MBON-i1, are locally intermingled within the multiple 461 
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synapse-rich structures along the axonal branches of DAN-i1, rather than being 462 

separated out between them (Fig. 2E, Fig. 4; extended data file Fig. 2-1). Such 463 

architecture might imply that DAN-i1 delivers correlated rather than independently 464 

modulated signals to the KCs and MBON-i1 within these synapse-rich structures. 465 

 466 

Activation of the same neurons can establish memory and terminate its recall 467 

We were intrigued by the fact that DAN-i1 has two main targets, namely KCs and 468 

MBON-i1, that its synapses with these two targets are so closely intermingled, and 469 

that natural rewards have two functions, namely to establish a memory in training 470 

and to acutely terminate the behavioral expression of this memory during the recall 471 

test (Fig. 1A) (Gerber and Hendel, 2006; Schleyer et al., 2011, 2013, 2015a, 2015b, 472 

2018; Paisios et al., 2017). We therefore wondered whether optogenetic activation 473 

of DANs in training and during the test could confer these two functions. We started 474 

out using the 58E02-Gal4 driver strain that covers DAN-i1 plus two DANs innervating 475 

other compartments of the medial lobe (Fig. 5A-B) (Rohwedder et al., 2016), and 476 

UAS-ChR2-XXL as the effector strain (Dawydow et al., 2014). The 58E02-DANs were 477 

activated either paired or unpaired with odor in training, and the difference in odor 478 

preference in a subsequent recall test was used to quantify associative memory 479 

through the performance index (PI). We observed positive performance index 480 

scores indicating appetitive associative memory in the experimental genotype 481 

whereas genetic controls heterozygous for either only the transgenic effector or the 482 

driver construct did not show memory (Fig. 6A, top, black-filled box plots) (all 483 

statistical tests and their results, for this and all other experiments, are reported 484 

along with the source data in the extended data file Fig. 1-1) (Rohwedder et al., 485 

2016). Thus, 58E02-DAN activation during training can provide a reward signal for 486 

associative memory formation. 487 

Next, we repeated the experiment, but activated 58E02-DAN during the recall 488 

test, too. Doing so reduced PI values, i.e. reduced memory-based search, to about 489 

half (Fig. 6A, top, blue-filled box plots; for a replication of this result, see Fig. 6C). 490 

Critically, just as is the case for natural rewards (Fig. 1B) (Schleyer et al., 2011, 491 

2015a, 2015b), 58E02-DAN activation did not affect innate olfactory behavior (Fig. 492 

6A, bottom). Thus, 58E02-DAN activation can also provide an acute search 493 

termination signal during the recall test. 494 

The previous experiments demonstrate that the three 58E02-DANs can confer 495 
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the same two signals as a natural reward, i.e. the reward signal during the training 496 

and the search termination signal during the recall test. However, it remains unclear 497 

whether each of the three DANs confers both signals, or whether there is a division 498 

of labor, with different DANs being responsible for the reward signal and the search 499 

termination signal. We therefore chose the split-Gal4 driver strain 864, which 500 

supports strong and reliable transgene expression in only one of the DANs covered 501 

by 58E02-DAN, the DAN-i1 neuron, in both hemispheres (Fig. 5C-D) (Saumweber et 502 

al., 2018). Associative 864-DAN activation in training established positive 503 

performance indices, i.e. memory-based search (Fig. 6B, top, black-filled box plots) 504 

(Saumweber et al., 2018). Activating 864-DAN also during the recall test terminated 505 

this memory-based search (Fig. 6B, top, blue-filled box plots). Three independent 506 

data sets confirm the observation of search being tuned down (Fig. 6D-F). Innate 507 

olfactory behavior was not affected by 864-DAN activation (Fig. 6B, bottom). 508 

Activity of dopaminergic neurons between training and the recall test, i.e. 509 

during the retention period, has previously been found to promote forgetting in 510 

adult D. melanogaster (Aso and Rubin, 2016; Berry et al., 2012, 2015; Shuai et al., 511 

2015). We therefore wondered whether in our paradigm 864-DAN activity would 512 

promote forgetting, as opposed to acutely terminating memory-based search and 513 

leaving memory intact. To test for this possibility, larvae were trained as before, but 514 

before the recall test we introduced a waiting period. During this period the larvae 515 

were either kept in darkness or exposed to blue light for three minutes for 864-DAN 516 

activation (Fig. 7A). When the recall test was carried out in darkness, significant 517 

memory-based search was observed regardless of 864-DAN activation during the 518 

waiting phase (Fig. 7A, left and middle box plot). This suggests that 864-DAN 519 

activation during the waiting period does not promote forgetting.  520 

Indirect activation of DANs, via two-step cross-compartmental feedback from 521 

MBONs, has recently been discovered to promote extinction in adult flies 522 

(Felsenberg et al., 2018). Extinction refers to the learning that takes place when the 523 

odor, but no external reinforcement, is presented. To see whether 864-DAN 524 

activation would promote this process, we repeated the experiment, but this time 525 

presented the previously trained odor during the waiting period (without external 526 

reinforcement), either without or including 864-DAN activation. Again, we observed 527 

robust memory-based search in the recall test in both cases (Fig. 7B left, and middle 528 

box plot). Please note that 864-DAN activation fully terminated learned search in 529 
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both experiments (Fig. 7A-B).  530 

Together, these results suggest that activation of 864-DAN, reliably covering 531 

only the DAN-i1 neuron, does not promote forgetting or extinction. Rather, 864-532 

DAN activation can confer both a reward signal for memory formation during 533 

training and an acute search termination signal during the recall test.  534 

 Given that the 58E02- and 864-DAN neurons, just like natural rewards, can 535 

mediate both reward and search termination signals, we decided to investigate 536 

further the behavioral relation between the signals carried by these neurons and 537 

natural reward. 538 

 539 

Relation of 58E02- and 864-DAN activation to sugar reward  540 

To test for the relationship between the signals carried by 58E02- and 864-DANs 541 

and a natural sugar reward, we took advantage of the nature of memory-based 542 

behavior as a search. Regarding natural rewards, we have previously shown that 543 

memory-based search for a reward is terminated by a reward only if the sought-for 544 

reward matches the reward that is present (Schleyer et al., 2011, 2013, 2015a). 545 

Thus, if the activation of these neurons and sugar reward were plainly to ‘mean the 546 

same thing’ to the larvae, then the search for one should be fully and mutually 547 

terminated by the presence of the other. However, in the case of 58E02 this effect is 548 

partial and not mutual, and in the case of 864-DAN it is full yet not mutual, either 549 

(Fig. 8): 550 

 Memory-based search induced by 58E02-DAN activation during training was tuned 551 

down to about half in the presence of sugar during the test (Fig. 8A). Using a two-552 

odor, differential conditioning paradigm, the same result was observed (Fig. 8E). In 553 

contrast, sugar did fully terminate memory-based search when the more specific 554 

864-DAN activation was used for training (Fig. 8B; for two repetitions of this 555 

experiment see Fig. 8F-G). These results can be explained by a representation of 556 

sugar reward that partially covers the 58E02-DANs, and fully covers the 864-DANs.  557 

Whether these DANs are necessary for the observed effects of sugar on search 558 

behavior is not known. 559 

 Second, we asked whether the memory-based search for sugar can in turn be 560 

terminated by activating the 58E02- or 864-DANs, that is whether activation of 561 

these DANs would be sufficient to terminate the search for sugar. This was not the 562 

case (Fig. 8C-D). Thus, with respect to its behavioral significance there are major 563 



 

 18 

aspects of the sugar reward representation that are covered neither by the 58E02- 564 

nor the 864-DANs, with the result that the search for sugar continues despite the 565 

search termination signal conveyed by these neurons.  566 

With respect to the behavioral relevance of the present type of assay, it is a 567 

plausible working hypothesis that the representation of sugar reward partially 568 

overlaps with 58E02-DAN, and fully encompasses 864-DAN (Fig. 8H). In order to 569 

lend further plausibility to this scenario, we investigated whether 864-DAN 570 

activation would share additional basic behavioral features with sugar reward. First, 571 

we asked whether 864-DAN activation, like sugar, can induce memories of opposite 572 

valence in a contingency-dependent manner. 573 

 574 

864-DAN activation induces memories of opposite valence in a contingency-575 

dependent manner 576 

After paired training with odor and sugar, odor preferences during the test are in-577 

creased relative to baseline, whereas after presenting odor and sugar in an unpaired 578 

manner, i.e. during separate trials, the odor preferences are de-creased (Fig. 9A) 579 

(Saumweber et al., 2011; Schleyer et al., 2011, 2015b, Paisios et al., 2017;  reviewed 580 

in Schleyer et al., 2018). This conforms to widely applied learning theory (Rescorla 581 

and Wagner, 1972; Sutton and Barto, 1981; Malaka, 1999) and makes intuitive 582 

sense as well: after paired odor-sugar training the odor predicts where sugar can be 583 

found, whereas after presentations of odor separately from sugar the odor predicts 584 

precisely where sugar cannot be found. In both cases the animals’ behavior reflects 585 

a memory-based search for sugar – yet their memory guides them in opposite 586 

directions relative to the odor. Optogenetic activation of 864-DAN establishes both 587 

these types of memory (Fig. 9B), suggesting that, as for sugar, the reward signal 588 

carried by 864-DAN can induce memories of opposite valence depending on the 589 

contingency of its occurrence with the odor presentation. Strikingly, the resulting 590 

behavioral tendencies, memory-based odor approach and aversion, are both 591 

terminated by 864-DAN activation during the test (Fig. 9C). Thus, like sugar, 592 

activating 864-DAN provides a reward signal that can induce memories of opposite 593 

valence during training, and a signal to terminate the search behavior based on 594 

either kind of memory during the test. We next asked whether more specifically 595 

864-DAN activation results in the same ‘microbehavioral’ modulations of search 596 

behavior as sugar. 597 
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 598 

864-DAN activation affects the same aspects of search behavior as sugar 599 

Larval behavior in an odor gradient can be characterized by relatively straight runs, 600 

interrupted by lateral head casts (HC) that are followed by changes of direction (Fig. 601 

10A-B). We find that search based on a 864-DAN memory, just like memories for 602 

sugar (Schleyer et al., 2015b; Paisios et al., 2017; Thane et al., 2019), can be 603 

characterized by modulations of both these two aspects of behavior, namely the 604 

rate of head casts, and their direction (Fig. 10C-D) (Saumweber et al., 2018): 605 

 After paired training with odor and 864-DAN activation, larvae made more head 606 

casts while heading away from the odor than while heading towards it (Fig. 10C, 607 

left-most box plot showing head cast rate modulation > 0). Such a modulation of 608 

their head cast rate brings the animals closer to the odor source. After unpaired 609 

training with odor and 864-DAN activation, the opposite was observed (Fig. 10C, 610 

second box plot from left showing head cast rate modulation < 0). 611 

 In addition, after paired training the animals directed their head casts more 612 

towards the odor source than after unpaired training (Fig. 10D, black-filled box 613 

plots). 614 

We next wondered whether 864-DAN activation during the test can also terminate 615 

both these behavioral effects, as has been reported for sugar (Schleyer et al., 2016b; 616 

Paisios et al., 2017), and indeed found this to be the case (Fig. 10C-D, blue-filled box 617 

plots). Thus, the reward signal carried by 864-DAN causes the same modulations of 618 

memory-based search as sugar, and the search termination signal carried by 864-619 

DAN, just like sugar, terminates both these behavioral modulations. 620 

 621 

Discussion 622 

The current study shows that the optogenetic activation of DANs can have two 623 

effects: it can confer a reward signal during training such that associated odors are 624 

learned and can later be used by the animal to direct its search for the reward. And 625 

during the recall test the activation of the same DANs can confer a signal to acutely 626 

terminate that very search. Before we discuss which of the synaptic partners of the 627 

DANs might be receiving these signals, we compare the effects of DAN activation to 628 

those of sugar as a natural reward. 629 

 630 

The relationship between natural rewards and optogenetic DAN activation 631 
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Optogenetic 864-DAN activation, just like sugar as a natural reward (Fig. 9A) 632 

(Saumweber et al., 2011; Schleyer et al., 2011, 2015b; Paisios et al., 2017; reviewed 633 

in Schleyer et al., 2018), can establish memories of opposite behavioral valence in 634 

larvae, depending on the contingency with the odor (Fig. 9B). Thus, 864-DAN 635 

activation as such does not signal valence. Rather, as for natural rewards the 636 

valence of 864-DAN activation arises only upon convergence with olfactory 637 

processing. Extrapolating from what has been established in adult D. melanogaster, 638 

this might correspond at the physiological level to the depression of the KC MBON 639 

synapse observed upon paired odor-DAN training, and its potentiation upon their 640 

unpaired presentation  (Cohn et al., 2015; see also Yarali et al., 2012; Handler et al., 641 

2019). Importantly, memories from both paired and unpaired 864-DAN training can 642 

be prevented from behavioral expression by optogenetically activating 864-DAN 643 

during the recall test (Fig. 9C), as is the case for sugar (Fig. 9A) (Schleyer et al., 644 

2018). This shows that the search termination signal likewise pertains to memories 645 

established by 864-DAN, regardless of their behavioral valence. 646 

 Olfactory memories upon 864-DAN activation of either valence further 647 

resemble sugar memories in the specific modulations of memory-based search 648 

behavior (Fig. 10) (Paisios et al., 2017; Saumweber et al., 2018). Moreover, both 649 

864-DAN activation and sugar can also terminate the opposing modulations of 650 

behavior underlying learned search behavior after paired and unpaired training (Fig. 651 

10). 652 

Furthermore, the search termination signal from 864-DAN activation, like 653 

that conferred by sugar (Fig. 1) (Schleyer et al., 2011, 2015a, 2015b), affects only 654 

memory-based olfactory search, but not innate odor preference (Fig. 6). This 655 

specific effect of 864-DAN activation on only learned behavior contrasts with the 656 

recently reported DAN-mediated enhancement of innate food exploitation behavior 657 

in C. elegans (Oranth et al., 2018). 658 

Finally, the presence of sugar terminates memory-based search after 864-659 

DAN training, suggesting that after such training larvae may be searching for a 660 

sugar-like reward (Fig. 8B).  661 

However, the search termination signal conveyed by 864-DAN activation is 662 

sufficient to terminate search after 864-DAN training (Fig. 6, 7) but not after sugar 663 

training (Fig. 8D), consistent with 864-DANs being only a subset of the neurons 664 

representing sugar reward (Fig. 8H). Moreover, whether in an experiment such as 665 
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that depicted in Fig. 8B the activation of the 864-DANs is necessary for sugar to 666 

terminate search is not known. Thus, our results suggest that in its behavioral 667 

relevance 864-DAN activation bears some resemblance to a sugar reward, but 668 

certainly does not equal it.  669 

 670 

Who receives the DAN signals? 671 

Given the two effects of DAN activation, namely to confer a reward and a search 672 

termination signal, and given that DANs have two main targets, namely the KCs and 673 

the MBONs, the question arises what the effects of receiving a DAN signal are in KCs 674 

and MBONs, respectively. 675 

 Concerning the KCs, it is established that during training the coincidence of 676 

odor activation and dopaminergic input is detected by the type I adenylate cyclase 677 

and turned into presynaptic depression of the KC MBON synapse (recent reviews 678 

for larvae: Widmann et al., 2018; Thum and Gerber, 2019; adults: Cognigni et al., 679 

2018; Tumkaya et al., 2018). For DANs carrying a reward signal, this would lead to 680 

less drive towards avoidance-promoting MBONs and hence to odor attraction based 681 

on the residual, intact drive from KCs to approach-promoting MBONs in other 682 

compartments (adults: Aso et al., 2014b; Hige et al., 2015; Owald et al., 2015; 683 

Felsenberg et al., 2018). Presenting the odor unpaired from DAN activation can lead 684 

to potentiation of the KC MBON synapse (Cohn et al., 2015), a process that is not 685 

yet understood at the molecular level. Thus, during training signaling from DANs can 686 

have opposite effects on the KC depending on the activity state of the KC (see also 687 

Handler et al., 2019; Aso et al., 2019). In the present case, such 688 

depression/potentiation of the KC MBON synapse could support the odor 689 

approach/avoidance we observe upon odor presentation paired/unpaired from 864-690 

DAN activation, respectively (Fig. 9B). In summary, the reward signal generated by 691 

optogenetic 864-DAN activation is very likely delivered via the DAN KC synapses. 692 

Much less is known about the MBONs, almost exclusively from adult flies. 693 

However, the fact that they are required for the expression of learned behavior 694 

(larvae: Saumweber et al., 2018; adults: Sejourne et al., 2011; Placais et al., 2013; 695 

Owald et al., 2015; Bouzaiane et al., 2015; Shyu et al., 2017; Wu et al., 2017) makes 696 

them plausible candidates to receive a search termination signal from the DANs 697 

during the recall test. Driving adult DANs has a monosynaptic, excitatory effect on 698 

MBONs that is mediated by dopamine (Takemura et al., 2017), and adult MBONs 699 



 

 22 

express all four types of D. melanogaster dopamine receptors (Perisse et al., 2016; 700 

Crocker et al., 2016; Takemura et al., 2017; Aso et al., 2019). Whether any of these 701 

receptors mediates a search termination signal remains unknown, however. Indeed, 702 

DAN presynapses can harbor both dense-core and clear vesicles, suggesting that 703 

they can use an additional neurotransmitter (adults: Takemura et al., 2017; larvae: 704 

Eichler et al. 2017), and some DANs in adults can signal by nitric oxide (Aso et al., 705 

2019). In any case, a plausible working hypothesis is that after paired training the 706 

activation of 864-DAN during the test would increase the reduced MBON activity 707 

back to baseline levels (Takemura et al., 2017), such that the balance between 708 

avoidance- and approach-promoting MBONs was restored and learned behavior 709 

was terminated. After unpaired training, according to such a scenario, the enhanced 710 

MBON activity would be decreased by DAN activation. In other words, very similarly 711 

to what was discussed above for the effect of DAN activation on KCs, DAN activation 712 

might also have opposite effects on the MBONs, in this case depending on the 713 

activity state of the MBON. We would like to add that an alternative would be to 714 

use the DAN signal to short-circuit avoidance- and approach-promoting MBONs, 715 

such that the net output of the MBON network would be neutral. Indeed, adult 716 

MBONs express innexin genes (Aso et al., 2019), and there is a precedent for 717 

dopamine-dependent electrical coupling in cardiac motor neurons in crabs, 718 

Mauthner cells in fish, and the mammalian retina (Cachope and Pereda, 2012; Lane 719 

et al., 2018; Roy and Field, 2019). In summary, although it is a plausible working 720 

hypothesis that the search termination signal from the DANs operates through the 721 

MBONs, direct evidence is still lacking. 722 

 723 

A general principle? 724 

In Pavlovian terminology the odor in our paradigm corresponds to a conditioned 725 

stimulus (CS), sugar to an unconditioned stimulus (US), and optogenetic DAN 726 

activation to a US’s reinforcing capacity. Furthermore, learned behavior towards the 727 

odor in our paradigm corresponds to the conditioned response (CR), whereas 728 

behavior towards sugar would correspond to the unconditioned response (UR). 729 

Terminating learned search in the presence of the US in Pavlovian terms would thus 730 

correspond to a ‘dominance’ of the UR over the CR. Although this seems to be 731 

generally adaptive because USs are of intrinsic value whereas CSs are not, it is 732 

unknown how generally such a rule applies. Indeed, testing for the applicability of 733 
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this rule requires testing for the CR in the presence of the US, thereby defying what 734 

might be called Clause One of Pavlovian practice. In the present case, doing so has 735 

allowed us to reveal that in the brain of larval D. melanogaster the same DANs can 736 

mediate on the one hand a reward signal during training to establish associative 737 

memory, and on the other hand a signal that can terminate its behavioral 738 

expression. Given the role of DANs in mediating reinforcement signals across 739 

animals and humans, we wonder whether this reflects a principle of DAN function. 740 

741 



 

 24 

References 742 

Apitz T, Bunzeck N (2013) Dopamine controls the neural dynamics of memory signals and 743 
retrieval accuracy. Neuropsychopharmacology 38:2409-2417. 744 

Apostolopoulou AA, Hersperger F, Mazija L, Widmann A, Wust A, Thum AS (2014) 745 
Composition of agarose substrate affects behavioral output of Drosophila larvae. 746 
Front Behav Neurosci 8:11. 747 

Aso Y, Rubin GM (2016) Dopaminergic neurons write and update memories with cell-type-748 
specific rules. Elife 5:e16135. 749 

Aso Y, Rubin GM (2020) Toward nanoscale localization of memory engrams in Drosophila. J 750 
Neurogenet 34:151-155. 751 

Aso Y, Grubel K, Busch S, Friedrich AB, Siwanowicz I, Tanimoto H (2009) The mushroom body 752 
of adult Drosophila characterized by GAL4 drivers. J Neurogenet 23:156-172. 753 

Aso Y, Hattori D, Yu Y, Johnston RM, Iyer NA, Ngo TT, Dionne H, Abbott LF, Axel R, Tanimoto 754 
H, Rubin GM (2014a) The neuronal architecture of the mushroom body provides a 755 
logic for associative learning. Elife 3:e04577. 756 

Aso Y, Ray RP, Long X, Bushey D, Cichewicz K, Ngo TT, Sharp B, Christoforou C, Hu A, Lemire 757 
AL, Tillberg P, Hirsh J, Litwin-Kumar A, Rubin GM (2019) Nitric oxide acts as a 758 
cotransmitter in a subset of dopaminergic neurons to diversify memory dynamics. 759 
Elife 8:e49257. 760 

Aso Y et al. (2014b) Mushroom body output neurons encode valence and guide memory-761 
based action selection in Drosophila. Elife 3:e04580. 762 

Berck ME, Khandelwal A, Claus L, Hernandez-Nunez L, Si G, Tabone CJ, Li F, Truman JW, 763 
Fetter RD, Louis M, Samuel AD, Cardona A (2016) The wiring diagram of a glomerular 764 
olfactory system. Elife 5: e14859. 765 

Berry JA, Cervantes-Sandoval I, Nicholas EP, Davis RL (2012) Dopamine is required for 766 
learning and forgetting in Drosophila. Neuron 74:530-542. 767 

Berry JA, Cervantes-Sandoval I, Chakraborty M, Davis RL (2015) Sleep facilitates memory by 768 
blocking dopamine neuron-mediated forgetting. Cell 161:1656-1667. 769 

Bilz F, Geurten BRH, Hancock CE, Widmann A, Fiala A (2020) Visualization of a distributed 770 
synaptic memory code in the Drosophila brain. Neuron DOI: 771 
10.1016/j.neuron.2020.03.010. 772 

Bouzaiane E, Trannoy S, Scheunemann L, Placais PY, Preat T (2015) Two independent 773 
mushroom body output circuits retrieve the six discrete components of Drosophila 774 
aversive memory. Cell Rep 11:1280-1292. 775 

Cachope R, Pereda AE (2012) Two independent forms of activity-dependent potentiation 776 
regulate electrical transmission at mixed synapses on the Mauthner cell. Brain Res 777 
1487:173-182. 778 

Claridge-Chang A, Roorda RD, Vrontou E, Sjulson L, Li H, Hirsh J, Miesenbock G (2009) 779 
Writing memories with light-addressable reinforcement circuitry. Cell 139:405-415. 780 

Cognigni P, Felsenberg J, Waddell S (2018) Do the right thing: neural network mechanisms of 781 
memory formation, expression and update in Drosophila. Curr Opin Neurobiol 49:51-782 
58. 783 

Cohn R, Morantte I, Ruta V (2015) Coordinated and compartmentalized neuromodulation 784 
shapes sensory processing in Drosophila. Cell 163:1742-1755. 785 

Crocker A, Guan XJ, Murphy CT, Murthy M (2016) Cell-type-specific transcriptome analysis in 786 
the Drosophila mushroom body reveals memory-related changes in gene expression. 787 
Cell Rep 15:1580-1596. 788 

Dawydow A, Gueta R, Ljaschenko D, Ullrich S, Hermann M, Ehmann N, Gao S, Fiala A, 789 
Langenhan T, Nagel G, Kittel RJ (2014) Channelrhodopsin-2-XXL, a powerful 790 
optogenetic tool for low-light applications. Proc Natl Acad Sci U S A 111:13972-13977. 791 

Diegelmann S, Klagges B, Michels B, Schleyer M, Gerber B (2013) Maggot learning and 792 
Synapsin function. J Exp Biol 216:939-951. 793 

Eichler K, Li F, Litwin-Kumar A, Park Y, Andrade I, Schneider-Mizell CM, Saumweber T, Huser 794 
A, Eschbach C, Gerber B, Fetter RD, Truman JW, Priebe CE, Abbott LF, Thum AS, Zlatic 795 
M, Cardona A (2017) The complete connectome of a learning and memory centre in 796 
an insect brain. Nature 548:175-182. 797 



 

 25 

Eschbach C, Fushiki A, Winding M, Schneider-Mizell CM, Shao M, Arruda R, Eichler K, Valdes-798 
Aleman J, Ohyama T, Thum AS, Gerber B, Fetter RD, Truman JW, Litwin-Kumar A, 799 
Cardona A, Zlatic M (2020) Recurrent architecture for adaptive regulation of learning 800 
in the insect brain. Nat Neurosci 23:544-555.  801 

Felsenberg J, Jacob PF, Walker T, Barnstedt O, Edmondson-Stait AJ, Pleijzier MW, Otto N, 802 
Schlegel P, Sharifi N, Perisse E, Smith CS, Lauritzen JS, Costa M, Jefferis G, Bock DD, 803 
Waddell S (2018) Integration of parallel opposing memories underlies memory 804 
extinction. Cell 175:709-722 e715. 805 

Gerber B, Hendel T (2006) Outcome expectations drive learned behaviour in larval 806 
Drosophila. Proc Biol Sci 273:2965-2968. 807 

Grogan J, Bogacz R, Tsivos D, Whone A, Coulthard E (2015) Dopamine and consolidation of 808 
episodic memory: Timing is everything. J Cogn Neurosci 27:2035-2050. 809 

Handler A, Graham TGW, Cohn R, Morantte I, Siliciano AF, Zeng J, Li Y, Ruta V (2019) Distinct 810 
dopamine receptor pathways underlie the temporal sensitivity of associative 811 
learning. Cell 178:60-75 e19. 812 

Heisenberg M (2003) Mushroom body memoir: from maps to models. Nat Rev Neurosci 813 
4:266-275. 814 

Heisenberg M, Borst A, Wagner S, Byers D (1985) Drosophila mushroom body mutants are 815 
deficient in olfactory learning. J Neurogenet 2:1-30. 816 

Hige T, Aso Y, Modi MN, Rubin GM, Turner GC (2015) Heterosynaptic plasticity underlies 817 
aversive olfactory learning in Drosophila. Neuron 88:985-998. 818 

Holm S (1979) A simple sequentially rejective multiple test procedure. Scand J Statist 6:65-819 
70. 820 

Honjo K, Furukubo-Tokunaga K (2009) Distinctive neuronal networks and biochemical 821 
pathways for appetitive and aversive memory in Drosophila larvae. J Neurosci 29:852-822 
862. 823 

Ito K, Hotta Y (1992) Proliferation pattern of postembryonic neuroblasts in the brain of 824 
Drosophila melanogaster. Dev Biol 149:134-148. 825 

Kato A, Morita K (2016) Forgetting in reinforcement learning links sustained dopamine 826 
signals to motivation. PLoS Comput Biol 12:e1005145. 827 

Kaufman, Rousseeuw PJ (2005) Finding groups in data: an introduction to cluster analysis, 828 
John Wiley & Sons, ISBN: 9780471878766. 829 

Kaun KR, Rothenfluh A (2017) Dopaminergic rules of engagement for memory in Drosophila. 830 
Curr Opin Neurobiol 43:56-62. 831 

Kaun KR, Hendel T, Gerber B, Sokolowski MB (2007) Natural variation in Drosophila larval 832 
reward learning and memory due to a cGMP-dependent protein kinase. Learn Mem 833 
14:342-349. 834 

Kramar CP, Chefer VI, Wise RA, Medina JH, Barbano MF (2014) Dopamine in the dorsal 835 
hippocampus impairs the late consolidation of cocaine-associated memory. 836 
Neuropsychopharmacology 39:1645-1653. 837 

Krashes MJ, DasGupta S, Vreede A, White B, Armstrong JD, Waddell S (2009) A neural circuit 838 
mechanism integrating motivational state with memory expression in Drosophila. Cell 839 
139:416-427. 840 

Kudow N, Kamikouchi A, Tanimura T (2019) Softness sensing and learning in Drosophila 841 
larvae. J Exp Biol 222. 842 

Kudow N, Miura D, Schleyer M, Toshima N, Gerber B, Tanimura T (2017) Preference for and 843 
learning of amino acids in larval Drosophila. Biol Open 6:365-369. 844 

Lammel S, Lim BK, Ran C, Huang KW, Betley MJ, Tye KM, Deisseroth K, Malenka RC (2012) 845 
Input-specific control of reward and aversion in the ventral tegmental area. Nature 846 
491:212-217. 847 

Lane BJ, Kick DR, Wilson DK, Nair SS, Schulz DJ (2018) Dopamine maintains network 848 
synchrony via direct modulation of gap junctions in the crustacean cardiac ganglion. 849 
Elife 7:e39368. 850 

Li HH, Kroll JR, Lennox SM, Ogundeyi O, Jeter J, Depasquale G, Truman JW (2014) A GAL4 851 
driver resource for developmental and behavioral studies on the larval CNS of 852 
Drosophila. Cell Rep 8:897-908. 853 



 

 26 

Liu C, Placais PY, Yamagata N, Pfeiffer BD, Aso Y, Friedrich AB, Siwanowicz I, Rubin GM, Preat 854 
T, Tanimoto H (2012) A subset of dopamine neurons signals reward for odour 855 
memory in Drosophila. Nature 488:512-516. 856 

Malaka R (1999) Models of classical conditioning. Bulletin of Mathematical Biology 61:33-83. 857 
Masuda-Nakagawa LM, Tanaka NK, O'Kane CJ (2005) Stereotypic and random patterns of 858 

connectivity in the larval mushroom body calyx of Drosophila. Proc Natl Acad Sci U S 859 
A 102:19027-19032. 860 

Menegas W, Akiti K, Amo R, Uchida N, Watabe-Uchida M (2018) Dopamine neurons 861 
projecting to the posterior striatum reinforce avoidance of threatening stimuli. Nat 862 
Neurosci 21:1421-1430. 863 

Michels B, Chen YC, Saumweber T, Mishra D, Tanimoto H, Schmid B, Engmann O, Gerber B 864 
(2011) Cellular site and molecular mode of Synapsin action in associative learning. 865 
Learn Mem 18:332-344. 866 

Michels B, Saumweber T, Biernacki R, Thum J, Glasgow RDV, Schleyer M, Chen YC, Eschbach 867 
C, Stocker RF, Toshima N, Tanimura T, Louis M, Arias-Gil G, Marescotti M, Benfenati F, 868 
Gerber B (2017) Pavlovian conditioning of larval Drosophila: an illustrated, 869 
multilingual, hands-on manual for odor-taste associative learning in maggots. Front 870 
Behav Neurosci 11:45. 871 

Musso PY, Tchenio P, Preat T (2015) Delayed dopamine signaling of energy level builds 872 
appetitive long-term memory in Drosophila. Cell Rep 10:1023-1031. 873 

Oranth A, Schultheis C, Tolstenkov O, Erbguth K, Nagpal J, Hain D, Brauner M, Wabnig S, 874 
Steuer Costa W, McWhirter RD, Zels S, Palumbos S, Miller Iii DM, Beets I, Gottschalk A 875 
(2018) Food sensation modulates locomotion by dopamine and neuropeptide 876 
signaling in a distributed neuronal network. Neuron 100:1414-1428 e1410. 877 

Owald D, Waddell S (2015) Olfactory learning skews mushroom body output pathways to 878 
steer behavioral choice in Drosophila. Curr Opin Neurobiol 35:178-184. 879 

Owald D, Felsenberg J, Talbot CB, Das G, Perisse E, Huetteroth W, Waddell S (2015) Activity 880 
of defined mushroom body output neurons underlies learned olfactory behavior in 881 
Drosophila. Neuron 86:417-427. 882 

Paisios E, Rjosk A, Pamir E, Schleyer M (2017) Common microbehavioral "footprint" of two 883 
distinct classes of conditioned aversion. Learn Mem 24:191-198. 884 

Pauls D, Selcho M, Gendre N, Stocker RF, Thum AS (2010) Drosophila larvae establish 885 
appetitive olfactory memories via mushroom body neurons of embryonic origin. J 886 
Neurosci 30:10655-10666. 887 

Perisse E, Owald D, Barnstedt O, Talbot CB, Huetteroth W, Waddell S (2016) Aversive 888 
learning and appetitive motivation toggle feed-forward inhibition in the Drosophila 889 
mushroom body. Neuron 90:1086-1099. 890 

Pfeiffer BD, Ngo TT, Hibbard KL, Murphy C, Jenett A, Truman JW, Rubin GM (2010) 891 
Refinement of tools for targeted gene expression in Drosophila. Genetics 186:735-892 
755. 893 

Placais PY, Trannoy S, Friedrich AB, Tanimoto H, Preat T (2013) Two pairs of mushroom body 894 
efferent neurons are required for appetitive long-term memory retrieval in 895 
Drosophila. Cell Rep 5:769-780. 896 

Rescorla RA, Wagner AR (1972) A theory of Pavlovian conditioning: variations in the 897 
effectiveness of reinforcement and nonreinforcement. In: Classical conditioning II: 898 
Current research and theory (Black AH, Prokasy WF, eds), pp 64-99. New York: 899 
Appleton-Century-Crofts. 900 

Rohwedder A, Pfitzenmaier JE, Ramsperger N, Apostolopoulou AA, Widmann A, Thum AS 901 
(2012) Nutritional value-dependent and nutritional value-independent effects on 902 
Drosophila melanogaster larval behavior. Chem Senses 37:711-721. 903 

Rohwedder A, Wenz NL, Stehle B, Huser A, Yamagata N, Zlatic M, Truman JW, Tanimoto H, 904 
Saumweber T, Gerber B, Thum AS (2016) Four individually identified paired dopamine 905 
neurons signal reward in larval Drosophila. Curr Biol 26:661-669. 906 

Roy S, Field GD (2019) Dopaminergic modulation of retinal processing from starlight to 907 
sunlight. J Pharmacol Sci 140:86-93. 908 

Saumweber T, Husse J, Gerber B (2011) Innate attractiveness and associative learnability of 909 
odors can be dissociated in larval Drosophila. Chem Senses 36:223-235. 910 



 

 27 

Saumweber T, Rohwedder A, Schleyer M, Eichler K, Chen YC, Aso Y, Cardona A, Eschbach C, 911 
Kobler O, Voigt A, Durairaja A, Mancini N, Zlatic M, Truman JW, Thum AS, Gerber B 912 
(2018) Functional architecture of reward learning in mushroom body extrinsic 913 
neurons of larval Drosophila. Nat Commun 9:1104. 914 

Scherer S, Stocker RF, Gerber B (2003) Olfactory learning in individually assayed Drosophila 915 
larvae. Learn Mem 10:217-225. 916 

Schipanski A, Yarali A, Niewalda T, Gerber B (2008) Behavioral analyses of sugar processing 917 
in choice, feeding, and learning in larval Drosophila. Chem Senses 33:563-573. 918 

Schleyer M, Miura D, Tanimura T, Gerber B (2015a) Learning the specific quality of taste 919 
reinforcement in larval Drosophila. Elife 4:e04711. 920 

Schleyer M, Fendt M, Schuller S, Gerber B (2018) Associative learning of stimuli paired and 921 
unpaired with reinforcement: evaluating evidence from maggots, flies, bees, and rats. 922 
Front Psychol 9:1494. 923 

Schleyer M, Diegelmann S, Michels B, Saumweber T, Gerber B (2013) 'Decision-making' in 924 
larval Drosophila. In: Invertebrate Learning and Memory (Menzel R, Benjamin P, eds), 925 
pp 41-55. München: Elsevier. 926 

Schleyer M, Saumweber T, Nahrendorf W, Fischer B, von Alpen D, Pauls D, Thum A, Gerber B 927 
(2011) A behavior-based circuit model of how outcome expectations organize learned 928 
behavior in larval Drosophila. Learn Mem 18:639-653. 929 

Schleyer M, Reid SF, Pamir E, Saumweber T, Paisios E, Davies A, Gerber B, Louis M (2015b) 930 
The impact of odor-reward memory on chemotaxis in larval Drosophila. Learn Mem 931 
22:267-277. 932 

Schroll C, Riemensperger T, Bucher D, Ehmer J, Voller T, Erbguth K, Gerber B, Hendel T, Nagel 933 
G, Buchner E, Fiala A (2006) Light-induced activation of distinct modulatory neurons 934 
triggers appetitive or aversive learning in Drosophila larvae. Curr Biol 16:1741-1747. 935 

Schultz W (2015) Neuronal reward and decision signals: From theories to data. Physiol Rev 936 
95:853-951. 937 

Schwaerzel M, Monastirioti M, Scholz H, Friggi-Grelin F, Birman S, Heisenberg M (2003) 938 
Dopamine and octopamine differentiate between aversive and appetitive olfactory 939 
memories in Drosophila. J Neurosci 23:10495-10502. 940 

Sejourne J, Placais PY, Aso Y, Siwanowicz I, Trannoy S, Thoma V, Tedjakumala SR, Rubin GM, 941 
Tchenio P, Ito K, Isabel G, Tanimoto H, Preat T (2011) Mushroom body efferent 942 
neurons responsible for aversive olfactory memory retrieval in Drosophila. Nat 943 
Neurosci 14:903-910. 944 

Selcho M, Pauls D, Han KA, Stocker RF, Thum AS (2009) The role of dopamine in Drosophila 945 
larval classical olfactory conditioning. PLoS One 4:e5897. 946 

Shuai Y, Hirokawa A, Ai Y, Zhang M, Li W, Zhong Y (2015) Dissecting neural pathways for 947 
forgetting in Drosophila olfactory aversive memory. Proc Natl Acad Sci U S A 948 
112:E6663-6672. 949 

Shyu WH, Chiu TH, Chiang MH, Cheng YC, Tsai YL, Fu TF, Wu T, Wu CL (2017) Neural circuits 950 
for long-term water-reward memory processing in thirsty Drosophila. Nat Commun 951 
8:15230. 952 

Strauch M, Hartenstein V, Andrade IV, Cardona A, Merhof D (2018) Annotated dendrograms 953 
for neurons from the larval fruit fly brain. In: Eurographics Workshop on Visual 954 
Computing for Biology and Medicine (Puig Puig A, Schultz T, Vilanova A, eds). 955 

Sutton RS, Barto AG (1981) Toward a modern theory of adaptive networks: expectation and 956 
prediction. Psychol Rev 88:135-170. 957 

Takemura SY et al. (2017) A connectome of a learning and memory center in the adult 958 
Drosophila brain. Elife 6:e26975. 959 

Thum AS, Gerber B (2019) Connectomics and function of a memory network: the mushroom 960 
body of larval Drosophila. Curr Opin Neurobiol 54:146-154. 961 

Tomchik SM, Davis RL (2009) Dynamics of learning-related cAMP signaling and stimulus 962 
integration in the Drosophila olfactory pathway. Neuron 64:510-521. 963 

Tumkaya T, Ott S, Claridge-Chang A (2018) A systematic review of Drosophila short-term-964 
memory genetics: Meta-analysis reveals robust reproducibility. Neurosci Biobehav 965 
Rev 95:361-382. 966 



 

 28 

Vasmer D, Pooryasin A, Riemensperger T, Fiala A (2014) Induction of aversive learning 967 
through thermogenetic activation of Kenyon cell ensembles in Drosophila. Front 968 
Behav Neurosci 8:174. 969 

Waddell S (2013) Reinforcement signalling in Drosophila; dopamine does it all after all. Curr 970 
Opin Neurobiol 23:324-329. 971 

Widmann A, Eichler K, Selcho M, Thum AS, Pauls D (2018) Odor-taste learning in Drosophila 972 
larvae. J Insect Physiol 106:47-54. 973 

Widmann A, Artinger M, Biesinger L, Boepple K, Peters C, Schlechter J, Selcho M, Thum AS 974 
(2016) Genetic dissection of aversive associative olfactory learning and memory in 975 
Drosophila larvae. PLoS Genet 12:e1006378. 976 

Wimber M, Schott BH, Wendler F, Seidenbecher CI, Behnisch G, Macharadze T, Bauml KH, 977 
Richardson-Klavehn A (2011) Prefrontal dopamine and the dynamic control of human 978 
long-term memory. Transl Psychiatry 1:e15. 979 

Wu JK, Tai CY, Feng KL, Chen SL, Chen CC, Chiang AS (2017) Long-term memory requires 980 
sequential protein synthesis in three subsets of mushroom body output neurons in 981 
Drosophila. Sci Rep 7:7112. 982 

Yarali A, Nehrkorn J, Tanimoto H, Herz AV (2012) Event timing in associative learning: from 983 
biochemical reaction dynamics to behavioural observations. PLoS One 7:e32885. 984 

985 



 

 29 

Figure legends 986 

 987 

Figure 1: Sugar can confer reward and search termination signals 988 

(A) Larvae were trained such that an odor was presented either paired or unpaired 989 

with sugar. In a subsequent recall test they were assayed for their odor preference 990 

either in the absence or in the presence of the sugar (sketch towards the top). 991 

Testing in the absence of sugar revealed associative olfactory memory, quantified as 992 

a positive performance index (PI). The behavioral expression of this memory was 993 

terminated in the presence of sugar. Thus, sugar can confer two kinds of signal: 994 

during the training it provides a reward signal that can be associated with the odor 995 

to guide the animals later on in their reward search; and during the recall test the 996 

sugar as the sought for-reward provides a signal to terminate this learned search. 997 

Sample sizes: N = 29, 28. 998 

(B) Larvae were tested for innate odor preference, either in the absence or in the 999 

presence of sugar (sketch towards the top). Sugar did not have an effect on innate 1000 

olfactory behavior, suggesting its reflex-like organization. Sample sizes: N = 20 each. 1001 

Different lettering above the box plots indicates pairwise significance (MWU test, p 1002 

< 0.05 corrected according to Bonferroni-Holm). Asterisks below the box plots 1003 

indicate significance from zero (OSS test, p < 0.05 corrected according to 1004 

Bonferroni-Holm). All statistical tests and their results are reported along with the 1005 

source data in the extended data file Fig. 1-1. For the odor preference values 1006 

underlying the PI scores of this experiment, see Fig. 9A. 1007 

 1008 

Figure 2: Circuitry of the DAN-KC-MBON matrix 1009 

(A) The medial lobe chiasm. Odor information is processed to induce innate 1010 

approach, as well as towards the calyx region of the mushroom body Kenyon cells 1011 

(KCs, purple; displayed fully is one sample KC on the right side). Taste reward 1012 

information is likewise processed to guide innate behavior, as well as via mostly 1013 

aminergic modulatory neurons (displayed is the dopaminergic neuron DAN-i1, 1014 

turquoise/black) towards individual compartments of the mushroom body lobes (on 1015 

the left side, the compartments are indicated). Each of the four compartments of 1016 

the medial lobe (h-k) receives input from a single DAN that also innervates the same 1017 

compartment in the contralateral hemisphere. The mushroom body output neurons 1018 

(MBONs) of the medial lobe in turn draw from single compartments, typically of 1019 
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both hemispheres (displayed is MBON-i1, magenta/yellow), and deliver their 1020 

output, in configurations that differ between compartments, across the hemispheric 1021 

divide. Collectively, the MBONs are responsible for memory-based search behavior. 1022 

Based on Eichler et al. (2017), Saumweber et al. (2018). 1023 

(B) The DAN-KC-MBON matrix in the i-compartment of the right mushroom body. 1024 

DAN-i1 and most KCs establish mutual chemical synapses, and both DAN-i1 and KCs 1025 

provide output to MBON-i1. For simplicity, only synapses with the left DAN-i1 and 1026 

MBON-i1 neurons are shown in detail. The same connectivity is found for the left i-1027 

compartment, and in most if not all other compartments (Eichler et al., 2017; 1028 

Saumweber et al., 2018). 1029 

(C) Major regions of innervation for DAN-i1 and MBON-i1. DAN-i1 (turquoise) 1030 

receives input from outside the mushroom body (dark grey) ipsilateral to its cell 1031 

body (region labeled 1), and then innervates the i-compartment in both 1032 

hemispheres (labeled 2 and 3). MBON-i1 (magenta) crosses the midline twice; it 1033 

receives input in the i-compartment of both hemispheres, and provides output in 1034 

regions adjacent to the mushroom body of both hemispheres. 1035 

(D) Same as (C) but in a slightly tilted view, showing skeleton reconstructions of the 1036 

left DAN-i1 and MBON-i1 neurons and one sample KC (black). Based on Eichler et al. 1037 

(2017). 1038 

(E) Dendrogram of the left DAN-i1 neuron. Colored dots represent output synapses 1039 

from DAN-i1, triangles input synapses to DAN-i1. The colors indicate the partner 1040 

neuron of the respective synapse. All other synapses within the mushroom body are 1041 

labeled "Other". Not displayed are synapses that DAN-i1 forms with neurons 1042 

outside the mushroom body in particular in region 1 (Eschbach et al., 2020). 1043 

Stippled lines indicate regions where the neuron crosses the midline of the brain. 1044 

(F) Same as (E), but for the left MBON-i1 neuron. Not displayed are synapses that 1045 

MBON-i1 forms with neurons outside the mushroom body. 1046 

For high-resolution versions of the DAN-i1 and MBON-i1 neurons of both 1047 

hemispheres, as well as all mature KCs, see extended data files Fig. 2-1, Fig. 2-2, and 1048 

Fig. 2-3, respectively. 1049 

 1050 

Figure 3: Organization of synaptic inputs to the MBON-i1 neuron 1051 

(A) Number of KC MBON-i1 and DAN-i1 MBON-i1 synapses to each MBON-i1 1052 

neuron, separated by hemisphere. Both MBON-i1 neurons have more synapses with 1053 
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those KCs and that DAN-i1 located in the hemisphere contralateral to their cell 1054 

body. Asterisks indicate significant Chi square tests (p < 0.05 corrected according to 1055 

Bonferroni-Holm). Data are taken from Eichler et al. (2017). 1056 

(B) Semi-schematic overview of the distribution of synapses from the ipsi- and 1057 

contralateral hemisphere to MBON-i1. KCs and both DAN-i1 neurons form more 1058 

synapses with the contralateral part of MBON-i1 than with its ipsilateral part. 1059 

(C) Distribution of the number of mature KCs forming the indicated number of 1060 

synapses with the left or right MBON-i1 neuron. KCs from the left hemisphere form 1061 

fewer synapses with the left than the right MBON-i1 neuron (left). KCs from the 1062 

right hemisphere, conversely, form more synapses with the left than the right 1063 

MBON-i1 (right). Given that KCs do not cross the midline, all synapses that e.g. the 1064 

right MBON-i1 forms with KCs from the left hemisphere are located on the part of 1065 

MBON-i1 contralateral to its cell body. 1066 

(D) Despite the fact that the MBON-i1 neurons receive less input from the KCs of the 1067 

hemisphere ipsilateral to their cell bodies than from the contralateral hemisphere, 1068 

both MBON-i1 neurons receive information about the full space of KC inputs, in 1069 

either hemisphere. To determine the relationship between MBON-i1 and the 1070 

sensory input projected onto the KCs, the total input that MBON-i1 receives from 1071 

KCs that in turn receive their input from uniglomerular olfactory projection neurons 1072 

(PNs) (white and dark grey), multiglomerular olfactory PNs (light grey) and non-1073 

olfactory PNs (black) was taken into account to calculate the matrix product of the 1074 

respective PN KC and KC MBON-i1 synapses. This was done separately for 1075 

MBON-i1 left and its connections to the right, i.e. contralateral, KCs (top left) and 1076 

those to the left, i.e. ipsilateral, KCs (top right), and accordingly for MBON-i1 right 1077 

(bottom panels). Data based on Eichler et al. (2017). 1078 

All statistical tests and their results are reported along with the source data in the 1079 

extended data file Fig. 1-1. 1080 

 1081 

Figure 4: Organization of synapses on the DAN-i1 neuron 1082 

(A) Cluster analysis revealed that synapses from and to the left DAN-i1 neuron in 1083 

region 2 and 3 (see Fig. 2) are arranged in six clusters (labelled as 2’, 2’’ etc.). These 1084 

clusters appear to have a center-surround organization: towards their center 1085 

DAN KC, KC DAN and DAN MBON synapses are found, whereas their surround 1086 

features almost exclusively KC DAN synapses.  1087 
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(B) As in (A), but for the right DAN-i1 neuron. Seven center-surround structures can 1088 

be identified.   1089 

(C) To quantify this organization of synapses, we determined the distance (in cable 1090 

length along the neuron) of different types of synapses to the center of their 1091 

respective cluster, and found that KC DAN synapses are further from the center 1092 

than all other types of synapses. This confirms the organization of the clusters as 1093 

center-surround structures. 1094 

(D) As in (C), but for the right DAN-i1 neuron. 1095 

(E) Schematic sketch of the center-surround structure (top) and a magnification of 1096 

the connections in the center (bottom).  1097 

All statistical tests and their results are reported along with the source data in the 1098 

extended data file Fig. 1-1. 1099 

 1100 

Figure 5: Transgene expression pattern of the 58E02-DAN and 864-DAN driver 1101 

strains 1102 

(A-B) A previous flip-out-based analysis of the 58E02-DAN driver strain identified the 1103 

neurons DAN-h1, DAN-i1 and DAN-j1 (also called pPAM1, pPAM3 and pPAM4, 1104 

Rohwedder et al., 2016), as well as one additional neuron outside of the mushroom 1105 

body (Rohwedder et al., 2016). This pattern was confirmed: the driver strain was 1106 

crossed either to (A1-A5) pJFRC-10xUAS-IVS-mCD8::GFP, or (B1-B4) UAS-ChR2-XXL. 1107 

(A1, B1) Signal of the α-GFP or α-ChR antibody, respectively. (A2, B2) Signal of the 1108 

background staining via the α-FASII or α-HRP antibody, respectively. (A3, B3) Merge 1109 

of the respective signals. (A4, B4) A partial z-projection reveals strong innervation of 1110 

the medial lobe of the mushroom body. (A5) No innervation of the lateral appendix 1111 

is detected (arrow).  1112 

(C-D) The 864-DAN driver strain has been reported to express strongly in DAN-i1 1113 

(Saumweber et al., 2018). Here, we crossed it either to (C1-C5) pJFRC-10xUAS-IVS-1114 

mCD8::GFP, or (D1-D4) UAS-ChR2-XXL. (C1, D1) Signal of the α-GFP or α-ChR 1115 

antibody, respectively. (C2, D2) Signal of the background staining via the α-FASII or 1116 

α-HRP antibody, respectively. (C3, D3) Merge of the respective signals. (C4, D4) A 1117 

partial z-projection reveals strong innervation of the i-compartment in both 1118 

hemispheres (arrows), confirming expression in DAN-i1. (C5) As previously reported 1119 

(Saumweber et al., 2018), the driver strain occasionally expresses in additional 1120 

neurons, but if so typically in only one brain hemisphere, and in neurons differing in 1121 
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identity between preparations. Relatively most frequently, we observed the MBON-1122 

d1 neuron, innervating the lateral appendix in one hemisphere (arrow). Across the 1123 

multiple animals used for our group-based assay, such stochastic additional 1124 

expression is unlikely to cause systematic effects.  1125 

 1126 

Figure 6: Activation of the same neurons can establish memory and terminate its 1127 

recall 1128 

(A) Top: Larvae were trained with odor presented either paired or unpaired with 1129 

58E02-DAN activation by blue light. In the recall test, positive PI values in the 1130 

experimental genotype, but not in the genetic controls, indicate learned search 1131 

behavior based on associative memory for the odor (left-most box plot). Thus, 1132 

during training 58E02-DAN activation can mediate a reward signal. The memory-1133 

based search of the experimental genotype was tuned down when 58E02-DAN was 1134 

activated by blue light during the recall test as well (left-most blue-filled box plot). 1135 

Thus, 58E02 activation can also confer a search termination signal. Sample sizes: 16, 1136 

15, 17, 18, 15, 18. Bottom: Larvae were tested for innate odor preference, either in 1137 

the absence or the presence of blue light. All genotypes preferred the odor equally 1138 

strongly under both conditions, suggesting that activation of 58E02-DAN had no 1139 

effect on innate odor preference. Sample sizes: 24 each.  1140 

(B) As in (A), but with 864-DAN activation by blue light. Top: A positive PI, and thus 1141 

memory-based search, was observed only in the experimental genotype and only 1142 

when the recall test was performed in darkness. Sample sizes: 19, 19, 19, 19, 19, 20. 1143 

Bottom: 864-DAN activation by blue light had no effect on innate odor preference. 1144 

Sample sizes: 16 each.  1145 

(C) In a replication of the experiment shown in (A, top) for the experimental 1146 

genotype, the larvae showed memory-based search in darkness. When 58E02-DAN 1147 

was activated by blue light during the recall test, this memory-based search was 1148 

tuned down. Sample sizes: 15, 16. 1149 

(D) In a replication of the experiment shown in (B, top) for the experimental 1150 

genotype, the larvae exhibited memory-based search in darkness. When 864-DAN 1151 

was activated by blue light during the recall test, this search was terminated. 1152 

Sample sizes: 28, 28. 1153 

(E) In a further replication of (D), the test was performed on a Petri dish of 9 cm 1154 

inner diameter instead of 15 cm. Memory-based search during the recall test was 1155 
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observed in darkness and in this case was partially tuned down through 864-DAN 1156 

activation by blue light. Sample sizes: 22, 22. 1157 

(F) Larvae were trained in a differential, two-odor version of the experiment, using 1158 

n-amyl acetate diluted 1:50, and undiluted 1-octanol. The recall test was performed 1159 

on a Petri dish of 9 cm inner diameter. All other details as described in the main 1160 

text. Memory-based search was observed in darkness, and was tuned down through 1161 

864-DAN activation by blue light. Sample sizes: 26, 26. 1162 

Different lettering above the box plots indicates pairwise significance (MWU test, p 1163 

< 0.05 corrected according to Bonferroni-Holm). Asterisks below the box plots 1164 

indicate significance from zero (OSS test, p < 0.05 corrected according to 1165 

Bonferroni-Holm). “ns” indicates non-significance across all experimental conditions 1166 

(KW-test, p > 0.05). All statistical tests and their results are reported along with the 1167 

source data in the extended data file Fig. 1-1. 1168 

 1169 

Figure 7: Activation of 864-DAN between training and the recall test does not 1170 

enhance forgetting or extinction 1171 

(A) Groups of larvae were trained as in Fig. 6. Then, the larvae were kept either in 1172 

darkness or blue light for three minutes (Wait), and were subsequently tested. 1173 

When that recall test was carried out in darkness, memory-based search was 1174 

observed independent of the light condition, and thus independent of 864-DAN 1175 

activity, during the waiting phase (left and middle box plot). We confirmed that also 1176 

after such a waiting period 864-DAN activation during the recall test terminates 1177 

memory-based search (right box plot). Sample sizes: 25, 24, 19. 1178 

(B) Same as (A), but this time with the odor present during the waiting period. 1179 

Sample sizes: 28 each.  1180 

Different lettering above the box plots indicates pairwise significance (MWU test, p 1181 

< 0.05 corrected according to Bonferroni-Holm). Asterisks below the box plots 1182 

indicate significance from zero (OSS test, p < 0.05 corrected according to 1183 

Bonferroni-Holm). All statistical tests and their results are reported along with the 1184 

source data in the extended data file Fig. 1-1. 1185 

 1186 

Figure 8: Relation of 58E02- and 864-DAN activation to sugar reward 1187 
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(A) Larvae were trained with 58E02-DAN activation as in Fig. 6. Memory-based 1188 

search is fully expressed when the recall test is carried out in the absence of sugar, 1189 

but is tuned down in its presence. Sample sizes: 31, 21.  1190 

(B) As in (A), but with 864-DAN activation. Memory-based search is observed when 1191 

the recall test is carried out in the absence of sugar, but is terminated in its 1192 

presence. Sample sizes: 24 each.  1193 

(C) Larvae were trained such that an odor was presented either paired or unpaired 1194 

with sugar. Memory-based search for sugar was observed irrespective of whether or 1195 

not 58E02-DAN was activated by blue light during the recall test. Sample sizes: 19, 1196 

17.  1197 

(D) As in (C), but with 864-DAN activation. Memory-based search for sugar was 1198 

observed irrespective of whether or not 864-DAN was activated by blue light during 1199 

the recall test. Sample sizes: 18, 18.  1200 

(E) The experiment shown in (A), using 58E02-DAN, was replicated using a 1201 

differential, two-odor version of the experiment with n-amyl acetate diluted 1:50 1202 

and undiluted 1-octanol. Each training trial lasted for 5 min, and training and test 1203 

were performed on a Petri dish of 9 cm inner diameter. The larvae showed memory-1204 

based search in the absence of the sugar reward. When sugar was presented during 1205 

the recall test, however, memory-based search was tuned down. Sample sizes: 14, 1206 

13. 1207 

(F) In a replication of the experiment shown in (B), using 864-DAN, both training and 1208 

test were performed on a Petri dish of 9 cm inner diameter. The larvae showed 1209 

memory-based search in the absence but not in the presence of the sugar reward. 1210 

Sample sizes: 10, 11. 1211 

(G) In a further replication of the experiment shown in (B) the same result was 1212 

observed. Sample sizes: 19, 18. 1213 

(H) The results from (A-G) suggest as a working hypothesis that the representation 1214 

of sugar reward partially overlaps with 58E02-DAN, and fully encompasses 864-1215 

DAN. 1216 

Different lettering above the box plots indicates pairwise significance (MWU test, p 1217 

< 0.05 corrected according to Bonferroni-Holm). Asterisks below the box plots 1218 

indicate significance from zero (OSS test, p < 0.05 corrected according to 1219 

Bonferroni-Holm). All statistical tests and their results are reported along with the 1220 

source data in the extended data file Fig. 1-1. 1221 
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 1222 

Figure 9: 864-DAN activation induces memories of opposite valence in a 1223 

contingency-dependent manner 1224 

(A) After paired odor-sugar training the larvae approached the odor when tested on 1225 

plain agarose; after unpaired training they avoided the odor. This difference was 1226 

abolished in the presence of sugar, meaning that the larvae behaved independently 1227 

of their odor-sugar associative memory. Therefore, the data from this condition can 1228 

be combined as a baseline against which the effects of associative memory can be 1229 

assessed (stippled line). This shows that paired and unpaired training with a natural 1230 

reward establish memories of opposite valence, leading to increased or decreased 1231 

preference compared to baseline, respectively, during the recall test (reviewed in 1232 

Schleyer et al., 2018). Sample sizes: 29, 29, 28, 28. These data underlie the PI scores 1233 

presented in Fig. 1A. 1234 

(B) After paired training with 864-DAN activation too, the odor preference is 1235 

increased, whereas after unpaired 864-DAN training it is decreased, compared to 1236 

the baseline preference when the recall test is performed in the presence of sugar. 1237 

This demonstrates that the reward signal carried by 864-DAN can establish 1238 

memories of opposite valence, depending on the contingency with the odor. 1239 

Sample sizes: 43, 42, 42, 43. These data are pooled from the experiments presented 1240 

in Fig. 8B and G. 1241 

(C) Just like sugar, activation of 864-DAN during the recall test terminates both the 1242 

memory-based odor approach after paired training and the memory-based odor 1243 

avoidance after unpaired training. Sample sizes: 47 each. These data are pooled 1244 

from the data presented in Fig. 6B and D. 1245 

Different lettering above the box plots indicates pairwise significance (MWU test, p 1246 

< 0.05 corrected according to Bonferroni-Holm). All statistical tests and their results 1247 

are reported along with the source data in in the extended data file Fig. 1-1. 1248 

 1249 

Figure 10: 864-DAN activation affects the same aspects of search behavior as sugar 1250 

(A) Sample track from a video recording of a larva with runs and head casts (HCs). A 1251 

HC is detected whenever the angular speed of the head exceeds ±35 °/s (for details, 1252 

see Paisios et al., 2017).  1253 

(B) When the recall test is performed in darkness, larvae typically approached the 1254 

odor after paired training with odor and 864-DAN activation, and avoided the odor 1255 
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after unpaired training (black-filled circles). When tested in light, i.e. while 864-DAN 1256 

was activated, the animals’ preference after paired and unpaired training was 1257 

indistinguishable (blue-filled circles). Displayed are four sample tracks for each 1258 

condition. The arrow heads indicate the start and the end of the tracks. 1259 

(C) After paired training with odor and 864-DAN activation, larvae modulated their 1260 

HC rate such that they made relatively more HCs while heading away from the odor 1261 

source than while heading towards it. After unpaired training, the opposite 1262 

modulation was observed. When 864-DAN was activated during the recall test, 1263 

larvae behaved independently of their previous training.  1264 

(D) After paired training with odor and 864-DAN activation, larvae directed their HCs 1265 

more towards the odor source than after unpaired training. When 864-DAN was 1266 

activated during the recall test, larvae behaved independently of their training. 1267 

For this analysis, data from the experiments displayed in Fig. 6B and D were used. 1268 

Sample sizes from left to right: 46, 48, 48, 45.  1269 

Different lettering above the box plots indicates pairwise significance (MWU test, p 1270 

< 0.05 corrected according to Bonferroni-Holm). All statistical tests and their results 1271 

are reported along with the source data in extended data file Fig. 1-1. 1272 

  1273 
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Extended data 1274 

 1275 

Figure 1-1: Source data for all behavioral experiments, and results of all statistical 1276 

tests 1277 

This excel file contains all behavioral results displayed in this study, as well as all 1278 

data underlying statistical tests. The data of each figure are presented in a separate 1279 

table, and data are grouped by figure panel, genotype and test situation. Each table 1280 

also contains the results of all statistical tests performed in the respective figure, as 1281 

well as displays of the odor preference values underlying the PI scores displayed in 1282 

the main figures. 1283 

 1284 

Figure 2-1: Dendrograms of the DAN-i1 neurons 1285 

Shown are high-resolution dendrograms of the DAN-i1 neurons from both 1286 

hemispheres. Output synapses are marked with colored circles, input synapses with 1287 

colored triangles. The colors indicate which neuron the respective synapse is 1288 

formed with. All other synapses within the mushroom body are labeled "Other". 1289 

Not displayed are synapses that DAN-i1 forms with neurons outside the mushroom 1290 

body. Stippled lines indicate regions where the neuron crosses the midline of the 1291 

brain. Data are taken from Eichler et al. (2017).  1292 

 1293 

Figure 2-2: Dendrograms of the MBON-i1 neurons 1294 

Shown are high-resolution dendrograms of the two MBON-i1 neurons from both 1295 

hemispheres. Output synapses are marked with colored circles, input synapses with 1296 

colored triangles. The colors indicate which neuron the respective synapse is 1297 

formed with. All other synapses within the mushroom body are labeled "Other". 1298 

Not displayed are synapses that MBON-i1 forms with neurons outside the 1299 

mushroom body. Stippled lines indicate regions where the neuron crosses the 1300 

midline of the brain. Data are taken from Eichler et al. (2017).  1301 

 1302 

Figure 2-3: Dendrograms of all mature KCs 1303 

Shown are high-resolution dendrograms of all mature KCs of both hemispheres. 1304 

Output synapses are marked with colored circles, input synapses with colored 1305 

triangles. The colors indicate which neuron the respective synapse is formed with. 1306 

All synapses with DAN-i1 and MBON-i1 are found in the part of the axon that forms 1307 
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the i-compartment of the mushroom body. Synapses of the “other” category 1308 

contain mostly synapses with olfactory projection neurons in the calyx 1309 

compartment, as well as modulatory input neurons and MBONs in other 1310 

compartments. Data are taken from Eichler et al. (2017).  1311 






















