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14  Abstract

15  Associating multiple sensory cues with objects and experience is a fundamental brain process
16 thatimproves object recognition and memory performance. However, neural mechanisms that
17  bind sensory features during learning and augment memory expression are unknown. Here
18 we demonstrate multisensory appetitive and aversive memory in Drosophila. Combining
19 colors and odors improved memory performance, even when each sensory modality was
20 tested alone. Temporal control of neuronal function revealed visually-selective mushroom
21  body Kenyon Cells (KCs) to be required for both enhancement of visual and olfactory memory
22 after multisensory training. Voltage imaging in head-fixed flies showed that multisensory
23 learning binds activity between streams of modality-specific KCs, so that unimodal sensory
24 input generates a multimodal neuronal response. Binding occurs between regions of the
25 olfactory and visual KC axons, which receive valence-relevant dopaminergic reinforcement,
26 and is propagated downstream. Dopamine locally releases GABA-ergic inhibition to permit
27  specific microcircuits within KC-spanning serotonergic neurons to function as an excitatory
28  bridge between the previously ‘modality-selective’ KC streams. Cross-modal binding thereby
29 expands the olfactory memory engram by recruiting visual path KCs to become odor
30 responsive. This broadening of the engram improves memory performance after multisensory
31 learning and permits a single sensory feature to retrieve the memory of the multimodal

32  experience.
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Life is a rich multisensory experience for most animals. As a result, nervous systems have
evolved to integrate sensory information into multisensory representations of objects, scenes
and events to most effectively guide behavior'. It is widely appreciated that multisensory
learning can improve memory performance, from children in the classroom to rodents and
insects in controlled experiments in the laboratory>™. Moreover, an apparently universal and
unexplained feature of multisensory learning is that it improves subsequent memory
performance even for the separate unisensory components®. Cells that respond to multiple
sensory cues have been identified in different places in the human/mammalian brain and the
proportions/numbers have been reported to change after multisensory learning™>~. However,
it is unclear whether and how multisensory learning converts neurons from being modality
selective to being multimodal, and how memory performance could be supported by such a

process.

In Drosophila, unique populations of mushroom body (MB) Kenyon Cells (KCs) receive
predominant and anatomically segregated dendritic input from olfactory or visual projection
neurons (as well as local visual interneurons) and their axons project as parallel streams into
the MB lobes. In the lobes, successive compartments of each KC’s axonal arbor are
intersected by the presynapses of dopaminergic neurons (DANs) that convey the reinforcing
effects of appetitive or aversive stimuli®®. Reinforcing dopamine depresses synapses between
active KCs and the compartment-restricted dendrites of downstream mushroom body output

neurons (MBONSs) to code valence-specific memories'®"".

To study multisensory learning and memory in Drosophila we adapted the olfactory T-maze'?
so that odors and colors can be presented together (Fig. 1a). Food-deprived flies were trained
by presenting them with an color and/or odor (conditioned stimulus minus, CS-), followed by
another odor and/or color (conditioned stimulus plus, CS+) paired with sugar reward (Fig. 1a-
b). When trained and tested with only colors [visual learning, V], flies did not show a significant
learned preference for the previously sugar paired color (Fig. 1b-d; Extended Data Fig. 1a).
However, combining colors with odors [congruent protocol, C] produced a robust and long-
lasting memory, which was significantly enhanced over that formed by training with only odor
cues [olfactory learning, O] (Fig. 1b-d, and Extended Data Fig. 1a-b). If the odor and color
combinations were swapped between training and testing [incongruent protocol, 1] (Fig. 1b-d;
Extended Data Fig. 1a-b), no memory enhancement was observed. Furthermore, a marked
memory enhancement was not apparent if the same color was presented with the CS- and
CS+ odors during training and testing (Extended Data Fig. 1¢). The memory enhancing effect
of multisensory learning therefore requires a learned relationship between specific odor and

color combinations. Interestingly, for memory measured 6 h after training, the incongruent
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71  protocol revealed significantly decreased performance compared to that following odor only
72 training (Fig. 1d), suggesting that flies are conflicted when faced with a switch of the odor-
73  color contingency between training and testing.

74

75  To further investigate the nature of multimodal memory enhancement, we restricted the
76  presentation of the multisensory cues to either training or testing. Multisensory training
77  improved memory retrieval even when each sensory modality was presented alone during
78 testing [olfactory retrieval, OR; visual retrieval, VR] (Fig. 1e,f). In contrast, presenting
79  multisensory stimuli only during the memory test, but not during training, did not facilitate
80 performance [multisensory retrieval, MSR] (Extended Data Fig. 1d). Moreover, the greatest
81 improvement in memory performance was observed when multisensory stimuli were used
82  both during training and testing (Extended Data Fig. 1e). Therefore, multisensory training
83 enhances memory performance for the individual odor and color memory components, and
84  congruence of odor and color information between training and testing further enhances

85  performance. Although our experiments and those of others''*

imply that flies can distinguish
86  green and blue colors, we do not at this point discount a contribution of hue and luminance.
87

88  The dendrites of the numerically larger populations of olfactory KCs within the a3, a'f’ and y
89 lobes occupy the main calyces of the MB, whereas the relatively small populations of a3
90 posterior (afp) and y dorsal (yd) KCs receive predominantly visual information via their
91 dendrites in the accessory calyces®. The yd KCs have previously been implicated in color
92 learning™'. We tested the role of visual yd and a8, KCs in multisensory learning and memory,
93  using cell-specific expression of a UAS-Shibire’’ (Shi*") transgene which encodes a dominant

94  temperature-sensitive dynamin'®. At temperatures >30 ‘C, Shi*’

blocks membrane recycling
95 and thus impairs synaptic transmission while function can be restored by returning flies to
96 <29°C. Blocking output from yd and af, KCs during testing at 6h abolished the visual
97 enhancement of performance in the congruent protocol, and removed the interference effect
98 in the incongruent protocol in both instances memory performance was similar to that of flies
99 tested with odors alone (Fig. 2a-d, Extended Data Fig. 2a-f). These results are consistent with
100 activity in yd and af, KCs representing the visual component of multisensory memory (see
101  also, Extended Data Fig. 2g-h). Surprisingly, blocking transmission from yd KCs (but not af3,
102  KCs) during testing also impaired performance for odor-only memory retrieval in multisensory
103  trained flies (Fig. 2e-f), despite having no effect on memory retrieval in flies trained with only
104 odors (Extended Data Fig. 2a,d). This unexpected result led us to hypothesize that
105 multisensory learning might expand the KC representation of odors to include ‘visual’ yd KCs.
106
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107  To directly test for learned odor-evoked responses in yd KCs after multisensory training, we
108  expressed the voltage sensor UAS-ASAP2f'" in yd KCs and performed two-photon functional
109 imaging (Fig. 3a-d,g-j). We trained flies in the T-maze using a multisensory (color+odor),
110 unisensory (odor), or unpaired protocol (where sugar was presented 2 min after color+odor).
111 6 h after training, flies were imaged for their CS— and CS+ odor responses. Recordings of yd
112  KC axons were made in the terminal y5 compartment of the MB horizontal lobe, since key
113  sugar rewarding dopaminergic neurons (DANs) drive learning-relevant presynaptic
114  depression of KC-MBON synapses in the y4 and y5 compartments'®2°. For comparison we
115 also imaged yd KC responses in the more proximal y1 compartment, which houses the
116  presynaptic field of DANs that provide aversive teaching signals®'~2°. Odor presentation was
117  previously shown to evoke slow inhibitory responses in yd'® and a, KCs?’ of naive flies.
118  Consistent with these findings, presentation of the CS- odor evoked hyperpolarisation of yd
119  KCs in both the y1 and y5 compartments, regardless of the training protocol (Fig. 3a-d and
120  Extended Data Fig. 3a-b; light purple trace). However, after multisensory training the CS+ odor
121  produced a significant depolarization of yd KC axons in the y5 compartment (Fig. 3a, dark
122 purple trace). CS+ responses in y1 appeared to be less inhibited than those of the CS- (Fig.
123 3b, although the responses were statistically indistinguishable) perhaps as a result of the
124  hunger-state dependent control of the y1pedc DAN?®=*°, Importantly, the multisensory training
125  driven sign reversal of the yd KC odor response in y5 did not occur following unisensory odor
126  only (Fig. 3c; dark purple trace trace) or unpaired training (Extended Data Fig. 3a-b; dark
127  purple trace). In these cases both the CS+ and CS- odors evoked hyperpolarization of yd KCs
128 in the y1 and y5 compartments. These results indicate that dopaminergic reward teaching
129  signals broaden CS+ odor-evoked excitation within the y KC ensemble by recruiting the y5
130 segments of yd KC axons to become odor activated. This larger odor memory engram
131  provides a mechanism for how odor memory performance is enhanced following multisensory
132 training, and explains why odor memory retrieval in this context acquires a requirement for yd
133  KC output (Fig. 3e).

134

135  If DANs direct the recruitment of yd axons to become odor activated, a learning event that
136  engages DANSs innervating a distinct compartment should confer odor-responsiveness onto a
137  different downstream segment of yd axons. Aversive memory formation requires dopamine
138  release from neurons including the PPL1-y1pedc DANs that innervate the most proximal y
139  lobe compartment - y13'. We first confirmed that multisensory odor and color aversive (electric
140  shock punishment) training produced a memory enhancement for both the combined and
141 individual cues, similar to that observed after multisensory appetitive training (Fig. 3f,
142  Extended Data Fig. 3c-h). We next used 2-photon imaging of the ASAP2f voltage sensor to

143  testwhether yd axons from y1 onwards gained CS+ odor activation after multisensory aversive
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144  learning. Presentation of the CS- odor evoked hyperpolarisation of yd KCs in both the y1 and
145  y5 compartments, regardless of the training protocol (Fig. 3g-j and Extended Data Fig. 3 i-j;
146  light purple trace). In contrast, exposure to the CS+ odor after multisensory aversive training
147  produced brief excitation of yd KCs in the y1 and y5 compartments. Recordings of odor-
148  evoked responses in yd KCs following appetitive and aversive multisensory learning are
149  therefore consistent with the location of dopaminergic teaching signals determining the portion
150 of yd axons that becomes activated by the CS+ odor. Whereas aversive learning makes all of
151  the yd axon segments downstream of y1 excitable by the CS+ odor (Fig. 3f), reward learning
152  primarily alters the CS+ excitation within the terminal y4 and y5 segments (Fig. 3e).

153

154  An expansion of the CS+ odor representation into a particular segment of the yd axons after
155  multisensory training might be expected to facilitate subsequent learning with the same odor,
156 if the next dopamine teaching signal intersects the expanded KC representation. We tested
157  this notion by sequentially training flies with either an aversive (dopamine in y1) or appetitive
158  (dopamine in y4 and y5) multisensory protocol followed by unisensory odor-reward or odor-
159  punishment learning (Fig 3k-I), respectively. Prior multisensory aversive training significantly
160 enhanced subsequent odor-reward learning (Fig. 3k). However, no performance
161  enhancement was apparent if aversive odor learning followed multisensory appetitive learning
162 (Fig. 3l). Therefore the multisensory training-dependent expansion of the CS+ odor
163  representation can be included into the next CS+ odor memory engram if the appropriate yd
164  axon segments have become CS+ odor-activated.

165

166  The anatomy of the MB network suggests two possible ways for odor responsiveness to be
167  conferred to yd KC axons: via KC-KC synapses or neurons positioned to bridge the different
168 KC streams. We queried the anatomical feasibility of these routes using the complete MB
169  connectome of the adult female fly ‘hemibrain’ electron microscope (EM) volume®?33, Although
170  most (562 of 590) ym KCs make synapses with yd KCs, the number and placement of these
171  connections does not support every yd KC to receive ym input in every y lobe compartment.
172  In addition, KC-KC connections have also been reported to suppress activity in neighboring
173  KCs*. We next studied the fine anatomy of the y lobe innervation of the potentially excitatory
174  serotonergic Dorsal Paired Medial (DPM) neuron in the hemibrain EM volume. DPM neurons
175  send separate branches that densely innervate the vertical and horizontal lobes and distal
176  peduncle of the MB, where they are both pre- and post-synaptic to the KCs*~%. Analyzing the
177  ultrastructure of DPM neuron projections in the horizontal y lobe revealed two branches within
178 the y1 compartment and other ventral and dorsal branches passing through the y2 - y5

179  compartments (Fig. 4a). The positions of DPM neuron synapses onto yd KCs follow the yd KC
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180 axon bundle as it winds around the y lobe from ventral in y1 to dorsal in the y5 compartment
181  (Fig. 4a).

182  Annotating a dendrogram of DPM neuron neurites (Fig. 4b) with y lobe compartment
183  boundaries (based on DAN connectivity), synapses from ym KCs and those to yd KCs,
184  showed that unique branches of the DPM neuron can provide compartment-specific
185  microcircuit bridges between ym and yd KCs. DPM neurons can also bridge yd to ym KC
186  connectivity (Extended Data Fig. 4g). The large GABAergic anterior paired lateral (APL)*"*°
187  neuron was found to make synapses along the DPM branches in the y lobe (Fig. 4b and
188  Extended Data Fig. 4h), suggesting DPM bridging can be regulated by inhibition. Importantly,
189  the APL neuron receives many DAN inputs within each compartment and can therefore also
190 be regulated with region specificity (Extended Data Fig. 4h), to potentially release specific

191 DPM branches from APL inhibition.

192  We challenged this putative microcircuit bridge model by independently manipulating the APL
193 and DPM neurons. Expression in APL neurons of the DopR2 dopamine receptor has been
194  linked to aversive learning®® and transciptional profiling suggests APL neurons also express
195 the DopEcR receptor*'. Both of these dopamine receptors are known to be inhibitory***3. We
196 therefore used tubP-GAL80" ** to temporally-restrict transgenic RNAi in APL neurons to test
197  for a role of these receptors in multisensory learning. Knocking down Dop2R in adult APL
198 neurons abolished the multisensory enhancement of odor memory performance (Fig. 4c). A
199 mild defect was also observed for odor memory following olfactory appetitive conditioning,
200 however the difference was only significant to one of the controls (Fig. 4d). In contrast,
201  DopEcR RNAI did not produce a defect in either experiment (Extended Data Fig. 4a-b). These
202 results are consistent with reinforcing dopamine inhibiting APL neurons to allow the
203  recruitment of yd KCs into the olfactory memory engram during multisensory learning.

204

205  We next tested for a role of the serotonergic DPM neurons using expression of UAS-Shi'.
206  Temporally restricting neurotransmission from DPM neurons either during the acquisition (Fig.
207  4e) or retrieval (Fig. 4f) phases significantly impaired the multisensory training enhancement
208  of odor memory performance. These same manipulations had no effect on odor memory
209 performance after unisensory olfactory learning (Extended Data Fig. 4e), consistent with prior
210  work*. We propose that DPM neuron output is required for learning because it binds together
211  simultaneously active KC streams, whereas DPM neuron output during memory retrieval
212 provides the connection for odor-driven ym KCs to activate the relevant yd KCs. Serotonin (5-
213 hydroxytryptamine, 5-HT) can exert excitatory effects through 5-HT2A and 5-HT7 type
214  receptors*®. We therefore used RNAI to knockdown these 5HT receptors in yd KCs and tested

215  olfactory memory following multisensory training. Reducing 5-HT2A but not 5-HT7 or 5-HT2B
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216  receptor expression impaired memory performance (Fig. 4g). Moreover, bath application of 5-
217  HT evoked a clear excitatory response in yd KCs expressing ASAP2f in naive flies (Fig. 4h-i).
218 Taken with prior knowledge that learning specifically increases responsiveness of DPM
219 neurons to the CS+ odor®®, these anatomical, genetic and physiological data lead us to
220 conclude that reinforcer-evoked compartment specific dopamine releases APL-mediated
221  inhibition which permits the formation of an odor-color specific DPM microcircuit bridge
222 between the relevant ym and yd KCs (Fig. 4j).

223

224  Discussion

225  Our study describes a precise neural mechanism in Drosophila through which multisensory
226  learning improves subsequent memory performance, even for individual sensory cues. We
227 found that a single training trial with visual cues could only generate robust memory
228  performance in flies if they were combined with odors during training, similar to visual rhythm
229  perception learning in humans, which requires accompanying auditory information*’. We show
230 that multisensory learning binds together information from temporally contingent odors and
231  colors within the axons of mushroom body y KCs, via the serotonergic DPM neurons.
232 Importantly, this learning-driven binding converts axons of visually (presumably color)
233  selective KCs to also become responsive to the temporally contingent trained odor. While
234  predominantly olfactory or visual dendritic input respectively defines ym KCs as being olfactory
235 and yd as being visual, our recordings show that segments of their axons in the MB lobes
236  become multimodal after multisensory learning. This result suggests that y KCs are a likely
237  substrate where other temporally contingent sensory information can be integrated with that
238 of explicit sensory cues*®4°.

239

240  Although our experiments focused on odor activated ym KCs recruiting color yd KCs via DPM
241  microcircuits, the observed behavioral enhancement of visual memory following multisensory
242  learning and the connectivity of DPM neurons suggests that the reverse situation is also likely
243 to apply. In so doing, multisensory learning links the KCs that are responsive to each
244 temporally contingent sensory cue and expands the representation of each cue into that of the
245  other. This cross-modal expansion allows the multisensory experience to be efficiently
246  retrieved by the combined cues and by each individually. As a result, trained flies can evoke
247  amemory of a visual experience with the learned odor, an effective form of synesthesia. These
248  findings provide a neural mechanism through which the fly achieves a conceptual equivalent
249  of hippocampus-dependent pattern completion in mammals, where partial cues are able to
250 retrieve a more complete memory representation®. Interestingly, human patients with

51,52

251  schizophrenia and autism exhibit deficits in multisensory integration and these conditions

252 have also been linked to serotonergic dysfunction and 5-HT2A receptor activity*>**. Our work


https://doi.org/10.1101/2022.07.08.499174
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.08.499174; this version posted July 9, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

253  here suggests that inappropriate routing of multisensory percepts may contribute to these
254  conditions. Moreover, the excitatory 5-HT2A receptors that mediate multisensory binding, are

255  the major targets of hallucinogenic drugs®.
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405 Methods
406

407  Fly strains. All Drosophila melanogaster strains were reared at 25 °C and 40-50% humidity,
408  except where noted, on standard cornmeal-agar food (100 g I"" anhydrous d-glucose, 47.27 g
409 1" organic maize flour, 25 g I autolyzed yeast, 7.18 g " agar, 12.18 g Tegosept dissolved in
410 8.36 ml absolute ethanol, per liter of fly food) in 12:12 h light:dark cycle. Canton-S flies were
411 used as wild-type (WT) and originated from William Quinn's laboratory (Massachusetts
412 Institute of Technology, Cambridge, MA, USA). The following GAL4 lines were used in the
413  behaviour experiments: MB607B-GAL4'?, c708a-GAL4®, VT43924-GAL4.2*, VT64246-
414  GAL4®. Temperature controlled blocking of neuronal output was achieved by expressing the
415  UAS-Shi*'® transgene under the control of the MB607B-GAL4 "2, c708a-GAL4* and VT64246-
416  GAL4® drivers. For RNA knockdown experiments, tubP-GAL80" 7, VT43924-GAL4.2* flies
417  were crossed with UAS-Dop2R RNAi® and UAS-DopEcR RNAi (VDRC ID 103494) flies, and
418  MB607B-GAL4'? flies with UAS-5-HT2a RNAi (BDSC 31882), UAS-5-HT2b RNAi (BDSC
419 60488) and UAS-5-HT7 RNAi (BDSC 27273) flies. For live-imaging experiments UAS-
420 ASAP2f° was expressed using the MB607B-GAL4"? driver line. We used both male and
421  female flies for behavior and imaging experiments.

422

I‘ts 1

423  Behavioral experiments. Male flies from the GAL4 lines were crossed to UAS-Shi®" virgin

" males were crossed

424  females, except for experiments involving c708a-GAL4, where UAS-Sh
425 to c708a-GAL4 virgin females. For heterozygous controls, GAL4 or UAS-Shi*®' flies were
426  crossed to WT flies. All flies were raised at 25 °C, except where noted below for manipulation
427  of RNAI expression. Populations of 2—8 day-old flies were used in all experiments.

428

429  For appetitive conditioning experiments, 80-100 flies were placed in a 25 ml vial containing
430 1% agar (as a water source) and a 20 x 60 mm piece of filter paper for 19-22 h before training
431  and were kept starved for the entire experiment, except when assaying 24 h memory where
432  flies were fed for 30 min after training then returned to starvation vials until testing. For aversive
433  conditioning experiments, 80-100 flies were placed in a vial containing standard food and a
434  piece of filter paper for 14—22 h before behavioral experiments.

435

I'ts 1

436  For experiments involving neuronal blocking with UAS-Shi®’, a schematic of the timing of the

437  temperature shifting is provided in each figure. For Shi*’

experiments, flies were transferred
438  torestrictive 33 “C 30 min prior to training and/or testing. For RNAi experiments involving tubP-
439  GAL8O0"; VT43924-GAL4.2, flies were raised at 18 “C and shifted to 29 °C after eclosion to
440 induce RNAI expression for 3 d before the behavioral experiments. The flies remained at 29

441  °C for the duration of the experiments.
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442

443  All behavioral experiments were conducted using a standard T-maze that was modified to
444  allow simultaneous delivery of odor and color stimuli. The T-maze which is made from
445  translucent plastic was covered in opaque blackout film to minimise interference between the
446  visual stimuli when they were used in parallel. Odors were 4-methylcyclohexanol (MCH) and
447  3-octanol (OCT) diluted in mineral oil (at =1:10° dilution). Colors were provided by light-
448  emitting diodes (LEDs); green LEDs with wavelength 425 +/- 10nm (ProLight Opto, PM2E-
449  3LGE-SD) and blue LEDs with wavelength 465 +/- 10nm (ProLight Opto, PM2B-3LDE-SD).
450  Four LEDs were assembled in a circuit built onto a heat sink and were mounted securely on
451  top of the odor delivery tubes. The intensities of the LEDs were adjusted so that naive flies
452  showed no phototactic preference between the illuminated T-maze arms. Visual stimuli were
453  presented in the same manner and same intensity for both training and testing. For appetitive
454  experiments the testing tubes were lined with filter paper and for aversive experiments the
455  testing tubes were lined with non-electrified shock grids. Experiments were performed in an
456  environmental chamber set to the desired temperature and 55-65% relative humidity. Flies
457  were handled prior to training and testing under overhead red light.

458

459  Appetitive conditioning was performed essentially as previously described'®. Briefly, flies were
460  exposed for 2 min to stimuli Y (Yodor and/or Ycoior) without reinforcement in a tube with dry filter
461  paper (the Conditioned Stimulus minus, CS-), 30 s of clean air, then 2 min with stimuli X (Xodor
462  and/or Xcoor) presented with 5.8 M sucrose dried on a filter paper (the Conditioned Stimulus
463  plus, CS+). For aversive olfactory conditioning’'?, flies recieved 1 min exposure to stimuli X
464  (Xodor and/or Xcolor) paired with twelve 90 V electric shocks at 5 s intervals (CS+), 45 s of clean
465  air, followed by 1 min exposure to stimuli Y (Yogdor and/or Ycoior) Without reinforcement (CS-).
466  Electric shocks were delivered using a Grass S48 Square Pulse Stimulator (Grass
467  Technology). Shock grids are those previously described' and consist of interleaved copper
468  fingers printed on translucent Mylar film which allows color stimuli to penetrate.

469

470  Memory performance was assessed by testing flies for their preference between the CS- and
471  the CS+ odors and/or colors for 2 min. Odor testing was performed in darkness. Performance
472  Indices were calculated as the number of flies in the CS+ arm minus the number in the CS-
473  arm, divided by the total number of flies. For all behavioral experiments, a single sample, or
474  n, represents the average Performance Index from two independent groups of flies trained
475  with the reciprocal odor/color combinations as CS+ and CS-.

476

477  Six behavioral protocols were used:

478 1) Visual Learning (V), colors (Xcolor and Ycolor) were used as CS+ and CS-.
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479  2) Olfactory Learning (O), odors (Xogor and Yodor) were used as CS+ and CS-.

480  3) Congruent protocol (C), odors and colors were combined (Xcoior + Xodor and Ycoior + Yodor)
481 as CS+ and CS-. The same odor + color combinations were used during training and testing.
482  4) Incongruent protocol (I) odor and color stimulus contingencies were switched between
483  training (Xcolor * Yodor and Ycoior + Xodor) and testing (Xcotor + Xodor @and Ycolor + Yodor).

484  The V and O protocols are unisensory, whereas C and | are multisensory.

485  5) Olfactory retrieval (OR), flies were trained as in the Congruent protocol (C), but only odors
486  (Xodor and Yodor) Were presented as the choice at test.

487  6) Visual retrieval (VR), flies were trained as in the Congruent protocol (C), but only colors
488  (Xcolor and Ycolor) Were presented as the choice at test.

489  The sequential learning experiments depicted in Figures 3k and 3l used aversive or appetitive
490 Congruent multisensory training (C) followed by unisensory appetitive or aversive Olfactory
491  learning (O) then testing using olfactory retrieval (OR).

492

493  Two-Photon Voltage Imaging. All flies were raised at 25 ‘C and 3-8 day-old male and female
494  flies were used in all experiments. Imaging experiments were performed essentially as

1416 In brief, flies were trained in the T-maze setup using either Olfactory

495  described previously
496 learning (protocol 2 above), a Congruent multisensory protocol (3 above) or an Unpaired
497  training protocol. In Unpaired training, flies were exposed to the combined odor and visual
498  stimuli (XodortXcolor and YodortY color cOmMbination), but the shock or sugar was presented alone
499 2 min before or after the CS+, respectively. After training, flies were kept in darkness until
500 recording. Just before recording, flies were briefly immobilized on ice and mounted in a
501 custom-made chamber allowing free movement of the antennae and legs. The head capsule
502  was opened under room temperature carbogenated (95% 02, 5% CO2) buffer solution and
503 the fly, in the recording chamber, was placed under a Two-Photon microscope (Scientifica).
504  For starved flies, the following sugar-free buffer was used: 108 mM NaCl, 5 mM KCI, 5 mM
505 HEPES, 15 mM ribose, 4 mM NaHCO;, 1mM NaH.PO4, 2 mM CaCl;, 8.2 mM MgCl,
506  osmolarity 272 mOsm, pH 7.3). For fed flies, the following buffer was used: 103 mM NacCl, 3
507 mM KCI, 5mM N-Tris, 10 mM trehalose, 10 mM glucose, 7mM sucrose, 26 mM NaHCO3, 1TmM
508 NaH:PO4, 1.5 mM CaCl,, 4mM MgCl,, osmolarity 275 mOsm, pH 7.3).

509 Flies were subjected to a constant air stream, carrying vapor from mineral oil solvent (air). To
510 emulate the testing phase, the flies were sequentially exposed to CS+ and CS- odor, each for
511 5 s, interspersed by 30 sec of air. As in the behavior experiments the odors were MCH and
512  OCT (diluted in mineral oil at =1:107), and they were used reciprocally as CS+ and CS-. One
513  hemisphere of the brain was randomly selected to image the axons of KCs. Any flies that did
514  not respond to one of the two presented odors were excluded from further analyses. Each n

515  corresponds to a recording from a single fly.
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516  Fluorescence was excited using ~140 fs pulses, 80 MHz repetition rate, centered on 910 nm
517 generated by a Ti-Sapphire laser (Chameleon Ultra Il, Coherent). Images of 256 x 256 pixels
518  were acquired at 5.92 Hz, controlled by Scanimage 3.8 software'’. Odors were delivered using
519  a custom-designed system'.

520 For acute 5-HT application, we used a perfusion pump system (Fisher Scientific US

521  14-284-201) to continuously deliver saline at a rate of ~0.043 mL/sec. 5-HT was applied

522 in the presence of 1 uM tetrodotoxin (TTX) to block voltage-gated sodium channels and

523  propagation of action potentials that could result in indirect excitation. To examine the effects
524  of serotonin on yd KC membrane voltage, baseline fluorescence was recorded for 5 min before
525  switching to a solution containing 100 uM serotonin hydrochloride (Sigma Aldrich, Cat#
526  H9523) for an additional 5 min of recording. Washout was performed by changing the solution
527  back to saline. The time of application and concentration of serotonin used is comparable to
528  recent physiological studies applying exogenous serotonin to the Drosophila brain'®22. Due to
529  perfusion tubing length and dead volume, the perfusion switch took approximately 70 s to
530 reach the tissue.

531  For analysis, two-photon fluorescence images were manually segmented using Fiji%, using a
532  custom-made code including an image stabilizer plugin®*. Movement of the animals was small
533  enough such that images did not require registration. For subsequent quantitative analyses,
534  custom Fiji and MATLAB scripts were used. The baseline fluorescence, Fo, was defined for
535 each stimulus response as the mean fluorescence F from 2 s before and up to the point of
536 odor presentation (or 30 s after the start of the recordings for 5-HT treatments). F/Fy
537  accordingly describes the fluorescence relative to this baseline. For the imaging of KCs, the
538 area under the curve (AUC) was measured as the integral of -AF/Fo during the 5 s odor
539  stimulation. The total number of flies, for each training protocol, came from 3 different training
540  sessions.

541  For 5-HT treatments we defined the “pre-" treatment as the average -AF/F value for 300 s
542  prior to the 5-HT delivery, the 5-HT application was the average -AF/F; for 300 s during 5-HT
543  delivery and the “washout-" treatment as the average -AF/F, for 300 s from the offset of drug
544  delivery. Traces were smoothed over 5 s by a moving average filter. The total number of flies
545  were acquired from 3 different imaging sessions.

546

547  ASAP2f data are presented as -AF/Fo to correct the inverse relation between sensor
548 fluorescence and membrane voltage.

549

550  Statistical Analysis. Statistical analyses were performed in GraphPad Prism. All behavioral
551  data were analyzed with an unpaired t-test, Mann Whitney test or a one-way ANOVA followed

552 by a posthoc Tukey's or Dunnet’s multiple comparisons test. No statistical methods were used
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553  to predetermine sample size. For the imaging experiments odor-evoked responses were
554  compared by a paired t-test for normally distributed data, otherwise a Wilcoxon matched-pairs
555  signed rank test was used for non-Gaussian distributed data. Normality was tested using the
556  D'Agostino & Pearson normality test. For imaging data, a method for outlier identification was
557  run for each dataset (ROUT method), which is based on the False Discovery Rate (FDR). The
558 FDR was set to the highest Q value possible (10%). In datasets in which potential outliers
559  were identified, statistical analyses were performed by removing all odor-evoked responses
560 for those flies. The analyses with or without the outliers were not different, so we decided to
561 maintain and present the complete datasets, which may contain potential outliers.

562

563 Neuroanatomy, Connectivity, Dendrograms. Neuromorphological calculations and
564  connectivity analyses were performed, and dendrograms calculated & plotted, using custom
565  scripts based on NAVis 1.2.1 library functions in Python 3.8.8 (https://pypi.org/project/navis/;
566  https://github.com/navis-org/navis)*® and data from the Drosophila hemibrain (v.1.2.1)
567  (https://neuprint.janelia.org)®®?’. All neuronal skeletons were healed (navis.heal skeleton
568 (method = "ALL", max_dist = "100 nanometer", min_size = 10)), rerooted
569  (navis.reroot_skeleton (x.soma)) and maximally down sampled with conserved connectors
570  (navis.downsample neuron( downsampling_factor = 1000, preserve_nodes = 'connectors')).
571 3D representations of neurons shaded by Strahler order were generated with navis.plot2d
572  (method="3d’, shade by=’strahler_index’), after pruning twigs with Strahler order <1
573  (navis.prune_by_strahler()). Where applicable only branches in specific volumes were
574  considered (navis.in_volume()). Volumes were obtained from neuprint (v.1.2.1) with
575  fetch_roi(). Connectivity was analyzed using unpruned neurons and with compartment
576  specificity (navis.in_volume()).

577  Custom scripts based on navis.plot_flat() were used to generate dendrograms of DPM and
578  APL neurons with twigs of Strahler order <1 pruned. MB compartment boundaries were
579  defined by connectivity to DANs of the respective compartments. Branches outside the y-lobe
580  were downsized manually to increase visibility of y-lobe compartments. Synapses are filtered
581 by in_volume() and displayed on branches with Strahler order >1. Connectivity statistics are
582 based on unpruned neurons and synapses between neurons were obtained with R based
583  natverse:: neuprint_get_synapses (https://natverse.org)® scripts and processed with custom
584  scripts in Python.

585

586 Data availability. Data supporting the findings of this study and customized MATLAB, Fiji R
587  and python scripts are available from the corresponding author upon request.

588

589
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653  Figure Legends

654  Figure 1. Multisensory learning enhances memory performance.

655  a. Left, Apparatus for multisensory training and testing. Right, training and testing timeline. b.
656  Schematic of experimental protocols. Green and blue squares represent colors, light and dark
657  grey squares represent 3-OCT and 4-MCH odors. Visual learning (V): colors were used as
658 CS+ and CS-. Olfactory learning (O): odors were used as CS+ and CS-. Congruent protocol
659 (C): pairs of colors and odors were combined as CS+ and CS-. Same color + odor
660 combinations were used for training and testing. Incongruent protocol (1): colors and odors
661  were combined as CS+ and CS- but color + odor combinations were switched between training
662  and testing. Olfactory retrieval (OR): color and odor combinations were used for training but
663  only odors for testing. Visual retrieval (VR): color and odor combinations were used for training
664  but only colors for testing. ¢ and d. Top, training and testing timelines. Bottom, immediate (c)
665 and 6 h (d) memory performance for (V), (O), (C) and (I) protocols. Flies did not learn with
666  colors alone (V). Performance was significantly increased when colors and odors were
667  presented together. Congruent multisensory memory was significantly different than regular
668  olfactory memory (O) and memory in the incongruent protocol (1) at all time points. At 6 h (d),
669  memory performance for incongruent protocol (1) was significantly less than olfactory memory
670 (O). e and f. Top, training and testing timelines. Bottom, multisensory training with colors +
671  odors significantly enhanced immediate (e) and 6 h (f) memory for each individual modality.
672  Performance retrieved with only odor (OR) or only colors (VR) was significantly greater than
673  following unisensory olfactory (O) or visual learning (V). Asterisks denote significant
674  differences (P < 0.05). Data presented as mean + standard error of mean (SEM). Individual
675  data points displayed as dots.

676

677

678 Figure 2. Enhanced performance following multisensory learning requires visually-
679 responsive yd and af, Kenyon Cells.

680 a. Top, schematic of yd KCs. Bottom, training and testing timeline with temperature shifting
681 (dashed line). Right, blocking output of yd KCs during testing using MB607B-GAL4; UAS-Shi*'
682 impairs 6 h memory performance in the congruent protocol. b. Blocking yd KC output during
683  testing improved 6 h memory performance in the incongruent protocol. ¢. Top, schematic of
684  afp KCs. Bottom, training and testing timeline with temperature shifting (dashed line). Right,
685  blocking ap, KC output during testing using c708a-GAL4; UAS-Shi®' reduces 6 h congruent
686 memory performance. d. Blocking aB, KC output during testing improved 6 h memory
687  performance in the incongruent protocol. e-f. Blocking yd KC output during testing impaired

688  Olfactory Retrieval of multisensory memory (e), whereas blocking af, KCs had no effect (f).
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689  Asterisks denote significant difference (P < 0.05). Data presented as mean + SEM. Individual
690 data points displayed as dots. See Extended Data Fig. 2 for temperature controls.

691

692

693  Figure 3. yd Kenyon Cells become odor-activated after multisensory learning.

694  a. Left, appetitive multisensory (color + odor) training and imaging (odor) timeline. Imaging
695 plane in the y5 region of yd KC axons. Middle, traces of CS+ and CS- odor-evoked activity.
696 The y5 region of yd KC axons showed an excitatory response to the CS+ odor (a decrease in
697  fluorescence increases the —AF/Fo, of the ASAP2f voltage sensor). The same y5 axons were
698 inhibited by the CS- odor (decrease in —-AF/Fo). Right, quantification of odor-evoked
699 responses. b. Left, appetitive multisensory (color+odor) training and imaging (odor) timeline.
700 Imaging plane in the y1 region of yd KC axons. Middle, traces of CS+ and CS- odor-evoked
701  activity. Excitatory responses to CS+ odor were not observed in y1 and the CS- odor elicited
702 inhibition (decrease in —AF/Fy). Right, quantification of odor-evoked responses. c-d. Leff,
703  appetitive unisensory (odor) training and imaging (odor) timelines. Imaging plane in the y1 (c)
704 and y5 (d) regions of yd KCs. Middle, traces of CS+ and CS- odor-evoked activity. Both y1
705  and y5 regions show inhibition in response to CS+ and CS- odors (decrease in —AF/F0). Right,
706  quantification of odor-evoked responses. For all traces and quantification, CS+ data
707  correspond to average responses in which 50% of trials used MCH as CS+ and the others
708  OCT was CS+. Same applies for CS- data. Odor-evoked activity traces show mean (solid line)
709  with SEM (shadow). Black line underneath traces marks 5 s odor exposure. Asterisks denote
710  significant difference between averaged CS+ and CS- responses (P < 0.05). CS+ and CS-
711  responses for each individual fly are connected by a dashed line. e. MB model for appetitive
712  multisensory color + odor training followed by unisensory odor testing. y KCs project through
713 the y1- y5 compartments of the horizontal y lobe. y main [ym] KCs receive olfactory input while
714 vy dorsal [yd] are visually driven. Appetitive training (left) engages rewarding DANs (green) that
715  innervate the y4 and y5 compartments. Dopamine encodes learning by directing depression
716  of synapses between stimulus-activated KCs and avoidance-directing Mushroom Body Output
717  Neurons (MBONS; not illustrated)®. Dopaminergic signalling during multisensory learning also
718  binds ym and yd KC activity in the y4-5 compartments. During subsequent unisensory testing
719  (right) odor excites specific ym KCs (thick grey), which in turn activate yd axons in the y4-5
720 compartments (grey dashed lines to yellow). The additional KC activity increases memory
721  expression. f. MB model for aversive multisensory training followed by odor testing. Aversive
722 multisensory training (leff) engages punishment DANs (red) that depress synapses between

56,57

723 ym and yd KCs and approach-directing MBONs (not shown) in proximal y1 and y2
724  compartments, while also binding yd and ym KC activity in these compartments. Unisensory

725  odor testing (right) excites specific ym KCs which also activates yd axons from y1 forward. g.
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726  Left, aversive multisensory training and odor imaging timeline. Imaging plane of yd KCs in the
727  y1 compartment. Middle, traces of CS+ and CS- odor-evoked activity. The y1 region showed
728  excitation to the CS+ and inhibition to the CS-. Right, quantification. h. Left, aversive
729  multisensory training and odor imaging timeline. Imaging plane in the y5 compartment of yd
730 KCs. Middle, traces of CS+ and CS- odor-evoked activity. The CS+ odor evoked significantly
731 less inhibition in this region than the CS-. Right, quantification. i-j. Left, aversive unisensory
732 odor training and odor imaging timelines. Imaging plane in the y1 (¢) and y5 (d) regions of yd
733  KCs. Middle, traces of CS+ and CS- odor-evoked activity. Both y1 and y5 regions show
734 inhibition in response to CS+ and CS- odors (decrease in —AF/F0). Right, quantification. k.
735  Prior aversive multisensory learning enhances future appetitive odor learning. Left, protocols.
736  Starved flies were divided into: Group I, aversive multisensory training, and Group I,
737  unisensory odor training. 3 h later both groups were trained with odors and sugar reward
738  (using the same CS+/CS- odors as for initial training) and tested immediately afterwards.
739  Right, Group |, initially trained with the multisensory aversive protocol performed significantly
740  better than Group Il that were initially aversively trained with only odors. I. Prior appetitive
741  multisensory learning does not improve future aversive odor learning. Left, starved flies were
742  divided into: Group I, appetitive multisensory training, and Group Il, unisensory odor training.
743 3 hlater both groups received aversive odor training (same CS+/CS- as used for initial training)
744  and were tested immediately. Right, Group |, initially trained with multisensory appetitive
745  protocol, did not outperform Group ll, initially trained with only odors.

746

747

748  Figure 4. DPM and APL neurons mediate multisensory stimulus binding.

749  a. Left, 3D representation of the MB (light grey) with Dorsal Paired Medial (DPM) neuron
750 neurites of the y lobes (teal). DPM trifurcates (asterisk) into dorsal (dark teal) and ventral
751  branches (light teal) and a y1 compartment branch. Neurites are shaded by Strahler order and
752  twigs with Strahler order <1 are pruned. Right, detailed view of the y lobe with y1- y5
753  compartment borders defined by dashed lines. DPM presynapses to yd KCs (yellow spheres)
754  co-localize on the dorsal branch in the y5 compartment. Input synapses from ym KCs (grey
755  spheres) to DPM are located throughout the ventral and dorsal branches. In y5, 450 of 585
756  ym KCs make synapses with the DPM neuron dorsal branch, where 89 of 98 yd KCs also
757  receive DPM input. Anterior Paired Lateral (APL) neuron inputs (magenta spheres) localize
758 along both DPM branches. b. A 2-dimensional dendrogram projection of DPM neurites
759  (shades of teal — see Extended Data Figure 4 g for details). The y1 compartment is marked
760 and y2-5 compartments are split between dorsal and ventral DPM neuron branches. Inputs
761 from ym KCs (grey spheres) and outputs to yd KCs (yellow spheres) co-localize on

762  compartment-specific branches. Inhibitory inputs from APL (magenta spheres) are distributed
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763  across the DPM neurites. Detail of APL connectivity is shown in the Extended Data Figure 4
764  h. c-d. Top, Projection view of APL neuron. Training and testing timeline with temperature
765  shifting (dashed line). Bottom, Adult-restricted RNAi knockdown of Dop2R in APL neurons
766  using tubPGAL80%;VT43924-GAL4.2 significantly impaired 6 h Olfactory Retrieval memory
767  performance after multisensory appetitive training (¢), and reduced memory following
768  unisensory Olfactory learning (d). e-f. Top, Projection view of DPM neuron. Training and
769  testing timeline with temperature shifting (dashed line). Bottom, blocking DPM neuron output
770  with VT64246-GAL4; UAS-Shi®' during training (e) or testing (f) impaired 6 h Olfactory
771  Retrieval memory performance. See Extended Fig. 4e and f for controls. g. Top, training and
772  testing timeline. Bottom, RNAi knockdown of 5-HT2A, but not 5-HT2B or 5-HT7, receptors in
773 yd KCs with MB607B-GAL4 significantly impaired 6 h Olfactory Retrieval memory
774  performance. Data represented as mean + SEM. Individual data points displayed as dots.
775  Asterisks denote significant difference (P < 0.05). h-i. Left top, imaging plane in the y1 (h) and
776 y5 (i) region of yd KCs. Left bottom, for all experiments, a baseline recording in saline (300 s;
777  not shown) was followed by perfusion with 100 uM serotonin (5-HT; 300 s) and by washout in
778  saline (300 s). Average traces for bath application and washout in y1 (h) and y5 (i) are shown.
779  Right, both regions show excitatory responses to 5-HT application (increased average —
780  AF/Fp), in comparison to the baseline (pre) and after washout. All traces are a moving average
781  (solid line) with SEM (shadow). Asterisks denote significant difference between average signal
782  during 5-HT application compared to the pre and after conditions (P < 0.05). Values from each
783 individual fly are connected by dashed lines. j. Model of DPM microcircuit bridging of odor and
784  color specific KC streams following multisensory learning.

785
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786  Extended Data Figure 1. Memory performance is most robust when color and odor
787  combinations are consistent during acquisition and retrieval.

788 a. Top left, multisensory protocols. Green and blue squares represent colors, light and dark
789  grey squares represent odors. Visual learning (V): colors used as CS+ and CS-. Olfactory
790 learning (O): odors used as CS+ and CS-. Congruent protocol (C): pairs of colors and odors
791  were combined as CS+ and CS-. Same color + odor combinations used during training and
792  testing. Incongruent protocol (I): colors and odors were combined as CS+ and CS- but
793  combinations were switched between training and testing. Bottom left, training and testing
794  timeline. Right, 24 h memory performance for V, O, C and | protocols. Combining color and
795  odor in the congruent protocol (C) enhanced 24 h performance, compared to that obtained
796  with unisensory V or O learning. Incongruent (I) pairing of colors and odors abolished the
797  multisensory enhancement of 24 h memory. b. Left, training and testing timeline. Middle,
798  multisensory protocols. Right, immediate memory performance. Flies showed a significantly
799  higher memory following the C than the | protocol. ¢. Left, training and testing timeline. Middle,
800 multisensory protocols: C protocol as above. Odors were each paired with a different color as
801 CS+ and CS-; odor + color combinations were identical at training and testing. Congruent
802  protocol using the same color (C-sc) combined with different odors as CS+ and CS- during
803  training and testing. Right, the C protocol using distinct color and odor combinations for CS+
804  vs CS- resulted in higher immediate memory performance than the C-sc protocol using the
805 same color with both odors. d. Left, training and testing timeline. Middle, multisensory
806  protocols: Olfactory learning (O) as above: odors were used as CS+ and CS- during training
807 and testing. (2) Multisensory Retrieval (MSR): odors were CS+ and CS- during training and
808 these same odors were combined with different colors during testing. Right, immediate
809 memory performance evoked by MSR was not significantly reduced to that following for
810 Olfactory learning and retrieval. e. Left, training and testing timeline. Middle, multisensory
811  protocols: Congruent (C) protocol as above: different colors and odors were combined as CS+
812  and CS- during training and testing. Odor retrieval (OR): colors + odors were CS+ and CS-
813  during training and only odors were used during testing. Right, flies trained with multisensory
814  stimuli performed better if they were tested with congruent multisensory stimuli compared to
815  only one modality (in this case odor). Data presented as mean + SEM. Individual data points
816  displayed as dots. Asterisks denote significant difference (P < 0.05).

817

818 Extended Data Figure 2. Constitutively blocking yd or a3, KC output impairs the visual
819 component of multisensory memories.

820 a. Top left, schematic of yd KCs. Bottom left, training and testing timeline with constant
821  restrictive temperature (dashed line). Right, 6 h memory performance following odor learning
822 is unchanged when yd KCs are blocked through the experiment using MB607B-GAL4; UAS-
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823  Shi®'. b and c. Blocking yd KCs throughout the experiment significantly impaired memory in
824  the Congruent protocol (b). The release from the interference effect of the Incongruent
825  protocol did not reach significance (¢). d. Top left, schematic of aff, KCs. Bottom left, training
826  and testing timeline with constant restrictive temperature (dashed line). Right, blocking /8, KC
827  output throughout the experiment using c708a-GAL4; UAS-Shi®' did not impair 6 h odor
828 memory. e-f. Memory performance for Congruent (e) and Incongruent (f) protocols changed
829  significantly when af, KCs were blocked during the experiment. g and h. Top, training and
830 testing timeline with temperature shifting (dashed line). Blocking yd (g) and afp (h) KCs
831 impaired memory retrieved with Visual cues. i. Top left, schematic of yd KCs. Top right,
832  training and testing timeline with constant permissive temperature (dashed line). i-l Memory
833  performance in MB607B-GAL4; UAS-Shi®' flies following Congruent (i), Incongruent (j),
834  Olfactory retrieval (k) and Visual retrieval (I) protocols was not affected when training and
835 testing was performed at 23 ‘C. m. Top left, schematic of ap KCs. Top right, training and
836 testing timeline with constant permissive temperature (dashed line). m-o Memory
837  performance in c708a-GAL4; UAS-Shi®" flies after Congruent (m), Incongruent (n), and Visual
838 retrieval (0) protocols was not affected when training and testing was at 23 °C. Data presented
839 as mean = SEM. Individual data points displayed as dots. Asterisks denote significant
840 difference (P < 0.05).

841

842 Extended Data Figure 3. Multisensory aversive learning enhances memory for the
843 combined and individual odor and color cues.

844  a and b. Unpaired multisensory appetitive training does not alter yd KC odor responses.Top
845  left, unpaired appetitive training and odor imaging protocol. Odor + color presentation was not
846  contingent with sugar. Bottom left, imaging plane in the y5 region (a) and y1 (b) of yd KCs.
847  Middle, traces of CS+ and CS- odor-evoked activity. In both regions the yd KCs were inhibited
848 by CS+ and CS- odor presentation (increase in fluorescence = decrease in —AF/Fo, of ASAP2f
849  sensor). Right, CS+ and CS- odor-evoked responses showed a marked decrease in -AF/Fy
850 and were not significantly different between each other. c-h. Multisensory aversive learning
851 enhances memory for the combined and individual odor and color cues. ¢. Top, multi- and
852  unisensory aversive training and testing protocols. Bottom, multisensory experiment
853  conditions. Green and blue squares represent colors, light and dark grey represent odors.
854  Visual learning (V); Olfactory learning (O); Congruent protocol (C); Incongruent protocol (l);
855  Olfactory Retrieval (OR); Visual retrieval (VR). d-f. Top, training and testing timelines. Bottom,
856  aversive memory with C protocol was significantly increased to that with | protocol at both
857 immediately (d) and 3 h (e) after training. Flies in the C protocol outperformed those tested 3
858 h after Olfactory Learning (O). Only the C protocol generated significant 24 h memory

859 performance (f). g and h. Top, training and testing timelines. When tested immediately (g),
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860 multisensory memory retrieved with colors (VR) was markedly better than that following
861 unisensory Visual learning (V). At 3 h multisensory trained flies performed significantly better
862  when their memory was retrieved with only visual (VR) or olfactory (OR) cues than flies trained
863  with unisensory odor (O) or visual (V) learnin. Data presented as mean * standard error of
864  mean (SEM). Individual data points displayed as dots. Asterisks denote significant differences
865 (P < 0.05). i and j. Unpaired multisensory aversive training does not alter yd KC odor
866  responses. Left, unpaired aversive multisensory training protocol and odor imaging protocol.
867  Odor + color presentation was not contingent with shock. Imaging plane in the y1 region (i)
868 and y5 region (j) of yd KCs. Middle, traces of CS+ and CS- odor-evoked activity. yd KCs were
869 inhibited by the presentation of both odors. Right, quantification.

870

871 Extended Data Figure 4. DPM and APL neurons mediate multisensory stimulus binding.
872  a-b. Top, training and testing timeline with temperature (dashed line). Bottom, 6 h Olfactory
873  Retrieval of appetitive multisensory memory (a) and of memory following Olfactory learning
874  (b) was not affected by RNAi knockdown of DopEcR in APL neurons using tubPGALS80";
875 VT43924-GAL4.2. c-d. Permissive 23 °C control experiment for Figure 4c (c) and 4d (d). Top,
876  training and testing timeline with temperature shift (dashed line). Memory performance was
877 unaffected in tubPGAL80%;VT43924-GAL4.2, UAS-Dop2R RNAI flies following Olfactory
878 retrieval (c) and Olfactory learning (d) when trained and tested at 23°C. e. Top, training and
879  testing timeline with temperature shifting (dashed line). Bottom, Blocking output from DPM
880  neuron during training and testing with VT64246-GAL4; UAS-Shi®' did not impact memory
881  after Olfactory learning. f. Permissive 23°C control experiment for Figure 4e and f.
882  Multisensory memory performance evoked by Olfactory retrieval of VT64246-GAL4; UAS-
883  Shi*' flies was unaffected when trained and tested at 23 ‘C. Data presented as mean + SEM.
884  Individual data points displayed as dots. g. A 2-dimensional dendrogram projection of DPM
885 neuron neurites (shades of teal). The dorsal branch of the horizontal lobe’s y2-y5
886 compartments are dark teal, the rest of the y lobe is medium teal and projections in the other
887 lobes are light teal. Note: all but y lobe neurites are downsized for visibility. Neurites with
888  Strahler order <1 are pruned and connectivity is shown accordingly. The y1 compartment is
889 marked and y2-5 compartments are split between dorsal and ventral DPM neuron branches,
890 according to their DAN connectivity (shaded areas). Synapses (spheres) are only marked in
891 the y lobe compartments. The connectivity structure shows inputs from yd KCs (yellow
892  spheres) and outputs to ym KCs (grey spheres) colocalize on compartment specific branches
893  of the DPM neurons. APL inputs (magenta) are distributed across both dorsal and ventral
894  branches and concentrated around the branching point at the base of the vertical lobes in the
895 'l compartment (asterisk). Note: Some putative parts of the dorsal y lobe branch could not

896  be allocated to a compartment due to lack of DAN input. One branch that bears y KC synapses
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(hashtag) was identified as the 3' lobe branch that enters the MB close to the midline. It is
likely that other DPM neurite tips that have y KC synapses are artifacts where healing has
merged free-floating y lobe branchlets to DPM neurites innervating the other lobes. h: A 2-
dimensional dendrogram projection of APL neuron neurites (magenta). Note: Neurites with
Strahler order <1 were pruned and connectivity is shown accordingly. Compare with (g).
PPL1-y1pedc and PAM-y5 DAN input synapses (red and green spheres respectively) are
marked in the y1 and y5 compartments (shaded areas). Synapses to DPM (teal spheres)

colocalize with DAN input.
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Figure 3
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