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20  ABSTRACT

21 Octopamine (OA), analogous to norepinephrine in vertebrates, is an essential
22  monoamine neurotransmitter in invertebrates that plays a significant role in various
23 biological functions, including olfactory associative learning. However, the spatial and
24  temporal dynamics of OA in vivo remain poorly understood due to limitations
25  associated with the currently available methods used to detect it. To overcome these
26  limitations, we developed a genetically encoded GPCR activation-based (GRAB) OA
27  sensor called GRABoai1.0. This sensor is highly selective for OA and exhibits a robust
28  and rapid increase in fluorescence in response to extracellular OA. Using GRABoa1.0,
29  we monitored OA release in the Drosophila mushroom body (MB), the fly’s learning
30 center, and found that OA is released in response to both odor and shock stimuli in an
31  aversive learning model. This OA release requires acetylcholine (ACh) released from
32  Kenyon cells, signaling via nicotinic ACh receptors. Finally, we discovered that OA
33 amplifies aversive learning behavior by augmenting dopamine-mediated punishment
34  signals via OctB1R in dopaminergic neurons, leading to alterations in synaptic plasticity
35  within the MB. Thus, our new GRABoa1,0 sensor can be used to monitor OA release in
36  real-time under physiological conditions, providing valuable insights into the cellular

37  and circuit mechanisms that underlie OA signaling.
38
39  Key words: octopamine, dopamine, GRAB sensor, learning and memory

40

41  INTRODUCTION

42  Octopamine (OA) is an essential monoamine neurotransmitter in invertebrates,
43 analogous to norepinephrine (NE) in vertebrates[ 1, 2]. In vertebrates, OA is classified
44  as a trace amine and is thought to be associated with emotional responses[3-5]. In
45  1invertebrates, OA plays a role in various physiological processes, including the sleep-

46 wake cycle, flight, ovulation, aggression, and associative learning[6-27].

47  In Drosophila melanogaster, OA has been implicated in regulating both learning and
48  memory, particularly in the formation of short-term associative memories of an odor-
49  conditioned stimulus (CS) paired with either an appetitive sugar reward or an aversive
50 electrical body shock as the unconditioned stimulus (US). Moreover, studies have
51  shown that mutants lacking tyramine B hydroxylase (TBH), the rate-limiting enzyme
52 for OA biosynthesis, have an impaired ability to acquire appetitive memory[19].

53  Furthermore, stimulation of octopaminergic neurons (OANs) can replace sugar
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54  presentation during conditioning and lead to the formation of short-term appetitive
55  memory[20, 21]. However, studies regarding aversive conditioning have yielded
56  conflicting results. For example, some studies found normal performance in TRH
57  mutants[19, 28], while other studies found impaired performance when compared to
58  wild-type (WT) flies[29].

59  In the Drosophila brain, the mushroom body (MB) is the main center for olfactory
60  learning[30-33] and consists primarily of Kenyon cells (KCs), with their dendrites
61  residing in the calyx and their axon bundles projecting through the peduncle to form
62  the a/P lobe, a’/B’ lobe and y lobe[34-36]. Studies have shown that OA signaling via
63  the B-adrenergic-like OA receptor OctB1R is required for aversive memory formation
64  in the MBJ[25]. In addition to its role in short-term memory, OA released from the
65  anterior paired lateral (APL) neurons has been shown to modulate intermediate-term
66  aversive memory by acting on KCs via Octp2R[23]. Together, these findings suggest
67  that OA indeed plays a key role in aversive learning and memory in Drosophila.
68  However, there are still many unresolved issues regarding the spatiotemporal dynamics
69  of OA release and the specific role OA plays in aversive learning that warrant further

70  investigations.

71 Our relatively limited understanding of how OA functions spatially and temporally
72 during learning is primarily due to limitations in current detection methods. Traditional
73 methods, such as microdialysis-coupled biochemical analysis[37-39], offer high
74 specificity but low temporal resolution and complex sampling procedures, especially in
75  invertebrates. On the other hand, electrochemical techniques like fast-scan cyclic
76 voltammetry (FSCV) enable rapid monitoring of endogenous OA release[40, 41], but
77  they cannot distinguish between OA and other structurally similar neurotransmitters,
78  particularly its biological precursor tyramine (TA), which differs from OA by only one

79  hydroxyl group and also serves as an important monoamine in invertebrates[2].

80 To overcome these limitations, we developed a novel G protein-coupled receptor
81  (GPCR) activation-based (GRAB) OA sensor, utilizing the Drosophila Octp2R as the
82  sensing module and circularly-permutated enhanced green fluorescent protein (cpEGFP)
83  as the reporter; we call this sensor GRABoa1o (hereafter referred to as OA1.0). We
84  found that this sensor is highly specific to OA, has sub-second kinetics, and exhibits a
85  peak increase in fluorescence of approximately 660% in response to OA. Using OA1.0,
86  we then measured spatiotemporal changes of OA in the Drosophila MB in response to
87  odor and shock stimuli. Our findings reveal that the release of OA in the MB promotes
88  the release of dopamine (DA), which increases the fly’s perception of the US, thereby

89  facilitating aversive learning.
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90

91  RESULTS
92  Development and characterization of GRABoa1.0

93  To monitor octopamine (OA) release in vivo with high specificity, sensitivity and
94  spatiotemporal resolution, we employed a well-established strategy[42-53] to develop
95 a genetically encoded GPCR activation-based (GRAB) sensor for OA using EGFP to
96  report an increase in extracellular OA through an increase in fluorescence intensity.
97  First, we inserted the conformationally sensitive cpEGFP into the third intracellular
98  loop (ICL3) of the B-adrenergic-like OA receptor OctB2R. Next, we systematically
99  screened the position of the cpEGFP and optimized the linker residues between the
100  GPCR and cpEGFP using site-directed mutagenesis. Finally, we introduced mutations
101 intheligand-binding pocket of the GPCR to create the GRABoa1.0 (OA1.0) sensor (Fig.
102 1A, B and Fig. S1).

103 When expressed in HEK293T cells, OA1.0 trafficked to the plasma membrane and
104  produced a peak change in fluorescence (AF/Fy) of ~660% in response to 100 uM OA
105  (Fig. 1C). To measure the sensor’s kinetics, we used a rapid perfusion system to locally
106  apply OA followed by the OA receptor antagonist epinastine (Ep), and we measured
107  the change in fluorescence using high-speed line scanning. The data were then fitted to
108  obtain an on-rate (ton) and off-rate (toff) of approximately 0.02 s and 1.40 s,
109  respectively (Fig. 1D). We also measured the spectral properties of OA1.0 using both
110  one-photon (1P) and two-photon (2P) excitation, which revealed excitation peaks at
111 ~500 nm and ~920 nm, respectively, and an emission peak at ~520 nm (Fig. 1E), similar
112 to those of other commonly used green fluorescent probes. To confirm that OA1.0 does
113  not activate signaling pathways downstream of Octf2R (thus not affecting cellular
114  physiology), we measured B-arrestin and Gs pathway activation using the Tango assay
115 and the red cAMP sensor RFlamp, respectively. Cells expressing OA1.0 exhibited
116  negligible B-arrestin-dependent signaling compared to cells expressing WT Octp2R,
117  even at high concentrations of OA (Fig. 1F, left). Moreover, cells expression OA1.0 had
118  significantly lower downstream Gs coupling compared to cells expressing WT Octp2R
119  (Fig. 1F, right).

120  With respect to its specificity, we found that the OA1.0 signal induced by OA was
121 abolished by Ep, and the application of several other neurotransmitters did not produce
122 adetectable change in fluorescence (Fig. 1G, left). Next, we measured the response of
123 OAL.0 to various concentrations of OA, as well as the structurally similar transmitters
124 tyramine (TA), dopamine (DA) and norepinephrine (NE). We found that OA1.0 has an


https://doi.org/10.1101/2024.03.09.584200
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.09.584200; this version posted March 12, 2024. 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-NC-ND 4.0 International license.

125  ~40-fold higher affinity for OA (ECso = ~200 nM) compared to TA (ECso =~8000 nM),
126  and showed a negligible response to DA and NE at all tested concentrations (Fig. 1G,
127  right). However, the utilization of the FSCV method for OA detection does not offer
128  such robust specificity, as we observed significant interference from DA and NE in OA

129  detection despite the relatively minor disruption from TA (Fig. 1H).

130  To evaluate the specificity of OA1.0 in vivo, we generated transgenic flies expressing
131 OAL.0 in the MB (30y-GAL4-driven) and then sequentially applied DA, TA, OA and
132 Ep to the fly brain while performing 2P imaging. We found that neither DA nor TA
133  induced an obvious response, while OA elicited a robust response in OA1.0
134  fluorescence (with a peak AF/Foof ~100%) that was blocked by Ep (Fig. 1I and J).
135  Together, these data demonstrate that OA1.0 can reliably measure the dynamics of OA
136  release with high specificity for OA.

137  OAL.0 can report endogenous OA release signals in vivo

138  To further characterize the release of endogenous OA in vivo, we used Drosophila
139  expressing OA1.0 in the MB (MB247-LexA-driven), which receives projections from
140  several pairs of OANS, including ventral unpaired median a2 (VUMa2) neurons, ventral
141  paired median 3 (VPM3) neurons, VPM4 neurons, VPM5 neurons, and APL
142  neurons[23, 54].To induce the release of endogenous OA in the MB, we applied local
143  electrical stimuli at 30 Hz and observed an incremental increase in fluorescence with
144  an increasing number of stimuli, and this response was eliminated by Ep (Fig. 2A-2D).
145  Moreover, the response was specific to OA, as no detectable response to electrical
146  stimuli was measured in flies lacking TBH in the OANs (Tdc2-GAL4-driven) (Fig. 2C
147  and D). When we applied 50 electrical stimuli at a frequency of 100 Hz, we measured
148  Ton and tofrrates of ~0.6 s and ~9.4 s, respectively (Fig. 2E).

149  To monitor the release of OA in response to the direct activation of OANs in vivo, we
150  optogenetically activated OANs (Tdc2-GAL4-driven) in flies expressing CsChrimson-
151  mCherry while simultaneously imaging OA1.0 expressed in the MB (MB247-LexA-
152  driven) (Fig. 2F, 2G). We found that activating OANs induced a transient increase in
153  OAL1.0 fluorescence in the y1-y5 compartments of the MB, with the magnitude of the
154  OAL.0 response dependent on the number of light pulses applied; moreover, the peak
155  responses were similar among all five y compartments (Fig. 2H and I). Importantly, the
156  response for 100 pulses stimulation was blocked in all five compartments by Ep,
157  confirming the sensor’s specificity (Fig. 2H and I). We then measured the kinetics of
158  the response using the y3 compartment as an example and found that a single pulse of

159  635-nm laser evoked a measurable increase in OA1.0 fluorescence, with ton and toff
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160  values of ~0.34 s and ~5.90 s, respectively (Fig. 2J). Taken together, these results show
161  that OA1.0 can be used in vivo to monitor endogenous OA release with high

162  spatiotemporal resolution, high specificity, and high sensitivity.
163  OAL.0 can detect physiologically evoked OA release in the MB of living flies

164  The conflicting findings regarding the role of OA in aversive olfactory learning[19, 28,
165  29] highlight the need to better understand whether OA release can be activated by odor
166  and/or an aversive stimulus such as electric body shock, which can represent either the
167  CS or the US in this type of learning. To address this question, we expressed OA1.0 in
168  the Drosophila MB (MB247-LexA-driven) and found that both odorant application and
169 electric body shock induced a time-locked increase in OA1.0 fluorescence in all five y
170  compartments, with no difference observed among the various compartments (Fig. 3A-
171 C). In contrast, we found no detectable response to either odorant application or
172 electrical shock in flies in which we knocked down TBH expression in OANSs or in flies
173 which OAN activity was suppressed by expressing the inward rectifying potassium
174  channel Kir2.1. As an internal control, direct application of OA still elicited a robust
175  OAL.0 response in both models (Fig. S2).

176 OAL.0 reveals that KC activity is both necessary and sufficient for OA release in
177  the Drosophila MB

178  Next, to examine the mechanism underlying OA release in the MB, we attempted to
179  identify the neurons and pathways that regulate OAN activity. Although previous
180  connectomic analyses showed that KCs, the principal neurons in the MB, are the
181  primary cells upstream of OANs (Fig. S3)[55, 56], the functional inputs that drive OA
182  release are currently unknown. Given that KCs release the excitatory neurotransmitter
183  acetylcholine (ACh)[57], we perfused ACh onto the y lobe of the MB and observed an
184  increase in OAI1.0 fluorescence that was prevented by the nicotinic ACh receptor
185  (nAChR) antagonist mecamylamine (Meca). Moreover, we found no increase in OA1.0
186  fluorescence when other neurotransmitters such as 5-hydroxytryptamine (5-HT),
187  glutamate (Glu), DA and y-aminobutyric acid (GABA) were applied in the presence of
188  Meca (Fig. 3D).

189  Because perfusion of exogenous ACh lacks cell-type specificity, we used optogenetics
190  to determine whether selectively activating KCs (R13F02-GAL4-driven) is sufficient
191  to induce OA release in the MB. Consistent with our perfusion experiments, we found
192  that optogenetically activating KCs caused an increase in OA1.0 fluorescence that was
193  blocked by Meca but not the muscarinic ACh receptor antagonist tiotropium (Fig. 3E).

194  Moreover, there is no obvious light-induced OA release in transgenic flies with UAS-
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195  CsChrimosn but without KC-GAL4 (R13F02-GAL4) (Fig. S4A), ruling out the
196  unspecific effect due to the leaky expression of channelrhodopsin[58]. Together, these
197  results suggest that ACh release from KCs serves as the excitatory signal that drives
198  OArelease via nAChRs in the y lobe of the MB.

199  To determine whether KCs are required for activating OANSs in the MB, we generated
200 transgenic flies expressing both OA1.0 and the inhibitory DREADD (designer
201  receptors exclusively activated by designer drugs) hM4Di[59-61], and found that both
202  odor- and shock-induced OA1.0 signals were abolished when KCs activity was
203  suppressed by the hM4Di agonist deschloroclozapine (DCZ)[62] (Fig. 3F). Meanwhile,
204  the DCZ application showed no significant effect on stimuli-induced OA signals in flies
205  without hM4Di (Fig. S4B). Thus, KC activity is both necessary and sufficient for OA
206  release from OANSs in the MB.

207  OA regulates aversive learning behavior and related synaptic plasticity

208  To examine the biological significance of OA release triggered by odorant application
209  and body shock, we measured aversive learning and the coincident time window in flies
210  lacking either OA synthesis or OAN activity. We found that both TBH mutant flies and
211 OAN-silenced flies expressing Kir2.1 had significantly reduced learning performance
212 compared to WT flies (Fig. 4A and B). Moreover, unlike flies lacking neuronal
213  tryptophan hydroxylase (Trhn), the rate-limiting enzyme in 5-HT biosynthesis, which
214  have a significantly shortened coincident time window compared to control flies, the
215  coincident time window was unchanged in TPH mutants (Fig. S5). These results

216  suggest that OA plays a key and specific role in aversive learning ability in Drosophila.

217  Given that synaptic plasticity is fundamental to the neuronal basis of learning, the
218  regulation of synaptic plasticity by OAN activity after odor-shock pairing is a potential
219  mechanism underlying the observed aversive learning results. Previous
220  electrophysiological recordings or Ca?* imaging studies in the mushroom body output
221 neuron (MBON) innervating the yl compartment (MBON-ylpedc) suggested that
222  pairing an odorant with dopaminergic reinforcement induces synaptic depression
223  between KCs and the MBON[63-65]. This synaptic depression is correlated with
224 decrease ACh release from KCs[66, 67]. Thus, we used the GRABachzo sensor
225  (ACh3.0)[45] to monitor the ACh release in the y lobe of the MB (MB247-LexA-driven)
226  (Fig. 4C-4E). By comparing the odor-evoked ACh release measured before and after
227  odor-shock pairing in control flies, we observed significant synaptic depression in the
228 yl, y2 and y3 compartments (Fig. S6), the three compartments known to transmit
229  information to MBONSs associated with approach behavior[68]. We then examined ACh
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230  release following odor-shock pairing in flies expressing Kir2.1 in the OANs. Our results
231  revealed significantly less synaptic depression (i.e., reduced depression of ACh release)
232 in the CS+ response, specifically in the y1 and y2 compartments compared to control
233 flies (Fig. 4F), indicating impaired synaptic plasticity during learning in OAN-silenced
234  flies. In contrast, we found no significant difference in the change in ACh release in
235  response to CS- (a separate odorant that was not paired to the electric body shock)
236  between OAN:-silenced flies and control flies in any y compartments (Fig. 4G). Taken
237  together, these results suggest that OA plays an essential role in modulating the change
238  in synaptic plasticity induced by odor-shock pairing, thereby amplifying the aversive

239  learning behavior.

240  OA regulates aversive learning by modulating US processing via Octf1R

241  expressed on dopaminergic neurons

242  Synchronization between the CS and the US is required for aversive learning;
243  specifically, information regarding the CS is conveyed by projection neurons to the
244  calyx of the MB for processing by KCs, while information regarding the US is
245  conveyed by dopaminergic neurons (DANs) to the MB lobes for subsequent
246  processing[69]. We therefore examined the effect of OA on CS and/or US processing
247  in regulating aversive learning. For this experiment, we expressed the calcium sensor
248  GCaMP6s in KCs (MB247-LexA-driven) to measure calcium signals in the calyx, thus
249  providing information regarding the dynamics of CS processing (Fig. 5A1). In separate
250  experiments, we expressed the GRABpaom (DA2m) sensor[47] in the MB (R13F02-
251  LexA-driven) to measure DA release in the y lobe, thus capturing the dynamics of US
252  processing (Fig. 5B1). In both cases, we used both control flies and OAN-silenced flies
253  to specifically examine the role of OA in aversive learning. We found that the calcium
254  signals measured in the calyx in response to odorant application were similar between
255  OAN-silenced flies and control flies (Fig. 5A2 and A4); in contrast, shock-induced DA
256  release in the y lobe was significantly lower in OAN-silenced flies (Fig. 5B3 and B4).
257  Notably, we found that the shock stimuli induced small calcium signals in the KCs of
258  the calyx, while odor stimuli induced small DA transients in the y lobe; moreover, no
259  significant differences were observed in these responses between OAN-silenced flies
260  and the corresponding control flies (Fig. SA3, A4, B2 and B4). Together, these findings
261  suggest that OAN activity modulates US processing, but not CS processing, during

262  aversive learning.

263  To eliminate potential developmental influences on our observations regarding the
264  effect of OA on DA release in response to the US, we applied the OA receptor antagonist
265  Ep to the fly's brain and found that the same individual fly exhibited a significant
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266  reduction in shock-induced DA release along the y lobe compared before and after the
267  Ep treatment (Fig. 5C, left and middle). Previous studies showed that short-term
268 aversive memory formation requires OA signaling via OctB1R[25]; we therefore
269  specifically knocked down OctBlR expression in DANs (TH-GAL4-driven) using
270  RNAIi (Fig. 5C, right) to examine whether OA directly affects DA release and found a
271  significant decrease in DA release compared to controls (Fig. 5C, left and right). Based
272  on these results, we then examined whether knocking down OctBIR expression in
273  DANS affects synaptic plasticity and/or learning. Similar to our results obtained with
274  OAN-silenced flies (see Fig. 4), we found significant differences in the degree of KC
275  synaptic depression in response to CS+ in both the y1 and y2 compartments of Octp1R-
276 knockdown flies compared to control flies. In contrast, we found no significant
277  differences in the y3, y4, or y5 compartments in response to CS+, or in any y
278  compartment in response to CS- (Fig. 6A-6E). Moreover, both Octf1R-knockout flies
279  and Octpl1R-knockdown flies displayed significantly impaired learning compared to
280  control flies (Fig. 6F). These results support a model in which OA boosts aversive
281  learning via OctBf1R in DANSs, which enhances the punitive US signals to modulate
282  synaptic plasticity in KCs (Fig. 6G).

283  DISCUSSION

284  Here, we developed a new genetically encoded fluorescent sensor called GRABoai1.0 to
285  detect OA release with high selectivity, sensitivity, and spatiotemporal resolution both
286  in vitro and in vivo. We then used this tool to perform the first detailed study of the
287  spatial and temporal dynamics of OA during aversive learning in Drosophila. We found
288  that ACh released from KCs activates OANSs, triggering OA release via nAChRs.
289  Notably, we also observed that ACh released from KCs is required for OA release in
290 response to both the CS and the US during aversive learning. Furthermore, by
291  integrating other genetically encoded fluorescent sensors (namely, GRABpa>m and
292  GRABAch3.0 to monitor DA and ACh, respectively), we discovered that OA increases
293  shock-induced DA release via OctB1R, which in turn regulates the corresponding

294  changes in synaptic plasticity in the MB, ultimately facilitating aversive learning.
295  Advantages of OA1.0 over other methods for measuring OA

296  Compared to other methods used to measure OA, OA1.0 offers several advantages.
297  First, OA1.0 exhibits high specificity for OA over most neurotransmitters such as TA,
298 DA and NE. This is particularly important for detecting OA in the presence of other
299  structurally similar molecules, as electrochemical tools like FSCV cannot distinguish

300 between OA and other chemicals, as shown here (Fig. 1H) and in previous studies[39-
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301  41]. Second, OA1.0 offers sub-second kinetics and is genetically encoded, allowing for
302 the non-invasive monitoring of octopaminergic activity in vivo with a high recording
303 rate. In contrast, microdialysis has relatively low temporal resolution and requires the
304 placement of a relatively large probe, making it unsuitable for use in small model
305 organisms such as Drosophila. Capitalizing on these advantages, we used OA1.0 to
306  monitor OA release in vivo in response to a variety of stimuli, gaining new insights into

307 the functional role of OA.

308 Importantly, OA1.0 can also be expressed in other animal models, including mammals,
309  opening up new opportunities to monitor OA dynamics in a wide range of species. In
310 mammals, OA is classified as a trace amine and exerts its activity through trace amine-
311  associated receptors (TAARs). TAARI, in particular, has been implicated as a key
312  regulator of monoaminergic and glutamatergic signaling in brain regions relevant to
313  schizophrenia, as demonstrated in knockout and overexpression models in rodents[70,
314  71]. However, studying TAARI is challenging due to the presence of various
315 endogenous ligands, including the trace amines B-phenylethylamine (PEA), TA, and
316  OA, as well as the monoamine neurotransmitters DA, 5-HT, and NE[72]. Thus, the
317  development of robust tools like OA1.0 that selectively monitor a given trace amine
318 will advance our understanding of specific TAAR-mediated biological effects.
319  Additionally, this strategy can be employed to develop sensors for detecting other key
320  trace amines, providing valuable information regarding these chemicals’ dynamics

321  under both physiological and pathological conditions.
322  OA plays a key role in associative learning

323  OA was initially believed to play a role only in appetitive learning, but not in aversive
324  learning, in invertebrates such as Drosophila, honeybees, and crickets[19, 28, 73, 74].
325 However, several studies suggest that OA may indeed be involved in aversive learning,
326  albeit without completely understanding the underlying mechanisms and
327  spatiotemporal dynamics[23, 25, 29]. Schwaerzel et al. first showed that OA has the
328  selective role in Drosophila, reporting that TBH mutants had impaired appetitive
329  learning but normal aversive learning[ 19]. However, it is important to note that the TBH
330 mutants used by Schwaerzel et al. were a mixture of homozygous and hemizygous

331  TPRHM' flies regardless of sex, as the localization of TBH was to the X chromosome

332 and the homozygous TBHM!® females were sterile. Subsequently, Iliadi et al. found that
333  both homozygous TBHM'® males and females performed impaired aversive
334  conditioning compared to WT flies and heterozygous TBHM!® females[29]. Drawing on
335 these previous reports, we used homozygous TBHM!® males and females and obtained

336  results similar to Iliadi et al., supporting the notion that OA is required for aversive
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337  learning in Drosophila.

338  Moreover, we found that OA release in the y lobe of the MB plays a crucial role in
339 facilitating the release of DA via OctB1R, which is selectively coupled to increase
340 intracellular cyclic AMP levels by OA[75], in response to shock stimuli. This increased
341  release of DA drives a change in synaptic plasticity between KCs and the MBON and
342  promotes aversive learning[63, 65, 76-80]. The finding aligns with prior studies
343  showing that DANs are downstream of OANs in reward-based learning[20, 21, 81],
344  suggesting a conserved role for OA in mediating the DANs' ability to perceive US
345  signals in both positive and negative learning scenarios. It is noteworthy that our study
346  utilized a DA sensor[47] to specifically detect the release of DA itself, providing a more
347  direct assessment of its potential effects on downstream neurons, rather than measuring
348 DAN activity[20, 21]. In addition to confirming the involvement of OA in aversive
349 learning, our study also provides novel insights into the underlying input and output
350 circuitry through which OA operates (see Fig. 6G), which potentially indicates that the
351  CSand the US are not entirely independent events within the learning context, but rather,

352  one might have an impact on the other.

353  Nevertheless, further studies are needed to obtain a more comprehensive understanding
354  of the mechanisms through which OA contributes to associative learning. Notably,
355 previous studies found that OctBlR, expressed in KCs, is involved in aversive
356  learning[25], which operates as a parallel circuit along with the well-known DA-dDA 1
357 (MB-y)-MBON pathways[82]. Additionally, in the context of appetitive learning, the
358 al-like OA receptor OAMB has been shown to play a role in engaging octopaminergic
359  signaling in KCs[22]. These intriguing findings suggest that OA may exert a direct
360 effect on KCs to affect associative learning. Thus, further research is needed in order to
361  unravel the complex interactions and mechanisms by which OA modulates associative

362 learning.
363 Neuromodulators interact in associative learning

364  As the primary center of associative memory in Drosophila, the MB uses ACh as the
365  predominant excitatory neurotransmitter released from KCs[57]. However, the MB also
366  receives converging inputs from other neuromodulators such as OA, DA, 5-HT, and
367 GABA. The interactions between these neuromodulator systems, as well as with ACh,
368 are essential for controlling the brain’s states and neuronal computations[55]. Here, we
369  show that odor- or shock-evoked release of OA requires ACh release from KCs, and in
370  turn, increases DA release, thereby forming a positive feedback loop that is required for

371  learning. Recent research has shown that normal DAN synaptic release during learning
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372  requires KC input to DAN[83]. In addition, KCs have been shown to activate
373  GABAergic APL neurons[84] and serotoninergic dorsal paired medial (DPM)
374  neurons[67], both of which provide negative feedback to KCs. GABA release from APL
375  neurons is believed to contribute to odor-specific memory through sparse coding[85],
376  while 5-HT release from DPM neurons regulates the coincidence time window of
377  associative learning[67]. Thus, as the predominant neuron type in the MB, KCs not only
378  associate CS and US signals but also regulate a variety of neuromodulators to form
379  local feedback loops. These local reentrant loops allow for moment-by-moment updates
380 of both external (i.e., environmental) and internal information, allowing for the
381  appropriate reconfiguration of the flow of information between KCs and MBONSs, thus
382  providing behavioral flexibility and the appropriate responses to change the internal

383  and external states of the organism[86].

384  The interplay between neuromodulators is both complex and essential for shaping the
385 activity of synaptic circuit elements to drive cognitive processes in both invertebrates
386  and mammals. In this respect, our study provides new insights by highlighting the
387  conserved interaction between OA and DA in invertebrates, offering a valuable
388  framework for understanding the complex interplay between DA and other
389  neurotransmitters in associative learning processes. Additionally, a recent study in
390 mammals showed that continuous interactions and updating between ACh and DA
391  signaling in the nucleus accumbens are critical for regulating the striatal output that
392  underlies the acquisition of Pavlovian learning of reward-predicting cues[87, 88].
393  Given the similarities between OA-DA interaction in invertebrates and the ACh-DA
394 interaction in mammals, it is reasonable to speculate that such interactions are a
395 fundamental feature of the central nervous system. The discovery that such conserved
396 interactions exist between distinct neuromodulator systems provides valuable new
397  insights into the mechanisms that underlie cognitive processes and may have important

398  implications with respect to developing new therapies for cognitive disorders.
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429 KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals

Octopamine (OA) Tocris Cat #2242
Epinastine (Ep) Abcam Cat #108929-04-0
Acetylcholine (ACh) Solarbio Cat #G8320
5-hydroxytryptamine (5-HT) Tocris Cat #3547

Histamine (HA) PerkinElmer Cat#NET732
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Glutamate (Glu) Sigma-Aldrich Cat #V900408
v-aminobutyric acid (GABA)  Tocris Cat #0344
Tyramine (TA) Sigma-Aldrich Cat #V900670
Norepinephrine (NE) Sigma-Aldrich Cat #A9512
Dopamine (DA) Sigma-Aldrich Cat #H8502
All-trans-retinal Sigma-Aldrich Cat #R2500
3-Octanol (OCT) Sigma-Aldrich Cat #218405
4-Methylcyclohexanol (MCH)  Sigma-Aldrich Cat #153095
Mecamylamine (Meca) Sigma-Aldrich Cat #M9020
Tiotropium bromide (Tio) Dexinjia Bio & Tech N/A
Deschloroclozapine (DCZ) MedChemExpress Cat #HY-42110
Mineral oil Sigma-Aldrich Cat #69794
Cell lines

Cat#CRL-3216;
HEK293T ATCC

RRID: CVCL_0063

HTLA cells for Tango Assay Gift from Bryan L. Roth N/A
Recombinant constructs
pDisplay-OA1.0-IRES-

This study N/A
mCherry-CAAX
pCMV-0OA1.0 This study N/A
pCMV- Octp2R -pHluorin This study N/A
pTango-Octp2R This study N/A
pTango-OA1.0 This study N/A
pcDNA3.1-CAG-RFlamp This study N/A

Drosophila strains
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UAS-OA1.0 (chr2) This study N/A
LexAop2-OA1.0 (chr2) This study N/A
LexAop2-OA1.0 (chr3) This study N/A
30y-GAL4 Yi Rao, Peking University BDSC: 30818
Tdc2-GAL4 Yi Rao, Peking University BDSC: 9313
MB247-LexA Yi Zhong, Tsinghua University N/A
R13F02-LexA Yi Rao, Peking University BDSC: 52460
R13F02-GAL4 Yi Rao, Peking University BDSC: 48571

UAS-TPH-RNAi

Jianquan Ni, TsingHua Fly Center

TH201500898.S

Bloomington Drosophila Stock

UAS-CsChrimson-mCherry BDSC: 82180
Center
Bloomington Drosophila Stock
UAS-CsChrimson-mCherry BDSC: 82181
Center
Chuan Zhou, Institute of Zoology,
UAS-Kir2.1 N/A
CAS
UAS-hM4Di Donggen Luo, Peking University  N/A
Canton-S (W1118) Yi Rao, Peking University N/A
TrhO1 (Trhn -/-) Qian et al.[89]
Liming Wang, Shenzhen Bay
TBH mutant (TBHM!®) BDSC: 93999
Laboratory
LexAop2-ACh3.0 Jing et al.[45] BDSC: 86551
Bloomington Drosophila Stock
LexAop2-GCaMPé6s BDSC: 44274
Center
LexAop2-DA2m Sun et al.[47] BDSC: 90880

UAS-OctB1R-RNAi

Vienna Drosophila Resource

Center

VDRC: 110537

TH-GAL4

Yi Rao, Peking University

N/A
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Software
http://www.originlab.com/;
Origin 2019 OriginLab
RRID:SCR_014212
https://imagej.nih.gov/ij/;
Imagel NIH
RRID: SCR_003070
https://www.arduino.cc/en/
Arduino Uno Arduino.cc Guide/ArduinoUno;
RRID:SCR 017284
https://www.mathworks.co
MATLAB R2019b MathWorks m/;

RRID:SCR 001622

430 EXPERIMENTAL MODEL AND SUBJECT DETAILS
431 Cell lines

432  HEK293T cells were acquired from ATCC and verified by microscopic examination of
433  their morphology and growth curve. The cells were cultured in DMEM (Biological
434  Industries) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco) and 1%
435  penicillin-streptomycin (Gibco) at 37°C in 5% COa.

436  Flies

437  In this study, we generated UAS-OAI1.0 (attp40), LexAop2-OA1.0 (attp40) and
438  LexAop2-0OA1.0 (vk00005) using Gibson assembly to integrate the coding sequence of
439  OA1.0 into the pJFRC28[90] or modified pJFRC28 vector. The resulting vectors were
440  then injected into Drosophila embryos and integrated into attp40 or vk00005 via
441  phiC31 by the Core Facility of Drosophila Resource and Technology, Shanghai Institute
442  of Biochemistry and Cell Biology, Chinese Academy of Sciences.

443  Drosophila were raised at 25°C in 50% humidity and a 12-hour light/dark cycle on a
444  diet of corn meal. For optogenetics experiments, the flies were fed on corn meal
445  containing 400 puM all-trans-retinal immediately after eclosion and kept in total

446  darkness for 8-24 hours prior to imaging experiments.

447  Detailed fly genotypes used by Eigfigure:s
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Fig. # Genotype

Fig. 1

1Tand 1J UAS-OA1.0/ Cyo; 30y-GAL4 / TM2

Fig. 2

2A-2E LexAop2-OA1.0 / Cyo; MB247-LexA / TM6B

2A-2E UAS-TBH-RNAi / Tdc2-GAL4; MB247-LexA / LexAop2-OA1.0
2F-2] LexAop2-OA1.0 / Tdc2-GAL4; MB247-LexA / UAS-CsChrimson-mCherry
Fig. 3

3A-3C LexAop2-OA1.0/ Cyo; MB247-LexA / TM6B

3C UAS-TBH-RNAIi / Tdc2-GAL4; MB247-LexA / LexAop2- OA1.0
3C LexAop2-OA1.0 / Tdc2-GAL4; MB247-LexA / UAS-Kir2.1

3D LexAop2-OA1.0 / Cyo; MB247-LexA / TM6B

3E UAS-CsChrimson-mCherry / LexAop2-OA1.0; R13F02-GAL4 / MB247-LexA
3F UAS-hM4Di / +; UAS-OA1.0 / +; 30y-GAL4 / +

Fig. 4

4A-4B Canton-S (Control)

4A-4B TRHM!S

4A-4B Tdc2-GAL4 / UAS-Kir2.1

4A-4B Tdc2-GAL4

4A-4B UAS-Kir2.1

4C-4G LexAop2-ACh3.0 / Cyo; MB247-LexA / TM6B

4C-4G LexAop2-ACh3.0 / Tdc2-GAL4; MB247-LexA / UAS-Kir2.1

Fig. 5

S5A LexAop2-GCaMPo6s / Cyo; MB247-LexA / TM6B

S5A LexAop2-GCaMP6s / Tdc2-GAL4; MB247-LexA / UAS-Kir2.1
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5B R13F02-LexA / Cyo; LexAop2-DA2m / TM3

5B R13F02-LexA / Tdc2-GAL4; LexAop2-DA2m / UAS-Kir2.1

5C R13F02-LexA / Cyo; LexAop2-DA2m / TM3

5C R13F02-LexA / UAS-OctB1R-RNAi; LexAop2-DA2m / TH-GAL4
Fig. 6

6A-6E LexAop2-ACh3.0 / Cyo; MB247-LexA / TM6B

6A-6E LexAop2-ACh3.0 / UAS-OctB1R-RNAi; MB247-LexA / TH-GAL4
6F Canton-S (Control)

6F OctB1R -/-

6F UAS-Octp1R-RNAi / +; TH-GAL4 / +

6F TH-GAL4

6F UAS-Octp1R-RNAI

Fig. S2

S2A UAS-TBH-RNAi / Tdc2-GAL4; MB247-LexA / LexAop2-OAl.0
S2B LexAop2-OA1.0 / Tdc2-GAL4; MB247-LexA / UAS-Kir2.1

Fig. S4

S4A UAS-CsChrimson-mCherry / LexAop2-OA1.0; + / MB247-LexA
S4A UAS-CsChrimson-mCherry / LexAop2-OA1.0; R13F02-GAL4 / MB247-LexA
S4B UAS-OA1.0/+; 30y-GAL4 / +

Fig. S5

S4C Canton-S (Control)

S4D Trhn -/-

S4E TRHM!S

Fig. S6

S6 LexAop2-ACh3.0 / Cyo; MB247-LexA / TM6B

448  DETAILED METHODS
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449  Molecular biology

450  Expression clones were generated using the Gibson assembly method. PCR was
451  performed to amplify DNA fragments with ~25-bp overlap using primers (TSINGKE
452  Biological Technology), and TS5 exonuclease (New England Biolabs), Phusion DNA
453  polymerase (Thermo Fisher Scientific), and Taq ligase (iCloning) were used to
454  assemble the fragments. Sanger sequencing (TSINGKE Biological Technology) was
455  performed to confirm the plasmid sequences. To characterize the performance of
456  sensors expressed in HEK293T cells, cDNAs encoding the candidate GRABoa sensors
457  were cloned into the pDisplay vector under the control of the CMV promoter with an
458  upstream IgK leader sequence; a downstream IRES-mCherry-CAAX cassette was
459  included to label the cell membrane and calibrate the sensor’s fluorescence intensity.
460  Spectral properties were measured using plasmids lacking the IRES-mCherry-CAAX
461  cassette. For the Tango assay experiments, genes encoding the WT Drosophila Octp2R
462  and the OA1.0 sensor were cloned into the pTango vector. For the RFlamp cAMP assay,
463  the RFlamp sensor gene was cloned into the pcDNA3.1 vector under the control of the
464  CAG promoter, and OA1.0 and OctB2R-pHluorin were cloned into the pPCMV vector.

465  Expression of GRABoa sensors in cultured cells

466  The GRABoa sensors were screened and characterized in HEK293T cells, which were
467  grown either in 96-well plates or on 12-mm diameter circular coverslips in 24-well
468  plates. At 60-70% confluency, the cells were transfected using polyethyleneimine (PEI)
469 at a PEL:DNA ratio of 3:1, and experiments were conducted 24-36 hours after
470  transfection. For 1P spectra measurements and Tango experiments, the cells were
471  cultured and transfected in 6-well plates; after transfection, the cells were transferred to

472  either a 384-well or 96-well plate for subsequent experiments.
473  Fluorescence imaging of cultured cells

474  Before imaging, the culture medium was replaced with Tyrode’s solution containing (in
475  mM): 150 NaCl, 4 KCl, 2 MgCl,, 2 CaCl,, 10 HEPES, and 10 glucose (pH 7.3-7.4).
476 The HEK293T cells grown in 96-well plates were imaged using an Opera Phenix high-
477  content screening system (PerkinElmer), while the cells grown on 12 mm coverslips
478  were imaged using an inverted Ti-E Al confocal microscope (Nikon). The Opera
479  Phenix high content screening system was equipped with a 20%/0.4- NA objective, a
480  40%/0.6-NA objective and a 40%/1.15-NA water-immersion objective, a 488-nm laser,
481 and a 561-nm laser; the GRABoa signal (green fluorescence) was collected using a
482  525/50-nm emission filter, and the mCherry signal (red fluorescence) was collected

483  using a 600/30-nm emission filter. The fluorescence intensity of the GRABoa sensor
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484  was calibrated using mCherry as the reference. The Nikon confocal microscope was
485  equipped with a 40%/1.35-NA oil-immersion objective and a 488-nm laser; green
486  fluorescence was collected using a 525/50-nm emission filter. To measure the response
487  kinetics, the tip of a glass electrode was placed approximately 10 pm above the cells;
488  this electrode was pulled using a P-97 Flaming/Brown Micropipette Puller (Sutter
489  Instrument) and contained a saturating concentration of agonist or antagonist. A PV800
490  Pneumatic PicoPump (World Precision Instruments) was used to control the duration
491  of drug delivery. The fast line-scan mode was used to record changes in the local
492  fluorescence signal at the cell membrane, and NIS-Elements software (Nikon) was used

493  to control imaging.
494  Tango assay

495  HTLA cells were cultured in 6-well plates; at ~70% cell density, the cells were
496  transfected with either wild-type Octf2R or OA1.0. Twenty-four hours after
497  transfection, the cells were transferred to a 96-well white clear flat-bottom plate, and
498  virous concentrations of OA (ranging from 1 nM to 100 uM) were added to the cells;
499  each concentration was applied in triplicate. The cells were then incubated for ~16
500  hours, and the bioluminescent signal was measured. To measure the bioluminescent
501  signal, the culture medium was removed, and 40 pl of Bright-Glo substrate (Promega)
502  was added to the wells. The plate was then incubated at room temperature in the dark
503  for 10 minutes, and the bioluminescent signal was measured using a Victor X5

504  microplate reader (PerkinElmer). Non-transfected cells were used as negative controls.
505 RFlamp cAMP measuring assay

506  HEK293T cells were transfected with cytoplasmic RFlamp and either the membrane-
507  targeted OctP2R-pHluorin or OA1.0 sensor. control cells were transfected with only
508  with RFlamp. The cells were then imaged using Operetta CLS (PerkinElmer) before

509 and after the addition of various concentration of OA.
510  Spectra measurements

511  The 1P spectra of OA1.0 were measured using a Safire 2 microplate reader (Tecan).
512 HEK293T cells were transfected with CMV promoter-driven OA1.0 plasmids (with no
513  other fluorescent proteins); after 24 hours, the cells were dissociated with trypsin and
514  transferred to a clear flat-bottom black-walled 384-well plate for measurement. To
515  detect the excitation spectrum, a gradient of 5-nm (20-nm bandwidth) increments of
516  excitation wavelength was applied from 300-525 nm, and the emission wavelength was

517  fixed at 560 nm (20-nm bandwidth). To detect the emission spectrum, a gradient of 5-
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518  nm (20-nm bandwidth) increments of emission wavelength was applied from 495-800
519 nm, and the excitation wavelength was fixed at 455 nm (20-nm bandwidth). The
520 fluorescence values measured at each wavelength in cells transfected with an empty

521  vector were subtracted as background.

522  The 2P spectra of OA1.0 were measured using a Bruker Ultima Investigator two-photon
523  microscope equipped with a Spectra-Physics InSight X3 laser. The spectra were
524  measured from 700 nm to 1050 nm at 10-nm increments, and the fluorescence values

525  measured in non-transfected cells were subtracted as background.

526 Fast-scan cyclic voltammetry (FSCV)SEV

527  Fast-scan cyclic voltammetry (FSCV) was performed using an ElProScan ELP-3
528  equipped with an EPCI0 USB triple potentiostat (HEKA Electronik GmbH,
529  Lambrecht/Pfalz, Germany). A carbon fiber electrode (7-um diameter, 100-200-um
530 length, Tokai Carbon Co., Tokai, Japan) was used as the working electrode, and a KCl-
531  saturated Ag/AgCl microelectrode was used as the reference electrode in the two-
532  electrode configuration. All high-speed voltammograms were recorded using a
533  waveform potential from -0.4 V to +1.1 V at a scan rate of 400 V/s with a 200-ms

534  interval. The carbon fiber microelectrode was held at -0.4 V between scans.
535  Two-photon in vivo imaging of flies

536  For the in vivo imaging experiments, we used adult female flies within 2 weeks after
537 eclosion. Each fly was mounted onto a customized chamber using tape, and a
538  rectangular section of tape measuring 1 mm x 1 mm above the head was removed. The
539 cuticle between the eyes, air sacs, and fat bodies were carefully removed in sequential
540  order to expose the brain. Throughout the dissection and imaging experiments, the brain
541  was immersed in adult hemolymph-like solution (AHLS) containing (in mM): 108
542  NaCl, 5 KCl, 5 HEPES, 5 D-trehalose, 5 sucrose, 26 NaHCO3, 1 NaH,POy4, 2 CaCly,
543  and 2 MgCl,.

544  An Olympus FVMPE-RS microscope equipped with a Spectra-Physics InSight X3
545  dual-output laser was used for the functional imaging experiments. The green
546  fluorescence signals produced by OA1.0, ACh3.0, DA2m, and GCaMP6s were excited
547  using a 920-nm laser and collected through a 495-540-nm filter. The red florescence
548  signals produced by mCherry-tagged CsChrimson were excited using a 1045-nm laser
549  and collected through a 575-630-nm filter.

550  To apply local electrical stimuli, a glass electrode (with a tip resistance of 0.2 MQ) was

551  positioned near the horizontal lobe of the MB, and the stimulation voltage was set to
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552  30-50 V. For optogenetic stimulation, a 635-nm laser was used to deliver 1-ms pulses
553 at 10 Hz through optical fibers positioned near the fly’s brain. For odor stimulation, the
554  odorant was initially diluted 200-fold in mineral oil, and air was bubbled through the
555  oil at 200 ml/min, combined with pure air delivered at 800 ml/min, and finally delivered
556  to the fly antenna at 1000 ml/min. 3-octanol (OCT) and 4-methylcyclohexanol (MCH)
557  were used for the experiments in Fig. 4 and 6, and OCT was used for the experiments
558 in Fig. 3 and 5. For all odor-shock pairing experiments, either OCT or MCH was
559  randomly assigned as the CS+, with the other odorant serving as the CS-. For body
560  shock stimulation, two copper wires were attached to the fly’s abdomen, with the
561  voltage set to 80 V. In the experiments shown in Fig. 11-J and 3D, a small section of the
562  blood-brain-barrier was carefully removed with tweezers before applying the indicated

563  neurotransmitters and compounds.
564  Behavioral assay

565  These experiments were performed in a dark room at 22°C with humidity ranging from
566  50-60%. Flies that were 24-72 hours old were selected and transferred to a new tube 12
567  hours prior to the experiment. Prior to training, the flies were placed in the training arm

568  for 2 min to acclimate.

569  Each train involved ~100 flies, and the odorants OCT and MCH were diluted to 1:67
570 and 1:100, respectively, in mineral oil. The odorant-containing mineral oil was

571  delivered to the training and testing arms of a T-maze at a rate of 800 ml/min.

572  During the training phase, the CS+ odorant was introduced to the airflow for 1 min,
573  followed by 12 electric shocks (the US) delivered at 80 V (1.25 s/pulse) via a copper
574  grid located in the training arm; 45 s after the shocks were applied, the CS- odorant was

575  introduced to the airflow for 1 min.

576  Following training, the flies were transferred to an elevator and given a 2-min
577  acclimation period before testing. During testing, the CS+ and CS- were delivered from
578  the two ends of the arms for a duration of 2 min, during which the flies were allowed
579  to make their choice. The number of flies in each arm (N) was recorded after testing,

580  and the performance index (PI) of each trial was calculated.

581  An Arduino microcontroller board was used to synchronize the delivery of various

582  stimuli, including odorants, shock, and 635-nm light.

583 QUANTIFICATION AND STATISTICAL ANALYSIS

584  Imaging experiments
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585  Images were processed using ImageJ software (National Institutes of Health). The
586  change in fluorescence (AF/Fy) was calculated using the formula [(F-Fo)/Fo], where Fy
587 i1s the baseline fluorescence. The signal-to-noise ratio (SNR) was calculated by dividing
588  the peak response by the standard deviation of the baseline fluorescence. The area under

589  the curve was determined using the integral of the fluorescence response (JAF/F).
590 Behavioral experiments

591  The performance index (PI) was calculated using the formula [(Ncs. — Nes+) / (Nes+ +
592  Ncs.)]. To minimize the potential influence of innate bias, each PI data point was
593  derived using the average of two trials; in one trial OCT served as the CS+, and in the
594  other trial MCH served as the CS+. This average was then calculated using the formula
595  [(Ploctcs+ + Plmchcs+) / 2].

596  Statistical analysis

597  Origin 2019 (OriginLab) was used to perform the statistical analyses. Unless otherwise
598  specified, all summary data are presented as the mean + sem. The paired or unpaired
599  Student’s #-test was used to compare two groups, and a one-way analysis of variance
600 (ANOVA) with Tukey’s post hoc test was used to compare more than two groups. All
601  statistical tests were two-tailed, and differences were considered statistically significant
602 at P <0.05. *P <0.05; **P <0.01; ***P <0.001; and n.s., not significant.
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798  Figure 1. Development and characterization of the GRABoa1.0 (OA1.0) sensor in HEK293T
799  cells and living flies.

800  (A)Schematic illustration depicting the strategy for developing the GRABoa sensor. Ligand binding
801 activates the sensor, inducing a change in EGFP fluorescence.

802  (B) Screening and optimization steps of GRABoa sensors, and the resulting change in fluorescence
803  (AF/Fo) in response to 10 uM OA.

804 (C) Expression, fluorescence change in response to 100 uM OA, and summary data measured in
805  HEK293T cells expressing OA1.0; n = 3 wells containing >500 cells each.

806 (D) ton and toff were measured in OA1.0-expressing cells in response to OA and epinastine (Ep),
807  respectively, in line-scan mode; an example image (left), representative traces (middle), and
808 summary data (right) are shown; n > 9 cells from 3 cultures; the dotted black line in the image
809  indicates the line-scanning region.

810 (E) One-photon (1P) excitation (ex) and emission (em) spectra (left) and two-photon (2P) excitation
811  spectra (right) of OA1.0 were measured in the absence and presence of OA; FI, fluorescence
812  intensity.

813 (F) Left: The Tango assay was used to measure B-arrestin—mediated signaling in cells expressing
814 OA1.0 or wild-type (WT) Octp2R and treated with increasing concentrations of OA; n = 3 wells
815  containing >1000 cells each. Right: The RFlamp assay was used to measure Gs coupling in cells
816  expressing OA1.0 or Octf2R; n = 3 wells containing >30 cells each.

817  (G) Left: Normalized change in fluorescence measured in OA1.0-expressing cells in response to the
818  indicated compounds applied at 10 uM (except Ep, which was applied at 100 uM); n = 3 wells
819  containing >300 cells each. Right: Dose-response curves measured in OA1.0-expressing cells in
820  response to OA, tyramine (TA), dopamine (DA), and norepinephrine (NE), with the corresponding
821 ECso values shown; n = 3 wells containing >300 cells each. ACh, acetylcholine; Glu, glutamate;
822  GABA, y-aminobutyric acid.

823  (H) Left: Exemplar cyclic voltammograms for 100 uM OA, TA, DA, and NE measured using fast-
824 scan cyclic voltammetry (FSCV); the traces were averaged from separate trials. Right: The
825  voltammetric current responses at 0.6 V were measured in accordance with the increasing
826 concentrations of OA, TA, DA, and NE; the inset shows the summary data in response to 100 pM
827  OA,TA, DA, and NE.

828  (I) Schematic illustration depicting the in vivo imaging setup using and perfusion to the brain of
829  flies expressing OA1.0 in the mushroom body (MB, 30y-GAL4-driven).

830  (J) Representative in vivo fluorescence images (top left), pseudocolor images (top right), traces
831  (bottom left), and summary (bottom right) of the change in OA1.0 fluorescence measured in the
832  MB horizontal lobe in response to application of DA (500 uM), TA (500 uM), OA (500 uM), and
833  Ep (100 uM).

834  Inthis and subsequent Fig.s, all summary data are presented as the mean + SEM, superimposed with
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835  individual data.
836 *p < 0.05, ¥**p < 0.001, and n.s., not significant (for F, G, and H, one-way ANOVA with Tukey’s
837  post hoc test; for J, paired or unpaired Student’s t-test). Scale bar =20 um.
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838  Figure 2. OA1.0 can report the release of OA release in vivo.

839  (A) Schematic illustration depicting the experimental setup in which a transgenic fly expressing
840  OA1.0in the MB (MB247-LexA-driven) is fixed under a two-photon microscope (2PM) and a glass
841  electrode is used to apply electrical stimuli near the MB.

842  (B) Example fluorescence image of OA1.0 expressed in the MB. The dotted circle represents the
843  region of interest (ROI) used for subsequent analysis.

844  (C) Representative pseudocolor images (top) and corresponding traces (bottom) of the change in
845  OA1.0 fluorescence in response to the indicated number of electrical stimuli in a control fly, a
846  control fly treated with 100 uM epinastine (Ep), and an OAN (Tdc2-GAL4-driven) > TBHRNA! fly.
847 (D) Summary of peak AF/Fo (left) and the signal-to-noise ratio (SNR, right) measured in response
848  to electrical stimuli for the indicated conditions; n = 2-6 flies/group.

849  (E) Left: Time course of AF/Fo measured in OA1.0-expressing flies in response to 50 electrical
850  stimuli applied at 100 Hz; the rise and decay phases were fitted with a single-exponential function
851  (red traces). Right: Summary of ton and tof; n = 3 flies/group.

852  (F) Schematic illustration depicting the experimental setup for optogenetic stimulation.

853 (G) Example dual-color fluorescence image of OA1.0 expressed in the MB (green, MB247-LexA-
854  driven) and CsChrimson-mCherry expressed in OANSs (red, Tdc2-GAL4-driven); the AF/Fo). The
855  y1-y5 compartments of the MB are indicated using dashed lines.

856  (H) Representative pseudocolor images (top) and corresponding traces (bottom) of the change in
857  OA1.0 fluorescence measured in response to the indicated number of optogenetic stimuli applied
858 either in saline or 100 uM Ep.

859  (I) Summary of peak AF/Fo measured in response to optogenetic stimuli; n = 8 flies/group.

860  (J) Left: Time course of AF/Fo measured in the y3 compartment in response to a single laser pulse;
861  the rise and decay phases were fitted with a single-exponential function (red traces). Right:
862 Summary of Ton and Tor; n = 7 flies/group.

863 **p < 0.01, and n.s., not significant (for D, paired or unpaired Student’s t-test; for I, one-way

864  ANOVA with Tukey’s post hoc test). Scale bar = 20 um.
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865  Figure 3. OA1.0 reveals that OA release induced by odor and shock stimuli is activated by
866  ACh released from KCs.

867  (A) Schematic diagram depicting the experimental setup for 2PM with odor and body shock
868  stimulation in flies expressing OA1.0 in the MB (MB247-LexA-driven), with an example
869  fluorescent image of the MB shown below.

870  (B-C) Representative pseudocolor images (B, left), traces (B, right), and summary (C) of the change
871  in OAL1.0 fluorescence measured in response to odorant application (top) and body shock (bottom)
872  in OAl.0-expressing flies (n = 8-9) and OA1.0-expressing flies co-expressing TBHXNA! (n = 6) or
873  Kir2.1 (n=15) in OANs (Tdc2-GAL4-driven).

874 (D) Schematic diagram (D1) depicting the strategy used to apply compounds to the brain of flies
875  expressing OA1.0 in the MB (MB247-LexA-driven). Also shown are representative pseudocolor
876 images (D2, top), traces (D2, bottom), and summary (D3) of the change in OA1.0 fluorescence in
877  response to the indicated compounds (1 mM each) applied in the absence or presence of the nAChR
878  antagonist Meca (100 uM); n =5 flies/group.

879  (E) Schematic diagram (E1) depicting the strategy in which CsChrimson expressed in KCs
880  (R13F02-GAL4-driven) was activated using optogenetic stimulation, and OA1.0 fluorescence was
881  measured in the MB (MB247-LexA-driven). Also shown are representative pseudocolor images (E2,
882 top), traces (E2, bottom), and summary (E3) of the change in OA1.0 fluorescence in response to
883  optogenetic stimulation in saline, the muscarinic ACh receptor antagonist Tio (100 uM), and Meca
884 (100 uM); n = 5 flies/group.

885 (F) Schematic diagram (F1) depicting the strategy in which hM4Di expressed in KCs (30y-GAL4-
886  driven) was silenced by applying 30 nM deschloroclozapine (DCZ), and OA1.0 fluorescence was
887  measured in the MB. Also shown are representative pseudocolor images (F2, top), traces (F2,
888  bottom), and summary (F3) of the change in OA1.0 fluorescence in response to odor or electrical
889  body shock in the absence or presence of 30 nM DCZ; n = 7 flies/group.

890  *p<0.05, **p<0.01, ***p <0.001, and n.s., not significant (for C, one-way ANOVA with Tukey’s
891  post hoc test; for D3-F3, paired Student’s t-test). Scale bar = 20 um.
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892 Figure 4. OA plays an essential role in aversive learning and synaptic plasticity in KCs in the
893 MB.

894  (A) Schematic diagram depicting the T-maze protocol for measuring aversive learning in Drosophila.
895 (B) Summary of the performance index measured in WT flies and the indicated transgenic flies.

896  OAN-GAL4 and UAS-Kir2.1 served as control groups; n=5-10 for each group.

897  (C-E) Schematic diagram (C) depicting the in vivo 2PM imaging setup, a representative
898 fluorescence image (D), and the experimental protocol (E) in which odor-induced changes in
899  ACh3.0 fluorescence (MB247-LexA-driven) in the y1-y5 compartments were measured before (pre),
900  during, and after (post) pairing.

901  (F-G) Representative pseudocolor images (F1, G1) and average traces (F2, G2) of odor-evoked

902  ACh3.0 responses measured in the y1-y5 compartments before and after pairing in response to the
903  CS+ odorant (F) and CS- odorant (G) in control flies (top) and OAN-silenced (OAN > Kir2.1) flies

904  (bottom). F3 and G3: Summary of the change in odor-evoked ACh release (post/pre responses) after
905  pairing in response to the CS+ odorant (F3) and CS- odorant (G3) in control flies and OAN > Kir2.1

906  flies; n = 6-9 flies/group.

907 *p < 0.05, ***p < 0.001, and n.s., not significant (unpaired Student’s t-test). Scale bar=20 pum.
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908  Figure 5. OA is required for driving DA release in response to aversive stimuli.

909  (A) Schematic diagram (A1) showing the strategy for measuring intracellular calcium signals in the
910  MB (MB247-LexA-driven) by expressing GCaMP6s in either control flies or OAN > Kir2.1 flies,
911  in response to the conditioned stimulus (CS) or unconditioned stimulus (US). Also shown are
912  representative pseudocolor images (A2-A3, top), traces (A2-A3, bottom), and summary (A4) of
913  calcium signals measured in the calyx in response to odor (A2) or electrical body shock (A3); n=9
914  flies/group.

915  (B) Schematic diagram (B1) showing the strategy for measuring dopamine (DA) signals in the MB
916  (R13F02-LexA-driven) by expressing the DA2m sensor in either control flies or OAN > Kir2.1 flies,
917  inresponse to the CS or US. Also shown are representative pseudocolor images (B2-B3, top), traces
918 (B2-B3, bottom), and summary (B4) of DA release measured in the y lobe in response to in response
919 to odor (B2) or electrical body shock (B3); n = 6-9 flies/group.

920  (C) Cl: Schematic diagrams (C1) showing DA2m imaging in flies and representative pseudocolor
921  images whose brain was bathed in saline (left) or saline containing 100 uM Ep (middle), or DAN >
922  OctBI1RRNAT (TH-GAL4-driven) flies (right) in response to body shock stimuli. Also shown are
923  representative traces (C2) and the summary (C3) of DA release measured in the y1-y5 compartments;
924  n =12 flies/group.

925 *p <0.05, **p < 0.01, ***p <0.001, and n.s., not significant (unpaired Student’s t-test). Scale bar=
926 20 um.
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927  Figure 6. OA acts on DANSs via the Octp1R receptor to modulate aversive learning.

928 (A-C) Schematic diagram (A) depicting the in vivo 2PM imaging setup, a representative
929  fluorescence image (B), and the experimental protocol (C) in which odor-induced changes in
930  ACh3.0 (MB247-LexA-driven) fluorescence were measured in the y1-y5 compartments before,
931  during, and after pairing.

932  (D-E) Representative pseudocolor images (D1, E1), average traces (D2, E2), and summary (D3, E3)
933  of odor-evoked ACh3.0 responses measured in the y1-y5 compartments in response to the CS+
934  odorant (D) and CS- odorant (E) in the indicated groups; n = 6-8 flies/group.

935 (F) Schematic diagram depicting the T-maze protocol (top) and summary of the performance index
936  (bottom) measured in the indicated groups; n = 9-12 for each group.

937 (G) Model depicting the proposed mechanism for how OA acts on DANs in the MB to modulate
938  aversive learning. MBON, mushroom body output neuron.

939 *p < 0.05, ¥*p < 0.01, ***p < 0.001, and n.s., not significant (unpaired Student’s t-test). Scale bar
940 =20 um.
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941 Figure S1. Strategy for designing, optimizing, and screening GRABoa sensors.

942  (A) Flowchart depicting the process for developing the OA1.0 sensor with a peak response (AF/Fo)
943  of ~600%.

944 (B) Amino acid sequence of the OA1.0 sensor, with the various domains and mutated sites indicated.
945  Note that the numbering system corresponds to the start of the IgK leader sequence.

946

947 Figure S2. Changes in OA1.0 fluorescence in response to various stimuli measured in OAN >
948  TPHRNAigand OAN > Kir2.1 flies.

949  Representative pseudocolor images (left top), traces (left bottom), and summary (right) of the
950 change in OA1.0 fluorescence measured in response to odor, electrical body shock, and OA
951  perfusion in OAN > TBHRNA flies (A) and OAN > Kir2.1 flies (B); n = 5-6 flies/group.

952 Scale bars =20 pum.

953

954 Figure S3. Summary of the number of synapses between OANs and upstream cells in the MB.
955  Pedc, peduncle; DPM, dorsal paired medial; APL, anterior paired lateral neuron; MBON, mushroom
956  body output neuron; PPL1, paired posterior lateral 1 cluster neuron; PAM, protocerebral anterior
957 medial cluster neuron; KC, Kenyon cell; TPM, transcripts per million. Version 1.1 of the hemibrain
958  connectome[56] was used for the analysis, and only synapses with a confidence value >0.75 were
959  included.

960

961  Figure S4. KCs release ACh to trigger OA release, related to Fig. 3.

962 (A) Light stimulation does not lead to OA release in flies with UAS-CsChrimson but without KC-
963  Gal4 driver, ruling out the unspecific effect caused by leaky expression of channelrhodopsin. Shown
964  are schematics (A1) depicting the in vivo imaging setup in which OA was measured with OA1.0
965  expressed in KCs (MB247-LexA-driven), while the light pulses (1ms/pulse, 635 nm, 10 Hz) were
966  delivered to the brain of the fly only carrying UAS-CsCh-mCherry, but not KC-GAL4. Also shown
967  are representative pseudocolor images, traces (A2), and summary (A3) of the change in OA1.0
968  fluorescence in response to light pulses (30 s) in flies without or with KC-GAL4; n = 5 flies/group.
969  (B) The hM4Di agonist DCZ does not cause significant effect on odor or shock-evoked OA signals
970  inthe y lobe. Shown are schematics depicting the in vivo imaging setup in which OA was measured
971  in the v lobe using OA1.0 expressed in KCs (30y-GAL4-driven) in the absence or presence of 30
972 nM DCZ (B1). Also shown are representative pseudocolor images (B2, top), traces (B2, bottom),
973  and summary (B3) of the change in OA1.0 fluorescence in response to odor or electrical body shock
974  inthe absence or presence of 30 nM DCZ; n = 6 flies/group.

975  ***p <0.001, and n.s., not significant (unpaired Student’s t-test). Scale bar= 20 um.

976

977
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978  Figure S5. OA signaling does not regulate the coincidence time window of olfactory learning.
979  (A-B) Schematic diagrams depicting odor-shock pairing protocol for measuring how the time
980 interval affects aversive olfactory memory (A) and the effect of varying the inter-stimulus interval
981  (B).

982  (C-E) Summary of the normalized performance index (Norm. PI) measured with the indicated ISI
983  (Cl1, D1, E1) and normalized PI-ISI profiles fitted to a sigmoid function, with the corresponding tso
984  values shown (C2, D2, E2). The coincidence time window of olfactory learning is defined as the tso
985  for the sigmoid function and is shown as the shaded area.

986  Note that the data presented in panels C and D were reproduced and re-plotted from Zeng et al.
987  (2023)[67].

988  All group data are presented as mean + SEM.

989

990  Figure S6. Summary of the relative change in odor-evoked ACh release (post/pre response)
991  following training for the CS+ (left) and CS- (right) measured in wild-type flies.

992 *p < 0.05, ***p < 0.001, and n.s., not significant (unpaired Student’s t-test)
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