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ABSTRACT 22 

Octopamine (OA), analogous to norepinephrine in vertebrates, is an essential 23 

monoamine neurotransmitter in invertebrates that plays a significant role in various 24 

biological functions, including olfactory associative learning. However, the spatial and 25 

temporal dynamics of OA in vivo remain poorly understood due to limitations 26 

associated with the currently available methods used to detect it. To overcome these 27 

limitations, we developed a genetically encoded GPCR activation-based (GRAB) OA 28 

sensor called GRABOA1.0. This sensor is highly selective for OA and exhibits a robust 29 

and rapid increase in fluorescence in response to extracellular OA. Using GRABOA1.0, 30 

we monitored OA release in the Drosophila mushroom body (MB), the fly’s learning 31 

center, and found that OA is released in response to both odor and shock stimuli in an 32 

aversive learning model. This OA release requires acetylcholine (ACh) released from 33 

Kenyon cells, signaling via nicotinic ACh receptors. Finally, we discovered that OA 34 

amplifies aversive learning behavior by augmenting dopamine-mediated punishment 35 

signals via Octβ1R in dopaminergic neurons, leading to alterations in synaptic 36 

plasticity within the MB. Thus, our new GRABOA1.0 sensor can be used to monitor OA 37 

release in real-time under physiological conditions, providing valuable insights into the 38 

cellular and circuit mechanisms that underlie OA signaling. 39 

 40 

Key words: octopamine, dopamine, GRAB sensor, learning and memory 41 

 42 

INTRODUCTION 43 

Octopamine (OA) is an essential monoamine neurotransmitter in invertebrates, 44 

analogous to norepinephrine (NE) in vertebrates[1, 2]. In vertebrates, OA is classified 45 

as a trace amine and is thought to be associated with emotional responses[3-5]. In 46 

invertebrates, OA plays a role in various physiological processes, including the 47 

sleep-wake cycle, flight, ovulation, aggression, and associative learning[6-27]. 48 

In Drosophila melanogaster, OA has been implicated in regulating both learning and 49 

memory, particularly in the formation of short-term associative memories of an 50 

odor-conditioned stimulus (CS) paired with either an appetitive sugar reward or an 51 

aversive electrical body shock as the unconditioned stimulus (US). Moreover, studies 52 

have shown that mutants lacking tyramine β hydroxylase (TβH), the rate-limiting 53 

enzyme for OA biosynthesis, have an impaired ability to acquire appetitive 54 

memory[19]. Furthermore, stimulation of octopaminergic neurons (OANs) can replace 55 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae112/7635674 by Peking U
niversity user on 02 M

ay 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

sugar presentation during conditioning and lead to the formation of short-term 56 

appetitive memory[20, 21]. However, studies regarding aversive conditioning have 57 

yielded conflicting results. For example, some studies found normal performance in 58 

TβH mutants[19, 28], while other studies found impaired performance when 59 

compared to wild-type (WT) flies[29].  60 

In the Drosophila brain, the mushroom body (MB) is the main center for olfactory 61 

learning[30-33] and consists primarily of Kenyon cells (KCs), with their dendrites 62 

residing in the calyx and their axon bundles projecting through the peduncle to form 63 

the α/β lobe, α’/β’ lobe and γ lobe[34-36]. Studies have shown that OA signaling via 64 

the β-adrenergic-like OA receptor Octβ1R is required for aversive memory formation 65 

in the MB[25]. In addition to its role in short-term memory, OA released from the 66 

anterior paired lateral (APL) neurons has been shown to modulate intermediate-term 67 

aversive memory by acting on KCs via Octβ2R[23]. Together, these findings suggest 68 

that OA indeed plays a key role in aversive learning and memory in Drosophila. 69 

However, there are still many unresolved issues regarding the spatiotemporal 70 

dynamics of OA release and the specific role OA plays in aversive learning that 71 

warrant further investigations. 72 

Our relatively limited understanding of how OA functions spatially and temporally 73 

during learning is primarily due to limitations in current detection methods. Traditional 74 

methods, such as microdialysis-coupled biochemical analysis[37-39], offer high 75 

specificity but low temporal resolution and complex sampling procedures, especially 76 

in invertebrates. On the other hand, electrochemical techniques like fast-scan cyclic 77 

voltammetry (FSCV) enable rapid monitoring of endogenous OA release[40, 41], but 78 

they cannot distinguish between OA and other structurally similar neurotransmitters, 79 

particularly its biological precursor tyramine (TA), which differs from OA by only one 80 

hydroxyl group and also serves as an important monoamine in invertebrates[2].  81 

To overcome these limitations, we developed a novel G protein-coupled receptor 82 

(GPCR) activation-based (GRAB) OA sensor, utilizing the Drosophila Octβ2R as the 83 

sensing module and circularly-permutated enhanced green fluorescent protein 84 

(cpEGFP) as the reporter; we call this sensor GRABOA1.0 (hereafter referred to as 85 

OA1.0). We found that this sensor is highly specific to OA, has sub-second kinetics, 86 

and exhibits a peak increase in fluorescence of approximately 660% in response to 87 

OA. Using OA1.0, we then measured spatiotemporal changes of OA in the Drosophila 88 

MB in response to odor and shock stimuli. Our findings reveal that the release of OA 89 

in the MB promotes the release of dopamine (DA), which increases the fly’s 90 

perception of the US, thereby facilitating aversive learning. 91 
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 92 

RESULTS 93 

Development and characterization of GRABOA1.0 94 

To monitor octopamine (OA) release in vivo with high specificity, sensitivity and 95 

spatiotemporal resolution, we employed a well-established strategy[42-53] to develop 96 

a genetically encoded GPCR activation-based (GRAB) sensor for OA using EGFP to 97 

report an increase in extracellular OA through an increase in fluorescence intensity. 98 

First, we inserted the conformationally sensitive cpEGFP into the third intracellular 99 

loop (ICL3) of the β-adrenergic-like OA receptor Octβ2R. Next, we systematically 100 

screened the position of the cpEGFP and optimized the linker residues between the 101 

GPCR and cpEGFP using site-directed mutagenesis. We then mutated the residues 102 

near the ligand binding pocket of Octβ2R to further optimize the performance of the 103 

OA sensor. Specifically, we found that introducing at the L7.38V and I7.41M 104 

substitutions produced an increasing response to OA, and we named the GRABOA1.0 105 

(OA1.0) sensor (Fig. 1A, B and Fig. S1). 106 

When expressed in HEK293T cells, OA1.0 trafficked to the plasma membrane and 107 

produced a peak change in fluorescence (ΔF/F0) of ~660% in response to 100 μM OA 108 

(Fig. 1C). To measure the sensor’s kinetics, we used a rapid perfusion system to 109 

locally apply OA followed by the OA receptor antagonist epinastine (Ep), and we 110 

measured the change in fluorescence using high-speed line scanning. The data were 111 

then fitted to obtain an on-rate (τon) and off-rate (τoff) of approximately 0.02 s and 112 

1.40 s, respectively (Fig. 1D). We also measured the spectral properties of OA1.0 113 

using both one-photon (1P) and two-photon (2P) excitation, which revealed excitation 114 

peaks at ~500 nm and ~920 nm, respectively, and an emission peak at ~520 nm (Fig. 115 

1E), similar to those of other commonly used green fluorescent probes. To confirm 116 

that OA1.0 does not activate signaling pathways downstream of Octβ2R (thus not 117 

affecting cellular physiology), we measured β-arrestin and Gs pathway activation 118 

using the Tango assay[54], a cell-based method that quantifies GPCR activation 119 

through β-arrestin recruitment, and the red cAMP sensor RFlamp, respectively. Cells 120 

expressing OA1.0 exhibited negligible β-arrestin-dependent signaling compared to 121 

cells expressing WT Octβ2R, even at high concentrations of OA (Fig. 1F, left). 122 

Moreover, cells expressing OA1.0 had significantly lower downstream Gs coupling 123 

compared to cells expressing WT Octβ2R (Fig. 1F, right). 124 

With respect to its specificity, we found that the OA1.0 signal induced by OA was 125 

abolished by Ep, and the application of several other neurotransmitters did not 126 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae112/7635674 by Peking U
niversity user on 02 M

ay 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

produce a detectable change in fluorescence (Fig. 1G, left). Next, we measured the 127 

response of OA1.0 to various concentrations of OA, as well as the structurally similar 128 

transmitters tyramine (TA), dopamine (DA) and norepinephrine (NE). We found that 129 

OA1.0 has an ~40-fold higher affinity for OA (EC50 = ~200 nM) compared to TA (EC50 130 

= ~8000 nM), and showed a negligible response to DA and NE at all tested 131 

concentrations (Fig. 1G, right). However, the utilization of the FSCV method for OA 132 

detection does not offer such robust specificity, as we observed significant 133 

interference from DA and NE in OA detection despite the relatively minor disruption 134 

from TA (Fig. 1H).  135 

To evaluate the specificity of OA1.0 in vivo, we generated transgenic flies expressing 136 

OA1.0 in the MB (30y-GAL4-driven) and then sequentially applied DA, TA, OA and Ep 137 

to the fly brain while performing 2P imaging. We found that neither DA nor TA induced 138 

an obvious response, while OA elicited a robust response in OA1.0 fluorescence (with 139 

a peak ΔF/F0 of ~100%) that was blocked by Ep (Fig. 1I and J). Together, these data 140 

demonstrate that OA1.0 can reliably measure the dynamics of OA release with high 141 

specificity for OA. 142 

OA1.0 can report endogenous OA release signals in vivo 143 

To further characterize the release of endogenous OA in vivo, we used Drosophila 144 

expressing OA1.0 in the MB (MB247-LexA-driven), which receives projections from 145 

several pairs of OANs, including ventral unpaired median a2 (VUMa2) neurons, 146 

ventral paired median 3 (VPM3) neurons, VPM4 neurons, VPM5 neurons, and APL 147 

neurons[23, 55].To induce the release of endogenous OA in the MB, we applied local 148 

electrical stimuli at 30 Hz and observed an incremental increase in fluorescence with 149 

an increasing number of stimuli, and this response was eliminated by Ep (Fig. 2A-2D). 150 

Moreover, the response was specific to OA, as no detectable response to electrical 151 

stimuli was measured in flies lacking TβH in the OANs (Tdc2-GAL4-driven) (Fig. 2C 152 

and D). When we applied 50 electrical stimuli at a frequency of 100 Hz, we measured 153 

τon and τoff rates of ~0.6 s and ~9.4 s, respectively (Fig. 2E). 154 

To monitor the release of OA in response to the direct activation of OANs in vivo, we 155 

optogenetically activated OANs (Tdc2-GAL4-driven) in flies expressing 156 

CsChrimson-mCherry while simultaneously imaging OA1.0 expressed in the MB 157 

(MB247-LexA-driven) (Fig. 2F, 2G). We found that activating OANs induced a 158 

transient increase in OA1.0 fluorescence in the γ1-γ5 compartments of the MB, with 159 

the magnitude of the OA1.0 response dependent on the number of light pulses 160 

applied; moreover, the peak responses were similar among all five γ compartments 161 
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(Fig. 2H and I). Importantly, the response for 100 pulses stimulation was blocked in all 162 

five compartments by Ep, confirming the sensor’s specificity (Fig. 2H and I). We then 163 

measured the kinetics of the response using the γ3 compartment as an example and 164 

found that a single pulse of 635-nm laser evoked a measurable increase in OA1.0 165 

fluorescence, with τon and τoff values of ~0.34 s and ~5.90 s, respectively (Fig. 2J). 166 

Taken together, these results show that OA1.0 can be used in vivo to monitor 167 

endogenous OA release with high spatiotemporal resolution, high specificity, and high 168 

sensitivity. 169 

OA1.0 can detect physiologically evoked OA release in the MB of living flies 170 

The conflicting findings regarding the role of OA in aversive olfactory learning[19, 28, 171 

29] highlight the need to better understand whether OA release can be activated by 172 

odor and/or an aversive stimulus such as electric body shock, which can represent 173 

either the CS or the US in this type of learning. To address this question, we 174 

expressed OA1.0 in the Drosophila MB (MB247-LexA-driven) and found that both 175 

odorant application and electric body shock induced a time-locked increase in OA1.0 176 

fluorescence in all five γ compartments, with no difference observed among the 177 

various compartments (Fig. 3A-C). In contrast, we found no detectable response to 178 

either odorant application or electrical shock in flies in which we knocked down TβH 179 

expression in OANs or in flies which OAN activity was suppressed by expressing the 180 

inward rectifying potassium channel Kir2.1. As an internal control, direct application of 181 

OA still elicited a robust OA1.0 response in both models (Fig. S2). 182 

OA1.0 reveals that KC activity is both necessary and sufficient for OA release in 183 

the Drosophila MB 184 

Next, to examine the mechanism underlying OA release in the MB, we attempted to 185 

identify the neurons and pathways that regulate OAN activity. Although previous 186 

connectomic analyses showed that KCs, the principal neurons in the MB, are the 187 

primary cells upstream of OANs (Fig. S3)[56, 57], the functional inputs that drive OA 188 

release are currently unknown. Given that KCs release the excitatory neurotransmitter 189 

acetylcholine (ACh)[58], we perfused ACh onto the γ lobe of the MB and observed an 190 

increase in OA1.0 fluorescence that was prevented by the nicotinic ACh receptor 191 

(nAChR) antagonist mecamylamine (Meca). Moreover, we found no increase in 192 

OA1.0 fluorescence when other neurotransmitters such as 5-hydroxytryptamine 193 

(5-HT), glutamate (Glu), DA and γ-aminobutyric acid (GABA) were applied in the 194 

presence of Meca (Fig. 3D).  195 

Because perfusion of exogenous ACh lacks cell-type specificity, we used 196 
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optogenetics to determine whether selectively activating KCs (R13F02-GAL4-driven) 197 

is sufficient to induce OA release in the MB. Consistent with our perfusion 198 

experiments, we found that optogenetically activating KCs caused an increase in 199 

OA1.0 fluorescence that was blocked by Meca but not the muscarinic ACh receptor 200 

antagonist tiotropium (Fig. 3E). Moreover, there is no obvious light-induced OA 201 

release in transgenic flies with UAS-CsChrimosn but without KC-GAL4 202 

(R13F02-GAL4) (Fig. S4A), ruling out the unspecific effect due to the leaky 203 

expression of channelrhodopsin[59]. Together, these results suggest that ACh release 204 

from KCs serves as the excitatory signal that drives OA release via nAChRs in the γ 205 

lobe of the MB.  206 

To determine whether KCs are required for activating OANs in the MB, we generated 207 

transgenic flies expressing both OA1.0 and the inhibitory DREADD (designer 208 

receptors exclusively activated by designer drugs) hM4Di[60-62], and found that both 209 

odor- and shock-induced OA1.0 signals were abolished when KCs activity was 210 

suppressed by the hM4Di agonist deschloroclozapine (DCZ)[63] (Fig. 3F). Meanwhile, 211 

the DCZ application showed no significant effect on stimuli-induced OA signals in flies 212 

without hM4Di (Fig. S4B). Thus, KC activity is both necessary and sufficient for OA 213 

release from OANs in the MB. 214 

OA regulates aversive learning behavior and related synaptic plasticity 215 

To examine the biological significance of OA release triggered by odorant application 216 

and body shock, we measured aversive learning and the coincident time window in 217 

flies lacking either OA synthesis or OAN activity. Previous research has demonstrated 218 

that the coincidence between the CS and the US is essential for effectively forming 219 

associations in aversive learning; furthermore, it has been reported that 5-HT 220 

bi-directionally regulates the coincidence time window[64]. We found that both TβH 221 

mutant flies and OAN-silenced flies expressing Kir2.1 had significantly reduced 222 

learning performance compared to WT flies (Fig. 4A and B). Moreover, unlike flies 223 

lacking neuronal tryptophan hydroxylase (Trhn), the rate-limiting enzyme in 5-HT 224 

biosynthesis, which have a significantly shortened coincident time window compared 225 

to control flies, the coincident time window was unchanged in TβH mutants (Fig. S5). 226 

These results suggest that OA plays a key and specific role in aversive learning ability 227 

in Drosophila.  228 

Given that synaptic plasticity is fundamental to the neuronal basis of learning, the 229 

regulation of synaptic plasticity by OAN activity after odor-shock pairing is a potential 230 

mechanism underlying the observed aversive learning results. Previous 231 
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electrophysiological recordings or Ca2+ imaging studies in the mushroom body output 232 

neuron (MBON) innervating the γ1 compartment (MBON-γ1pedc) suggested that 233 

pairing an odorant with dopaminergic reinforcement induces synaptic depression 234 

between KCs and the MBON[65-67]. This synaptic depression is correlated with 235 

decrease ACh release from KCs[64, 68]. Thus, we used the GRABACh3.0 sensor 236 

(ACh3.0)[45] to monitor the ACh release in the γ lobe of the MB (MB247-LexA-driven) 237 

(Fig. 4C-4E). By comparing the odor-evoked ACh release measured before and after 238 

odor-shock pairing in control flies, we observed significant synaptic depression in the 239 

γ1, γ2 and γ3 compartments (Fig. S6), the three compartments known to transmit 240 

information to MBONs associated with approach behavior[69]. We then examined the 241 

extent of ACh release depression following odor-shock pairing in flies expressing 242 

Kir2.1 in the OANs. Our results revealed significant reductions in ACh release 243 

depression (i.e., less synaptic depression) in the CS+ response, specifically in the γ1 244 

and γ2 compartments compared to control flies (Fig. 4F), indicating impaired synaptic 245 

plasticity during learning in OAN-silenced flies. In contrast, OAN-silenced flies and 246 

control flies showed similar ACh release patterns in response to CS- in all of the γ 247 

compartments, indicating that OA is specifically required for learning (Fig. 4G). Taken 248 

together, these results suggest that OA plays an essential role in modulating the 249 

change in synaptic plasticity induced by odor-shock pairing, thereby amplifying the 250 

aversive learning behavior. 251 

OA regulates aversive learning by modulating US processing via Octβ1R 252 

expressed on dopaminergic neurons 253 

Synchronization between the CS and the US is required for aversive learning; 254 

specifically, information regarding the CS is conveyed by projection neurons to the 255 

calyx of the MB for processing by KCs, while information regarding the US is 256 

conveyed by dopaminergic neurons (DANs) to the MB lobes for subsequent 257 

processing[70]. Consequently, we investigated the specific role of OA in aversive 258 

learning. We expressed the calcium sensor GCaMP6s in KCs (MB247-LexA-driven) 259 

to measure calcium signals in the calyx, providing information regarding the dynamics 260 

of CS processing (Fig. 5A1). The results indicated that OAN-silenced flies exhibited 261 

similar KC calcium signals in response to odorant application compared to the control 262 

flies (Fig. 5A2 and A4). As anticipated, shock stimuli induced small calcium signals in 263 

the KCs of the calyx, and no significant differences were observed between 264 

OAN-silenced flies and the corresponding control flies (Fig. 5A3 and A4). Additionally, 265 

we expressed the GRABDA2m (DA2m) sensor [47] in the MB (R13F02-LexA-driven) to 266 

measure DA release in the γ lobe, thus capturing the dynamics of US processing (Fig. 267 
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5B1). We found that shock-induced DA release in the γ lobe was significantly reduced 268 

in OAN-silenced flies (Fig. 5B3 and B4). Moreover, odor stimuli induced small DA 269 

transients in the γ lobe, and no significant differences were observed between 270 

OAN-silenced flies and the corresponding control flies (Fig. 5B2 and B4). Together, 271 

these findings suggest that OAN activity modulates US processing, but not CS 272 

processing, during aversive learning. 273 

To eliminate potential developmental influences on our observations regarding the 274 

effect of OA on DA release in response to the US, we applied the OA receptor 275 

antagonist Ep to the fly's brain and found that the same individual fly exhibited a 276 

significant reduction in shock-induced DA release along the γ lobe compared before 277 

and after the Ep treatment (Fig. 5C, left and middle). Previous studies showed that 278 

short-term aversive memory formation requires OA signaling via Octβ1R[25]; we 279 

therefore specifically knocked down Octβ1R expression in DANs (TH-GAL4-driven) 280 

using RNAi (Fig. 5C, right) to examine whether OA directly affects DA release and 281 

found a significant decrease in DA release compared to controls (Fig. 5C, left and 282 

right). Based on these results, we then examined whether knocking down Octβ1R 283 

expression in DANs affects synaptic plasticity and/or learning. Similar to our results 284 

obtained with OAN-silenced flies (see Fig. 4), we found significant differences in the 285 

degree of KC synaptic depression in response to CS+ in both the γ1 and γ2 286 

compartments of Octβ1R-knockdown flies compared to control flies. In contrast, we 287 

found no significant differences in the γ3, γ4, or γ5 compartments in response to CS+, 288 

or in any γ compartment in response to CS- (Fig. 6A-6E). To further test the role of 289 

Octβ1R expressed in DANs in learning behaviors, we assessed the learning ability of 290 

Octβ1R-knockout flies and Octβ1R-knockdown flies at the behavioral level. Our 291 

results show that, similar to synaptic plasticity, both genotypes of flies displayed 292 

significantly impaired learning compared to control flies (Fig. 6F). Taken together, 293 

these results support a model in which OA boosts aversive learning via Octβ1R in 294 

DANs, which enhances the punitive US signals to modulate synaptic plasticity in KCs 295 

(Fig. 6G). 296 

DISCUSSION 297 

Here, we developed a new genetically encoded fluorescent sensor called GRABOA1.0 298 

to detect OA release with high selectivity, sensitivity, and spatiotemporal resolution 299 

both in vitro and in vivo. We then used this tool to perform the first detailed study of 300 

the spatial and temporal dynamics of OA during aversive learning in Drosophila. We 301 

found that ACh released from KCs activates OANs, triggering OA release via nAChRs. 302 
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Notably, we also observed that ACh released from KCs is required for OA release in 303 

response to both the CS and the US during aversive learning. Furthermore, by 304 

integrating other genetically encoded fluorescent sensors (namely, GRABDA2m and 305 

GRABACh3.0 to monitor DA and ACh, respectively), we discovered that OA increases 306 

shock-induced DA release via Octβ1R, which in turn regulates the corresponding 307 

changes in synaptic plasticity in the MB, ultimately facilitating aversive learning. 308 

Advantages of OA1.0 over other methods for measuring OA 309 

Compared to other methods used to measure OA, OA1.0 offers several advantages. 310 

First, OA1.0 exhibits high specificity for OA over most neurotransmitters such as TA, 311 

DA and NE. This is particularly important for detecting OA in the presence of other 312 

structurally similar molecules, as electrochemical tools like FSCV cannot distinguish 313 

between OA and other chemicals, as shown here (Fig. 1H) and in previous 314 

studies[39-41]. Second, OA1.0 offers sub-second kinetics and is genetically encoded, 315 

allowing for the non-invasive monitoring of octopaminergic activity in vivo with a high 316 

recording rate. In contrast, microdialysis has relatively low temporal resolution and 317 

requires the placement of a relatively large probe, making it unsuitable for use in small 318 

model organisms such as Drosophila. Capitalizing on these advantages, we used 319 

OA1.0 to monitor OA release in vivo in response to a variety of stimuli, gaining new 320 

insights into the functional role of OA. 321 

Importantly, OA1.0 can also be expressed in other animal models, including mammals, 322 

opening up new opportunities to monitor OA dynamics in a wide range of species. In 323 

mammals, OA is classified as a trace amine and exerts its activity through trace 324 

amine-associated receptors (TAARs). TAAR1, in particular, has been implicated as a 325 

key regulator of monoaminergic and glutamatergic signaling in brain regions relevant 326 

to schizophrenia, as demonstrated in knockout and overexpression models in 327 

rodents[71, 72]. However, studying TAAR1 is challenging due to the presence of 328 

various endogenous ligands, including the trace amines β-phenylethylamine (PEA), 329 

TA, and OA, as well as the monoamine neurotransmitters DA, 5-HT, and NE[73]. Thus, 330 

the development of robust tools like OA1.0 that selectively monitor a given trace 331 

amine will advance our understanding of specific TAAR-mediated biological effects. 332 

Additionally, this strategy can be employed to develop sensors for detecting other key 333 

trace amines, providing valuable information regarding these chemicals’ dynamics 334 

under both physiological and pathological conditions.  335 

OA plays a key role in associative learning 336 

OA was initially believed to play a role only in appetitive learning, but not in aversive 337 
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learning, in invertebrates such as Drosophila, honeybees, and crickets[19, 28, 74, 75]. 338 

However, several studies suggest that OA may indeed be involved in aversive 339 

learning, albeit without completely understanding the underlying mechanisms and 340 

spatiotemporal dynamics[23, 25, 29]. Schwaerzel et al. first showed that OA has the 341 

selective role in Drosophila, reporting that TβH mutants had impaired appetitive 342 

learning but normal aversive learning[19]. However, it is important to note that the 343 

TβH mutants used by Schwaerzel et al. were a mixture of homozygous and 344 

hemizygous TβHM18 flies regardless of sex, as the localization of TβH was to the X 345 

chromosome and the homozygous TβHM18 females were sterile. Subsequently, Iliadi 346 

et al. found that both homozygous TβHM18 males and females performed impaired 347 

aversive conditioning compared to WT flies and heterozygous TβHM18 females[29]. 348 

Drawing on these previous reports, we used homozygous TβHM18 males and females 349 

and obtained results similar to Iliadi et al., supporting the notion that OA is required for 350 

aversive learning in Drosophila.  351 

Moreover, we found that OA release in the γ lobe of the MB plays a crucial role in 352 

facilitating the release of DA via Octβ1R, which is selectively coupled to increase 353 

intracellular cyclic AMP levels by OA[76], in response to shock stimuli. This increased 354 

release of DA drives a change in synaptic plasticity between KCs and the MBON and 355 

promotes aversive learning[65, 67, 77-81]. The finding aligns with prior studies 356 

showing that DANs are downstream of OANs in reward-based learning[20, 21, 82], 357 

suggesting a conserved role for OA in mediating the DANs' ability to perceive US 358 

signals in both positive and negative learning scenarios. It is noteworthy that our study 359 

utilized a DA sensor[47] to specifically detect the release of DA itself, providing a more 360 

direct assessment of its potential effects on downstream neurons, rather than 361 

measuring DAN activity[20, 21]. In addition to confirming the involvement of OA in 362 

aversive learning, our study also provides novel insights into the underlying input and 363 

output circuitry through which OA operates (see Fig. 6G), which potentially indicates 364 

that the CS and the US are not entirely independent events within the learning context, 365 

but rather, one might have an impact on the other. 366 

Nevertheless, further studies are needed to obtain a more comprehensive 367 

understanding of the mechanisms through which OA contributes to associative 368 

learning. Notably, previous studies found that Octβ1R, expressed in KCs, is involved 369 

in aversive learning[25], which operates as a parallel circuit along with the well-known 370 

DA-dDA1 (MB-γ)-MBON pathways[83]. Additionally, in the context of appetitive 371 

learning, the α1-like OA receptor OAMB has been shown to play a role in engaging 372 

octopaminergic signaling in KCs[22]. These intriguing findings suggest that OA may 373 
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exert a direct effect on KCs to affect associative learning. Thus, further research is 374 

needed in order to unravel the complex interactions and mechanisms by which OA 375 

modulates associative learning.  376 

Neuromodulators interact in associative learning 377 

As the primary center of associative memory in Drosophila, the MB uses ACh as the 378 

predominant excitatory neurotransmitter released from KCs[58]. However, the MB 379 

also receives converging inputs from other neuromodulators such as OA, DA, 5-HT, 380 

and GABA. The interactions between these neuromodulator systems, as well as with 381 

ACh, are essential for controlling the brain’s states and neuronal computations[56]. 382 

Here, we show that odor- or shock-evoked release of OA requires ACh release from 383 

KCs, and in turn, increases DA release, thereby forming a positive feedback loop that 384 

is required for learning. However, our imaging results showed that KC activity is both 385 

necessary and sufficient for OA release in the γ lobe of the MB, thereby influencing DA 386 

release. We did not rule out the possibility that other inputs to OANs, as illustrated in 387 

Fig. S3 where neurons of other classes, aside from KCs, form synaptic connections 388 

with OANs, might contribute to DA release. This possibility opens up an intriguing 389 

avenue for future research to explore the functional implications of these connections. 390 

Addtionally, recent research has shown that normal DAN synaptic release during 391 

learning requires KC input to DAN[84]. In addition, KCs have been shown to activate 392 

GABAergic APL neurons[85] and serotoninergic dorsal paired medial (DPM) 393 

neurons[64], both of which provide negative feedback to KCs. GABA release from 394 

APL neurons is believed to contribute to odor-specific memory through sparse 395 

coding[86], while 5-HT release from DPM neurons regulates the coincidence time 396 

window of associative learning[64]. Thus, as the predominant neuron type in the MB, 397 

KCs not only associate CS and US signals but also regulate a variety of 398 

neuromodulators to form local feedback loops. These local reentrant loops allow for 399 

moment-by-moment updates of both external (i.e., environmental) and internal 400 

information, allowing for the appropriate reconfiguration of the flow of information 401 

between KCs and MBONs, thus providing behavioral flexibility and the appropriate 402 

responses to change the internal and external states of the organism[87]. 403 

The interplay between neuromodulators is both complex and essential for shaping the 404 

activity of synaptic circuit elements to drive cognitive processes in both invertebrates 405 

and mammals. In this respect, our study provides new insights by highlighting the 406 

conserved interaction between OA and DA in invertebrates, offering a valuable 407 

framework for understanding the complex interplay between DA and other 408 

neurotransmitters in associative learning processes. Additionally, a recent study in 409 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ae112/7635674 by Peking U
niversity user on 02 M

ay 2024



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

mammals showed that continuous interactions and updating between ACh and DA 410 

signaling in the nucleus accumbens are critical for regulating the striatal output that 411 

underlies the acquisition of Pavlovian learning of reward-predicting cues[88, 89]. 412 

Given the similarities between OA-DA interaction in invertebrates and the ACh-DA 413 

interaction in mammals, it is reasonable to speculate that such interactions are a 414 

fundamental feature of the central nervous system. The discovery that such 415 

conserved interactions exist between distinct neuromodulator systems provides 416 

valuable new insights into the mechanisms that underlie cognitive processes and may 417 

have important implications with respect to developing new therapies for cognitive 418 

disorders.  419 

METHODS 420 

Detailed methods are provided in the online version of this paper and include the 421 

following: 422 

KEY RESOURCES TABLE 423 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 424 

 Cell lines 425 

 Flies 426 

DETAILED METHODS 427 

 Molecular biology 428 

 Expression of GRABOA sensors in cultured cells 429 

 Fluorescence imaging of cultured cells 430 

 Tango assay 431 

 RFlamp cAMP measuring assay 432 

 Spectra measurements 433 

 Fast-scan cyclic voltammetry  434 

 Two-photon in vivo imaging of flies 435 

 Behavioral assay 436 

QUANTIFICATION AND STATISTICAL ANALYSIS 437 

 Imaging experiments 438 
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 Behavioral experiments 439 

 Statistical analysis 440 

 441 
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 674 
Figure 1. Development and characterization of the GRABOA1.0 (OA1.0) sensor in 675 

HEK293T cells and living flies.  676 

(A) Schematic illustration depicting the strategy for developing the GRABOA sensor. Ligand 677 

binding activates the sensor, inducing a change in EGFP fluorescence.  678 

(B) Screening and optimization steps of GRABOA sensors, and the resulting change in 679 

fluorescence (ΔF/F0) in response to 10 μM OA.  680 
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(C) Expression, fluorescence change in response to 100 μM OA, and summary data measured 681 

in HEK293T cells expressing OA1.0; n = 3 wells containing >500 cells each.  682 

(D) τon and τoff were measured in OA1.0-expressing cells in response to OA and epinastine 683 

(Ep), respectively, in line-scan mode; an example image (left), representative traces (middle), 684 

and summary data (right) are shown; n ≥ 9 cells from 3 cultures; the dotted black line in the 685 

image indicates the line-scanning region. 686 

(E) One-photon (1P) excitation (ex) and emission (em) spectra (left) and two-photon (2P) 687 

excitation spectra (right) of OA1.0 were measured in the absence and presence of OA; FI, 688 

fluorescence intensity.  689 

(F) Left: The Tango assay was used to measure β-arrestin‒mediated signaling in cells 690 

expressing OA1.0 or wild-type (WT) Octβ2R and treated with increasing concentrations of OA; 691 

n = 3 wells containing >1000 cells each. Right: The RFlamp assay was used to measure Gs 692 

coupling in cells expressing OA1.0 or Octβ2R; n = 3 wells containing >30 cells each. 693 

(G) Left: Normalized change in fluorescence measured in OA1.0-expressing cells in response 694 

to the indicated compounds applied at 10 μM (except Ep, which was applied at 100 μM); n = 3 695 

wells containing >300 cells each. Right: Dose-response curves measured in 696 

OA1.0-expressing cells in response to OA, tyramine (TA), dopamine (DA), and norepinephrine 697 

(NE), with the corresponding EC50 values shown; n = 3 wells containing >300 cells each. ACh, 698 

acetylcholine; Glu, glutamate; GABA, γ-aminobutyric acid. 699 

(H) Left: Exemplar cyclic voltammograms for 100 μM OA, TA, DA, and NE measured using 700 

fast-scan cyclic voltammetry (FSCV); the traces were averaged from separate trials. Right: 701 

The voltammetric current responses at 0.6 V were measured in accordance with the 702 

increasing concentrations of OA, TA, DA, and NE; the inset shows the summary data in 703 

response to 100 μM OA, TA, DA, and NE. 704 

(I) Schematic illustration depicting the in vivo imaging setup using and perfusion to the brain of 705 

flies expressing OA1.0 in the mushroom body (MB, 30y-GAL4-driven).  706 

(J) Representative in vivo fluorescence images (top left), pseudocolor images (top right), 707 

traces (bottom left), and summary (bottom right) of the change in OA1.0 fluorescence 708 

measured in the MB horizontal lobe in response to application of DA (500 μM), TA (500 μM), 709 

OA (500 μM), and Ep (100 μM).  710 

In this and subsequent Fig.s, all summary data are presented as the mean ± SEM, 711 

superimposed with individual data. 712 

*p < 0.05, ***p < 0.001, and n.s., not significant (for F, G, and H, one-way ANOVA with Tukey’s 713 

post hoc test; for J, paired or unpaired Student’s t-test). Scale bar = 20 μm.  714 
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 716 
Figure 2. OA1.0 can report the release of OA release in vivo.  717 

(A) Schematic illustration depicting the experimental setup in which a transgenic fly expressing 718 

OA1.0 in the MB (MB247-LexA-driven) is fixed under a two-photon microscope (2PM) and a 719 

glass electrode is used to apply electrical stimuli near the MB. 720 

(B) Example fluorescence image of OA1.0 expressed in the MB. The dotted circle represents 721 

the region of interest (ROI) used for subsequent analysis. 722 

(C) Representative pseudocolor images (top) and corresponding traces (bottom) of the 723 

change in OA1.0 fluorescence in response to the indicated number of electrical stimuli in a 724 

control fly, a control fly treated with 100 μM epinastine (Ep), and an OAN (Tdc2-GAL4-driven) > 725 

TβHRNAi fly. 726 
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(D) Summary of peak ΔF/F0 (left) and the signal-to-noise ratio (SNR, right) measured in 727 

response to electrical stimuli for the indicated conditions; n = 2-6 flies/group. 728 

(E) Left: Time course of ΔF/F0 measured in OA1.0-expressing flies in response to 50 electrical 729 

stimuli applied at 100 Hz; the rise and decay phases were fitted with a single-exponential 730 

function (red traces). Right: Summary of τon and τoff; n = 3 flies/group. 731 

(F) Schematic illustration depicting the experimental setup for optogenetic stimulation. 732 

(G) Example dual-color fluorescence image of OA1.0 expressed in the MB (green, 733 

MB247-LexA-driven) and CsChrimson-mCherry expressed in OANs (red, Tdc2-GAL4-driven); 734 

the ΔF/F0). The γ1-γ5 compartments of the MB are indicated using dashed lines. 735 

(H) Representative pseudocolor images (top) and corresponding traces (bottom) of the 736 

change in OA1.0 fluorescence measured in response to the indicated number of optogenetic 737 

stimuli applied either in saline or 100 μM Ep.  738 

(I) Summary of peak ΔF/F0 measured in response to optogenetic stimuli; n = 8 flies/group. 739 

(J) Left: Time course of ΔF/F0 measured in the γ3 compartment in response to a single laser 740 

pulse; the rise and decay phases were fitted with a single-exponential function (red traces). 741 

Right: Summary of τon and τoff; n = 7 flies/group. 742 

**p < 0.01, and n.s., not significant (for D, paired or unpaired Student’s t-test; for I, one-way 743 

ANOVA with Tukey’s post hoc test). Scale bar = 20 μm.  744 
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 746 

Figure 3. OA1.0 reveals that OA release induced by odor and shock stimuli is activated 747 

by ACh released from KCs. 748 

(A) Schematic diagram depicting the experimental setup for 2PM with odor and body shock 749 

stimulation in flies expressing OA1.0 in the MB (MB247-LexA-driven), with an example 750 

fluorescent image of the MB shown below. 751 

(B-C) Representative pseudocolor images (B, left), traces (B, right), and summary (C) of the 752 
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change in OA1.0 fluorescence measured in response to odorant application (top) and body 753 

shock (bottom) in OA1.0-expressing flies (n = 8-9) and OA1.0-expressing flies co-expressing 754 

TβHRNAi (n = 6) or Kir2.1 (n = 5) in OANs (Tdc2-GAL4-driven). 755 

(D) Schematic diagram (D1) depicting the strategy used to apply compounds to the brain of 756 

flies expressing OA1.0 in the MB (MB247-LexA-driven). Also shown are representative 757 

pseudocolor images (D2, top), traces (D2, bottom), and summary (D3) of the change in OA1.0 758 

fluorescence in response to the indicated compounds (1 mM each) applied in the absence or 759 

presence of the nAChR antagonist Meca (100 μM); n = 5 flies/group. 760 

(E) Schematic diagram (E1) depicting the strategy in which CsChrimson expressed in KCs 761 

(R13F02-GAL4-driven) was activated using optogenetic stimulation, and OA1.0 fluorescence 762 

was measured in the MB (MB247-LexA-driven). Also shown are representative pseudocolor 763 

images (E2, top), traces (E2, bottom), and summary (E3) of the change in OA1.0 fluorescence 764 

in response to optogenetic stimulation in saline, the muscarinic ACh receptor antagonist Tio 765 

(100 μM), and Meca (100 μM); n = 5 flies/group. 766 

(F) Schematic diagram (F1) depicting the strategy in which hM4Di expressed in KCs 767 

(30y-GAL4-driven) was silenced by applying 30 nM deschloroclozapine (DCZ), and OA1.0 768 

fluorescence was measured in the MB. Also shown are representative pseudocolor images 769 

(F2, top), traces (F2, bottom), and summary (F3) of the change in OA1.0 fluorescence in 770 

response to odor or electrical body shock in the absence or presence of 30 nM DCZ; n = 7 771 

flies/group. 772 

*p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not significant (for C, one-way ANOVA with 773 

Tukey’s post hoc test; for D3-F3, paired Student’s t-test). Scale bar = 20 μm.  774 
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 776 

Figure 4. OA plays an essential role in aversive learning and synaptic plasticity in KCs 777 

in the MB.  778 

(A) Schematic diagram depicting the T-maze protocol for measuring aversive learning in 779 

Drosophila.  780 

(B) Summary of the performance index measured in WT flies and the indicated transgenic flies. 781 

OAN-GAL4 and UAS-Kir2.1 served as control groups; n=5-10 for each group. 782 

(C-E) Schematic diagram (C) depicting the in vivo 2PM imaging setup, a representative 783 

fluorescence image (D), and the experimental protocol (E) in which odor-induced changes in 784 

ACh3.0 fluorescence (MB247-LexA-driven) in the γ1-γ5 compartments were measured before 785 
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(pre), during, and after (post) pairing. 786 

(F-G) Representative pseudocolor images (F1, G1) and average traces (F2, G2) of 787 

odor-evoked ACh3.0 responses measured in the γ1-γ5 compartments before and after pairing 788 

in response to the CS+ odorant (F) and CS- odorant (G) in control flies (top) and OAN-silenced 789 

(OAN > Kir2.1) flies (bottom). F3 and G3: Summary of the change in odor-evoked ACh release 790 

(post/pre responses) after pairing in response to the CS+ odorant (F3) and CS- odorant (G3) in 791 

control flies and OAN > Kir2.1 flies; n = 6-9 flies/group. 792 

*p < 0.05, ***p < 0.001, and n.s., not significant (unpaired Student’s t-test). Scale bar= 20 μm. 793 

  794 
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 796 
Figure 5. OA is required for driving DA release in response to aversive stimuli. 797 

(A) Schematic diagram (A1) showing the strategy for measuring intracellular calcium signals in 798 

the MB (MB247-LexA-driven) by expressing GCaMP6s in either control flies or OAN > Kir2.1 799 

flies, in response to the conditioned stimulus (CS) or unconditioned stimulus (US). Also shown 800 
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are representative pseudocolor images (A2-A3, top), traces (A2-A3, bottom), and summary 801 

(A4) of calcium signals measured in the calyx in response to odor (A2) or electrical body shock 802 

(A3); n = 9 flies/group. 803 

(B) Schematic diagram (B1) showing the strategy for measuring dopamine (DA) signals in the 804 

MB (R13F02-LexA-driven) by expressing the DA2m sensor in either control flies or OAN > 805 

Kir2.1 flies, in response to the CS or US. Also shown are representative pseudocolor images 806 

(B2-B3, top), traces (B2-B3, bottom), and summary (B4) of DA release measured in the γ lobe 807 

in response to in response to odor (B2) or electrical body shock (B3); n = 6-9 flies/group. 808 

(C) C1: Schematic diagrams (C1) showing DA2m imaging in flies and representative 809 

pseudocolor images whose brain was bathed in saline (left) or saline containing 100 μM Ep 810 

(middle), or DAN > Octβ1RRNAi (TH-GAL4-driven) flies (right) in response to body shock stimuli. 811 

Also shown are representative traces (C2) and the summary (C3) of DA release measured in 812 

the γ1-γ5 compartments; n = 12 flies/group. 813 

*p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not significant (unpaired Student’s t-test). Scale 814 

bar= 20 μm.  815 
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 817 

Figure 6. OA acts on DANs via the Octβ1R receptor to modulate aversive learning. 818 

(A-C) Schematic diagram (A) depicting the in vivo 2PM imaging setup, a representative 819 

fluorescence image (B), and the experimental protocol (C) in which odor-induced changes in 820 

ACh3.0 (MB247-LexA-driven) fluorescence were measured in the γ1-γ5 compartments before, 821 

during, and after pairing. 822 
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(D-E) Representative pseudocolor images (D1, E1), average traces (D2, E2), and summary 823 

(D3, E3) of odor-evoked ACh3.0 responses measured in the γ1-γ5 compartments in response 824 

to the CS+ odorant (D) and CS- odorant (E) in the indicated groups; n = 6-8 flies/group. 825 

(F) Schematic diagram depicting the T-maze protocol (top) and summary of the performance 826 

index (bottom) measured in the indicated groups; n = 9-12 for each group. 827 

(G) Model depicting the proposed mechanism for how OA acts on DANs in the MB to modulate 828 

aversive learning. MBON, mushroom body output neuron. 829 

*p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not significant (unpaired Student’s t-test). Scale 830 

bar = 20 μm. 831 

 832 
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