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Summary (150 words)  17 

The co-existence and co-transmission of neuropeptides and small molecule 18 

neurotransmitters in the same neuron is a fundamental aspect of almost all neurons across 19 

various species. However, the differences regarding their in vivo spatiotemporal dynamics 20 

and underlying molecular regulation remain poorly understood. Here, we developed a 21 

GPCR-activation-based (GRAB) sensor for detecting short neuropeptide F (sNPF) with 22 

high sensitivity and spatiotemporal resolution. Furthermore, we explore the differences of 23 

in vivo dynamics and molecular regulation between sNPF and acetylcholine (ACh) from 24 

the same neurons. Interestingly, the release of sNPF and ACh shows different 25 

spatiotemporal dynamics. Notably, we found that distinct synaptotagmins (Syt) are involved 26 

in these two processes, as Syt7 and Sytα for sNPF release, while Syt1 for ACh release. 27 

Thus, this new GRAB sensor provides a powerful tool for studying neuropeptide release 28 

and providing new insights into the distinct release dynamics and molecular regulation 29 

between neuropeptides and small molecule neurotransmitters. 30 

 31 
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INTRODUCTION 37 

Neurons typically utilize two primary classes of signaling molecules for transmitting 38 

information: neuropeptides like oxytocin (OT), somatostatin (SST), and corticotropin-39 

releasing factor (CRF), alongside small molecule neurotransmitters such as acetylcholine 40 

(ACh), glutamate (Glu), and γ-aminobutyric acid (GABA)1. Neuropeptides and small 41 

molecule neurotransmitters are typically stored in large dense-core vesicles (LDCVs) and 42 

synaptic vesicles (SVs)2, respectively, which likely have distinct properties that govern their 43 

activity-dependent release3-5. Moreover, the classic study demonstrated that the 44 

neuropeptide and the small molecule neurotransmitter induced slow and fast excitatory 45 

postsynaptic potential respectively in sympathetic ganglia6. Interestingly, the presence of 46 

both neuropeptides and small molecule neurotransmitters in the same neuron is common 47 

in almost all neurons to a wide range of species3,4,7,8, providing a diverse set of modulatory 48 

mechanisms that can operate on distinct spatial and/or temporal scales, thereby enabling 49 

complex behaviors such as the flight response, sleep, learning, and social behaviors5,6,9-50 

13. However, most of the previous studies examining the release of neuropeptides and the 51 

release of small molecule neurotransmitters were conducted separately in distinct cell 52 

types; therefore, the potential similarities and/or differences in their spatiotemporal 53 

dynamics and their underlying molecular regulation within the same neuron have remained 54 

poorly understood. 55 

Drosophila is an excellent model organism for studying the regulation of neuropeptides 56 

and small molecule neurotransmitters in vivo due to its less redundant genome compared 57 

to mammals, as well as its well-developed genetic tools and database14,15. Short 58 

neuropeptide F (sNPF), an ortholog of neuropeptide Y (NPY) in vertebrates, is one of 59 

important neuropeptides in Drosophila, which is critical for feeding, metabolism, sleep and 60 

glucose homeostasis16-21. Notably, transcriptomics data revealed the presence of both the 61 

neuropeptide sNPF and the small molecule neurotransmitter ACh in Kenyon cells (KCs) in 62 

the Drosophila mushroom body (MB)22,23. These cells function as the olfactory learning 63 

center, and both sNPF and ACh have been shown to be important for learning and 64 

memory23-25. Thus, KCs provide an ideal platform for studying the “co-transmission” of 65 

neuropeptide and small molecular neurotransmitter within the same neuron. Previously, 66 

we have developed, characterized, and utilized a G protein-coupled receptor (GPCR) 67 

activation‒based (GRAB) ACh sensor (GRABACh3.0) for use in Drosophila studies in 68 

vivo26,27; however, a suitable tool for detecting sNPF release in vivo is currently unavailable. 69 

Several methods have been developed for detecting neuropeptide release in vivo, 70 

each with its own advantages and disadvantages. Microdialysis has been widely used to 71 

measure the dynamics of neuropeptide release in the mammalian brain28; however, this 72 
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technique is invasive and has low spatiotemporal resolution due to the relatively large 73 

embedded probe (~200 µm diameter) and low sampling rate (requiring 5–10 minutes per 74 

sample). Alternatively, neuropeptides tagged with either a fluorescent protein or fluorogen-75 

activating protein (FAP) have been used to track the release of neuropeptides or to monitor 76 

the fusion of LDCVs; examples include GFP-tagged rat atrial natriuretic peptide (ANPGFP)29, 77 

pHluorin-tagged neuropeptide Y (NPY-pHluorin)30, the GCaMP6s-tagged rat atrial 78 

natriuretic peptide neuropeptide release reporter (NPRRANP)31, and FAP-tagged 79 

Drosophila insulin-like peptide 2 (Dilp2-FAP)32, these reporters offer good cell specificity 80 

and sensitivity for neuropeptide detection in vivo. However, because the fluorescent tag is 81 

usually ~10–100 times larger than the neuropeptide itself in terms of molecular weight, 82 

these reporters do not necessarily reflect the true dynamics of endogenous neuropeptides. 83 

Another approach is to fuse the fluorescent tag to the luminal side of an LDCV-specific 84 

membrane protein such as cytochrome b561, providing a versatile tool for monitoring 85 

neuropeptide release; however, this approach lacks neuropeptide specificity33. The Tango 86 

GPCR assay can also be used to detect neuropeptide release in vivo, but requires a 87 

relatively long time for reporter expression and is irreversible34-36. Finally, CNiFER (cell-88 

based neurotransmitter fluorescent engineered reporter) biosensors require the 89 

implantation of genetically modified cells, making it highly invasive and lacking cell type 90 

specificity37-41.  91 

Recently, taking advantage of the GRAB strategy, our group and others independently 92 

developed several series of genetically encoded fluorescent sensors for detecting small 93 

molecule neurotransmitters and mammalian neuropeptides with high specificity and 94 

spatiotemporal resolution26,42-57. Capitalizing on the scalability of this approach, we 95 

therefore developed a GRAB sensor for detecting the in vivo dynamics of sNPF in 96 

Drosophila. By expressing both the sNPF and ACh sensors in KCs in the Drosophila MB 97 

and performing in vivo two-photon imaging, we then measured the spatiotemporal 98 

dynamics of both sNPF and ACh release in real time. We found that sNPF release shows 99 

distinct spatiotemporal dynamics with ACh release, while both sNPF and ACh release 100 

require neuronal synaptobrevin (nSyb). To further investigate the molecular regulation of 101 

sNPF and ACh release, we performed CRISPR/Cas9-based screening of the 102 

synaptotagmin family of proteins in the KCs and found that sNPF release is largely 103 

mediated by Syt7 and Sytα, while ACh release is mainly mediated by Syt1.104 
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RESULTS 105 

Development and characterization of GRABsNPF sensors  106 

To generate a GRAB sensor for detecting sNPF (GRABsNPF), we first replaced the third 107 

intracellular loop (ICL3) in the sNPF receptor (sNPFR) with the ICL3-circularly permutated 108 

EGFP (cpEGFP) module from the well characterized norepinephrine sensor GRABNE1m
45 109 

(Fig. 1A). Because the sNPF peptide sequence is highly conserved among Diptera, 110 

including flies and mosquitoes18 (Fig. S1A), we screened a series of sNPFRs cloned from 111 

these genera58,59 (Fig. S1B). We then expressed candidate sensors in HEK293T cells and 112 

examined their maximum brightness and change in fluorescence (ΔF/F0) in response to 113 

application of 1 µM sNPF (unless indicated otherwise, we used the Drosophila sNPF2 114 

neuropeptide). The most promising candidate was based on the Culex quinquefasciatus 115 

sNPFR, which has the highest response and relatively high brightness. We named this 116 

sensor sNPF0.1 and utilized it for further optimization (Fig. 1B and Fig. S1A, B). After 117 

optimizing the replacement sites, performing site-directed mutagenesis on cpEGFP and 118 

linker sequences between cpEGFP and the GPCR, we obtained GRABsNPF1.0 (hereafter 119 

referred to as sNPF1.0), which has a peak ΔF/F0 of ~350% in response to sNPF application 120 

(Fig. 1C and Fig. S1C, D). Structural data suggested that D2876.59 serves as a predicted 121 

binding site between NPY, a vertebrate ortholog of sNPF, and its receptor Y1R58,60. Based 122 

on this, we developed an sNPF-insensitive sensor, sNPFmut, by introducing the arginine 123 

mutagenesis in the corresponding site D3026.59 of sNPF1.0 (Fig. 1C and Fig. S1D). When 124 

expressed in HEK293T cells, sNPF1.0 traffics to the plasma membrane (Fig. 1D) and has 125 

a concentration-dependent increase in fluorescence in response to sNPF, with an EC50 of 126 

64 nM (Fig. 1E); in contrast, sNPFmut showed non-detectable response to sNPF at all 127 

concentrations tested (Fig. 1E). 128 

We then characterized the specificity, spectral properties, and kinetics of sNPF1.0 129 

expressed in HEK293T cells. sNPF1.0 has high specificity for sNPF, with virtually no 130 

response elicited by a wide range of neuropeptides and small molecule neurotransmitters 131 

(Fig. 1F). Moreover, sNPF1.0 can detect other sNPF analogs and homologs from 132 

Drosophila and Culex, with similar peak responses but with EC50 values ranging from 23 133 

nM to 1.7 μM (Fig. S2A-C). We measured one-photon spectral properties of sNPF1.0, with 134 

peak excitation and emission wavelengths of 505 nm and 520 nm, respectively (Fig. 1G), 135 

as well as a two-photon excitation peak at 930 nm (Fig. S2D). With respect to the sensor’s 136 

activation kinetics, we measured an average rise time constant (τon) of approximately 0.2 137 

s (Fig. 1H). Finally, we confirmed that sNPF1.0 shows no detectable downstream coupling 138 

by measuring G protein‒dependent pathways and β-arrestin recruitment, although wild-139 

type Culex sNPFR activated both signaling pathways in response to sNPF (Fig. S2E, F). 140 
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Next, we evaluated the ability of sNPF1.0 to detect sNPF in vivo by expressing 141 

sNPF1.0 in KCs in the Drosophila MB. Using two-photon imaging, we then measured the 142 

change in sNPF1.0 fluorescence in response to sNPF application (Fig. 1I). Application of 143 

50 μM sNPF induced a robust increase in sNPF1.0 fluorescence that was stable for at least 144 

60 min (Fig. 1J, K), suggesting minimal internalization or desensitization of the sensor in 145 

vivo, and showing that sNPF1.0 is suitable for long-term imaging. 146 

GRABsNPF reports endogenous sNPF release in vivo 147 

Then, we examined whether sNPF1.0 can detect the release of endogenous sNPF. 148 

We expressed sNPF1.0 pan-neuronally under the control of nSyb-Gal4, and mainly 149 

focused on the fluorescent change in MB, due to previous studies showed that sNPF is 150 

highly expressed in KCs in the Drosophila MB19,61. We found that high K+ induced an 151 

increase in sNPF1.0 fluorescence in the horizontal lobe of MB (Fig. 2A-C). In contrast, no 152 

apparent response to high K+ was measured in sNPF1.0-expressing sNPF-knockout 153 

(sNPF-KO) flies. However, the exogenous application of sNPF still elicited a robust 154 

response in these flies, indicating the sensor expression was unaffected (Fig. 2B-C). 155 

To achieve cell autonomous and high temporal control of endogenous sNPF release 156 

in KCs, we utilized CsChrimson to activate KCs, and measured sNPF release in response 157 

to optogenetic activation62 in the axonal region (i.e., the horizontal lobe) (Fig. 2D, E) and 158 

the dendritic region (i.e., the calyx) (Fig. S3A) of KCs in vivo. We found that optogenetic 159 

stimulation evoked time-locked and pulse number‒dependent sNPF release in both 160 

regions (Fig. 2F-H and Fig. S3A-C). In contrast, no detectable response was observed in 161 

sNPF-mut expressed flies (Fig. 2G). The rise time constant (τon) in the axonal and dendritic 162 

regions ranged from 2.1–26.9 s and 4.3–19.9 s, respectively, with time constants correlated 163 

with increasing pulse numbers in both regions (Fig. 2H and Fig. S3D). Interestingly, the 164 

rising phase of the sNPF1.0 signal was best fit with a double-exponential function, 165 

reflecting the existence of both a fast rising phase and a relatively slow rising phase (Fig. 166 

2I-K and Fig. S3E-G). 167 

Taken together, these results indicate that sNPF1.0 is able to report the endogenous 168 

sNPF release specifically and is suitable to study the spatiotemporal dynamics of sNPF 169 

release in vivo. 170 

GRAB sensors reveal spatially distinct patterns of sNPF and ACh release from KCs 171 

Many neurons—including KCs in the Drosophila MB—produce and release both 172 

neuropeptides and small molecule neurotransmitters. To compare their spatiotemporal 173 

dynamics, we therefore measured the release patterns of sNPF and ACh by 174 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 23, 2024. ; https://doi.org/10.1101/2024.05.22.595424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.22.595424
http://creativecommons.org/licenses/by-nc-nd/4.0/


optogenetically activating KCs in MB. Specifically, we expressed either sNPF1.0 or the 175 

ACh sensor ACh3.026 along with CsChrimson in KCs (Fig. 3A). To avoid potential 176 

interference induced by activating other neurons through ACh release, we included the 177 

nicotinic ACh receptor blocker mecamylamine (Meca) throughout these experiments. We 178 

found that optogenetic stimulation of KCs induced sNPF release in the axons (horizontal 179 

lobe), dendrites (calyx), and soma regions; in contrast, ACh release was restricted to the 180 

axonal and dendritic regions (Fig. 3B-E and Fig. S4). In addition, the levels of both sNPF 181 

release and ACh release from the axons were significantly higher compared to their release 182 

from the dendrites (Fig. 3E). These results indicate that sNPF and ACh have different 183 

spatial release patterns from KCs. 184 

GRAB sensors reveal distinct activity-dependent dynamics underlying sNPF and 185 

ACh release 186 

Having shown the differences in the spatial release patterns between sNPF and ACh, 187 

we next asked whether differences exist in release probability and the temporal dynamics 188 

of their release. Although it is generally believed that neuropeptide release is slower 189 

compared to the release of small molecule neurotransmitter63, this has not been examined 190 

directly by measuring the release of these two types of signaling molecules within the same 191 

cell type in vivo. Given that axons exhibited a higher release probability compared to other 192 

neuronal compartments (Fig. 3E), we examined the kinetics and temporal profiles of sNPF 193 

and ACh release in the horizontal lobe in flies expressing CsChrimson together with either 194 

sNPF1.0 or ACh3.0 (Fig. 4A). We found that light pulses generated an sNPF1.0 signal that 195 

had slower rise and decay kinetics (τon: 0.94–4.4 s; τoff: 4.9–7.2 s) compared to the ACh3.0 196 

signal (τon: 0.13–0.24 s; τoff: 1.1–1.4 s) (Fig. 4B-G). Given that the activation kinetics of 197 

sNPF1.0 and ACh3.0 sensors are ~0.2 s (Fig. 1H) and ~0.15 s26, respectively, when 198 

compared to the ACh signal, the physiologically slower kinetics of the sNPF signal induced 199 

by optogenetic stimulations suggest a distinction between the release of neuropeptides 200 

and small molecule neurotransmitters from the same neurons. 201 

Moreover, the sNPF-containing LDCVs have a high release threshold since the peak 202 

sNPF1.0 signal showed the light pulse frequency-dependent manner (Fig. 4B), whereas 203 

the peak ACh3.0 signal was largely unaffected by stimulation frequency (Fig. 4D), 204 

suggesting a large difference in the initial release probability. 205 

When multiple stimuli were delivered within a short interval, the release of 206 

neurotransmitter or neuromodulator can be either enhanced or depressed relative to that 207 

induced by the initial stimulus64. This phenomenon is named as short-term plasticity, which 208 

is implicated in various physiological functions and pathological conditions, such as 209 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 23, 2024. ; https://doi.org/10.1101/2024.05.22.595424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.22.595424
http://creativecommons.org/licenses/by-nc-nd/4.0/


learning, memory and some psychiatric disorders64,65. To further test the short-term 210 

plasticity, we examined the release pattern of sNPF and ACh and found that applying more 211 

light pulses at a fixed frequency (1 Hz) potentiated the sNPF1.0 signal, but depressed the 212 

ACh3.0 signal (Fig. S5), suggesting post-tetanic potentiation of neuropeptide release. 213 

What’s more, when we applied a stimulation protocol consisting of repeated trains of light 214 

pulses, the results showed that sNPF release was potentiated during this stimulation 215 

protocol (Fig. 4H), while ACh release was attenuated (Fig. 4I). 216 

Taken together, the above results suggest that sNPF-containing LDCVs have a low 217 

release probability, and ACh-containing SVs have a high release probability. In addition, 218 

sNPF release has slower kinetics compared to ACh release and shows distinct short-term 219 

plasticity with ACh release. 220 

GRAB sensors reveal that sNPF and ACh reside in vesicle pools with distinct 221 

properties 222 

Vesicle pools play a critical role in presynaptic physiology, particularly with respect to 223 

release probability and determining synaptic strength, the sizes of vesicle pools are 224 

dynamically changing in response to stimuli66. To evaluate the dynamics of the vesicle 225 

pools containing sNPF and ACh in KCs, we used either continuous stimuli or trains of 226 

stimuli to activate KCs (Fig. 5A, B); as above, we included Meca throughout these 227 

experiments. Firstly, to examine the dynamics of vesicle pools in response to the long 228 

continuous stimuli, we applied a 40-pulse train, followed by a 30-min train of 7200 pulses, 229 

followed by several brief stimuli applied at an increasing interval (Fig. 5C). We found that 230 

the sNPF1.0 signal initially decreased slightly but was relatively stable during the 30-min 231 

stimulation period and the subsequent brief stimuli (Fig. 5C, E). In contrast, the ACh3.0 232 

signal decreased rapidly during the 30-min stimulation period, but recovered during the 233 

subsequent brief stimuli (Fig. 5D, F). These data suggest that sNPF resides in a large pool 234 

of releasable vesicles so that sNPF release can be maintained with a low release 235 

probability for a relatively long period; in contrast, ACh resides in a smaller releasable pool 236 

that is rapidly released with a high release probability, but can recover relatively quickly. 237 

Next, to further investigate the dynamics of the vesicle pools containing sNPF and 238 

ACh during the discontinuous stimuli, we delivered 10 trains of light pulses with a 3-min 239 

interval while measuring sNPF or ACh release in the horizontal lobe (Fig. 5G). The results 240 

showed a relatively stable peak and integrated response for both sNPF and ACh release 241 

in response to these 10 trains (Fig. 5H-M). Such a relative stable response could be 242 

attributed to the vesicle pools recovering during each 3-min interval and/or the presence 243 

of a relatively large vesicle pool that can maintain release during intense stimulation. 244 
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GRAB sensors reveal that sNPF and ACh release are mediated by overlapping and 245 

distinct molecular mechanisms 246 

Both SVs and LDCVs require soluble N-ethylmaleimide-sensitive factor attachment 247 

receptor (SNARE) complexes for vesicle fusion67,68. In Drosophila, neuronal synaptobrevin 248 

(nSyb) is a core component of the SNARE complex and is required for the release of small 249 

molecule neurotransmitters69. In contrast, whether the same SNARE proteins mediate the 250 

release of both sNPF and ACh in the same neuron is an open question. 251 

To determine whether nSyb mediates the release of ACh and/or sNPF in KCs, we 252 

expressed tetanus toxin light chain (Tetxlc) in KCs to specifically cleave nSyb70 and then 253 

measured the effect on ACh and sNPF release. We found that expressing Tetxlc 254 

significantly reduced both the high K+‒induced sNPF1.0 signal (Fig. 6A) and the 255 

optogenetically-induced ACh3.0 signal (Fig. 6B), but had no apparent effect on signals 256 

induced by direct application of sNPF and ACh, respectively (Fig. 6A, B). Thus, both sNPF 257 

release and ACh release require nSyb. 258 

Given that nSyb appears to play a role in the release of both sNPF and ACh, we next 259 

investigated the factors that account for the differences in the dynamics of release between 260 

sNPF and ACh. The release of neuropeptides and small molecule neurotransmitters (i.e., 261 

the fusion of LDCVs and SVs, respectively) is tightly regulated by calcium ions (Ca2+)71, 262 

with synaptotagmins (Syts) serving as the Ca2+ sensor, ultimately triggering vesicle 263 

fusion71-73. With respect to the release of small molecule neurotransmitters in SVs, the 264 

function of Syts such as Syt1 and Syt7 has been studied in detail in both vertebrates and 265 

invertebrates74-83. In contrast, which Syt(s) mediate the release of neuropeptides in LDCVs 266 

in vivo has not yet been determined. 267 

Syts are a large family of membrane proteins, with seven isoforms present in 268 

Drosophila. Five of these isoforms— Syt1, Syt4, Syt7, Sytα, and Sytβ—are predicted to 269 

bind Ca2+ and may therefore regulate the release of neuropeptides and/or small molecule 270 

neurotransmitters84. To determine which Syt isoform(s) regulate neuropeptide release, we 271 

systematically knocked out each of these five Syt isoforms and then measured 272 

optogenetically induced sNPF release in KCs using the sNPF1.0 sensor. We utilized a cell 273 

type‒specific CRISPR/Cas9-based strategy to knockout each Syt isoform in KCs85. Based 274 

on this strategy, we generated sgRNA library lines targeting each Drosophila Syt isoform, 275 

with each isoform targeted by three sgRNAs in one fly line; control flies expressed Cas9 276 

but no sgRNAs. We then performed an imaging screen to compare sNPF release in control 277 

flies with that in flies lacking specific Syt isoforms in KCs (Fig. 6C). We found that flies 278 

lacking either Syt7 or Sytα had significantly reduced sNPF release in response to 279 

optogenetic stimulation (Fig. 6C, E). Surprisingly, knocking out both Syt7 and Sytα did not 280 
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show a synergistic effect on sNPF release, suggesting that these two Syt isoforms may 281 

function in the same pathway (Fig. S6). Finally, we measured ACh release in flies lacking 282 

each Syt isoform and found that consistent with the previous studies, knocking out Syt1—283 

but no other isoforms—significantly reduced ACh release (Fig. 6D, F). These results 284 

indicate that distinct Syt isoforms regulate different vesicle-release pathways in the same 285 

type of neurons, with Syt7 and Sytα mediating neuropeptide release and Syt1 mediating 286 

the release of small molecule neurotransmitters (Fig. 6G).  287 

DISCUSSION 288 

Here, we report the development, characterization, and in vivo application of sNPF1.0, 289 

a new genetically encoded green fluorescent sensor designed to detect the neuropeptide 290 

sNPF. This new sensor has high affinity for sNPF, relatively rapid kinetics, high specificity, 291 

and high spatiotemporal resolution. When expressed in Drosophila, sNPF1.0 reliably 292 

detects the release of sNPF, with a biphasic release pattern during optogenetic stimulation 293 

consisting of a fast phase followed by a slow phase. Furthermore, we examined the 294 

spatiotemporal patterns of sNPF and ACh release from KCs and found that both sNPF and 295 

ACh are released from the axonal and dendritic regions, while sNPF is also released from 296 

the soma and has slower kinetics compared to ACh release. Moreover, although both sNPF 297 

and ACh require nSyb for their release, our Syt knockout screen revealed that sNPF 298 

release is regulated by Sytα and Syt7, whereas ACh release is regulated by Syt1. These 299 

differences in Ca2+ sensors between sNPF and ACh release may therefore contribute to 300 

the observed differences in release kinetics between LDCVs and SVs in the same type of 301 

neurons.  302 

Advantages of GRABsNPF and its potential applications 303 

Our GRABsNPF1.0 sensor offers several advantages for detecting neuropeptide 304 

transmission compared to existing methods. First, this sensor can directly detect the 305 

release of endogenous sNPF, making it superior to fluorescent reporter protein‒tagged 306 

neuropeptides such as ANP-GFP29, NPRRANP31, and Dilp2-FAP32. Second, sNPF1.0 has 307 

considerably better temporal resolution (τon ~0.2 s) compared to microdialysis, which is 308 

limited by its relatively slow sampling time (>5 min). 309 

Importantly, sNPF1.0 can be used to measure sNPF release in vivo with high 310 

specificity, sensitivity, and spatiotemporal resolution. Using sNPF1.0, we explore the 311 

dynamics of sNPF release in KCs. In addition to being released from KCs, sNPF can also 312 

be released from a wide range of neuron types, playing an important role in regulating 313 

various behaviors including circadian rhythms, glucose homeostasis, and body 314 

size16,17,19,20,86. Moreover, sNPF plays an important role in many insects, including 315 
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mosquitoes such as Aedes aegypti58. Therefore, this novel sNPF sensor is suitable for 316 

various in vivo applications and has potential ability to measure sNPF release in a wide 317 

range of behavioral processes and species, providing valuable insights into the regulation 318 

of sNPF under a variety of physiological conditions. 319 

Spatiotemporal dynamics of neuropeptide and small molecule neurotransmitter 320 

release from the same type of neurons 321 

The ability of individual neurons to release both neuropeptides and small molecule 322 

neurotransmitters is a core feature of neuronal signaling. We found that in contrast to ACh, 323 

sNPF can be released from the soma. This was not surprising, given that the somatic 324 

release of neuropeptides has been reported in both vertebrates49,87 and invertebrates88. In 325 

Drosophila, the somatic release of neuropeptides has been implicated in regulating 326 

rhythmic behaviors88. This also fits well with structural analyses of neuropeptide release 327 

sites in EM sections89. Moreover, our results showed that sNPF release kinetics is slower 328 

than ACh, which is consistent with the relatively slower fusion of neuropeptide-containing 329 

LDCVs compared to neurotransmitter-containing SVs1. It also correlated well with the slow 330 

and fast excitatory postsynaptic potential induced by the small molecule neurotransmitter 331 

and neuropeptide respectively6. According to previous literature90, different Syt isoforms 332 

are known to have different kinetic properties, as Syt1 displayed the fastest disassembly 333 

kinetics with Ca2+, while Syt7 exhibited the slowest disassembly kinetics. Thus, the 334 

observed difference in release kinetics of sNPF and ACh may be attributed to the intrinsic 335 

kinetics of distinct Syt. In addition, we found that sNPF release can be maintained for a 336 

longer duration than ACh release, suggesting key differences in their respective vesicle 337 

pools and indicating that neuropeptides can have broader, longer-lasting effects than small 338 

molecule neurotransmitters. 339 

Even after several decades of research, understanding the patterns of neural activity 340 

required to drive the release of both neuropeptides and small molecule neurotransmitters 341 

from the same neuron remains elusive. Fluorescence sensors can greatly facilitate the 342 

analysis of these patterns by detecting the release of neuropeptides and small molecule 343 

neurotransmitters under optogenetic-mediated specific activation patterns. Here, we show 344 

that sNPF1.0 and ACh3.0 can be used to determine the optogenetic parameters needed 345 

to trigger the in vivo release of sNPF and ACh, respectively, in the Drosophila MB. Notably, 346 

trains of optogenetic pulses induced a potentiation of sNPF release, but caused a 347 

depression in ACh release, suggesting that distinct processes may underlie the regulation 348 

of various phases during complex behaviors. The post-tetanic potentiation of neuropeptide 349 

release was also observed in larval Drosophila neuromuscular junctions91. We also 350 

speculate that sNPF-containing LDCVs have a low release probability, and ACh-containing 351 
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SVs have a high release probability. This finding aligned with the distinct localization 352 

patterns of LDCVs and SVs, where SVs tend to cluster near the active zone, while LDCVs 353 

are dispersed in remote regions away from the active zone92. 354 

Molecular regulation of neuropeptide release 355 

The Syt family is highly conserved across different species, with Drosophila Syt1 and 356 

Syt7 being orthologous to the mouse Syt1 and Syt7 genes respectively, furthermore, 357 

Drosophila Sytα shares the highest similarity to mouse Syt9, Syt10, and Syt384. Despite 358 

decades of study, the function of most Syt isoforms with respect to the release of 359 

neuropeptides remains poorly understood. To address this question, we systematically 360 

screened all five putative Ca2+-sensitive Syt isoforms for their role in mediating 361 

neuropeptide release in the Drosophila MB and found that both Sytα and Syt7 are required 362 

for sNPF release. It was correlated well with previous reports, such as Park et al. reported 363 

that knocking down Sytα using RNAi mimicked the phenotype associated with loss of the 364 

bioactive peptides PETH and ETH (pre-ecdysis and ecdysis-triggering hormones, 365 

respectively) from Inka cells in Drosophila, suggesting that the Sytα contribute to 366 

neuropeptide release from neuroendocrine cells93. In addition, Seibert et al. recently 367 

reported that Syt9 may be required for the release of substance P from dense-core vesicles 368 

(DCVs) in striatal neurons in verterbrates83. Notably, both Syt1 and Syt7 are reported to 369 

play a role in DCV fusion in hippocampal neurons94, suggesting they may have multiple 370 

roles in regulating neurosecretion. We found that Syt1 mediates the fast ACh release and 371 

Syt7/Sytα mediates the slow sNPF release. Similarly, it has been shown in mouse neurons 372 

that Syt1 and Syt7 mediate the synchronous (fast) and asynchronous (slow) glutamate 373 

release, respectively80. Interestingly, Syt4, which does not contain a Ca2+-binding site, has 374 

been shown to negatively regulate the release of brain-derived neurotrophic factor 375 

(BDNF)95, while Syt10, which does contain a Ca2+-binding site, positively regulates the 376 

release of insulin-like growth factor 1 (IGF-1) from DCVs in neurons96. Together with our 377 

findings, these results support the notion that Syts have divergent roles and are involved 378 

in controlling distinct secretion pathways in neurons, depending on the specific cell type. 379 

Moreover, our results provide direct evidence that two Syt isoforms mediate neuropeptide 380 

release in Drosophila. 381 

Why two Syt isoforms are required for the release of sNPF in the same neuron remains 382 

unclear. However, one possible explanation is that these two Syt isoforms function in the 383 

same secretory pathway. In this respect, it is interesting to note that previous studies 384 

suggested that Sytα may be localized to LDCVs93, while Syt7 may localized primarily to 385 

the peri-active zone82, and the results of Syt7 and Sytα double knock out also supports this 386 

conclusion. 387 
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In conclusion, we show that sNPF1.0 sensor is a robust tool for monitoring sNPF 388 

release in vivo with high specificity and spatiotemporal resolution. Our findings regarding 389 

the dynamics and molecular regulation of sNPF release provide valuable insights into the 390 

complex mechanisms by which neuropeptides and small molecule neurotransmitters are 391 

released from the same type of neurons. 392 
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Main figure legends 420 

Fig. 1 | Development and in vitro and in vivo characterization of GRABsNPF sensors.  421 

(A) Schematic diagram depicting the principle behind the GRABsNPF sensors in which ICL3 422 

in the sNPF receptor (sNPFR) is replaced with cpEGFP and linker from GRABNE1m. Binding 423 

of sNPF to the sensor induces a conformational change that increases the fluorescence 424 

signal.  425 

(B) Selection of a candidate sensor for further optimization in HEK293T cells by screening 426 

sNPFRs cloned from the indicated species. The candidate sensor with the strongest 427 

response to 1 μM sNPF, GRABsNPF0.1 (sNPF0.1), is indicated. 428 

(C) Optimization of the replacement site, key amino acids in cpEGFP, and linkers between 429 

cpEGFP and GPCR in GRABsNPF sensors based on sNPF0.1, yielding increasingly more 430 

responsive sensors. The sensor with the strongest response to 1 μM sNPF, GRABsNPF1.0 431 

(sNPF1.0), is indicated. 432 

(D) Representative fluorescence image of sNPF1.0 (left) and pseudocolor image (right) 433 

showing the change in sNPF1.0 fluorescence in HEK293T cells expressing sNPF1.0 in 434 

response to 1 μM sNPF. Scale bar, 10 μm. 435 

(E) Dose–response curves measured in HEK293T cells expressing sNPF1.0 or sNPFmut, 436 

with the corresponding EC50 values; n = 3 wells with 200-400 cells per well. 437 

(F) Summary of normalized ΔF/F0 measured in sNPF1.0-expressing HEK293T cells in 438 

response to the indicated compounds; n = 3 wells with 200-400 cells per well. sNPF, 439 

Drosophila short neuropeptide F; hNPY, human neuropeptide Y; FMRFa, FMRFamide; 440 

CCHa1, CCHamide 1; Dh31, diuretic hormone 31; AstA, allatostatin A; PDF, pigment-441 

dispersing factor; ACh, acetylcholine; 5-HT, 5-hydroxytryptamine; DA, dopamine; OA, 442 

octopamine; TA, tyramine; GABA, gamma-aminobutyric acid; Ado, adenosine.  443 

(G) One-photon excitation (ex) and emission (em) spectra of sNPF1.0 measured in the 444 

absence and presence of sNPF. The isosbestic point and excitation and emission peaks 445 

are indicated. FI, fluorescence intensity. 446 

(H) Summary of the kinetics of the sNPF1.0 response. Left: illustration of the local puffing 447 

system. Middle: a representative response trace. Right: group data summarizing τon; n = 8 448 

cells from 3 cultures. Scale bar, 10 μm. 449 

(I) Schematic illustration (top) and fluorescence images (bottom) of a transgenic fly 450 
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expressing sNPF1.0 in MB KCs. Scale bar, 25 μm. 451 

(J) Representative pseudocolor images (top) and trace (bottom) of ΔF/F0 in response to a 452 

1-hour perfusion of 50 μM sNPF in a transgenic fly expressing sNPF1.0 in MB KCs. Scale 453 

bar, 25 μm. 454 

(K) Summary of ΔF/F0 measured in response to 50 μM sNPF at the indicated times; n = 3 455 

flies. 456 

Data are shown as mean ± s.e.m. in h, with the error bars or shaded regions indicating the 457 

s.e.m. ***P < 0.001, **P < 0.01, *P < 0.05, and n.s., not significant. 458 
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Fig. 2 | The sNPF1.0 GRAB sensor can detect sNPF release in vivo. 460 

(A) Schematic diagram (top) and representative fluorescence images (bottom) of sNPF1.0 461 

expressed in the horizontal lobe in the Drosophila MB. Scale bar, 25 μm.  462 

(B) Representative pseudocolor images (top) and traces (bottom) of sNPF1.0 expressed 463 

in control flies (left) and sNPF KO flies (right); where indicated, high K+ and sNPF were 464 

applied. Scale bars, 25 μm.  465 

(C) Summary of peak ΔF/F0 measured in the indicated flies in response to high K+ and 466 

sNPF; n = 5-6 flies each.  467 

(D) Schematic illustration depicting the experimental setup. CsChrimson-mCherry and 468 

sNPF1.0 were expressed in KCs in the Drosophila MB, and 635-nm laser light pulses 469 

were used to optogenetically activate the KCs. 470 

(E) Representative fluorescence images of sNPF1.0 and CsChrimson-mCherry in the MB; 471 

the horizontal lobe is indicated by the dashed white box. Scale bar, 25 μm. 472 

(F) Fluorescence image of sNPF1.0 and CsChrimson-mCherry in the horizontal lobe in 473 

KCs (left-most image) and representative pseudocolor images (right) of the fluorescence 474 

responses of sNPF1.0 and sNPFmut to the indicated number of 635-nm laser pulses 475 

applied at 4 Hz. Scale bars, 25 μm. 476 

(G) Traces (left) and summary (right) of the fluorescence responses of sNPF1.0 and 477 

sNPFmut; n = 6 flies each. 478 

(H) sNPF1.0 fluorescence was measured before, during, and after a 240-pulse train of 479 

635-nm light. The rise phase was fitted with a single-exponential function (left), and the 480 

time constants (τon) are summarized on the right; n = 6 flies.  481 

(I) sNPF1.0 fluorescence was measured before, during, and after a 240-pulse train of 635-482 

nm light, and the rise phase was fitted with a double-exponential function. 483 

(J and K) Summary of the fast and slow time constants (J) and relative amplitudes (K) 484 

measured as shown in (I); n = 6 flies 485 

Data are shown as mean ± s.e.m. in g, with the error bars or shaded regions indicating the 486 

s.e.m. **P < 0.01, *P < 0.05, and n.s., not significant. 487 
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Fig. 3 | The sNPF1.0 and ACh3.0 GRAB sensors reveal spatial difference in release 489 

between sNPF and ACh. 490 

(A) Schematic diagram depicting the KC regions in the Drosophila MB, which can be 491 

divided into the axon (horizontal lobe), dendrite (calyx), and soma regions. Also shown is 492 

the strategy for imaging sNPF and ACh release in the MB using sNPF1.0 and ACh3.0, 493 

respectively. The 100 μM nAChR antagonist mecamylamine (Meca) was present 494 

throughout these experiments. 495 

(B and C) Representative fluorescence images (left columns) and pseudocolor images 496 

(right columns) showing the change in sNPF1.0 (B) and ACh3.0 (C) fluorescence in 497 

response to 80 light pulses delivered at 8 Hz. The top rows show the horizontal lobe, and 498 

the bottom rows show the calyx and soma regions (dashed outlines). Scale bars, 25 μm. 499 

(D and E) Representative traces (D) and quantification (E) of the change in sNPF1.0 (D, 500 

top) and ACh3.0 (D, bottom) fluorescence in response to 80 light pulses delivered at 8 Hz.  501 

Data are shown as mean ± s.e.m. in d, with the error bars or shaded regions indicating the 502 

s.e.m. ***P < 0.001, *P < 0.05, and n.s., not significant. 503 
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Fig. 4 | The sNPF1.0 and ACh3.0 GRAB sensors reveal distinct activity-dependent 505 

properties for sNPF and ACh release. 506 

(A) Schematic diagram depicting the strategy for measuring the temporal dynamics of 507 

sNPF or ACh release in the horizontal lobe using sNPF1.0 and ACh3.0, respectively. The 508 

100 μM nAChR antagonist mecamylamine (Meca) was present throughout these 509 

experiments. 510 

(B and D) Representative fluorescence image (top left), pseudocolor images (top right), 511 

and traces (bottom right) of the change in sNPF1.0 (B) and ACh3.0 (D) fluorescence in 512 

response to the indicated light stimuli (red bars). Scale bars, 25 μm. 513 

(C and E) Example traces showing the change in sNPF1.0 (C) and ACh3.0 (E) 514 

fluorescence before, during, and after the indicated light stimuli; the rise and decay phases 515 

are each fitted with a single-exponential function. 516 

(F and G) Summary of the rise (F) and decay (G) time constants (τon and τoff) measured for 517 

the change in sNPF1.0 and ACh3.0 fluorescence in response to the indicated light stimuli. 518 

(H and I) Individual traces (top) and summary (bottom) of the change in sNPF1.0 (H) and 519 

ACh (I) fluorescence in response to the indicated light stimuli.  520 

Data are shown as mean ± s.e.m. in B, D, H and I, with the error bars or shaded regions 521 

indicating the s.e.m. ***P < 0.001, **P < 0.01, and *P < 0.05. 522 
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Fig. 5 | The sNPF1.0 and ACh3.0 GRAB sensors reveal distinct pools of sNPF- and 524 

ACh-containing vesicles. 525 

(A and B) Schematic diagram depicting the experimental strategy (A) and stimulation 526 

protocol (B) used to study the size of vesicle pools containing sNPF and ACh. The 100 μM 527 

nAChR antagonist mecamylamine (Meca) was present throughout these experiments. 528 

(C and D) Representative fluorescence image (left) and traces (right) of the change in 529 

sNPF1.0 (C) and ACh3.0 (D) fluorescence in response to the indicated light stimuli. Scale 530 

bars, 25 μm. 531 

(E and F) Summary of peak ΔF/F0 measured for sNPF1.0 (E) and ACh3.0 (F); n = 4 flies 532 

each. 533 

(G) Schematic diagram depicting the strategy for studying vesicle pools containing sNPF 534 

and ACh. 535 

(H and K) Representative fluorescence images (top left), pseudocolor images (top right), 536 

and traces (bottom right) of the change in sNPF1.0 (H) and ACh3.0 (K) fluorescence in 537 

response to the indicated trains of light; n = 4 flies. (I and J) Summary of the peak (I) and 538 

integrated (J) change in sNPF1.0 (H) fluorescence in response to the indicated trains of 539 

light; n = 4 flies. Scale bars, 25 μm. 540 

(L and M) Summary of the peak (L) and integrated (M) change in ACh3.0 (K) fluorescence 541 

in response to the indicated trains of light; n = 4 flies. 542 

Data are shown as mean ± s.e.m. ***P < 0.001, *P < 0.05, and n.s., not significant. 543 
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Fig. 6 | The sNPF1.0 and ACh3.0 GRAB sensors reveal distinct differences in the 545 

molecular control of sNPF and ACh release. 546 

(A) Left, schematic diagram depicting the release of sNPF via nSyb, a core component of 547 

the SNARE complex. Also shown are representative pseudocolor images and traces 548 

(middle) and the summary (right) of peak sNPF1.0 ΔF/F0 measured in response to high K+ 549 

and sNPF application in transgenic flies expressing sNPF1.0 alone (Ctrl) or sNPF1.0 550 

together with the tetanus toxin light chain (Tetxlc) to cleave nSyb. The horizontal lobe is 551 

indicated (white dashed outline). Scale bar, 25 μm. 552 

(B) Left, schematic diagram depicting the release of ACh via nSyb. Also shown are 553 

representative pseudocolor images and traces (middle) and the summary (right) of peak 554 

ACh3.0 ΔF/F0 in response to light stimuli and ACh application in transgenic flies expressing 555 

ACh3.0 alone (Ctrl) or ACh3.0 together with Tetxlc. Scale bar, 25 μm. 556 

(C and D) Left, schematic diagrams depicting the release of sNPF (C) and ACh (D) via 557 

synaptotagmins (Syts). Also shown are representative fluorescence images (top right) and 558 

pseudocolor images (middle right), and traces (bottom right) of the change in sNPF1.0 (C) 559 

and ACh3.0 (D) fluorescence in response to 240 light pulses at 4 Hz in control flies (Ctrl) 560 

and in flies in which Syt1, Syt4, Syt7, Sytα, or Sytβ was knocked out using CRISPR/Cas9. 561 

(E and F) Summary of the peak change in sNPF1.0 (E) and ACh3.0 (F) fluorescence 562 

measured in the indicated flies. Scale bars, 25 μm. 563 

(G) Model depicting the shared and distinct proteins that mediate the release of sNPF and 564 

ACh in large dense-core vesicles (LDCVs) and synaptic vesicles (SVs), respectively. 565 

Data are shown as mean ± s.e.m. in b, c and d, with the error bars or shaded regions 566 

indicating the s.e.m. ***P < 0.001, **P < 0.01, and n.s., not significant. 567 

 568 

 569 

  570 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 23, 2024. ; https://doi.org/10.1101/2024.05.22.595424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.22.595424
http://creativecommons.org/licenses/by-nc-nd/4.0/


STAR Methods 571 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 572 

 573 

MATERIALS  574 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals 

Octopamine (OA) Tocris Cat #2242 

Tyramine (TA) Sigma-Aldrich Cat #V900670 

Dopamine (DA) Sigma-Aldrich Cat #H8502 

Adenosine (Ado) Tocris Cat#3624 

All-trans-retinal Sigma-Aldrich Cat #R2500 

Acetylcholine (ACh) Solarbio Cat #G8320 

5-hydroxytryptamine (5-HT) Tocris Cat #3547 

γ-aminobutyric acid (GABA) Tocris Cat #0344 

Mecamylamine (Meca) Sigma-Aldrich Cat #M9020 

Drosophila sNPF1 GL Biochem (Shanghai) Ltd AQRSPSLRLRFa 

Drosophila sNPF2 GL Biochem (Shanghai) Ltd 
WFGDVNQKPIRSPSLRL

RFa 

Drosophila sNPF3 GL Biochem (Shanghai) Ltd KPQRLRWa 

Drosophila sNPF4 GL Biochem (Shanghai) Ltd KPMRLRWa 

Culex sNPF1 GL Biochem (Shanghai) Ltd KAVRSPSLRLRFa 

Culex sNPF2 GL Biochem (Shanghai) Ltd APQLRLRFa 

Culex sNPF3 GL Biochem (Shanghai) Ltd APSQRLRWa 

hNPY GL Biochem (Shanghai) Ltd 

YPSKPDNPGEDAPAED

MARYYSALRHYINLITRQ

RYa 
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CCha1 GL Biochem (Shanghai) Ltd SCLEYGHSCWGAHa 

PDF GL Biochem (Shanghai) Ltd 
NSELINSLLSLPKNMND

Aa 

FMRFa GL Biochem (Shanghai) Ltd SVKQNDFMHFa 

AstA GL Biochem (Shanghai) Ltd VERYAFGLa 

Dh31 GL Biochem (Shanghai) Ltd 
TVDFGLARGYSGTQEA

KHRMGLAAANFAGGPa 

Cell lines 575 

HEK293T ATCC Cat#CRL-3216;RRID:CVCL_0063 

HTLAcellsforTangoassay GiftfromBryanL.Roth N/A 

Fly strains 576 

UAS-sNPF1.0 (chr2) This study N/A 

UAS-sNPF1.0 (chr3) This study N/A 

R13F02-Gal4 Yi Rao, Peking University BDSC: 48571 

MB247-LexA 
Yi Zhong, Tsinghua 

University 
N/A 

UAS-Syt1-sgRNA (chr2) This study N/A 

UAS-Syt4-sgRNA (chr2) This study N/A 

UAS-Syt7-sgRNA (chr2) This study N/A 

UAS-Sytα-sgRNA (chr2) This study N/A 

UAS-Sytβ-sgRNA (chr2) This study N/A 

UAS-ACh3.0 (chr3) Jing et al.26 BDSC: 86550 

LexAop-ACh3.0 (chr2) Jing et al.26 BDSC: 86551 

sNPF-atttp Yi Rao, Peking University BDSC:84574 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 23, 2024. ; https://doi.org/10.1101/2024.05.22.595424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.22.595424
http://creativecommons.org/licenses/by-nc-nd/4.0/


UAS-ca9.M6 Yi Rao, Peking University N/A 

UAS-CsChrimson-mCherry 

/ CyO; TM2 / TM6B 

Chuan Zhou, Institute of 

Zoology, CAS 
BDSC: 82181 

nSyb-gal4 / TM2 
Zhangwu Zhao, China 

Agricultural University  
N/A 

UAS-TeTxLC.tnt 
Bloomington Drosophila 

Stock Center 
BDSC: 28837 

 577 

Recombinant constructs   

pDisplay vector Invitrogen Cat#V66020 

pDisplay-sNPF1.0-IRES-

mCherry-CAAX 
This study N/A 

pDisplay-sNPFmut-IRES-

mCherry-CAAX 
This study N/A 

UAS-sNPF1.0 This study N/A 

UAS-sNPFmut This study N/A 

sNPF1.0-SmBit This study N/A 

Culex-sNPFR-SmBit This study N/A 

pTango-sNPF1.0 This study N/A 

pTango-culex-sNPFR This study N/A 

 578 

Software and algorithms   

OriginPro OriginLab 2022 

ImageJ NIH 
https://imagej.nih.gov/ij/; 

RRID: SCR_003070 
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Arduino Uno Arduino.cc 

https://www.arduino.cc/en/ 

Guide/ArduinoUno; 

RRID:SCR_017284 

 579 

METHOD DETAILS 580 

Molecular cloning  581 

The plasmids used in this study were generated using the Gibson assembly method. 582 

DNA inserts were generated by PCR amplification using primers (RuiBiotech) with ~25-bp 583 

overlap, and all sequences were verified using Sanger sequencing (RuiBiotech). All cDNAs 584 

encoding the candidate GRABsNPF sensors were cloned into the pDisplay vector (Invitrogen) 585 

with an upstream IgK leader sequence and a downstream IRES-mCherry-CAAX cassette 586 

(to visualize localization to the cell membrane). For screening replacement sites, cDNAs 587 

encoding the various sNPF receptors were generated (Shang Genegay Biotech), and the 588 

third intracellular loop (ICL3) of each sNPF receptor was replaced with the corresponding 589 

ICL3 in GRABNE1m. For optimizing the sNPF sensor, we screened the replaced sites in the 590 

Culex sNPF receptor, the amino acid composition between the Culex sNPF receptor and 591 

the ICL3 of GRABNE1m, and cpEGFP. Site-directed mutagenesis was performed using 592 

primers containing randomized NNB codons (48 codons in total, encoding all 20 amino 593 

acids) or defined codons at the target sites. 594 

Cell lines 595 

HEK293T cells were acquired from ATCC and verified by microscopic examination of 596 

their morphology and growth curve. An HTLA cell line stably expressing a tTA-dependent 597 

luciferase reporter and the β-arrestin2-TEV fusion gene used in the Tango assay was a 598 

generous gift from Bryan L. Roth (University of North Carolina Chapel Hill). The cells were 599 

cultured in DMEM (Biological Industries) supplemented with 10% (v/v) fetal bovine serum 600 

(FBS, Gibco) and 1% penicillin-streptomycin (Gibco) at 37°C in humidified air containing 601 

5% CO2. 602 

Fly strain generation and animal husbandry 603 

In this study, we generated UAS-sNPF1.0 (attp40, UAS-sNPF1.0/CyO), UAS-sNPF1.0 604 

(vk00005, UAS-sNPF1.0/TM2), and UAS-sNPFmut (attp40, UAS-sNPFmut/CyO) vectors 605 

using Gibson assembly to integrate the coding sequence of sNPF1.0 into the pJFRC28 606 

(Addgene plasmid 36431) or modified pJFRC28 vector.  607 

The UAS-Syt1-sgRNA, UAS-Syt4-sgRNA, UAS-Syt7-sgRNA, UAS-Sytα-sgRNA, and 608 
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UAS-Sytβ-sgRNA constructs were designed by inserting three guide RNAs (sgRNAs) into 609 

the pMsgNull vector based on pACU2 (Addgene #31223)97 (From Dr. Yi Rao lab at Peking 610 

University), with rice transfer RNA (tRNA) used to separate the various sgRNAs. The 611 

resulting vectors were then injected into embryos and integrated into attp40 or vk00005 via 612 

phiC31 by the Core Facility of Drosophila Resource and Technology, Shanghai Institute of 613 

Biochemistry and Cell Biology, Chinese Academy of Sciences.  614 

The flies were raised on standard corn meal–yeast medium at 25°C in 50% relative 615 

humidity under a 12h/12h light/dark cycle. For optogenetics, after eclosion, the flies were 616 

transferred to corn meal containing 400 μM all-trans-retinal and raised in the dark for 1-3 617 

days before performing functional imaging experiments. 618 

sgRNA sequences 619 

Gene sgRNAs 

Syt1 CGAGGTGATCGCGGAGCGCA 

TCGGTGAGTTCCTCCATATC 

GTATAATCTTCTTCTGTGTG 

Syt4 CCGGAACCCGGTTTACGACG 

CGATCGTCTCTACCGGCGAG 

AGGGGAACGAGGCGTCGTGC 

Syt7 TTTCAAGAGATGACTCCATA 

CTCAATGACAGACATGTATT 

GCATGTGCCACCGGCACTTG 

Sytα AGAGGCATAGACGCCAATTT 

ATCCAGCTTGGCGTTCATAG 

GTTTCACTCAACGAAGTTCG 

Sytβ GATCAGGGCCAATCCTGTAC 

GAGGCTCTTCACCACAGATA 

GGAGCTGATCCCGAGAAACC 

 620 

Fly genotypes used in each figure 621 

Figure Genotype 

Fig. 1  

1I-K UAS-sNPF1.0 / CyO; R13F02-Gal4 / TM2 

Fig. 2  

2A-C UAS-sNPF1.0 / CyO; nsyb-Gal4 / TM2 

2A-C UAS-sNPF1.0 / sNPF-attp; nsyb-Gal4 / sNPF-attp 

2E-K UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

Fig. 3  

3B, D-E UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 
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3C, D-E LexAop-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4, Mb247-
LexA / TM2 

Fig. 4  

4B-C, F-G,  UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

4D-G,  LexAop-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4, Mb247-
LexA / TM2 

4H UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

4I UAS-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

Fig. 5  

5C, E, H-J UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

5D, F, K-M UAS-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

Fig. 6  

6A LexAop-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4, Mb247-
LexA / TM2 

6A LexAop-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4, Mb247-
LexA / UAS-TeTxLC.tnt 

6B UAS-sNPF1.0 / CyO; R13F02-Gal4 / TM2 

6B UAS-sNPF1.0 / UAS-TeTxLC.tnt; R13F02-Gal4 / + 

6C, E UAS-cas9.M6, UAS-CsChrimson-mCherry / CyO; R13F02-Gal4, 
UAS-sNPF1.0 / TM2 

6C, E UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Syt1-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / + 

6C, E UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Syt4-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / + 

6C, E UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Syt7-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / + 

6C, E UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Sytα-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / + 

6C, E UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Sytβ-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / + 

6D, F UAS-cas9.M6, UAS-CsChrimson-mCherry / CyO; R13F02-Gal4, 
UAS-ACh3.0 / TM2 

6D, F UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Syt1-sgRNA; 
R13F02-Gal4, UAS-ACh3.0 / + 

6D, F UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Syt4-sgRNA; 
R13F02-Gal4, UAS-ACh3.0 / + 

6D, F UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Syt7-sgRNA; 
R13F02-Gal4, UAS-ACh3.0 / + 

6D, F UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Sytα-sgRNA; 
R13F02-Gal4, UAS-ACh3.0 / + 
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6D, F UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Sytβ-sgRNA; 
R13F02-Gal4, UAS-ACh3.0 / + 

Fig. S3  

3A-G UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

Fig. S4  

4A, B UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

4C, D LexAop-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4, Mb247-
LexA / TM2 

Fig. S5  

5A, C-D UAS-sNPF1.0 / UAS-CsChrimson-mCherry; R13F02-Gal4 / TM2 

5B, C-D LexAop-ACh3.0 / UAS-CsChrimson-mCherry; R13F02-Gal4, Mb247-
LexA / TM2 

Fig. S6  

6A, B UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Sytα-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / + 

6A, B UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Syt7-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / + 

6A, B UAS-cas9.M6, UAS-CsChrimson-mCherry / UAS-Sytα-sgRNA; 
R13F02-Gal4, UAS-sNPF1.0 / UAS-Syt7-sgRNA 

Fluorescence imaging of HEK 293T cells 622 

Cells were imaged using an inverted Ti-E A1 confocal microscope (Nikon) or an Opera 623 

Phenix high-content screening system (PerkinElmer). The confocal microscope was 624 

equipped with a 10x/0.45 NA (numerical aperture) objective, a 20x/0.75 NA objective, a 625 

40x/1.35 NA oil-immersion objective, a 488-nm laser, and a 561-nm laser; the GFP signal 626 

was collected using a 525/50-nm emission filter combined with the 488-nm laser, and the 627 

RFP signal was collected using a 595/50-nm emission filter combined with the 561-nm 628 

laser. The Opera Phenix system was equipped with 20x/0.4 NA objective, a 40x/1.1 NA 629 

water-immersion objective, a 488-nm laser, and a 561-nm laser; the GFP and RFP signals 630 

were collected using a 525/50-nm and 600/30-nm emission filter, respectively. The 631 

fluorescence signal produced by the green fluorescent GRABsNPF sensors was calibrated 632 

using the GFP/RFP ratio. 633 

HEK293T cells were plated on either 12-mm glass coverslips in 24-well plates or 96-634 

well plates and grown to ~70% confluence for transfection with PEI (1 μg plasmid and 3 μg 635 

PEI per well in 24-well plates or 300 ng plasmids and 900 ng PEI per well in 96-well plates); 636 

the medium was replaced after 4–6 hours, and the cells were used for imaging 24–48 h 637 

after transfection. To measure the kinetics of the GRABsNPF sensor, the confocal high-638 

speed line scanning mode (1024 Hz) was used to measure the fluorescence signal change 639 
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when the cells were locally puffed with sNPF via a glass pipette positioned in close 640 

proximity to the cells, the increased trace in fluorescence was fitted with a single-641 

exponential function. 642 

Tango assay 643 

HTLA cells were cultured in 6-well plates; at ~70% cell density, the cells were 644 

transfected with either wild-type Culex sNPFR or the sNPF1.0 sensor. Twenty-four hours 645 

after transfection, the cells were transferred to a 96-well white clear flat-bottom plate, and 646 

various concentrations of sNPF (ranging from 0.1 nM to 5 μM) were added to the cells; 647 

each concentration was applied in triplicate. The cells were then incubated for ~16 hours, 648 

and the bioluminescent signal was measured. To measure the bioluminescent signal, the 649 

culture medium was removed, and 40 μl of Bright-Glo substrate (Promega) was added to 650 

each well. The plate was then incubated at room temperature in the dark for 10 minutes, 651 

and bioluminescence was measured using a Victor X5 microplate reader (PerkinElmer). 652 

Non-transfected cells were used a negative control. 653 

Luciferase complementation assay 654 

The luciferase complementation assay was performed as previously described98. In 655 

brief, 24–48 h after transfection, the cells were washed with PBS, dissociated using a cell 656 

scraper, resuspended in PBS, transferred to opaque 96-well plates containing 5 μM 657 

furimazine (NanoLuc Luciferase Assay, Promega), and bathed in sNPF at various 658 

concentrations (ranging from 0.1 nM to 5 μM). After incubation for 10 minutes in the dark, 659 

luminescence was measured using a Victor X5 microplate reader (PerkinElmer). 660 

Spectra measurements 661 

For one-photon spectra, HEK293T cells were transfected with CMV promoter‒driven 662 

sNPF1.0 plasmids; after 24 h, the cells were harvested and transferred to a 384-well plate 663 

in the absence or presence of 1 µM sNPF. Excitation and emission spectra were measured 664 

at 5-nm increments with a 20-nm bandwidth using a Safire2 multi-mode plate reader 665 

(Tecan). For background subtraction, non-transfected cells were prepared and measured 666 

using the same protocol. 667 

For two-photon spectra, cells were transfected with sNPF1.0 and treated as described 668 

above. Excitation and emission spectra were measured from 700 nm to 1020 nm at 10-nm 669 

increments using an FV1000 two-photon microscope (Olympus) equipped with a Spectra-670 

Physics Mai Tai Ti:Sapphire laser. Non-transfected cells were used to subtract the 671 

background signal. 672 

Two-photon imaging of flies 673 
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Fluorescence imaging in flies was performed using an FV1000 two-photon microscope 674 

(Olympus) equipped with a Spectra-Physics Mai Tai Ti:Sapphire laser. A 920-nm excitation 675 

laser was used for one-color imaging of sNPF1.0 and sNPFmut, and a 950-nm excitation 676 

laser was used for two-color imaging of sNPF1.0 and mCherry. For detection, a 495-540-677 

nm filter was used for the green channel, and a 575-630-nm filter was used for red channel. 678 

Adult female flies were used for imaging within 1 week after eclosion. To prepare the fly for 679 

imaging, adhesive tape was affixed to the head and wings. The tape above the head was 680 

excised, and the chitin head-shell, air sacs, and fat bodies were carefully removed to 681 

expose the central brain. The brain was bathed continuously in an adult hemolymph-like 682 

solution composed of (in mM): 108 NaCl, 5 KCl, 5 HEPES, 5 trehalose, 5 sucrose, 26 683 

NaHCO3, 1 NaH2PO4, 2 CaCl2, and 1-2 MgCl2. For single-photon optogenetic stimulation, 684 

a 635-nm laser (Changchun Liangli Photo Electricity Co., Ltd.) was used, and 18 mW/cm2 685 

light pulses were delivered to the brain via an optic fiber. For the perfusion experiments, a 686 

small section of the blood-brain-barrier was carefully removed with tweezers before 687 

applying the indicated compounds or solutions. 688 

Quantification and statistical analysis 689 

Imaging experiments 690 

Images were processed using ImageJ software (National Institutes of Health). The 691 

change in fluorescence (ΔF/F0) was calculated using the formula [(F-F0)/F0], where F0 692 

represents the baseline fluorescence. The signal-to-noise ratio (SNR) was calculated by 693 

dividing the peak response by the standard deviation of the baseline fluorescence. The 694 

area under the curve was determined using the integral of the change in fluorescence 695 

(∫ΔF/F0). 696 

Statistical analysis 697 

Origin 2019 (OriginLab) was used to perform the statistical analyses. Unless otherwise 698 

specified, all summary data are presented as the mean ± sem. The paired or unpaired 699 

Student’s t-test was used to compare two groups, and a one-way analysis of variance 700 

(ANOVA) was used to compare more than two groups. All statistical tests were two-tailed, 701 

and differences were considered statistically significant at P < 0.05. 702 

Code availability 703 

The custom-written R, Arduino, and ImageJ programs will be provided upon request. 704 

  705 
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Supplemental figure legends 706 

Fig. S1 | Strategy for optimizing and screening GRABsNPF sensors. 707 

(A) Alignment of the amino acid sequences of Drosophila melanogaster, Aedes aegypti, 708 

and Culex quinquefasciatus sNPF1. 709 

(B) Schematic diagram depicting the strategy for replacing the indicated sites for screening 710 

using the indicated sNPF receptors.  711 

(C) Flowchart depicting the steps used for developing and optimizing the sNPF1.0 GRAB 712 

sensor. 713 

(D) Top, schematic diagram depicting the structural features of the GRABsNPF1.0 sensor, 714 

showing the IgK leader sequence, the N-terminal and C-terminal sNPFR-derived 715 

sequences, and cpEGFP with flanking linker domains. Bottom, amino acid sequence of the 716 

sNPF1.0 sensor. Note that the numbering system used in this figure corresponds to the 717 

start of the IgK leader sequence. Red arrows indicate mutated amino acids, and the 718 

position of the point mutation to generate the ligand-insensitive sensor, sNPFmut, is 719 

indicated. 720 

  721 
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Fig. S2 | Characterization of GRABsNPF1.0 sensor in HEK293T cells. 722 

(A) Alignment of the amino acid sequences of the major sNPF isoforms in Drosophila and 723 

Culex. 724 

(B and C) Dose‒response curves for sNPF1.0 expressed in HEK293T cells in response to 725 

increasing concentrations of the indicated Drosophila (B) and Culex (C) sNPF isoforms, 726 

with the corresponding EC50 values shown; n = 3 wells with 200‒400 cells per well.  727 

(D) Two-photon excitation spectra of sNPF1.0 measured in the absence and presence of 728 

sNPF. 729 

(E) Summary of relative dose-dependent downstream G protein coupling in control 730 

HEK293T cells and in cells expressing either wild-type Culex sNPFR or sNPF1.0, 731 

measured using the luciferase complementation mini-G protein assay; n = 3 wells per 732 

group, 200–500 cells per well.  733 

(F) Summary of relative dose-dependent downstream β-arrestin coupling in control 734 

HEK293T cells and in cells expressing either wild-type Culex sNPFR or sNPF1.0, 735 

measured using the Tango assay; n = 3 wells per group, 200–500 cells per well. 736 

Data are shown as mean ± s.e.m. ***P < 0.001 and n.s., not significant. 737 

  738 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted May 23, 2024. ; https://doi.org/10.1101/2024.05.22.595424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.22.595424
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. S3 | The GRABsNPF sensor can report sNPF release in the dendritic region in the 739 

Drosophila MB. 740 

(A) Schematic diagram depicting the experimental setup (left) and an example 741 

fluorescence image (right) of sNPF1.0 and CsChrimson-mCherry in the calyx region. 742 

(B and C) Representative pseudocolor images (B), traces (C, left), and summary (C, right) 743 

of the change in sNPF1.0 fluorescence in response to the indicated number of 635-nm 744 

laser pulses applied at 4 Hz; n = 6 flies. Scale bars, 25 μm. 745 

(D) Left, sNPF1.0 fluorescence was measured before, during, and after 240 pulses of 635-746 

nm light, and the rise phase was fitted with a single-exponential function. Right, summary 747 

of the rise time constant; n = 6 flies.  748 

(E) sNPF1.0 fluorescence was measured before, during, and after 240 pulses of 635-nm 749 

light, and the rise phase was fitted with a double-exponential function. 750 

(F and G) Summary of the rise time constants (F) and amplitudes (G); n = 6 flies. 751 

Data are shown as mean ± s.e.m. in c, with the error bars or shaded regions indicating the 752 

s.e.m. 753 

  754 
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Fig. S4 | GRAB sensors reveal spatially distinct patterns of sNPF and ACh release 755 

from KCs. 756 

(A and B) Representative fluorescence image (A, top left), pseudocolor images (A, top 757 

right), traces (A, bottom right), and summary (B) of the change in sNPF1.0 fluorescence 758 

measured in the soma and calyx in response to the indicated frequencies of 635-nm laser 759 

pulses applied for 10 s; n = 5 flies per group. Scale bars, 25 μm. The 100 μM nAChR 760 

antagonist mecamylamine (Meca) was present throughout these experiments. 761 

(C and D) Representative fluorescence image (C, top left), pseudocolor images (C, top 762 

right), traces (C, bottom right), and summary (D) of the change in ACh3.0 fluorescence 763 

measured in the soma and calyx in response to the indicated frequencies of 635-nm laser 764 

pulses applied for 10 s; n = 6-7 flies.  765 

Data are shown as mean ± s.e.m. in a and c, with the error bars or shaded regions 766 

indicating the s.e.m. ***P < 0.001 and n.s., not significant. 767 
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Fig. S5 | GRAB sensors reveal differences in activity-dependent dynamics between 769 

sNPF and ACh release from KCs 770 

(A and B) Representative traces of the change in sNPF1.0 (A) and ACh3.0 (B) fluorescence 771 

in response to the indicated number of light pulses applied at 1 Hz. The 100 μM nAChR 772 

antagonist mecamylamine (Meca) was present throughout these experiments. 773 

(C and D) Summary of normalized integrated ΔF/F0 (C) and relative ΔF/F0 (D) for sNPF1.0 774 

and ACh3.0 measured in response to the indicated number of light pulses applied at 1 Hz. 775 

Data are shown as mean ± s.e.m. in a and b, with the error bars or shaded regions 776 

indicating the s.e.m. 777 
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Fig. S6 | Knocking out both Syt7 and Sytα shows similar sNPF release with knocking 779 

out each synaptotagmin isoform individually.  780 

(A) Representative traces of the change in sNPF1.0 fluorescence in response to 240 light 781 

pulses applied at 4 Hz (red horizontal lines) in control flies (Ctrl), Syt7 knockout flies, Sytα 782 

knockout flies, and Syt7/Sytα double knock out flies. 783 

(B) Summary of the peak change in sNPF1.0 fluorescence measured in the indicated 784 

flies. 785 

Data are shown as mean ± s.e.m. in a, with the error bars or shaded regions indicating the 786 

s.e.m. **P < 0.01 and n.s., not significant. 787 
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Fig. 2 | The sNPF1.0 GRAB sensor can detect sNPF in vivo
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Fig. 3 | The sNPF1.0 and ACh3.0 GRAB sensors reveal spatial differences in release between sNPF 

and ACh
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Fig. 4 | The sNPF1.0 and ACh3.0 GRAB sensors reveal distinct activity-dependent properties 

for sNPF and ACh release
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Fig. 5 | The sNPF1.0 and ACh3.0 GRAB sensors reveal distinct pools of sNPF- and ACh-

containing vesicles
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Fig. S1 | Strategy for optimizing and screening GRABsNPF sensors
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Fig. S3 | The GRABsNPF sensor can report sNPF release in the dendritic region in the Drosophila MB
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Fig. S4 | GRAB sensors reveal spatially distinct patterns of sNPF and ACh release from KCs
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Fig. S5 | GRAB sensors reveal differences in activity-dependent dynamics between sNPF and ACh 

release from KCs
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Fig. S6 | Knocking out both Syt7 and Sytα shows similar sNPF release with knocking out 

each synaptotagmin isoform individually
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