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Figure 1 Schematic representation of neuromodulator fluorescent
sensors based on different design strategies. A: FRET-based
neuromodulator fluorescent sensors composed of a fluorescent protein
donor, an acceptor, and a G protein-coupled receptor (GPCR) ligand
recognition module. The diagram illustrates an example where the
acceptor fluorescent protein is inserted into the third intracellular loop
of the GPCR, while the donor fluorescent protein is fused to the GPCR
C-terminus; B: BRET-based neuromodulator fluorescent sensors
composed of a luciferase donor, a fluorescent protein acceptor, and a
GPCR recognition module. The diagram shows an example where the
luciferase donor is fused to the GPCR C-terminus, and the Go, subunit
of the G protein is fused to the fluorescent protein acceptor. Dashed
arrows in (A) and (B) indicate the direction of FRET. C: Periplasmic
binding protein (PBP)-based sensors composed of a bacterial PBP and a
circularly permuted fluorescent protein; D: GPCR activation (GRAB)-
based sensors composed of a GPCR with a circularly permuted
fluorescent protein inserted into its third intracellular loop. The purple
spheres in the figure represent the corresponding ligand molecules
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TE I R AR 5 740 M K I 23R 55 5 R0 1 R B ATPR:
Ji, TEBE T e AR R o 00 5% B4 1% 155 5 (1 ATPRE TR L %
INER B JE R R 2 B S 0 R TR R AN B ATPRR L. 17
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leasing Factor, CRF). HHZEU A % (cholecystokinin,
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FESIHL. P, 4% A FIHEAR 45 22 Al A X AT i 72 A
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R R

¢ Rl K i1 22 1 AL i HF N
D5 R kLB ML e EE e %) (ECs) RPN
5-HT3.0 ) 1300 150 nmol/L
5-Hydroxytryptamine (5-HT) 5-HT2m Mouse 5—hydrmz>§;ﬂy}}{)r;mme receptor 4 1400 1.1 pmol/L [14]
5-HT2h 600 80 nmol/L
. gDA3m Human dopamine receptor D1 (D1R) 1000 89 nmol/L
Dopamine (DA) i i [15]
gDA3h Bovine dopamine receptor D1 (DIR) 1240 22 nmol/L
L /e NE2m Human al i 381 380 nmol/L
. . pha-2 adrenergic receptor nmo
Norepinephrine (NE 13
pincphrine (NE) NE2h (a2AR) 415 190 nmol/L [
. . HATlh Human histamine receptor H4 (H4R) 180 17 nmol/L
Histamine (HA) . . [16]
HAlm Water bear histamine receptor H1 (HIR) 320 380 nmol/L
. Drosophila octopamine receptor beta 2
Octopamine (OA) 0OAI1.0 (Octp2R) 660 200 nmol/L [12]
Z TR B, Acetylcholine (ACh) gACh3o  luman muscarinic acetylcholine receptor 280 2.2 pmol/L [i1]
M3 (M3R)
NER Glutamate iF]luSnFRS v857  Escherichia coli glutamate transporter 1750 8.2 pmol/L [41]
iGluSnFR3 v82 (Glt1) 700 4.5 pmol/L
y-EFET IR Gamma—ézrélzll(;lj;)tyrlc acid iGABASnFR2 Pseudomonas fluorescens Pf622 500 6.4 pmol/L [43]
X Adol.0 . 110 30 nmol/L
Adenosine (Ado) Human adenosine A2A Receptor (A2AR) [22]
Adol.0m 350 3200 nmol/L
M 34 Adenosine 5'-triphosphate ATP1.0 Human purinergic P2Y1 receptor (P2Y1R) 500 80 nmol/L (23]
(ATP) ATP1.0-L Human P2Y 1R 1000 32 pmol/L
Uridine diphosphate (UDP) UDPL.0 Chicken purinergic P2Y6 receptor 600 91 nmol/L [21]
(P2Y6R)
. Lo 3.1 umol/L (2-AG);
Ends binoid (eCB CB2.0 H binoid tor 1 (CBIR 300 26
- G2 ndocannabinoid (eCB) e uman cannabinoid receptor 1 ( ) 0.2 umol/L (AEA) [26]
Prostaglandin D2 (PGD2) PGD2-1.0 Bat prostaglandin D2 receptor 1 (DP1R) 200 10 nmol/L [25]
Vasoactive Intestinal Peptide Human vasoactive intestinal peptide re-
(VIP) VIP1.0 ceptor 2 (VIPR2) 360 19 nmol/L
.. Human cholecystokinin B receptor 4 nmol/L (CCK-8s);
Cholecystokinin (CCK) CCK1.0 (CCKBR) 840 2.9 nmol/L (CCK-4)
. Human neuropeptide Y receptor 1
Neuropeptide Y (NPY) NPY1.0 (NPYIR) 490 43 nmol/L 28]
Corticotropin-Releasing Factor Human corticotropin-releasing factor re-
(CRF) CRF1.0 ceptor 1 (CRFIR) 1200 33 nmol/L
Somatostatin (SST) SST1.0 Human somatostatin receptor 5 (SSTRS) 430 1639?11':10011//111 ((SSSS-;_—ZI?),
Neurotensin (NTS) NTS1.0 Human neurotensin receptor 1 (NTSR1) 250 6 nmol/L
Oxytocin (OT) OT1.0 Bovine oxytocin receptor (OTR) 410 3 nmol/L [29]
EeS . Culex quinquefasciatus short neuropeptide
Short Neuropeptide F (sNPF) sNPF1.0 F receptor (SNPFR) 300 64 nmol/L [27]
. 75 nmol/L
906 (O -A);
Orexin OxLightl Human orexin 2 receptor (OX2R) 859 ( Orexu.l ];’ (Orexin-A); [33]
(Orexin-B) 47 nmol/L (Orexin-B)
Glucagon-like Peptide 1 . Human glucagon-like peptide 1 receptor
(GLP-1) GLPLightl (GLPIR) 528 27.6 nmol/L [32]
kLight Human kappa opioid receptor (kOR) 113 10.5 nmol/L (DynAS)
Opioids SLight Human delta opioid receptor (SOR) 246 6.5 nmol/L (ME) 31]
uLight Human mu opioid receptor (LOR) 55 ([13_2:1 g;:;}ll/i]r:)
Nociceptin/orphanin FQ . Human nociceptin/orphanin FQ receptor
(N/OFQ) NOPLight (NOPR) 388 28.65 nmol/L [30]
rDA2m (D2) Red fire ant dopamine receptor D2 (D2R) 530 210 nmol/L (18]
b ine (DA) rDA2h (D2) red fire ant D2R 240 9.8 nmol/L
opamine .
g Mgk rDA3m (D1) Human dopamine receptor D1 (D1R) 1460 140 nmol/L [15]
rDA3h (D1) human DIR 1420 22 nmol/L
S-hydroxytryptamine (S-HT)  rs-HTL.0  Mouse S-hydroxytryptamine receptor 4 330 790 nmol/L [14]
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Research progress and prospects of genetically encoded
neuromodulator sensors
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With the advancement of neuroscience research, genetically encoded neuromodulator sensors have become essential tools for
monitoring the dynamic changes of neuromodulators because of their high sensitivity and selectivity, high spatiotemporal resolution,
high cell specificity, and low invasiveness. This review summarizes the recent design principles, optimization strategies, and
significant progress of genetically encoded neuromodulator sensors, and discusses the future directions for neuromodulator sensor
development. The article aims to provide new insights for the advancement of neuromodulator sensor technology.
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